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Preface

This thesis focuses on charge transport and recombination in organic light-emitting
diodes (OLEDs). OLED technology is very promising for lighting applications,
as it provides ultrathin, large-area lighting panels which are expected to be very
energy efficient. In OLEDs, use is made of organic semiconductors, based on
small molecules or polymers, that have a disordered structure. The molecules are
not regularly packed, such as in a crystal, but are positioned at quite random
distances and orientations with respect to their neighbours. At the start of the
project, it was unclear what the full consequences are of the disorder on the energy efficiency of OLEDs. In fact, it was unclear whether it would anyhow be
possible to develop an OLED model that reliably describes and even predicts the
efficiency. In this thesis it is shown for the first time that making such a model is
feasible. This is demonstrated for OLEDs based on blue-emitting polymers that
have already been used in an OLED-based television display.
Four steps were made to realise this result. First, earlier results of advanced supercomputer modelling on the mobility of charge carriers were used to construct
a numerical model for the electrical conduction and light emission. Second, a
number of novel experimental techniques were developed, making it possible to
determine important material and device parameters. Third, these novel modelling and experimental methods were used to obtain the electron and hole conduction parameters in the selected blue-emitting OLED material from separate
measurements. Finally, it was found that using these parameters an excellent prediction was obtained of the electrical response and light emission characteristics
of a complete OLED based on this material.
These results have enabled us to extend our understanding of OLEDs in several
directions:
• The device model shows where precisely the light emission takes place within
the OLED. We also developed a method for determining this position directly from measurements of the emission spectrum under all angles in combination with an advanced “light-outcoupling” model. Good quantitative
agreement was obtained between the two approaches.
i

ii

Preface
• It is found that the successful description of the electrical conduction and
light emission in blue OLEDs implies that the most commonly used expression for the rate of recombination of electrons and holes (“the Langevin
formula”) can be applied with only a small modification. For systems containing disorder this issue is heavily debated in the literature.
• We have explored to what extent the model used for treating effects of disorder in polymers can also be applied to OLEDs containing small molecules.
Nowadays, such OLEDs show the highest energy efficiencies. We have discovered that this is indeed possible, with one subtle difference. At long
inter-molecular distances there is still complete disorder, but for smaller
distances there is a certain correlation between the energy levels of the
molecules.

The findings presented in this thesis are expected to be basic ingredients of device
models for designing OLEDs with increased efficiency. The results presented are
not only important for OLEDs, but can also be applied to many other organic
electronic devices containing disordered organic semiconductors, such as organic
photovoltaic cells, field-effect transistors and sensors.
Siebe van Mensfoort, Eindhoven, March 2009

Voor Jeske
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1
Challenges of the device
physics of organic
light-emitting diodes

In organic light-emitting diodes (OLEDs) light is generated as a result of radiative recombination of electrons and holes in an organic semiconductor layer. The
organic materials used in OLEDs are amorphous semiconductors, within which
the electrons and holes move by “hopping” between neighbour molecules, of which
the energy levels are randomly distributed. At present, a predictive OLED device
model which takes the disordered nature of OLED materials fully into account is
lacking. Such a model is needed in order to help further enhance the efficiency
and lifetime of OLEDs. Developing a quantitative and physically sound model is
hampered by a lack of understanding of the effects of disorder on crucial processes
such as the charge transport and electron-hole recombination. It is the objective
of this thesis to demonstrate that developing a predictive OLED device model is
feasible when taking the effects of disorder into account.
In this introductory Chapter several aspects of OLED device physics will be
introduced. After discussing the electro-optical processes in OLEDs, the effects
of disorder on the charge transport and recombination processes in organic semiconductors are discussed. Finally, an overview of the contents of this thesis is
presented.

1
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Chapter 1. Challenges of the device physics of OLEDs

1.1

Organic electronics

In the past two decades, the field of organic electronics has developed from a
proof-of-principle phase into a phase of major research and development and of
commercialisation of first products. Often, organic materials — molecular materials that predominantly consist of carbon and hydrogen, such as polymers
(“plastics”) — are thought of as electrical insulators. It was already discovered
in the 1950s, however, that specific organic materials can be considerably conductive. 1,2 Even more surprisingly, it was observed that under specific electrical
driving conditions light is emitted from these materials. 3 Within the field of organic electronics, which thrives on the synergy between physics and chemistry,
the electronic and opto-electronic properties of (semi-)conducting polymers and
semiconductors based on small organic molecules are investigated and utilised.
Recent advances have led to increased interest both from a scientific and a
technological perspective:
• Scientists have scaled organic electronics down to the level of single-molecule
systems. 4–6 As from theory the possible electronic states of such systems can
at present only be deduced approximately, they are well suited for advancing
the physical understanding at the molecular level.
• Many organic materials can be processed from solution or can be homogeneously deposited using other low-temperature processes such as evaporation deposition in high vacuum. This has allowed (i) for large-area thin-film
electronic devices and (ii) for processing on plastic substrates, resulting in
transparent and flexible electronic applications (see Figure 1.1).
• Due to the disordered nature of the organic materials in many of these thin
film systems, charge transport differs distinctly from charge transport in
(micro-)crystalline materials. Recent theoretical studies have indicated that
disorder can give rise, e.g., to filamentary current threads. 7–10 However, the
full consequences of disorder on relevant processes and device performance
are not fully understood.
The origin of conduction in many organic materials lies in the presence of
conjugation. Conjugated molecules are organic molecules which are conventionally
described as systems with alternating single bonds and double bonds between each
pair of carbon atoms. The great majority of these are unsaturated hydrocarbons.
A well-known example is benzene, as shown in Figure 1.2. In such a conjugated
molecule, three of the four valence electrons of each carbon atom contribute to the
in-plane C–C and C–H bonds, the σ-bonds, formed by electrons in the so-called
sp 2 orbitals. The remaining electron occupies the out-of-plane pz orbital which
after hybridisation with pz orbitals from neighbouring atoms due to overlap forms
a π-orbital. In an extended system such as a ring of atoms or a polymer chain
the pz electrons therefore do not belong to a specific atom, but are delocalised.
This delocalisation of π electrons gives organic materials based on π-conjugated
molecules their conducting properties.

1.1. Organic electronics

3

Figure 1.1: Example of a flexible organic electronics application: a small-molecule
based organic light-emitting diode. (Image taken from Ref. 11).
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Figure 1.2: Schematic representation of the π-conjugated benzene (C6 H6 ) molecule,
showing the σ-bonds with the hybridised sp 2 orbitals, the six pz orbitals, the delocalised
π-orbital electron cloud, and the conventionally used simplified picture of the benzene
molecule. (Figure adapted from Ref. 12).
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Figure 1.3: Chemical structure of well-known small molecules and polymers that
are used as organic semiconductors. The molecules investigated and used in this
thesis are indicated with an asterisk. The full chemical name of Alq3 , α-NPD
and BAlq is tris(8-quinolinolato)aluminium, N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’biphenyl-4,4’-diamine and bis(2-methyl-8-quinolinolato)(4-phenylphenolato)aluminium,
respectively.

The complete molecular π-electron system forms a set of bonding and a set of
anti-bonding molecular orbitals.∗ In a material based on such molecules, the difference in energy between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is the so-called single-particle energy
gap, Eg . For typical organic semiconductors Eg is about 1.5 to 3.5 eV. It is this
opening of an energy gap that makes these conjugated systems semi conducting.
Organic semiconductors can consist of small molecules, short chain molecules
(oligomers) or long chain molecules (polymers). Some well-known examples are
shown in Figure 1.3. The energy Eg is equal to the energy needed to promote
an electron from the HOMO to the LUMO, if after this process the electron and
the left-behind electron vacancy (“hole”) are infinitely far away from each other.
When the distance between the electron and the hole is small, they form a bound
pair (exciton) due to their mutual Coulomb attraction. The formation of such an
exciton reduces the energy of the system. Due to the so-called exciton binding
energy, the energy released in the form of a photon when the electron and hole
recombine (radiative decay) is smaller than Eg .
At present, many types of organic electronic devices are becoming available
that utilise the semiconducting and optoelectronic properties of organic materials,
including organic light-emitting diodes (OLEDs), photovoltaic cells, field-effecttransistors, memories and sensors. A wide variety of applications is feasible on
the basis of these components, such as lighting systems, displays, organic radiofrequency identification (RFID) tags, biomedical test beds for home usage, electronic paper (e-paper) and electronic noses (e-noses). This thesis focuses on the
challenges involved in the development of efficient OLEDs.
∗ The

molecular orbitals originate from a combination of atomic orbitals.

1.2. Organic light-emitting diodes

5

Figure 1.4: Organic light-emitting diodes are a new type of white light sources. They
have a desirable form factor and can already compete with incandescent lamps and
compact fluorescent lamps in terms of energy-efficiency. (Source: Philips).

1.2

Organic light-emitting diodes

Organic light-emitting diodes are about to mark a new era of lighting applications. While OLED-based full-colour displays are becoming available on the market, at the same time OLEDs are the designer’s dreamed-for revolutionary new
light sources that allow for unprecedented application possibilities. Not only do
OLEDs allow for ultra-thin and mechanically flexible lamps, as illustrated already
in Figure 1.1, but they can also be made colour-tunable, transparent in the offstate and have virtually any size and shape. In Figure 1.4 examples of OLEDs are
compared with conventional light sources. Besides their desirable form factor and
design freedom, also their envisaged energy-efficiency makes OLEDs interesting
for lighting applications.
The development of OLEDs started with the discovery of Tang and VanSlyke in 1987 that relatively efficient electrically-driven light emission from organic
semiconductors could be obtained in a bilayer structure, based on small organic
molecules. 13 Later, Burroughes et al. developed the first OLEDs based on conjugated polymers. 14

1.2.1

Device structure and basic functioning

An organic light-emitting diode basically consists of one or more thin (10 –
100 nm) organic semiconductor layers sandwiched in between two electrodes on
top of a transparent substrate, as illustrated in Figure 1.5(a) for the case of a
polymer-based OLED. The anode typically consists of a thin layer of indium tin
oxide (ITO) covered with a blend of poly(3,4-ethylenedioxythiophene) (PEDOT)
and poly(styrene sulphonic acid) (PSS). The cathode is typically a low workfunction metal like barium or calcium, usually covered by an aluminium layer.
When a bias voltage V is applied that is larger than the built-in voltage Vbi ,

6
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Figure 1.5: Schematic structure of a typical polymer-based OLED (a) and schematic
energy diagram indicating the processes of (1) charge injection, (2) charge transport and
(3) charge carrier recombination (b).

determined by the difference of the anode and cathode work functions, holes are
injected into the light-emitting polymer layer from the transparent bottom electrode and electrons are injected from the cathode. Depending on the energy level
alignment at the electrode interfaces, the charge carriers have to overcome an energy barrier. Due to the applied electric field, the charge carriers move in opposite
directions through the polymer until recombination takes place. The charge injection, transport and recombination processes are indicated in Figure 1.5(b) in
a schematic energy diagram.

1.2.2

Scientific challenges — effects of disorder

Understanding the functioning of OLEDs is for many reasons quite challenging.
In this thesis we focus mostly on developing understanding of the consequences on
the functioning of OLEDs of the disordered nature of the active organic materials.
The disorder in the active organic materials in OLEDs originates from an irregular
packing of the molecules, which are deposited either from solution, e.g. via spincoating, or via evaporation techniques. For polymers the disorder also originates
from the distribution of chain lengths (polydispersity) and twists, kinks or defects
in the polymer chains. This disorder strongly affects the local HOMO and LUMO
energies in such materials, and the local energy gap, which are highly sensitive
to molecule-molecule interactions 15–19 and depend on the size of the conjugated
part of the molecule 19–21 . This leads to energetic disorder, as is schematically
shown in Figure 1.6. The density of states (DOS) for electrons and holes of these
systems is often approximated by a Gaussian distribution, which has a typical
width, σ, of 75 to 150 meV. 22,23
Also indicated in Figure 1.6 are the processes of charge transport and recombination. At present it is heavily debated what the consequences of the disordered
nature of organic semiconductors are on the charge transport and recombination
processes in OLEDs. In Section 1.3 the state-of-the art understanding on these
topics is discussed.
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Figure 1.6: Schematic representation of the effect of the disordered structure of organic
semiconductors on the local lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) levels, and on the single-particle energy gap (Eg ).
The process of electron (e− ) and hole (h+ ) transport via “hopping” and the process of
recombination are indicated by arrows. The widths of the electron and hole densities of
states are indicated with σe and σh .

1.2.3

Technological challenges — efficiency and lifetime

Polymer-based OLEDs typically reach an external conversion efficiency, or quantum efficiency, of ∼ 5% of photons per injected charge carrier. State-of-the-art
OLEDs, with efficiencies close to 30%, 24 consist of many small molecule layers.
A typical structure of a white multilayer OLED is shown in Figure 1.7.
Figure 1.8 shows the progress in the efficiency of multilayer white organic and
inorganic LEDs in the last few years. In this figure, the efficiency of the conversion
from electrical energy to visible light is expressed in terms of the luminous efficacy,
a figure of merit commonly used for light sources. It is defined as the ratio between
the luminous flux (in lumen), which is the power of the emitted light weighed by
the spectral sensitivity of the human eye, and the electrical power consumed. The
fundamental maximum luminous efficacy for a white light source is around 250
– 400 lm/W, depending on the requirements on the colour temperature (“cold
white” versus “warm white”) and on the colour rendering index (smooth versus
spiky emission spectrum). 25 In research labs, white OLEDs have been made that
have a luminous efficacy of ∼ 100 lm/W. This is more than four times as efficient
as incandescent light sources (“light bulbs”) and with this value OLEDs have
surpassed the energy-efficiency of commercially available fluorescent light sources
(“tl tubes”).
This development of increasingly efficient white light sources is of great societal importance. At present, about 19% of the worldwide generated electrical
power is used for lighting. 27 This is more than all generated nuclear, biomass,
hydroelectric, solar and wind power together. 28 Globally, half of the electrically
generated light still stems from inefficient light sources, such as light bulbs. 27
Replacement by saving lamps could already reduce the global electrical power
consumption by 10%. A future transition towards solid-state lighting will lead to
an even further reduction. This will contribute to solving the worldwide energy
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Figure 1.7: Schematic structure of a state-of-the-art multilayer small molecule OLED
(a) and schematic energy diagram indicating the energy levels of the hole-injection layer
(HIL), hole-transport layer (HTL), electron-blocking layer (EBL), red, green and blue
emission layers (EML), hole-blocking layer (HBL), electron-transport layer (ETL) and
electron-injection layer (EIL) (b).
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Figure 1.8: Progress of the energy-efficiency of white organic and inorganic LEDs as
obtained in research labs, compared with the efficiency of commercial incandescent and
fluorescent light sources. (Figure adapted from Ref. 26; recent data points added).
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problem. At the same time, it will lead to a similar reduction of the emission of
CO2 and other greenhouse gases.
As shown in Figure 1.8, the progress in the luminous efficacy of OLEDs has
slowed down. However, it is believed that this is not due to reaching a fundamental
limit. Also with respect to the reliability there is room for improvement as stateof-the-art white OLEDs have a lifetime of about 10, 000 hours, which is ∼ 1 year
under continuous use. In general the approach towards improving the efficacy and
lifetime has been to a large extent a trial-and-error process that involves making
OLEDs with many different combinations of organic semiconductors, empirically
varying the thicknesses and compositions of all relevant layers involved.

1.2.4

Main objective of this thesis

Further progress in the device performance of OLEDs is hampered by the increasing complexity of the layer structures and by the lack of understanding of the effect
of the disordered nature of the used materials on the relevant processes and on
the overall device performance. Therefore a computationally efficient OLED device model is needed that allows one to quantitatively predict device performance
using physically relevant material parameters as input. 29 An important question
is therefore:
Is it anyhow possible to develop an OLED device model that
yields reliable quantitative predictions for the performance
of OLEDs?
It is the general objective of this thesis to answer this question. In Section 1.3 the
recent advances in the understanding of the charge transport and recombination
processes in disordered organic semiconductors are discussed. In Section 1.4 the
proposed stepwise approach for realising our objective is outlined. In order for an
OLED device model to successfully help advance OLED performance, it is crucial
that the device and material parameters that serve as input can be determined
independently from a limited set of relatively simple experiments combined with a
relatively simple analysis. In the concluding section of this Chapter, an overview
of the thesis is presented indicating the approach followed.

1.3

1.3.1

Charge transport and recombination in disordered organic semiconductors — state-ofthe-art
Charge carrier hopping between two molecules

Structural disorder in organic semiconductors results in energetic disorder and in
the formation of localised states. Therefore, the concept of band conduction does
not apply. Instead, in order to take part in the conduction process charge carriers
have to jump from one localised state to another, with a rate that depends on the
overlap between the electronic wave functions. The carriers may overcome the
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energy difference between the localised states by absorbing or emitting phonons.
This mechanism of phonon-assisted tunnelling, or “hopping”, was originally proposed by Mott 30 and Conwell 31 in relation to charge transport between impurity
states, and at the same time by Pines, Abrahams and Anderson 32 in relation to
electron relaxation processes, both in inorganic semiconductors. A model describing the transition rates Wij for phonon-assisted tunnelling from localised state i
to state j was developed by Miller and Abrahams. Hopping takes place at a rate
given by the attempt-to-jump frequency ν0 , multiplied by the tunnelling probability and by the probability to absorb a phonon for hops upward in energy 33 :
³
(
´
ε −ε
exp − kjB T i
for εj > εi ,
(1.1)
Wij = ν0 exp (−2αRij )
1
for εj < εi .
Here, α is the inverse wave-function localisation length, Rij the distance between
the localised states, εi the energy at state i, kB the Boltzmann constant and T the
temperature. As can be seen from Eq. (1.1), electrical conduction at the molecular
level is therefore a tradeoff between long-range jumps to energetically favourable
sites with little wave function overlap and short-range jumps to less energetically
favourable sites with more wave function overlap. Moreover, it is clear that the
conductivity will be strongly affected by the structural and energetic disorder. 22
It should be noted that in the derivation of the Miller-Abrahams transition rates
it is assumed that for hops that are downward in energy it is always possible to
emit phonons with the specific energy.

1.3.2

Charge carrier mobility — effects of disorder

The Miller-Abrahams expression for the hopping rates is used as a basic ingredient
for many theoretical studies on the charge transport and recombination processes
in disordered organic semiconductors. In order to mimic the disordered material,
typically in supercomputer simulations a three dimensional grid structure is filled
with a number of point sites, N , that have energies drawn from a Gaussian distribution. A certain amount of charge carriers, n, are entered into the system
and they are allowed to move from site to site according to the Miller-Abrahams
hopping rates, taking their mutual Coulomb and exchange interactions into account. From this procedure predictions can be obtained for the mobility of charge
carriers. The mobility is defined as
µ≡

hv(F )i
,
F

(1.2)

with hvi the average velocity of the charge carriers and F the electric field. The
mobility typically depends on the electric field, the charge carrier concentration
(n/N ) and the temperature.
Traditionally, charge transport properties of organic semiconductors are determined from time-of-flight (TOF) measurements. This technique stems from
research in the 1970s on photoconducting materials used in photocopiers. 34,35 In a
TOF experiment, a rather thick (> 1 µm) layer of an organic material sandwiched

1.3. Charge transport and recombination

11

in between two electrodes is illuminated using a short light pulse, resulting in a
thin sheet of charge carriers close to the illuminated electrode. As a result of an
applied bias voltage, charges with the polarity of the illuminated electrode move
towards the opposite electrode, resulting in a current in the external circuit until
the electrode has been reached. The charge carrier mobility is inversely related
to the transit time. In TOF experiments on polymers containing π-conjugated
copolymerised molecules the mobility was found to increase strongly with voltage.
It was found that for a rather broad voltage range the mobility could be described
using a Poole-Frenkel type electric-field dependence of the form
³ √ ´
µ = µ0 exp γ F .
(1.3)
Here, µ0 is the zero-field mobility and γ is the field activation parameter. For many
disordered organic semiconductors the increase of the mobility with increasing
voltage found from TOF measurements, steady-state current-voltage measurements and transient experiments on sandwich-type structures has been described
using Eq. (1.3).
Bässler and coworkers showed that for a limited field range the functional
field dependence of the mobility of Eq. (1.3) could be understood when hopping
transport is assumed in an energy landscape with a Gaussian distribution of
site energies (Gaussian Disorder Model, GDM). 22 They performed Monte Carlo
simulations assuming that the inter-site hopping rates are given by Eq. (1.1).
Gartstein and Conwell found that the electric field range for which the PooleFrenkel type field dependence of the mobility is predicted is in better agreement
with the experimental field range when spatial correlations between site energies
are taken into account. 36 An extension of this work, to describe the correlations as
due to charge-dipole interactions, was performed by Novikov et al. who introduced
the Correlated Disorder Model (CDM). 37
Furthermore, both within the framework of the GDM and the CDM the mobility is found to be thermally activated with a temperature-dependent and disorderdependent activation energy, so that in the zero-field limit the mobility can be
described by
"
µ
¶2 #
σ
∗
µF =0 = µ0 exp −C
,
(1.4)
kB T
with a typical value of C in the range 0.36 to 0.46. The 1/T 2 temperature dependence of the logarithm of the mobility as given in Eq. (1.4) is in good agreement
with the temperature dependence observed in TOF experiments on many organic
semiconductors. 23 However, the temperature dependence of the mobility of disordered semiconductors remains a point of debate, as depending on the measurement
technique and on the method used to analyse the experimental results, support
for both a 1/T and a 1/T 2 dependence is reported. In Chapter 5 we will address this issue for the case of an application-relevant blue-emitting polyfluorene
copolymer.
The calculations for both the GDM and the CDM were performed in the
limit of a small charge carrier concentration (n/N → 0). The effect of a finite
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Figure 1.9: Hole mobility as a function of the hole concentration (a) as determined
from experiments on hole-only diodes and field-effect transistors based on P3HT and
OC1 C10 -PPV (adapted from Ref. 40), and (b) as calculated using a 3D Master Equation
approach for transport in an organic semiconductor with a Gaussian density of states
with width σ (adapted from Ref. 41).

carrier concentration was not investigated. However, from work on organic fieldeffect transistors (OFETs), it was found that as a result of disorder the charge
carrier mobility in these systems strongly increases with increasing carrier concentration. 38 In contrast to a diode structure such as an OLED, in an OFET the
organic layer is electrically connected in a lateral geometry. The carrier concentration can be relatively large (n/N ∼ 0.01 or even higher) and is determined
by the voltage on a gate electrode. For disordered inorganic semiconductors this
charge carrier concentration dependence of the mobility was already known since
the 1980s. 39 It was for the first time shown by Tanase et al. that the mobility
at low carrier concentrations as observed in organic diodes, and at high carrier
concentrations, as observed in OFETs, are part of one continuous function. 40 As
illustrated in Figure 1.9(a) for two types of conjugated polymers, the mobility
is constant for sufficiently low carrier concentrations and increases over several
orders of magnitude with increasing concentration.
Recently, Pasveer et al. have shown that these experimental findings can be
well explained within an extended version of the GDM, the Extended Gaussian
Disorder Model (EGDM). Using a three-dimensional (3D) Master Equation approach these authors calculated the dependence of the mobility on the carrier
concentration and on the electric field for realistic degrees of disorder. 41 Their
results for the concentration dependence are shown in Figure 1.9(b). At low carrier concentrations the average distance between charge carriers is so large that
one carrier’s motion is not affected by the presence of other carriers. The charge
carriers occupy the low-lying states of the DOS and the energy barriers for charge
transport are substantial, which results in a low mobility. Above a certain critical
concentration, 42 the average energy of the charges will increase substantially with
increasing concentration, as the lowest energy states are already filled. The activation energy to hop to a neighbouring site will therefore become less, resulting
in a higher mobility.
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The EGDM represents the state-of-the-art for describing the charge carrier
mobility in disordered organic semiconductors with a Gaussian DOS. Recently,
the EGDM has been extended to include the effects of spatial correlations between
the site energies. Also for this Extended Correlated Disorder Model (ECDM) the
mobility is found to be both concentration and field dependent. 43 In recent studies
assessing the applicability of the EGDM and the ECDM to describe the charge
transport in two commonly used classes of conjugated polymers no indications for
correlations were found. 43,44 Therefore, throughout this thesis the concentration,
field and temperature dependence of the mobility will be taken according to the
EGDM, except in Chapters 6 and 8. In these Chapters a brief introduction is
given on the ECDM and a comparison is made between a description of the
charge transport in diodes based on small molecule organic semiconductors using
the EGDM and using the ECDM, in order to assess the importance of correlations
in these materials.
It is noted that in the above mentioned studies in the framework of the Gaussian Disorder Model the effect of polaron formation was neglected. An excess
charge carrier in a solid will cause a displacement of the atoms in its vicinity,
thereby lowering the energy of the system. As a result, the charge carrier resides
in a potential well. The quasi-particle composed of the charge carrier plus its
accompanying polarisation field is called a polaron. When polaronic effects are
more important than disorder effects, it would be more proper to use the transition rates Wij that follow from Marcus theory. 45,46 However, calculations by
Fishchuk et al. revealed that in that case no increase of the mobility with carrier concentration is expected. 47 The possible effects of polaron formation on the
mobility are further discussed in Chapters 4 and 5.

1.3.3

Current density in devices

In an OLED, the current density, J, is determined by drift and diffusion of charge
carriers. Charge carrier drift is the movement of charge carriers due to the force in
an electric field. Diffusion of charge carriers is a result of a carrier concentration
gradient. In a one-dimensional continuum picture, the current density is described
by the drift-diffusion equation
dn
(1.5)
,
dx
with n the density of holes (minus-sign) or electrons (plus-sign) and x the position.
In the absence of disorder, the diffusion coefficient D is given by the standard
Einstein relation D = µkB T /e. Tessler and co-workers pointed out that in the
case of a disordered organic semiconductor the generalised Einstein relation should
be used, which gives rise to a carrier concentration dependent enhancement of the
diffusion coefficient. 48,49 In OLED modelling studies, the diffusion contribution
to the current density has often been neglected. Throughout this thesis diffusion
will be taken into account and in Chapters 2, 3 and 4 the role of diffusion in
OLEDs is specifically investigated.
The boundary conditions used for solving the drift-diffusion equations are the
electron and hole charge carrier concentrations at the anode and at the cathode.
J = Jdrift + Jdiffusion = eµnF ∓ eD
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To first order approximation one could assume thermal equilibrium at the interface
between the electrodes and the organic material, so that the carrier concentrations
at the interfaces are determined by the energy difference between the Fermi level
of the electrode and the HOMO or LUMO level of the organic material, using
Fermi-Dirac statistics. A refinement that we take into account in the case of
a substantial injection barrier is that an injected charge carrier gives rise to an
image charge potential close to the interface, effectively lowering the barrier for
injection. A second refinement is that, due to energetic disorder, injection can
take place into the tail of the density of states. Also this effectively lowers the
injection barrier. In this thesis these refinements are taken into account using the
approach described in Chapter 7, of which the validity was confirmed from recent
3D Master Equation calculations. 10
A final issue concerning charge transport in organic semiconductors is the role
of so-called “trap states”. It is well-known that in many organic semiconductors
the electron current density displays a voltage, temperature and layer thickness
dependence that is distinctly different from the hole current density. This has
been attributed to the presence of a small concentration of low-lying states due
to impurities, imperfections in the chemical structure or the presence of residual
water or oxygen in the material. These states act as traps for charge carriers.
At present, it is a point of debate (i) what the typical energy distribution of
trap states in organic semiconductors is, (ii) how exactly the charge transport is
affected by the presence of traps, and (iii) whether or not trapped charges take
part in the recombination process. In this thesis the effects of traps are taken
into account using the so-called multiple-trap-and-release model, by introducing
a slight modification of the drift-diffusion equation (see Chapter 7).

1.3.4

Electron-hole recombination in disordered organic
semiconductors

When an electron (hole) moves into the region where the Coulombic attraction
towards a hole (electron) is larger than the thermal energy, kB T , they form an
exciton. The electron and the hole have then a very high probability to recombine. The electron-hole recombination in OLEDs is usually viewed as a random,
kinetically bimolecular process. According to Langevin theory the rate of recombination events, r, is then given by 50
r = Brec np,

(1.6)

with n and p the density of holes and electrons, respectively, and with a prefactor
which is proportional to the sum of the electron mobility (µe ) and the hole mobility
(µe ):
e
Brec =
(1.7)
(µe + µh ).
ε0 εr
Here, e is the elementary charge, ε0 is the vacuum permittivity and εr the relative
permittivity. This is a result of the fact that the rate-limiting step for recombination is the drift of charge carriers towards each other in their mutual Coulomb
field. The requirement that the hop distance of the carriers (∼ 1 nm) is much
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smaller than the Coulombic capture radius (e2 /(4πε0 εr kB T ) ≈ 20 nm at room
temperature) is typically met in organic semiconductors, which have a relative
dielectric permittivity, εr , of around 3.
For the case of disordered organic semiconductors support for the concept of
bimolecular recombination was provided from analyses of results from TOF measurements and current-voltage-luminance measurements on sandwich-type structures. 51–53 However, the dependence of the prefactor Brec on temperature, electric
field and carrier concentration is still a point of debate. Albrecht and Bässler found
from Monte Carlo calculations for the case of a Gaussian DOS that at zero field
the temperature dependence of the recombination rate was well predicted from
the Langevin formula. 54,55 Concerning the field dependence of the recombination
rate prefactor it should be noted that within the derivation of the Langevin formula, the presence of an external field is not taken into account. It was pointed
out by Blom et al. that it is not self-evident whether the field-dependent mobility functions should be used in Eq. (1.7), as an electric field only enhances the
mobility in the direction of the field. The mobility of carriers that, due to diffusion, move perpendicular to the field is not enhanced. The field dependence of
Brec was investigated theoretically for the case of a Gaussian DOS by Albrecht
and Bässler, in the small carrier concentration limit. 54,55 They found that at zero
field Eq. (1.7) is well applicable, but that the recombination rate was even slightly
stronger field-enhanced than would be expected (using Eq. (1.7)) on the basis of
the field dependence of the mobility. A tentative explanation of this anomalous
field dependence of the recombination rate has recently been given by Coehoorn
and Van Mensfoort, in the framework of a one-dimensional Master Equation (1D
ME) model. 56
The carrier concentration dependence of the recombination prefactor has not
been intensively investigated. Groves and Greenham have shown from Monte
Carlo calculations for the case of an isotropic medium and a Gaussian DOS (using
Marcus hopping rates), that Brec does not depend on the carrier concentration. 57
However, they did observe a slight increase of the recombination rate with increasing degree of disorder, viz. for σ > 100 meV, in contrast to the results from
Albrecht and Bässler, who reported a disorder-independent recombination rate.
In summary, presently available experimental and theoretical studies on the
recombination rate in disordered organic semiconductors indicate that, at zero
field, it is well described by Langevin theory when taking the temperature, field
and concentration dependence of the mobility of the charge carriers into account.
The slightly enhanced field-dependence is well described by a recently developed
1D ME model. In Chapter 9, where we calculate the position dependent recombination rate in a blue polymer-based OLED, this model will be used.

1.3.5

Existing OLED device models

In the beginning of the 1990s, it was unclear whether the limited energy efficiency
of OLEDs at that time was due to unbalanced injection of electrons and holes or
by unbalanced electron and hole transport properties of the organic semiconductors used. It was suggested by Parker et al. that the current density in OLEDs
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is limited by the injection process (injection limited current, ILC). 58 However, it
was found by Antoniades et al. from TOF measurements and from current-voltage
measurements that the charge transport in OLEDs based on the prototype material poly(phenylene vinylene) (PPV) is limited by the charge carrier mobility
of PPV. 59,60 In 1997, Blom et al. confirmed that in PPV-based OLEDs with an
indium tin oxide anode the hole transport is limited by the charge transport properties of the organic semiconductor and not by injection. 61 In fact, they showed
that the current in these devices is limited by the space charge (space-charge limited current, SCLC), apparent from the observation of a current density that is
proportional to the square of the applied bias voltage.
An important step towards the understanding of the complex interplay between charge carrier transport and recombination processes was the development
by Parmenter and Ruppel of an analytical expression for the current-density in
single-layer double-carrier devices. 62 In their work, the diffusion contribution to
the current density was neglected, and constant electron and hole mobilities and
ideal injecting contacts were assumed. Using an extension of this work by Martin, 63 who derived exact expressions for the electric field and carrier densities in
such devices, the effects of various materials and device parameters on the shape
of the recombination profile can be readily calculated. For more complex situations, such as for devices containing trap states, approximate analytical methods
and numerical methods were developed in the 1960s and 1970s, as reviewed by
Lampert and Mark 64 and by Kao and Hwang 65 . Advanced numerical OLED device models have been developed and applied, 7,52,66–76 within which the effects
are included of a field-dependence of the mobility, of traps, of energy barriers
at the electrodes and at internal interfaces and (in almost all cases) of charge
carrier diffusion. Obviously, taking diffusion into account is crucial in multilayer
OLEDs, 77,78 in which the charge carrier accumulation near organic-organic interfaces which act as blocking barriers is determined by the balance between forward
and reverse drift and diffusion current density contributions, respectively.
In none of the numerical OLED device models referred to above (Refs 7,
52,66–76), the recent insights on the effects of Gaussian disorder, discussed in
Section 1.3, have been included. Neither has a full ab initio OLED device model
been developed that takes the three-dimensional character of the transport due
to structural and energetic disorder into account.

1.4

Towards a predictive OLED device model

The full chain of model steps that would be needed to build up an ab initio OLED
device model is indicated schematically in Figure 1.10. First, for each material the
micro-structure of the organic semiconductor should be obtained. How are the
molecules oriented with respect to one another? How densely are they packed?
How disordered is the layer? These are typical questions that can be answered
from Molecular Dynamics calculations. Second, from the HOMO and LUMO
wave functions the probability for polaron hopping between molecules can be calculated (transfer integrals), making use of the information on the micro-structure
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Figure 1.10: Model steps for a full ab initio approach towards OLED device modelling.

of the layer. The transfer integrals can be obtained from Density Functional
Theory. Third, on the basis of the transfer integrals one could ascribe to each
material, consisting of specific molecules and displaying a specific degree of disorder, “mobility functions”. These functions describe the charge carrier mobility
of the material as a function of the local electric field, carrier concentration and
temperature. Mobility functions can be obtained from calculating the conductivity in a three-dimensional percolating network within which there is no electric
field gradient or carrier concentration gradient, e.g. using a Master Equation or
Monte Carlo approach.
As a fourth step, the electrical response of a complete device can be calculated
by solving the drift-diffusion equations, taking the Coulomb interactions and recombination into account. From this calculation the current-voltage curve can be
obtained, as well as the position-dependent recombination rate. In a fifth step,
the formed excitons are allowed to diffuse, transfer their energy to a quenching
site at which they decay non-radiatively, to a site at which the exciton energy is
lower, or to the electrode. The excitons can be either singlets or triplets. Only
singlets can decay radiatively. From quantum statistics the singlet-triplet ratio
S : T of the amount of singlet excitons S and the amount of triplet excitons T is
predicted to be 1 : 3. The photons that are generated from radiatively decaying
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singlet excitons can get reabsorbed in the cavity. This is calculated in the last
step, the light-outcoupling calculation. In principle, following all these steps, the
current through an OLED and the light output can be calculated as a function of
the applied voltage.
In this thesis, we follow a slightly adapted approach and focus on the fourth
step. Within our calculations we make use of the EGDM mobility functions described in section 1.3.2, which give the electric-field, carrier-concentration and
temperature dependence of the mobility for a given average distance a between
molecular sites in between which the hopping takes place and for a given degree
of disorder (width σ of the DOS). The calculations are performed using a onedimensional device model. The three-dimensional aspects of the charge transport
are taken into account via the mobility functions. We note that from the work
on the EGDM it was found, however, that the current in a disordered organic
material can be highly filamentary. That is to say: the current does not flow
homogeneously from one electrode to the other, but is distributed over a relatively small number of current threads. 10 This raises the question whether charge
transport can be described using a one-dimensional model. Encouragingly, recent
comparison between 1D and full 3D calculations have revealed that the current
density in a single-layer device calculated from both approaches is identical for a
wide range of σ-values. 10
The approach followed in this thesis requires that the values of a and σ, which
enter as parameters in the EGDM, are known for each organic semiconductor
layer involved. These values are separately determined by analysing an extensive
set of current-voltage curves measured on unipolar devices containing a single
organic semiconductor layer.

1.5

Scope of this thesis

In order to investigate the feasibility of developing a predictive OLED device
model, the following issues are addressed in this thesis:
1. Is charge carrier diffusion important in OLEDs?
2. What are the effects of the disordered nature of the organic semiconductors
used in OLEDs on the charge transport?
3. Can we describe electron transport and hole transport using the same charge
transport model?
4. Can we describe charge transport in polymer materials and small molecule
materials using the same model?
5. Is it possible to come to a quantitative prediction of the electrical response
of a full OLED?
6. Does the resulting device model lead to correct predictions for where the
recombination in OLEDs takes place?

1.5. Scope of this thesis
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Figure 1.11: Schematic representation of the issues addressed in this thesis and their
connections. An affirmative answer is obtained to all questions indicated here.

Figure 1.11 gives a schematic outline of this thesis. The full chain of steps presented in the Figure is carried out using devices based on one specific polymer,
which is a blue-emitting polyfluorene(PF)-based copolymer containing triarylamine monomer units. More detailed information on this polymer is given in
Figure 1.12. Only in two Chapters, Chapters 6 and 8, a side-step is made and the
charge transport in devices based on selected small molecule materials is investigated.
A first issue concerning the development of a device model for OLEDs is the
question whether both the diffusion and the drift contribution to the current
density (J) should be taken into account. In Chapter 2 it is shown that a characteristic peak in the differential capacitance of OLEDs is due to a significant
diffusion contribution to the current density and that a suggestion made in earlier literature, viz. that the peak voltage coincides with the built-in voltage, is
incorrect. The effect becomes smaller with decreasing temperature, as diffusion
becomes then less important. Furthermore, it is shown how from extensive modelling the injection barriers at both interfaces can be obtained. In order to further
investigate the effect of diffusion on the charge transport, in Chapter 3 results
from electro-absorbtion (EA) measurements are analysed. In an EA experiment
the change in absorption in an OLED resulting from a small change in the applied voltage is measured. In literature, it is argued that the EA signal vanishes
when the applied voltage is equal to the built-in voltage. Using a drift-diffusion
device model and taking the effects of the optical OLED cavity into account it is
found that this is incorrect. Due to diffusion, the voltage at which the EA signal
vanishes can be much smaller than Vbi . Chapter 2 and 3 thus both demonstrate
that charge carrier diffusion plays a prominent role in OLEDs.
In order to address the effect of disorder on the charge transport, a singlecarrier device model is developed that takes drift, diffusion and disorder into
account. The model is presented in Chapter 4. It is shown that neglecting the
effects of disorder on the charge carrier mobility and on the diffusion coefficient,
for example by neglecting the carrier-concentration dependence of the mobility,
interpretation of experimental current-voltage curves will (incorrectly) lead to
effective mobility values that can vary over two orders of magnitude with layer
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Figure 1.12: (a) The blue-emitting polymer used throughout this thesis consists of
randomly copolymerised fluorine units and triarylamine monomomer units (7.5 mol%). 79 From cyclic voltammetry, the amine-related HOMO energy is found to be at
∼ 5.2 eV, well displaced from the HOMO energy of the polyfluorene-derived states
(∼ 5.8 eV). 80 (b) The hole current density in devices with a gold cathode for a series of
copolymers as a function of amine concentration. Whereas at small concentrations the
amines act as traps, the effective mobility increases strongly when the concentration is
above the percolation threshold for guest-to-guest hopping. The copolymer studied in
this thesis is in the second regime. The hole transport takes place via states localised
predominantly on the amines, which act as hole transporting units. 44

thickness.
In Chapters 5 and 6 hole transport is investigated in two application-relevant
materials: the blue-emitting PF-based copolymer, mentioned above, and a holetransport material extensively used in state-of-the-art multilayer OLEDs. In
Chapter 5 the model is used to analyse experimental current-voltage curves
obtained using hole-only diodes based on the PF-copolymer for a wide range of
temperatures and for several layer thicknesses. The results of this analysis indicate
that a fully consistent description of the thickness and temperature-dependent
current-voltage curves can be obtained when the effects of disorder on the charge
transport are taken into account using the EGDM. The charge transport was fully
described using two physically relevant material parameters of which the values
were determined from this study: the width of the DOS of the HOMO and the
inter-site distance. A conventional analysis, only taking the field dependence of
the mobility into account indeed led to a thickness-dependent effective mobility.
Furthermore it is shown that analysing the current-voltage curves using a simplified approach gives rise to an effective 1/T dependence of the mobility, while using
an approach that takes the effects of disorder on the charge transport into account
a 1/T 2 dependence is found. This finding contributes to solving a long-standing
controversy.
It is not self-evident that charge transport in polymer-based and small moleculebased organic semiconductors can be described using the same model. In Chapter 6 we investigate this issue for the commonly used material α-NPD. It is
found that the temperature and layer-thickness dependent current-voltage curves
of diodes based on this material can be less well described using the EGDM than
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using the ECDM within which the site energies of neighbouring molecules are
correlated.
Examples in the literature have shown that the physics of electron transport
can be distinctly different from that of hole transport. In Chapter 7 it is shown
that electron transport in the PF-copolymer can be well described using the same
model as for hole transport (EGDM) when in addition to the Gaussian density
of states a distribution of trap states is included. A relatively simple but effective approach is proposed to treat the states of the Gaussian distribution and the
exponential distribution on an equal footing. In Chapter 8 we find that an analogous analysis of the electron transport is possible in a small molecule material.
For the material BAlq, well-known for its long-term stability, we find again that
the charge transport can better be described using the ECDM.
As a next step, we have investigated in Chapter 9 whether the temperaturedependent current-voltage curves of the PF copolymer-based OLEDs are well
predicted from a double-carrier model which employs the separately determined
charge transport parameters for holes and electrons obtained in Chapters 5 and
7, respectively. This is shown to be indeed the case. Furthermore, very good
agreement with the measured voltage dependence of the efficiency was obtained
by (i) assuming Langevin recombination between holes and free and trapped electrons, (ii) taking optical outcoupling effects into account, and (iii) assuming a
singlet-triplet ratio close to 1 : 3, as expected from quantum statistics.
Experimental support for the recombination profile predicted in Chapter 9
from electrical modelling is obtained in Chapter 10 from a method developed
to determine the depth profile of emission dipoles in OLEDs from optical experiments. The validity of the method is demonstrated by studying the voltage
dependence of the recombination profile. It is found that the resolution with
which the position of the peak can be determined is ∼ 10 nm.
Finally, conclusions and an outlook are presented in Chapter 11.
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2
Determination of injection
barriers in organic
semiconductor devices from
capacitance measurements

As discussed in the previous Chapter, a first issue to be addressed when developing a predictive OLED device model is the question whether or not the diffusion
contribution to the current density can be neglected.
In this Chapter the important role of charge carrier diffusion in OLEDs is
demonstrated by studying the low-frequency differential capacitance of single-carrier
(metal / organic semiconductor / metal) devices with a sandwich structure. The
differential capacitance shows a distinct peak if the injection barrier at at least
one of the electrodes is sufficiently small. Depending on the height of the injection barriers, the peak voltage can be a few tenths of a volt below the built-in
voltage, Vbi . The effect decreases with decreasing temperature, when diffusion becomes less important. We show how the peak voltage and the peak height can be
used to accurately determine the injection barriers and Vbi , and demonstrate the
method by applying it to polyfluorene-based devices.∗

∗ The

work presented in this Chapter has been published: S. L. M. van Mensfoort and R.
Coehoorn, Physical Review Letters 100, 086802 (2008).
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Chapter 2. Determination of injection barriers

Introduction

The transport characteristics of electronic semiconductor devices depends sensitively on the presence of energy barriers for charge carrier injection. In fieldeffect transistors (FETs), including organic FETs 1 and inorganic Schottky-barrier
MOSFETs 2,3 , energy barriers control the charge injection, and thereby strongly
influence e.g. the on/off ratio. Furthermore, injection barriers can limit the luminous efficacy of organic light-emitting diodes (OLEDs) 4 and of organic lightemitting FETs 5 . In organic electronic devices, injection barriers can deviate more
than 1 eV from the value that would be expected in the case of vacuum level alignment at the interface, even for clean and flat interfaces 6 , and can depend strongly
on the preparational conditions 7 . Methods for measuring the injection barriers
in devices are often based on a determination of the built-in voltage, Vbi 8,9 . For
single-carrier hole-only (HO) devices, eVbi = φ2 − φ1 , with φ1 and φ2 the hole
injection barriers at the two electrodes and with e the elementary charge (see
the inset in Figure 2.1). If φ1 is known, a measurement of Vbi suffices thus to
determine φ2 .
In this Chapter, we propose an alternative and more direct method for determining the injection barriers at both interfaces, that does not require prior
knowledge of the value of one of the barriers. The method is based on measurements of the differential capacitance per unit area (C) in the low-frequency
(f ) regime. We focus on single-carrier (metal / organic semiconductor / metal)
(MOM) devices with a sandwich structure. From experiments on MOM devices
containing a polyfluorene-based semiconductor, and using extensive modelling,
we show that the diffusion contribution to the current density can give rise to a
distinct, narrow peak in the low-f C(V ) curves. The peak voltage, height and
shape are used to determine the injection barriers, and thereby also Vbi . We note
that Vbi cannot be determined directly from the onset voltage, Von , of the current
density (J) versus voltage (V ) curve, as there is no strict onset of the diffusion
current. Therefore, Von is not a well-defined quantity. Just as Von , the peak voltage (Vpeak ) is in general smaller than Vbi , but unlike Von , Vpeak is conceptually
and practically well-defined. A peak in C(V ) curves was found earlier by Van Dijken et al. 10,11 who studied hole-only MOM devices based on a poly-(p-phenylene
vinylene) (PPV) derivative, and observed a strong dependence of the peak capacitance on the injecting electrode used. Our model provides an explanation for
their results.

2.2

Capacitance-voltage measurements

Figure 2.1 shows the C(V ) curves in the low-f limit for one HO and two electrononly (EO) MOM devices. Using a Schlumberger SI 1260 impedance analyser, four
point measurements were carried out, with a current and a voltage contact connected to each thin film electrode layer. The rms modulation voltage amplitude
was 20 mV. The remaining parasitic series resistance and the parasitic capacitance
(resulting from the overlap of the electrodes outside the active 3 × 3 mm2 area)
were found to have no significant effect on the measured C(V ) curves. The or-
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Figure 2.1: Experimental C(V ) curves for hole-only (A) and electron-only (B and
C) devices with structures given in Table 2.1, at T = 295 K and f = 200 Hz. The
inset shows for hole-only devices the injection barriers, defined as the energy difference
between the highest occupied molecular orbital (HOMO) and the Fermi level of each
electrode.

ganic semiconductor is a blue light-emitting polyfluorene(PF)-based polymer. In
Ref. 12 an extensive report on the steady-state transport through this polymer is
given. The hole transport takes place via co-polymerized monomeric units, which
facilitate hole injection, whereas the electron transport takes place via PF-derived
lowest unoccupied molecular orbital states. The device structures and deposition
methods are summarised in Table 2.1. The Figure reveals for the HO device a
distinct peak in the C(V ) curve, at 1.30 ± 0.05 V. The peak capacitance, Cpeak ,
is approximately 8% larger than the geometrical capacitance Cgeom = ε/L (with
ε the permittivity and L the organic layer thickness). For the HO devices we will
present a full analysis of the frequency dependence of C(V ). It is argued in Ref. 12

Table 2.1: Structures of devices for which C(V ) curves are shown in Figure 2.1, with
layer thicknesses in nm (in between parentheses). The light-emitting polymer (LEP)
layers were deposited by spin-coating. The Pd and Al electrodes were deposited by
vacuum evaporation.
Device Layer structure (substrate: glass)
A
ITOa | PEDOT:PSSb (100) | LEP (100) | Pd (100)
B
Alc (30) | LEP (100) | LiF (3) | Ca (5) | Al (100)
C
Alc (30) | LEP (100) | Ba (5) | Al (100)
a Indium-tin-oxide
b poly(3,4-ethylenedioxythiophene):poly(styrenesulphonic
c The

Al anodes are expected to be slightly oxidised.

acid)
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that for these devices the hole-injection barrier at the anode is small (φ1 < 0.2
eV) but that there is a large electron injection barrier of ∼ 0.5 eV at the cathode
for EO devices with a Ba-Al cathode. Figure 2.1 shows that for such devices no
peak in the C(V ) curve is obtained, but that there is a small peak for EO devices
with a LiF-Ca-Al cathode (arrow). For the latter devices the current density is
two orders of magnitude larger than for the Ba-Al devices, which is indicative of
a smaller injection barrier. These results show that the occurrence of a peak in
the C(V ) curves is not restricted to PPV, and suggest that it is related to the
size of the barrier at the injecting electrode interface.

2.3

Modelling of the capacitance-voltage curve

In order to explain these findings, we adopt the simplest possible approach, viz. by
assuming a constant mobility, µ, and by assuming fixed energy barriers and charge
carrier densities (ni ) at the interfaces (with i = 1 (2) at the anode (cathode),
respectively). Assuming thermal equilibrium, ni and φi are related by ni =
Nt exp[−φi /(kB T )], where Nt is the volume density of molecular sites. The use of
more advanced models for injection 13,14 and for the mobility 15 is straightforward,
but beyond the scope of this Chapter. The experimental C(V ) curves cannot be
explained from a drift-only model. For V < Vbi , the organic layer would then
contain no space charge, so that C = Cgeom , and for V > Vbi , the presence of
space charge in the device is well known to lead to C < Cgeom (with C = 34 Cgeom
for n1 = ∞) 16 . We find that the peak in the capacitance is related to the space
charge which is already for V < Vbi present in the device due to the diffusion
contribution to the current density. We have carried out systematic numerical
studies by solving the drift-diffusion problem using the software package curry,
developed within Philips Research. In the low-f limit, the shape of the C(V )
curves is fully determined by the ratio eV /(kB T ), and by the dimensionless carrier
densities at the electrodes γi ≡ ni /n0 , with n0 ≡ εkB T /(e2 L2 ) 17,18 . The full
parameter space can thus be explored by calculating C(V )/Cgeom curves as a
function of γ1 and γ2 . For L = 100 nm and εr = 3 (a typical device), n0 equals
4.3 × 1020 m−3 at 300 K. Typically, Nt ∼ 1026 – 1027 m−3 . Then, γ ∼ 106 for
φ = 0 and γ ∼ 1 for φ = 0.35 eV.
Figures 2.2(a–d) show calculated C(V )/Cgeom curves along selected lines in
the {γ1 , γ2 } parameter space (see Figure 2.3(a)), in the low-f limit. Figure 2.3(b)
shows the carrier density across the device for selected cases. An overview of
the peak capacitances and peak voltages is shown in Figures 2.3(c) and 2.3(d),
respectively. For symmetric devices (Vbi = 0 V), the capacitance shows a narrow
peak at V = 0 V, as revealed by Figure 2.2(a), with a height that decreases with
increasing injection barrier height. For φ = 0 eV, the height is 1.290 × Cgeom .
In the large-voltage limit, C approaches then the drift-only value 34 Cgeom . For
φ = 0.4 eV, corresponding here to γ ∼ 1, the peak has vanished.
Figure 2.2(b) shows a series of C(V ) curves for a vanishing first barrier and for
an increasing second barrier, i.e. an increasing value of Vbi . The Figure reveals
a transition between two transport regimes. For small Vbi , the peak remains
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Figure 2.2: Calculated C(V )/Cgeom curves for devices with L = 100 nm, Nt = 1 ×
1027 m−3 , and εr = 3, at T = 300 K and in the low-f limit, for (a) symmetric devices
(0.1 eV steps in φ), (b) devices with φ1 = 0 eV and a varying built-in voltage (0.25 V
steps), (c) devices with Vbi = 0.5 V, and a varying φ1 (0.1 eV steps). Figure (d) shows
the effect of a temperature variation for Vbi = 0.5 V (dotted lines: f = 1 kHz).
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Figure 2.3: (a) Lines in the {γ1 , γ2 } space corresponding to the parameter variations
taken in Figure 2.2(a-d); (b) Dimensionless charge density at position x across the device
at Vpeak for γ1 = ∞ and γ2 = ∞ (full curve), γ2 = γ2,min (dashed) and γ2 → 0 (dotted);
(c) Contours in the {γ1 , γ2 } space of equal Cpeak /Cgeom , and (d) of equal eVpeak /(kB T ).
Dashed lines: contours of constant eVbi /(kB T ).
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almost fixed at 0 V, and Cpeak decreases to a certain minimum value, Cmin =
1.175 × Cgeom , at γ2 = γ2,min . Figure 2.3(b) shows that the carrier density is then
quite uniform in between the device centre and the second electrode, in contrast
to the carrier densities in the limits of a very small or very large value of Vbi .
Beyond this minimum, Cpeak and Vpeak start to increase, until for large Vbi the
peak capacitance becomes constant and Vpeak follows Vbi at a fixed distance. We
find that then Cpeak = 1.405 × Cgeom and that
Vbi − Vpeak = (ln γ1 − a) ×

kB T
e

,

(2.1)

with a = 0.207. Eq. (2.1) shows that for a strongly asymmetric device with one
well-injecting electrode, Vpeak can at 295 K be more than 0.3 eV smaller than Vbi .
From Eq. (2.1) and eVbi = kB T ln(γ1 /γ2 ), it follows that the injection barrier
at the second electrode can be obtained directly from the measured peak position,
using
µ
¶
Nt
φ2 = eVpeak + ln
+ a × kB T ,
(2.2)
n0
for the regime for which Eq. (2.1) is valid (large γ1 and small γ2 ). Eqs. (2.1)
and (2.2) are the key results of this work. We note that Nt is not a priori known,
but that even a relatively large uncertainty, of one order of magnitude, gives rise
to an uncertainty in φ2 of only ∼ 0.1 eV.
The dependence of C on the injection barriers, at a relatively large fixed builtin voltage, is shown in Figure 2.2(c). As for the case of Vbi = 0 V (Figure 2.2(a)),
Cpeak is a very sensitive function of φ1 . For the conditions assumed, it vanishes
already beyond φ1 > 0.4 eV. This is consistent with the experimentally observed
strong sensitivity of Cpeak to the injection barrier (Figure 2.1). The peak height
and shape can thus be used to determine φ1 . The peak shift revealed in this
Figure is a result of the simultaneous change of φ2 , as described by Eq. (2.2).
Figure 2.2(d) shows the effect of a temperature decrease, for a device with
a good injecting anode contact and with Vbi = 0.5 V, assuming that µ does not
depend on the temperature. The peak becomes narrower and shifts towards Vbi , as
described by Eq. (2.1). At finite frequencies, Cpeak can decrease, as shown by the
dotted lines in the Figure. This happens below temperatures for which f τdiff ≈ 1,
where τdiff = L2 /D is the characteristic time scale for diffusive transport, with
D = (kB T /e)µ(T ) the diffusion coefficient. For a realistic MOM device with
−1
L = 100 nm and µ = 1 × 10−10 m2 /Vs, studied at 295 K, τdiff
≈ 1 kHz. In
practice, the low-f limit is then easily reached. However, the fast decrease of the
diffusion coefficient with decreasing temperature can already prohibit reaching
the low-f limit at moderately reduced temperatures.

2.4

Determination of the injection barriers and
the built-in voltage

Figure 2.4 (upper part) shows the frequency dependence of the capacitance for the
HO device discussed already under Figure 2.1, measured at room temperature.
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Figure 2.4: Experimental (upper part) and calculated (lower part) C(V )/Cgeom curves
for device A, at T0 = 295 K, with Vbi = 1.62 V (arrow), n1 = 1 × 1026 m−3 , µ =
1 × 10−10 m2 /Vs, and εr = 3.2. The inset shows the shift of Vpeak with temperature,
with respect to Vpeak (T0 ).

From step-height measurements using a Veeco Dektak stylus profilometer, the
thickness of the LEP layer in this device was determined to be 98 ± 5 nm. The
permittivity of the LEP layer, εr = 3.2 ± 0.2, was derived from the low-frequency
capacitance under reverse bias, at -1 V. The lower part of the Figure shows the
results of an analysis of the experimental data, using the model parameters that
most optimally render the observed frequency dependent shapes of the C(V )
curves and of the peak position. Using the estimated site density in the polymer,
Nt ≈ 1.8 × 1026 m−3 12 , the measured peak position, and Eq. (2.2), we find
φ2 = 1.63 ± 0.05 eV. An optimal agreement with the shapes of the measured
curves is obtained using n1 = 1 × 1026 m−3 , which would yield φ1 ∼ 0.01 eV. The
built-in voltage is thus 1.62 ± 0.05 V, as indicated by the arrow in Figure 4. The
model parameters used are found to justify the use of Eq. (2.2). The frequency
dependence of the C(V ) curves is determined by the mobility. Excellent agreement
is obtained using µ = 1 × 10−10 m2 /Vs.
Strong support for this analysis is obtained from the observation of a linear
temperature dependence of Vpeak (inset), as expected from Eq. (2.1). First, the
slope of the measured Vpeak (T ) curve, 1.5 ± 0.5 mV/K, is consistent with the
value of 1.04 mV/K, predicted from Eq. (2.1). Secondly, the extrapolated value
of Vpeak to T = 0 K, 1.7 ± 0.1 V, is consistent with the value of Vbi given above.
For obtaining a better quantitative agreement of the peak height and width
a more refined analysis will be needed. We find that a slight increase of φ1 , to
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a value of ∼ 0.15 eV, would lead to a good agreement in the peak height, but
would affect the agreement in the shape of the curves negatively. It will be of
interest to investigate in future studies the influence of energetic disorder 15 on
the peak shape.† The finding of a very small value of φ1 is consistent with the
energy diagram of the system, given in ref. 8, from which a value φ1 ≈ 0.1 eV
is expected. In contrast, φ2 is approximately 1.5 eV larger than the value that
would be expected from vacuum level alignment of the hole transporting units
and a hypothetical clean Pd electrode surface. This is indicative of the occurrence
of important organic-metal interactions at that interface, as have been revealed
earlier for many other systems 6,7 .
We view Vpeak as an effective value of the built-in voltage. Like the onset
voltage Von of the J(V ) curve 8 and like the open-circuit voltage Voc in photovoltaic
cells 20 , all these voltages can be smaller than Vbi by a few tenths of a volt due
to the space charge near the electrodes. As a consequence, one also expects that
the analysis of electroabsorption (EA) experiments 9 for measuring Vbi should be
refined, in order to include this important correction. This is confirmed by full
modelling of the EA effect for the HO-devices studied in this work, as presented
in the following Chapter.

2.5

Conclusion

In conclusion, we have shown that the observed narrow peaks in the C(V ) curves
of single-carrier MOM devices are a result of the diffusion contribution to the
current density. The model presented provides a qualitatively good explanation
for the peaks in our experimental C(V ) curves for polyfluorene-based HO-devices,
and it allows for a determination of both injection barriers. The peak voltage is
temperature dependent, and always smaller than Vbi . Refinements should be made
in order to further improve the agreement of the predicted peak height and shape
with experiment. An interesting application is the use of C(V ) measurements
to monitor possible changes of injection barriers during prolonged use. Finally,
we remark that this method for studying injection barriers can be extended to
double-carrier OLED devices, for which peaks in the C(V ) curve have also been
observed 10,11 .
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3
Analysis of
electroabsorption in
organic light-emitting diodes
revised — the role of charge
carrier diffusion

The built-in voltage (Vbi ) is an important input parameter in an OLED device
model. In the previous Chapter it was found that Vbi can be determined from
capacitance-voltage (C(V)) measurements, but that the analysis of such measurements is less straightforward than thought previously due to charge carrier diffusion.
In this Chapter, it is investigated how charge carrier diffusion affects the results of a second commonly used method for determining Vbi from experiment,
based on electroabsorption (EA) spectroscopy. In an EA experiment changes in
the optical absorption of an organic material as a result of a small change of the
electric field resulting from a small applied voltage change are measured. The applied voltage at which the EA signal vanishes was in previous literature claimed to
be precisely equal to Vbi . This is based on the assumption that the electric field is
constant throughout the organic layer. Here, it is investigated to what extent that
assumption is justified in realistic OLEDs. It is found that due to charge carrier
diffusion the EA signal in a device with at least one well-injecting contact vanishes at a voltage that is lower than Vbi . The typical predicted difference of about
∼ 0.3 V for a single-carrier device is similar to the peak shift found in the previous
Chapter for C(V) measurements. As diffusion thus has a profound effect on the
position dependence of the electric field and of the charge carrier concentration,
a predictive OLED model should take both the drift and the diffusion contribution
to the current density into account.
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Introduction

Since the demonstration of bilayer OLEDs by Tang and VanSlyke 1 the efficiency
of OLEDs has improved impressively. However, in recent years the increase in
the efficiency has slowed down. Advances in the understanding of the relevant
processes would help building up a device model that allows to rationally design
OLEDs with improved performance. Many of these processes, such as charge
carrier injection over an energy barrier, charge transport and recombination, are
strongly affected by the electric field. An experimental method to independently
determine the electric field in an OLED would therefore be a strong tool to verify
a proposed physical mechanism or model prediction.
A commonly used method to determine the electric field in a certain layer
in sandwich-type devices is the electroabsorption (EA) technique. 2–7 Within this
non-invasive technique use is made of the fact that the optical absorption coefficient α of an organic layer changes with the square of the electric field F . The
change in α is caused by a Stark-like shift of the allowed optical transitions. 8
Assuming uniformity of the electric field across the organic semiconductor layer,
the field dependence of the absorption gives rise to a field-dependent change of
the reflection coefficient R given by 2
−∆R ∝ ∆α ∝ Im χ(3) F 2 .

(3.1)

Here, Im χ(3) is the imaginary part of the third order susceptibility. Due to the
difference between the work function of the anode, Wanode , and of the cathode,
Wcathode , already at zero applied bias voltage an internal field is present in an
organic diode structure. The voltage V0 at which the differential change in reflection in a single-layer device vanishes is commonly viewed as a direct measure
of the built-in voltage Vbi = (Wanode − Wcathode )/e. 2 Here e is the elementary
charge. The built-in voltage is an important input parameter in device models.
As already mentioned above, in most analyses of the voltage dependence of
the experimental reflection change, ∆R(V ), the electric field F is assumed to be
constant over the thickness of the organic layer(s), at least at small voltages below
Vbi . Moreover, it was tacitly assumed that the results were not affected by the
possible position dependence of the optical absorption. In a realistic OLED it
is doubtful whether the above assumptions are justified. First, for efficient lowvoltage operation well-injecting contacts are used. This results in a substantial
space charge close to the injecting electrodes, hence affecting the electric field
throughout the whole device due to screening. Second, as an OLED is a thin-film
optical cavity, the optical field inside the device under illumination is a strongly
varying function of the position and therefore the absorption is not expected to
be homogeneous.
In this Chapter, we analyse the effect of a realistic field distribution on the
EA signal for a range of voltages. The position dependence of the electric field
is obtained from drift-diffusion calculations. The reflection of the OLED stack is
calculated using the thin-film optical software package Macleod, taking cavity
effects into account. The calculations are compared with results from EA experiments on hole-only diodes based on the polyfluorene copolymer introduced
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in Chapter 1. It is found that, due to the (non-uniform) space charge that is a
result of charge carrier diffusion, the voltage at which the electroabsorption signal
vanishes is in general not equal to the built-in voltage, but smaller by at least
∼ 0.3 V in practical devices.

3.2
3.2.1

Experiments
Experimental method

The hole-only devices studied have an anode of poly(3,4-ethylenedioxythiophene):poly(styrenesulphonic acid) (PEDOT:PSS) of 100 nm spin coated on precleaned glass substrates patterned with indium tin oxide (ITO). On top, a polyfluorene(PF)-based blue light-emitting polymer (LEP) layer of 100 nm is deposited
via spin coating and a palladium cathode is evaporated in a high-vacuum environment through a mask to form 100 nm-thick top electrodes. This results in
glass | ITO | PEDOT:PSS | LEP | Pd structures with pixel areas of 3 × 3 mm2 .
From the vacuum work functions of PEDOT:PSS and palladium, which are both
close to 5 eV, a built-in voltage of around 0 V would be expected. However, as
is clear from the current-voltage curves of these devices, which are discussed in
detail in Chapter 5, and as the results from capacitance-voltage measurements in
the previous Chapter indicate, the built-in voltage in these devices is much larger.
The analysis in Chapter 2 led to Vbi = 1.62 V.
The third order susceptibility is proportional to a linear combination of the
first and second order derivative of the linear absorption spectrum with respect
to the photon energy. 9 From photoluminescence measurement it is known that
the absorption coefficient of the used PF-based copolymer varies strongly in the
range from 400 to 450 nm. For optimising the EA signal (see Eq. (3.1)) therefore
a laser diode is used in this study with an emission wavelength of 410 nm, with a
maximum power output of 45 mW. Figure 3.1 schematically shows the electroabsorption setup used. The laser beam is focussed on the organic diode, which is
driven by a function generator. The supplied voltage consists of a DC voltage
component, Vdc , and an AC component with a frequency ω and amplitude Vac ,
so that V (t) = Vdc + Vac cos ωt. The resulting modulation of the reflection is extracted using a lock-in amplifier, synchronised by the function generator. The use
of a dual-beam detector, which takes out the component of the reflection signal
proportional to the laser beam, was found to improve the signal-to-noise ratio.
For small values of Vac , the first harmonic detector response can be viewed
as a measure of the local derivative of the reflection coefficient with respect to
the voltage and is usually called “the electroabsorption signal”. This terminology
is adopted in the remainder of this Chapter. In a typical EA measurement, the
EA signal is measured as a function of Vdc , while keeping Vac at a small constant
value (∼ 0.2 V).
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Figure 3.1: Schematic representation of the electroabsorption setup used. Indicated
are the blue laser diode, the beam splitter, the dual-beam detector, the sample, the
function generator and the lock-in amplifier.

3.2.2

Experimental results

Figure 3.2 shows the measured EA signal of a hole-only diode with a layer thickness of 98 nm as a function of the DC bias voltage. The results are shown for
two values of the amplitude of the AC voltage, viz. 0.2 V (solid squares) and
0.4 V (open circles). The curves are linear fits to the data. The proportionality
of the EA signal with Vdc is commonly viewed as a justification of the assumption
that the device is space-charge free. If there is no space charge present in the
device, the electric field is constant throughout the organic layer and is given by
F = (V − Vbi )/L. The voltage modulation V (t) leads then to an internal field of
the form F (t) = Fdc +Fac cos ωt, with Fdc = (Vdc −Vbi )/L and Fac = Vac /L. When
neglecting optical effects induced by the OLED stack, it follows from Eq. (3.1)
that the EA signal depends on Fdc and Fac according to
¯
∆R¯1ω ∝ 2Fdc Fac .
(3.2)
The EA signal then vanishes when Fdc = 0 or, in other words, when Vdc = V0 =
Vbi . Using the results presented in Figure 3.2 this would lead to a value of the
built-in voltage of 1.0 ± 0.1 V.

3.3

Analysis of the electro-absorption signal

In the previous Chapter it was found that for the devices studied here the PEDOT:PSS anode is a well-injecting contact for holes, as the hole injection barrier
at the interface between PEDOT:PSS and the LEP is < 0.1 eV. As a result,
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Figure 3.2: Experimental first harmonic electroabsorption response of a hole-only diode
as a function of the applied DC bias voltage. The AC voltage had a frequency of 1181 Hz
and an amplitude of 0.2 V (solid squares) and 0.4 V (open circles). The diode has a
LEP layer of 98 nm and was measured at 296 K.

there is already at zero applied bias voltage a considerable space charge present
in the LEP at this interface due to charge carrier diffusion. In order to investigate the effect of this space charge on the electroabsorption signal, as a first
step the position-dependent charge carrier density p(x) and electric field F (x) are
calculated as a function of voltage for realistic parameter values. In accordance
with the parameter values mentioned in Chapter 2, drift-diffusion calculations
are performed assuming a transport site density of the LEP of 1 × 1026 m−3 , a
built-in voltage of 1.62 V, a dielectric constant of 3.2 and a constant mobility of
1×10−10 m2 /Vs. The LEP layer thickness and temperature are set to 100 nm and
296 K, respectively, and the work function of PEDOT:PSS is assumed to match
the HOMO level of the LEP. Figure 3.3 shows p(x) and F (x) in the LEP layer
for V = Vbi , at room temperature. Clearly, F is a strongly varying function of
position. As a result, the field-induced change in the absorption coefficient given
in Eq. (3.1) is position dependent and will be described here as ∆α(x) ∝ F (x)2 .
As a second step, the reflection coefficient of the hole-only diodes is calculated
using the thin-film optical software package Macleod, using the complex refractive indices of the layers involved as an input.∗ Figure 3.4 shows the calculated
absorptance rate, the fraction of incident radiant energy absorbed per nanometre,
as a function of position in the layer stack for the case of a constant absorption
coefficient corresponding to F (x) = 0. The absorption of light is found to be
not uniform over the device thickness and over the LEP layer in particular. As
a result, changes in the absorption coefficient at a position 30 nm away from
the Pd electrode, for example, are more strongly weighed than changes at the
LEP-Pd interface for this specific layer stack. In order to take these cavity ef∗ The

complex refractive index data of the PEDOT:PSS layer and of the LEP layer are
presented in Chapter 10.
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Figure 3.3: Modelled charge carrier density (p) and electric field (F ) profile for realistic hole-only parameters at an applied bias equal to the built-in voltage (see text).
The PEDOT:PSS anode and the Pd cathode are located at x = 0 and x = 100 nm,
respectively.
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Figure 3.4: Absorptance rate as a function of position for the glass | ITO | PEDOT:PSS
| LEP | Pd systems, calculated at an illumination wavelength of 410 nm using the thinfilm optical software package Macleod.
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Figure 3.5: Calculated differential change in reflection as a function of Vdc for uniform
field distributions (open circles, no space charge) and for the case of the field distributions
obtained from drift-diffusion calculations (solid squares, including the effect of space
charge).

fects into account, the reflection coefficient of the hole-only diodes is calculated
as a function of voltage, modifying α(x) of the LEP layer in correspondence with
F (x). For this purpose, the LEP layer is split up into ten sublayers, each with
an absorption coefficient αi (V ) = α0 + C F̃i2 (V ). Here, α0 is the unperturbed
absorption coefficient and F̃i is the average field in the ith interval. The prefactor
C is chosen as small as possible, but large enough that the change in reflection
from the stack due to a field change of 105 V/m in one sublayer is larger than the
machine precision. The differential change in reflection ∆R is calculated using
∆R =

∂R
∆V,
∂V

(3.3)

with ∆V chosen equal to a typical value for Vac ∼ 0.2 V.
Figure 3.5 shows the calculated EA signal as a function of voltage for a uniform electric field F = (Vdc − Vbi )/L (open circles) and for the F (x) profiles
obtained from drift-diffusion calculations (closed squares). A first conclusion that
can be drawn from the results presented in Figure 3.5 is that a linear dependence
of ∆R on Vdc does not necessarily indicate a (nearly) space-charge free organic
layer. Also in case the effect of space charge, of which the amount increases with
increasing voltage, is taken into account a linear voltage dependence is predicted.
Secondly, when neglecting space charge, V0 = 1.62 V, as would be expected
from the value of the built-in voltage, whereas ∆R goes to zero at V = 1.35 V
when the non-uniform field distribution is taken into account. We emphasise that
the shift of V0 to a value ∼ 0.3 V lower than Vbi is a result of charge carrier
diffusion. If diffusion would be neglected, taking only charge carrier drift into
account, there would still be space charge present in the organic layer for V > Vbi .
However, for V 6 Vbi the organic layer would then be space-charge free, resulting
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in a constant electric field that goes to zero for V = Vbi . In that case V0 would
be equal to Vbi . The offset of V0 by several tenths of a volt from Vbi observed
when including diffusion could well explain the finding, in Ref. 10 for example,
that V0 is commonly smaller than the built-in voltage as expected on the basis of
the vacuum work functions of the electrodes.
A third point is that although the value of V0 = 1.35 V predicted when taking
the non-uniform field distribution into account is smaller than Vbi , it does not yet
correspond to the experimentally observed value of V0 = 1.0 ± 0.1 V (Figure 3.2).
It would be of interest to investigate to what extent this discrepancy could be resolved by taking the effects of disorder on the charge transport into account. An
alternative origin of the discrepancy could be that the illumination of the sample
gives rise to charge-carrier generation in the LEP layer or to injection of hot electrons or holes, optically generated in the Pd electrode (internal photoemission).†
This could give rise to a different carrier density and electric field profile in the
device.
Finally, we remark that when cavity effects are neglected and the EA signal
is assumed to scale with the average value of F 2 (x), we find that the difference
between V0 and Vbi is 0.20 V instead of 0.27 V, for the parameter values chosen
in this study. The position dependence of the absorption due to optical-cavity
effects leads therefore to a small, but non-negligible shift of the ∆R(V ) curve.
The effect is expected to be quite strongly dependent on the wavelength of the
light source used and on the thickness of the LEP layer.
We note that the deviations from the linear trend at low voltages for the
calculations taking the position dependence of the electric field into account are
an artefact. They occur due to the discretisation of the absorption coefficient in
the LEP layer over ten sublayers. The rapid decrease in the electric field close to
the PEDOT:PSS interface is slightly underestimated by taking the average field
over the first 10 nm for the first interval.

3.4

Conclusion

We have demonstrated from electrical and optical device modelling that the voltage V0 at which the EA signal in a device with a single organic layer vanishes does
not necessarily coincide with the built-in voltage, as conventionally assumed. Like
the voltage Vpeak at which a peak in the low-frequency capacitance occurs, the
onset voltage Von of the current-voltage curve 11 and the open-circuit voltage Voc
in photovoltaic cells 12 , we view V0 as an effective value of the built-in voltage. All
these voltages can be smaller than Vbi by a few tenths of a volt due to the space
charge near the electrodes present as a result of charge carrier diffusion. For the
case of hole-only devices with well-injecting contacts it was shown that V0 can be
lower than Vbi by ∼ 0.3 V. As an outlook, it would be interesting to investigate
the temperature dependence of the EA signal, as with decreasing temperature the
† Indeed it was observed for similar devices as investigated here, with a Au cathode, that the
effective built-in voltage as determined from photocurrent experiments and capacitance-voltage
measurements shifts to lower voltages by several tenths of a volt depending on illumination
intensity and photon energy.
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effect of diffusion is reduced and the difference between V0 and Vbi is expected to
decrease.
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4
Effect of Gaussian disorder
on the voltage dependence
of the current density in
sandwich-type devices based
on organic semiconductors

In Chapter 2 and 3 it was shown that the diffusion contribution to the current
density plays an important role in organic diodes. The second issue towards developing a predictive OLED model is the question what effect the disordered nature
of the organic materials used in OLEDs has on the charge transport.
In this Chapter, the effect of disorder on the voltage and layer thickness dependence of the current density is investigated in (metal/organic semiconductor/metal) devices containing organic semiconductors with a Gaussian shape of
the density of states. The analysis is based on recently published numerically exact expressions for the dependence of the charge-carrier mobility on the carrier
density and the electric field in such materials [W. F. Pasveer et al., Phys. Rev.
Lett. 94, 206601 (2005)]. For the device simulations, a numerically efficient onedimensional continuum drift-diffusion device model has been developed, which is
also applicable to any other disorder-induced carrier density and field dependence
of the mobility and diffusion coefficient. The device and material parameters chosen are relevant to organic light-emitting diode (OLED) applications. It is shown
that a realistic degree of disorder can give rise to apparent mobilities that vary over
more than 2 orders of magnitude with the layer thickness if the current-voltage
curves are (incorrectly) analysed in terms of the often-used drift-only Mott-Gurney
formula. This implies that meaningful analyses of transport in OLEDs should be
based on the full functional dependence of the mobility on the carrier density and
field, induced by the disorder.∗
∗ The

work presented in this Chapter has been published: S. L. M. van Mensfoort and R.
Coehoorn, Physical Review B 78, 085207 (2008).
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Introduction

Devices that consist of an organic semiconductor that is sandwiched in between
two metallic electrodes are intensively studied in view of applications in, for example, organic light-emitting diodes (OLEDs), 1 organic photoconductors, 2 and
organic photovoltaic devices. 3 The electron or hole mobility, µ, of the organic
semiconductors of which such devices are composed is frequently derived from the
steady-state current density J versus voltage V characteristics of single-carrier devices, containing a single organic layer. 4,5 The energy barriers at the interfaces for
injection from the electrode into the organic semiconductor are then such that the
charge carriers that are responsible for the current are either electrons or holes. In
general, the injection barriers are not precisely equal at both interfaces, leading
to a built-in voltage, Vbi . In the absence of traps, and when (i) only the drift
contribution to the current density is taken into account (neglecting the diffusion
contribution), (ii) the barrier at the injecting electrode is insignificant, and (iii)
the mobility may be assumed to be constant, the current density is for V > Vbi
given by the Mott-Gurney (MG) square law, 6
2

JMG =

9 (V − Vbi )
εµ
,
8
L3

(4.1)

with ε and L the permittivity and the thickness of the organic semiconductor,
respectively.
In actual devices, deviations from Eq. 4.1 are found with a slope of log(J)
versus log(V − Vbi ) curves smaller than 2 at relatively small voltages and higher
than 2 at relatively large voltages. The former effect is a result of charge-carrier
diffusion, which gives rise to the predominant contribution to the current density
at small voltages and which even leads to a finite current density below Vbi . At
relatively large voltages, the drift contribution to the current density dominates.
Recently, it has been demonstrated that energetic disorder in organic semiconductors used in OLEDs strongly affects the voltage dependence of the current density
in both transport regimes. First, Tessler and co-workers 7,8 showed that disorder
can give rise to a diffusion coefficient enhancement above the value expected from
the classical Einstein relation. For the specific case of Gaussian disorder, such
an increase in the diffusion contribution to the current density occurs at high
carrier densities. Second, Blom and co-workers 9,10 demonstrated experimentally
that the mobility in various materials that are frequently used in OLEDs, such
as poly(p-phenylene vinylene) (PPV), depends on the charge-carrier density. For
organic field-effect transistors, a charge-carrier density dependence of the mobility
had already been found earlier by Vissenberg and Matters, 11 who explained the
effect assuming an exponential density of states.
Roichman et al. 7 were the first to include both effects of disorder on the mobility and the diffusion coefficient in a transport model for single-carrier sandwichtype devices. However, the model used in Ref. 7 for quantifying the carrier density
dependence of the mobility was shown to neglect the percolative nature of the
hopping transport, 12 which strongly affects the temperature dependence of the
mobility. Pasveer et al. 13 developed a model that correctly includes the effects of
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percolation on the mobility and demonstrated that in the drift-dominated highvoltage regime the temperature dependence of the current density in PPV-based
hole-only devices can be described well assuming Gaussian disorder. In their
device model, the diffusion contribution to the current density was neglected.
Although the effects of diffusion have been included in inorganic semiconductor
device models, 14 in models for OLEDs 7,15–18 and in models for other organic
electronic devices, 19,20 so far in none of these studies the recent insights on the
mobility in an organic semiconductor with Gaussian disorder, mentioned above,
have been taken into account.
In this Chapter, we analyse the electrical transport through single-carrier
(metal/organic semiconductor/metal) devices based on organic semiconductors
with Gaussian disorder using a fully general model which includes the two effects
of disorder mentioned above: the enhancement of the diffusion coefficient and the
carrier density and field dependence of the mobility. This allows us to provide a
complete description of the current-voltage curves. We have developed a practical
method for calculating J(V ) curves based on a numerically fast one-dimensional
continuum approach introduced by Bonham and Jarvis (BJ). 21,22 The discussion
of our method for extending the BJ approach is focused on applications to devices based on materials with a Gaussian density of states (DOS). However, the
methodology is generic and is applicable to any type of disorder, provided that
the carrier density and field dependences of the mobility and diffusion coefficient
are known.
Within our model, applied to hole transport, we assume that at both electrodes
thermal equilibrium is established between the electrode and the highest occupied
molecular orbital (HOMO) of the organic semiconductor. This may be expected
to yield a fair description of the transport physics when the injection barrier at
the injecting contact is sufficiently small. Under these conditions, an appreciable
space charge builds up at the injecting electrode, and the net current density at
that electrode is the result of a diffusive contribution away from that electrode
and a drift contribution toward that electrode. The underlying assumption is
that the current density is not limited by the hopping rate of holes from states
near the Fermi level in the metal to HOMO states on organic molecules close to
the metal but by the finite bulk mobility. Our model thus does not address cases
with a very high barrier at the injecting electrode, such as discussed by Scott and
Malliaras 23 for devices with a manifold of HOMO states with negligible width
and by Arkhipov et al. 24 for the case of devices with a Gaussian DOS with a
width larger than the thermal energy kB T .
In its generic form, our model is also applicable to cases in which polaron
formation has a more important effect on the mobility than energetic disorder.
This will be the case when the polaron binding energy, Epol , is large as compared to the width, σ, of the Gaussian DOS. For that situation, Fishchuk et
al. 25 have recently given an expression for the mobility. Polaron formation has
previously been argued to determine the mobility in certain disordered organic
materials. 26,27 In such a case, the mobility is essentially independent of the carrier
concentration for concentrations below 0.1. 25 However, as discussed above, there
is strong experimental evidence that for the prototype material PPV, a polaron
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model does not provide a good description. This is consistent with results from a
theoretical study by Meisel et al., 28 who showed that for PPV the polaron binding
energy, Epol , is very small (< 0.05 eV) as compared to the width, σ, of the Gaussian DOS (∼ 0.14 eV), as deduced from an analysis of temperature dependent
current-voltage curves. 13
We analyse in detail how Gaussian disorder affects the full J(V ) curves of
symmetric devices (Vbi = 0 V) with excellently injecting contacts, and the J(V )
curves of devices with one excellently injecting electrode and one electrode which
gives rise to a high injection barrier (resulting in a large value of Vbi ). A key result
of our study is that (conventional) analyses of J(V ) curves using the Mott-Gurney
expression given by Eq. 4.1 can, incorrectly, lead to a very strong layer thickness
dependence of the apparent mobility. The effect increases with increasing disorder.
Section 4.2 contains the description of the carrier density and field-dependent
mobility in a semiconductor with Gaussian disorder, used in this Thesis, and
a brief description of the extended Bonham-Jarvis method, applied to devices
based on such semiconductors. More technical discussions, including derivations
of the expressions for the drift-diffusion equation and the current density in terms
of dimensionless quantities, the iterative methods used, and the parametrisation
of the mobility and diffusion coefficient used, are given in Appendix A.1-4. In
Section 4.3, the effects of Gaussian disorder on the J(V ) curves are discussed
for symmetric devices and for devices with a large built-in voltage. Section 4.4
contains a summary, conclusions, and outlook.

4.2
4.2.1

Calculational method
Mobility and diffusion coefficient in a material with a
Gaussian DOS

We focus in this Chapter on transport in devices containing an organic semiconductor with Gaussian disorder. The semiconductor is characterised by three
parameters: the site density, Nt , the width of the DOS, σ, and the inverse wavefunction localisation length, α. In small-molecule organic semiconductors and in
polymers, Nt may be associated with the number of molecules and with the number of conjugated segments per volume unit, respectively. Also the width, σ, is
a physically well-defined parameter, at least for small-molecule materials, which
can be deduced from the modelling of a sufficiently extended set of temperature
and layer thickness dependent J(V ) curves. 29 Typical values of σ in disordered organic materials are 0.08 − 0.15 eV. The inverse localisation length, α, describes in
an effective way how the hopping rate between two sites decreases with increasing distance R, viz., as exp(−2αR) (see Ref. 13). For organic semiconducting
−1/3
materials, the average inter-site distance a = Nt
and the wave-function localisation length are typically of the order of 1 and 0.1 nm, respectively, 30–33 so
that α−1 ≈ 0.1 × a. The energy levels at neighbouring sites are assumed to be
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uncorrelated. The Gaussian DOS is given by
µ
¶
E2
N (E) = √
exp − 2 .
2σ
2πσ 2
Nt

(4.2)

As shown by Pasveer et al., 13 the dependence of the mobility on the carrier density,
n, and the field, F , can then be factorised so that
µ (T, n, F ) = µ0 (T ) × g1 (n, T ) × g2 (F, T ).

(4.3)

Here µ0 (T ) is the temperature (T )-dependent mobility in the limit of a zero
carrier density and zero electric field, and g1 and g2 are dimensionless carrier density and field-dependent mobility enhancement factors, respectively. The diffusion
coefficient, D, is given by the generalized Einstein equation, 7,8
D(T, n, F ) =

kB T
µ(T, n, F ) × g3 (T, n),
e

(4.4)

where kB is the Boltzmann constant and g3 is a dimensionless diffusion coefficient
enhancement function that follows from the shape of the density of states. We
make use of the compact expressions for the functions g1 and g2 that have been
given for the value of α−1 = 0.1 × a used in Ref. 13 with a cutoff at high carrier densities in order to obtain a better agreement with the numerically exact
results given in Ref. 13. The expressions used for g1 , g2 , and g3 are given in
Appendix A.1. Figures 4.1(a)-4.1(c) show the dependence of g1 and g3 on the
carrier concentration and of g2 on the field for various values of σ/ (kB T ).

4.2.2

Method for solving the drift-diffusion equation

We consider hole transport in single-layer devices with electrode interfaces at
x = 0 and x = L, where the carrier densities are n1 = n(0) and n2 = n(L),
respectively. A schematic description of the energy-level structure assumed is
shown in Figure 4.2. The injection barriers at the left and right electrodes, ϕ1
and ϕ2 , respectively, are defined as the difference between the Fermi energy in the
metallic electrode and the top of the Gaussian DOS of the HOMO states. The
built-in voltage is thus equal to Vbi = (ϕ1 − ϕ2 )/e, with e the elementary charge.
By definition, for positive voltages, holes move from electrode 1 to electrode 2. In
the bulk of the device, transport takes predominantly place via hops in the tail
of the Gaussian DOS. At the electrode interfaces we assume thermal equilibrium
so that the carrier density at interface i is given by
Z ∞
1
³
´ dE.
ni =
N (E)
(4.5)
i
−∞
1 + exp E+ϕ
kB T
The current density is a sum of drift and diffusion contributions,
J = eµ(x)n(x)F (x) − eD(x)

dn(x)
.
dx

(4.6)
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Figure 4.1: Enhancement functions for a Gaussian DOS with dimensionless widths
σ/ (kB T ) = 3, 4, 5, and 6, as defined in Appendix A.1: (a) g1 as a function of the
carrier concentration, n/Nt , (b) g2 as a function of the reduced field eaF/σ, and (c)
g3 as a function of the carrier concentration. The filled circles in (a) and (c) indicate
the concentrations c∗ and c∗∗ , respectively, where the mobility and diffusion coefficient,
respectively, are enhanced by a factor 2 (see also Appendix A.1). The open circles in
(a) indicate the approximate values g1 ≈ 1/c∗∗ at the concentrations c∗∗ .
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Figure 4.2: Schematic energy diagram of a hole-only (metal/organic semiconductor/metal) device with a Gaussian distribution with width σ of HOMO states and with
ϕ1 and ϕ2 the hole injection barriers at the left and right interfaces. EF is the Fermi
level in the metallic electrodes and Vbi is the built-in voltage. The arrows indicate
schematically the hole (h+ ) hopping.

The field and carrier densities are related via the Poisson equation,
ε

dF (x)
= en(x),
dx

(4.7)

with ε the permittivity.
Bonham and Jarvis 21,22 developed an efficient method for solving the driftdiffusion problem for the case of a constant (position-independent) mobility and
diffusion coefficient. The basic merit of their method is that the two-point
boundary-value problem is reformulated as an initial value problem: the solution
of the drift-diffusion equation is developed from a single known starting point.
Use is made of the fact that the Poisson equation implies that the field increases
monotonically with position. It is therefore possible to transform Eq. (4.6) into an
expression within which the x dependence of n is replaced by an F dependence.
For convenience, Bonham and Jarvis 21,22 furthermore proposed a transformation
in order to make all quantities dimensionless. We have extended the BJ method
to include disordered systems with a carrier density and field-dependent mobility.
As shown in Appendix A.2, Eq. 4.6 can then be transformed to the following
dimensionless transport equation,
dy
f
1
=
−
,
df
g3 [n(y)] g1 [n(y)] × g2 [F (f )] × g3 [n(y)] × y

(4.8)

with y the dimensionless carrier density and f the dimensionless field. The transformations from n to y and from F to f are included in Appendix A.2.
For the case of a constant mobility and diffusion coefficient, Eq. 4.8 simplifies
to dy/df = f − 1/y as g1 = g2 = g3 = 1. The solutions are shown in Figure 4.3.
The curves show, strictly speaking, how the carrier density can vary as a function
of the field in the device. However, the curves also tell how, more qualitatively,
the carrier density can vary with the position across the device, in view of the
monotonous increase of the field with position, explained above. The field-position
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Figure 4.3: Solutions y(f ) of the dimensionless transport equation [Eq. (4.8)] for the
case of a constant mobility for a range of equidistant values of the minimum dimensionless carrier density ymin (full curves, minimum positions indicated by filled circles, type-I
solutions) and for a range of equidistant values of carrier densities at which inflection
points yi are obtained (dashed curves, inflection points indicated by open circles, type-II
solutions). The thick dashed line connects the second electrode end points, y2 (f2 ), of segments of the y(f) curves which are a solution of Eq. (4.8 for the case y1 = 104 ×y2 , studied
in Figure 4.4(b), for a range of values of the current density (see also Appendix A.4).

relationship is given in Appendix A.2 [Eq. (A.22)]. It is apparent that there are
two types of curves, as noticed first by Bonham and Jarvis. 21,22 The full curves in
the upper part of the figure (“type-I solutions”), all show a (positive) minimum
value at a certain value of f . The dashed curves in the lower part of the figure
(“type-II solutions”) show no minimum, and at a certain value of f , y(f ) equals
zero. All solutions of the dimensionless transport equation [Eq. (4.8)] fall under
these two categories. The solution is always of type I if the injection barriers
at both interfaces are equal so that n1 = n2 and Vbi = 0, as there is then a
minimum at any voltage. Otherwise, the solution is only of type I if n1 and n2
are sufficiently large and the voltage is sufficiently small. The distinction between
these two solution types remains valid in the case of a Gaussian DOS.
Following the method introduced by Bonham and Jarvis, 21,22 the type-I solutions are obtained as follows. For a selected value of the dimensionless carrier
density at the minimum, ymin , the dimensionless field at the minimum, fmin ,
follows by setting the right-hand part of Eq. (4.8) to zero. For the case of a
constant mobility and diffusion coefficient, fmin = 1/ymin . Subsequently, the
function y(f ) can be obtained using Eq. (4.8) by numerical integration toward
smaller and larger f using, e.g., a Runge-Kutta method. The integration can
then be stopped when the dimensionless boundary carrier densities y1 and y2
have been reached at fields f1 and f2 , respectively. The back-transformation of
the resulting function y(f ) in the interval [f1 ; f2 ] to the carrier density across
the device, and expressions for the current density and voltage in terms of y(f )
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are given in Appendix A.2. A complication is that the relationship between the
dimensionless boundary carrier densities y1 and y2 and the actual values n1 and
n2 contains the—yet unknown—value of the current density [see Eqs. (A.10) and
(A.18)]. Therefore, the solution has to be determined by an iterative method, as
explained in detail in Appendix A.3. J(V ) curves can be obtained by repeating
these calculations for a series of fmin values.
For obtaining the type-II solutions, points (f = f0 , y = 0) may be used as
starting points for the integration, as explained by Bonham and Jarvis. 22 In this
case, only a single integration, toward the value f = f1 (< f0 ) at which y = y1 ,
is needed. In the same way as described for type-I solutions, the carrier density
and current density can then be obtained from y(f ), calculated in the interval
[f1 (y1 ), f2 (y2 )].
In practice, this approach may lead to numerical difficulties, as at the starting
point of the integration the slope of y(f ) diverges [see Eq. (4.8 and Figure 4.3).
Therefore, we propose the use of an alternative starting point for the integration
procedure. We have found that all type-II curves have an inflection point, (fi , yi ),
at which d2 y/df 2 = 0. In Appendix A.2, an implicit relationship between fi
and yi is given [Eq. (A.23)], from which yi can be obtained from a root-search
procedure for a given value of fi . For the case of a constant mobility and diffusion
coefficient, fi = 1/yi − yi2 . The function y(f ) can then be obtained by using the
inflection point as the starting point of numerical integration toward smaller and
larger f until the points at which y(f ) = f1 and f2 , respectively, are reached. We
find that a further improvement of the efficiency of the method is obtained by
calculating f (y) functions, instead of y(f ) functions. Technical difficulties related
to the divergence of the slope of the y(f ) curves when y approaches zero are
then avoided. The expressions that are used for obtaining the current density
and voltage from the calculated f (y) function are included in Appendix A.2.
In Appendix A.4 some remarks are given concerning the voltage at which the
transition between type-I and type-II solutions takes place.

4.3

Application to devices with a Gaussian DOS

In this Section we present and analyse the dependence of the J(V ) curves on
the width of the Gaussian DOS. In Section 4.3.1, the effect of disorder on the
carrier density across the device is shown, and the transition from type-I to type-II
solutions is illustrated. In Sections 4.3.2 and 4.3.3, on symmetric and asymmetric
devices, with Vbi = 0 and Vbi > 0, respectively, it is shown how the introduction
of disorder affects the voltage dependence of the current density in the diffusion
dominated and drift dominated transport regimes and at the crossover between
the two regimes. Furthermore, it is demonstrated that, as a result of disorder,
the apparent mobility that would follow from a conventional analysis of the J(V )
curves using the drift-only Mott-Gurney relation [Eq. (4.1)] can vary over many
orders of magnitude if the device thickness is varied.
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Carrier density

In Figure 4.4, the effect of disorder on the voltage dependent carrier density at T =
298 K across (a) one symmetric and [(b) and (c)] two asymmetric devices is shown.
The full and dashed curves show the carrier density for the case of a disordered
material, with σ/(kB T ) = 6, and for the case of a material with a constant
mobility and diffusion coefficient, respectively. The latter situation would occur if
at all points across the device the transport would be in the Boltzmann transport
regime, which is the case, e.g., when the DOS is a δ-function at an energy more
than a few times kB T above the Fermi level of the two electrodes. The mobility
and the diffusion coefficient are then related by the standard Einstein equation
[i.e., the factor g3 , defined by Eq. (A.5), is equal to 1].
In the limiting case of a symmetric device with ideal contacts (n1 = n2 = ∞)
and with a constant mobility and diffusion coefficient, the carrier density at V = 0
is given by 34,35
2π 2
£ ¡x
¢¤ × n0 ,
n(x) =
(4.9)
2
cos π L − 21
with

εkB T
.
(4.10)
e2 L2
It follows that the carrier density in the device centre is then equal to ncentre =
2π 2 × n0 . For all devices considered in Figures 4.4(a) – 4.4(c), the carrier density
at the left electrode is taken to be equal to n1 = 106 × n0 . This ensures that
injection at that electrode can be characterised as “excellent” as at the left contact
the carrier density is then many orders of magnitude larger than ncentre . We take
L = 100 nm and εr = 3 (relative permittivity) so that n1 = 4.25 × 1026 m−3 . This
is of the order of the site density in a typical organic semiconductor (∼ 1027 m−3 ).
For the systems with Gaussian disorder, we assume that at the left interface the
Fermi level coincides with the top of the Gaussian DOS. This implies that the
site density is given by Nt = 2n1 = 8.51 × 1026 m−3 .
Figure 4.4(a) shows that for symmetric devices, with n1 = n2 so that Vbi =
0 V, the carrier density shows a minimum at all voltages (type-I solutions). For
the case of a constant mobility and diffusion coefficient, the relative carrier density
at V = 0 in the device centre, ncentre /n1 is not significantly different from the
value 2π 2 × 10−6 expected for the case of ideal contacts using Eq. (4.9). For the
case of a disordered material, we do not have an analytical expression for n(x).
The numerical results shown by the figure reveal that the effect of disorder on the
carrier density across the devices is surprisingly small. For V = 0, the system is
in thermal equilibrium so that the small difference is not related to the detailed
form of the density and field dependence of the mobility but only to the different
carrier density dependences of the g3 functions (with the factor g3 as given by the
generalised Einstein equation [Eq. (A.5)] for the case of a Gaussian DOS and with
g3 = 1 assumed here for the case of a constant mobility). Comparison of the full
and dashed curves in Figure 4.4(a) reveals that for all voltages the introduction
of disorder leads to a larger carrier density near the electrodes and a smaller
carrier density in the device centre. We view the former effect as the result of
n0 =
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Figure 4.4: Calculated carrier density, with respect to the carrier density at x = 0,
at T = 298 K, and at various voltages for devices with a Gaussian DOS with width
σ such that σ/(kB T ) = 6 (full curves) and for the case of a constant mobility (dashed
curves). In all cases, L = 100 nm, n1 = 4.25 × 1026 m−3 , Nt = 8.51 × 1026 m−3 (for
systems with a Gaussian DOS), µ0 = 1.0 × 10−10 m2 /(Vs), εr = 3, and (a) n2 = n1 , (b)
n2 = 10−4 × n1 , and (c) n2 = 10−9 × n1 .
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the enhanced diffusion coefficient, and the latter effect as the self-consistent result
of the enhanced space charge near the electrodes, which counteracts diffusion to
points deep inside the device.
Figure 4.4(b) shows the carrier density in devices with a carrier density at the
right contact equal to 10−4 × n1 . For the case of a constant mobility and diffusion
coefficient, Vbi = (kB T /e) × ln(n1 /n2 ), so that Vbi = 0.24 V. For devices with disorder, Vbi is equal to the difference of the Fermi-level energies in a Gaussian DOS
with σ/(kB T ) = 6 that correspond to the carrier densities n1 and n2 , leading to
Vbi = 0.60 V. The value of n2 used in this figure is still much larger than 2π 2 × n0 .
At small voltages, the carrier density shows therefore still a minimum. However,
for sufficiently large voltages, above a transition voltage V ∗ , n(x) decreases monotonically with increasing x. At small voltages, the introduction of disorder leads
to an increase in the carrier density at all positions across the device. The effect
of disorder is opposite to that for symmetric devices, shown in Figure 4.4(a), because there is no large space charge near the second contact which can strongly
hinder the increase in n(x) due to diffusion from the first contact. As a result,
the transition voltage revealed by Figure 4.4(b) between the type-I and type-II
solutions is smaller for the case of disorder with σ/(kB T ) = 6 (V ∗ = 2.00 V) than
for the case of a constant mobility and diffusion coefficient (V ∗ = 2.86 V).
When the carrier density at the second electrode decreases, V ∗ decreases until
it becomes zero when n2 is sufficiently small. Such a situation is shown in Figure 4.4(c), which gives the carrier density for the case n2 = 10−9 × n1 , so that
Vbi = 0.54 and 0.98 V for devices without and with disorder, respectively. At
all voltages, the carrier density decreases then monotonically with increasing x
(type-II solutions). For devices with one ideal contact (n1 = ∞), and a second
contact with a high injection barrier (n2 /n0 ¿ 1), and in the case of a constant
mobility and diffusion coefficient, the carrier density is given by 34,35
n(x) =

2A2
¡ x ¢ × n0 ,
sinh2 A L

(4.11)

where the parameter A (which is much larger than 1) follows from the application
of the boundary condition at the second contact. At positions not too close
to the first electrode, the carrier density is thus to an excellent approximation
given by n(x) = n0 × 8A2 / exp(2Ax/L). This explains the linear x dependence
of log10 [n(x)] for x/L > 0.2 shown in Figure 4.4(c) for the case V = 0. As in
Figure 4.4(b), the effect of disorder on n(x) is opposite to that for symmetric
devices, shown in Fig. 4.4(a). This may be explained in the same manner as
discussed above for Figure 4.4(b).
Below 8 V, the carrier density shows a steady increase with voltage throughout
almost the entire device. However, this trend is disrupted above 8 V. As an
example, the thin and thick full lines in Figure 4.5(a) show the carrier densities at
8 and 16 V, respectively, for the symmetric devices discussed above [Figure 4.4(a)].
The carrier density shows for x > L/2 only a very small increase, much less
then shown in Figure 4.4(a) when varying V from 2 to 8 V and close to the
second electrode even a decrease. This effect can be attributed to a strong field
enhancement of the mobility in this part of the device so that a given local current
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Figure 4.5: (a) Reduced carrier density and (b) field across a symmetric device with
σ/(kB T ) = 6 and with the other parameters as in Figure 4.4(a), at 8 and 16 V (thin and
thick full curves, respectively). For V = 16 V, the long-dashed and short-dashed curves
give results obtained by switching off the field dependence of the mobility (g2 = 0) and
obtained for a constant mobility, respectively. The arrow indicates the cutoff field (see
Appendix A.1).
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density can already be obtained for a smaller local carrier density. Figure 4.5(b)
shows that for V = 16 V, the electric field is very high in the region x > L/2 and
even approaching Fcutoff (2.8 × 108 V/m) (see Appendix A.1). An explicit proof
of the strong effect of the field enhancement of the mobility has been obtained by
carrying out a calculation for V = 16 V with g2 = 0. The long-dashed curve in
Figure 4.5(a) shows that switching off the field enhancement of the mobility results
in a much larger carrier density for x > L/2, approaching the values for devices
without disorder (short-dashed curve). Furthermore, Figure 4.5(b) shows that at
16 V the full effect of disorder (including the field dependence of the mobility) is
a decrease in the field near the second electrode (thick full curve) with respect
to the case without disorder (short-dashed curve), whereas the bare effect of the
carrier density dependence of the mobility due to disorder is an increase in the
field near the second electrode (long-dashed curve). This increase occurs because
the enhanced mobility in the high-density region near the first electrode is selfconsistently matched by an increase in the field in the lower-density region near
the second electrode. A similar difference between the fields across the device was
found by Tanase et al. 10 when making for drift-only systems a comparison for the
cases of a carrier density and a field-dependent mobility (Figure 3 in Ref. 10).

4.3.2

Current density in symmetric devices (Vbi = 0)

In Figure 4.6, the effect of disorder on the voltage dependence of the current
density in symmetric devices at 298 K is shown. We take L = 100 nm, εr = 3,
and n1 = n2 = 2.13 × 1026 m−3 (n1 /n0 = 0.5 × 106 ). The thick full lines
show the results for devices with Gaussian disorder with σ/(kB T ) = 3 and 6 in
Figures 4.6(a) and 4.6(b), respectively. The calculations were performed assuming
densities Nt = 2n1 so that at the interfaces the Fermi energy coincides with the top
of the Gaussian DOS. A first thin full curve in the figures shows the current density
for a constant mobility and neglecting diffusion [Mott-Gurney formula, Eq. (4.1),
curves A]. A second thin full curve shows how, for the case of a constant mobility
and diffusion coefficient, the current density is enhanced above the Mott-Gurney
result if diffusion is included (curves B). In Figure 4.6(b), a third thin full curve
gives the current density including the enhancement of the diffusion coefficient, as
given by Eq. (4.4), for the case of a Gaussian DOS with σ/(kB T ) = 6 (curve C).
The dashed curves give the current density in a Gaussian DOS if charge-carrier
diffusion is neglected (but including the carrier density and field dependence of
the mobility).
In the absence of diffusion, there is no charge in the device at V = 0. The
current density at finite voltages is then the result of the voltage-dependent transport of a voltage-dependent density of injected charges. As a result, the drift-only
current density is proportional to V 2 , as given quantitatively by the Mott-Gurney
formula [Eq. (4.1)]. As a result of diffusion, there is already at V = 0 a spacecharge density, n(x, V = 0), present in the device. The resulting local resistivity
is ρ(x, V = 0) = 1/[eµ(x, V = 0)n(x, V = 0)] so that in the small-voltage limit

4.3. Application to devices with a Gaussian DOS

61

4

10

(a)

2

10

k T

= 3

B

2

current density (A/m )

0

10

B

-2

10

A

(b)

6

10

4

10

2

10

k T

= 6

B

0

10

C

-2

10

B
A

-4

10

0.01

0.1

1

10

voltage (V)

Figure 4.6: J(V ) curves for transport in a Gaussian DOS in symmetric devices at
T = 298 K with L = 100 nm, n1 = n2 = 2.13 × 1026 m−3 , Nt = 4.25 × 1026 m−3 ,
µ0 = 1.0 × 10−10 m2 /(Vs), and εr = 3 and with (a) σ/(kB T ) = 3 and (b) σ/(kB T ) = 6.
The thick curves give the result including disorder and diffusion. Curves A and B give the
results for a constant mobility and without [Eq. (4.1)] and with diffusion, respectively.
Curve C in (b) gives the drift-diffusion result for a system with σ/(kB T ) = 6, but only
taking the diffusion coefficient enhancement into account. The dashed curves give the
results including disorder but without diffusion.
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the current density varies linearly with V and is (exactly) given by
J0 = R L
0

1
ρ(x, 0)dx

×V = RL

1

1
dx
0 n(x,0)µ(x,0)e

× V.

(4.12)

Indeed, all J(V ) curves which have been calculated including diffusion show at
small voltages this expected Ohmic J-V relationship. The crossover voltage,
Vcrossover , between the diffusion and drift-dominated transport regimes may be
defined as the voltage at which JMG = J0 . For symmetric devices with ideal contacts (n1 = n2 = ∞) and a constant mobility and diffusion coefficient, application
of Eqs. 4.9 and 4.12 leads to 34,35
J0 = 4π 2

V
V
kB T
εµ0 3 = 2encentre µ0 .
e
L
L

(4.13)

The crossover voltage is then given by Vcrossover = 32π 2 /9 × kB T /e. At room
temperature, Vcrossover ∼ 0.9 V, independent of ε, µ, and L. This is consistent
with Figure 4.6.
Equation (4.13) shows that, in the small-voltage limit, the effective conductivity of the device is thus determined by the conductivity in the device centre.
Strictly speaking, Eq. (4.13) is only valid for the case of a constant mobility and
diffusion coefficient. However, it has already been remarked in Section 4.3.1 that
the change in the carrier density distribution across the device upon the introduction of disorder is surprisingly small [see Figure 4.4(a)]. In the small-voltage
limit, the main effect of the introduction of disorder is therefore expected to be
the carrier-density-dependent enhancement of the mobility in the device centre.
Neglecting the effect of disorder, the carrier concentration in the centre of the
devices studied in Figure 4.4 is ≈ 4π 2 n0 /Nt ≈ 10−5 . For the case σ/(kB T ) = 3,
the carrier density in the centre of the device is then deep in the Boltzmann
regime [see Figure 4.1(a)] so that at small voltages the introduction of disorder
only marginally enhances J0 above the value obtained when a constant mobility
and diffusion coefficient is assumed. In contrast, for the case σ/(kB T ) = 6, J0
is more than 1 order of magnitude larger than the value that is obtained when
a constant mobility and diffusion coefficient is assumed. The figure shows that
only a small part of this current-density enhancement can be understood from
the enhancement of the diffusion coefficient in a Gaussian DOS. The largest part
of the current-density enhancement can be understood when considering the enhancement of the mobility due to its carrier density dependence. As argued above,
we must focus on the mobility in the centre of the device, where the carrier concentration is approximately ∼ 10−5 . It can be seen from Figure 4.1(a) that this
is well outside the Boltzmann regime, leading indeed to an enhancement of the
mobility of approximately 1 order of magnitude.
For large voltages, well above Vcrossover , the carrier density and field dependence of the mobility is seen to significantly enhance the current density above
the J(V ) curve that is obtained for the case of a constant mobility and diffusion coefficient. For σ/(kB T ) = 6, this enhancement amounts to almost 4 orders
of magnitude at V = 20 V. For the devices with σ/(kB T ) = 6 studied in Figure 4.6(b), a comparison of the thick full curve with the dashed curve shows that
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the neglect of diffusion would give rise to errors larger than a factor of two for
V < 4 V.
It should be noted that all calculations were performed using the same value
of µ0 , independent of the ratio σ/(kB T ). In actual materials, µ0 is expected to
decrease with increasing σ, as described in detail in Refs. 12 and 13. In real
devices, the overall effect of enhancing σ (all other parameters remaining the
same) is therefore a decrease in the current density. As the purpose of showing
Figures 4.6(a) and 4.6(b) is to indicate the current-density enhancement as a
result of disorder, the actual value of µ0 (to which J is simply proportional) is
here of no relevance.
For a series of devices with decreasing layer thickness, for which the carrier
densities n1 and n2 at the electrodes are kept the same, the average carrier density
that is present in the device due to diffusion increases. As a result, the effect of
the carrier density dependence of the mobility and diffusion coefficient on the
current density at small voltages (the linear regime) increases with decreasing
layer thickness. This can be seen from Figures 4.7(a) and 4.7(b), which show
the current density versus voltage for 50 and 400 nm devices, respectively, for
σ/(kB T ) = 3, 4, 5, and 6 (full curves). Apart from the layer thickness, all device
parameters are equal to those used in Figure 4.6. For comparison, J(V ) curves
for the constant mobility case with (dashed) and without (dotted) diffusion are
also given.
Each of the full curves shown in Figures 4.7(a) and 4.7(b) contains a point
(V2 ) at which the slope (on a double-log scale) is equal to 2 (filled circles, in the
range V ∼ 0.8 − 8 V). Conventionally, the voltage range around these points is
often viewed as intermediate, situated in between a low-voltage range in which
the diffusion contribution to the current density dominates (slope < 2), and a
high-voltage range in which the field dependence of the mobility is significant
(slope > 2). The current density in this intermediate voltage range is therefore
often (incorrectly) assumed to be given by the drift-only Mott-Gurney formula
[Eq. (4.1)], which is then used to obtain the zero-field mobility, µ(F = 0).
Figure 4.8 gives the ratio η of the apparent mobility, µapp , that would follow
from the (incorrect) procedure described above and the mobility in the Boltzmann
limit, µ0 , as a function of the device thickness and for various values of σ/(kB T ).
This ratio is given by
µapp
J(V2 )
η=
(4.14)
=
,
µ0
JMG (V2 )
where J(V2 ) is the actual current density at V = V2 , and JMG (V2 ) is the current
density as given by the Mott-Gurney formula (i.e., neglecting diffusion and with
µ = µ0 ). We emphasise the log scale used in this figure. In the figure, the full
lines give the results for the symmetric devices discussed in this section. The
figure shows clearly that the application of the conventional approach described
above for determining the mobility leads to values of the apparent mobility which
are strongly layer thickness dependent. This is a key conclusion of our work.
For very thick devices, diffusion and the carrier density and field enhancement
of the mobility may safely be neglected at the voltage V2 . However, with decreasing thickness, the current density becomes significantly larger than the current
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Figure 4.7: J(V ) curves for transport in a Gaussian DOS in symmetric devices at
T = 298 K with n1 = n2 = 2.13 × 1026 m−3 , µ0 = 1.0 × 10−10 m2 /(Vs), and εr = 3
and with (a) L = 50 nm and (b) L = 400 nm devices. The full curves correspond to
σ/(kB T ) = 6 (highest J) to 3 (lowest J). The filled circles indicate the points (at voltage
V2 ), at which the slope of the J(V ) curves on the double-logarithmic scale used is equal
to 2. The J(V ) curves for the situation without disorder and with and without diffusion
are dashed and dotted, respectively. The inset in (a) shows a part of the current-density
curve for σ/(kB T ) = 6 (full), together with results for lower carrier density and field
cutoff values (dashed and dotted curves, respectively; see Appendix A.1).
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Results are given for σ/(kB T ) = 3 to 6 for devices with Vbi = 0 V (full curves) and for
devices with Vbi = 1 V (dashed curves). The device parameters are identical to those
given in the captions of Figures 4.6 and 4.9.

density as expected using the Mott-Gurney formula with the mobility as deduced
from the current density at large thicknesses. For example, for 100 nm devices
with σ/(kB T ) = 6, which is realistic for PPV-based polymer OLEDs at room
temperature, 13 the enhancement is more than a factor 100. Even for 10 µm devices, it is then still approximately a factor of 4. The large slope of the curves in
the thickness range that is most realistic for OLEDs, from 50 to 200 nm, implies
that large errors will be made when predicting the thickness dependence of J(V )
curves when assuming a constant mobility. Experimentally, this effect was first
demonstrated by Blom et al. 36 for hole transport in PPV-based polymers. We
note that in that study the effect of diffusion was neglected, and that the density
dependence of the mobility was obtained in a more empirical way, viz., from an
analysis of organic field-effect transistor current-voltage curves.
The apparent mobility enhancement, η, does not only depend on σ̂ = σ/(kB T )
but also on the site density, Nt . We find that, to a good approximation, this
dependence is described by the scaling relation η(σ̂, Nt , L) ∼
= η(σ̂, Nt /β 2 , β ×
L), where β is a dimensionless scaling factor. So the mobility enhancement for
a certain device is equal to that for another device which, e.g., is two times
thicker and is based on a material with a four times smaller site density. The
scaling is exact if the field dependence of the mobility is neglected, as explained
in Appendix A.2. Experimental studies are needed to determine effective values
of Nt for specific systems. For NRS-PPV and OC1 C10 -PPV, effective values of
the intersite distance equal to a = 1.6 and 1.8 nm were found in Ref. 13. That
would lead to Nt ≈ 0.2 × 1027 sites/m3 , approximately a factor of 2 smaller
than as assumed in Figure 4.8. The scaling relationship given above implies that
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Figure 4.9: J(V ) curves for transport in a Gaussian DOS in devices at T = 298 K with
Vbi = 1 V for σ/(kB T ) = 3 to 6 (full curves) and for L = 100 nm, Nt = 4.25 × 1026 m−3 ,
n1 = 0.5 × Nt , µ0 = 1.0 × 10−10 m2 /(Vs), and εr = 3. The filled circles indicate the
points (at voltage V2 ), at which the slope of the J versus (V − Vbi ) curves on a doublelogarithmic scale is equal to 2. The long-dashed lines give the current density in the
V = 0 limit, neglecting the effect of disorder on the mobility and diffusion coefficient
[Eq. (4.15)]. The short-dashed and dotted curves give the current density for devices
with a constant mobility and with and without diffusion, respectively.

the enhancement at a thickness√L is then equal to the enhancement given in
Figure 4.8 for the thickness L/ 2. For small-molecule materials, Nt might be
associated with the number of molecules per m3 , which can be around 1027 m−3
or even higher.

4.3.3

Current density in asymmetric devices (Vbi > 0)

Figure 4.9 shows how Gaussian disorder affects the J(V ) curves for devices with
a built-in voltage of 1 V. The Fermi level of the first electrode coincides with the
top of the Gaussian DOS so that there is no injection barrier at the first electrode
(φ1 = 0 eV, n1 /Nt = 0.5) and an injection barrier at the second electrode, φ2 ,
equal to 1 eV. Otherwise, the device parameters are the same as used in Figure 4.6. The full curves show the results for devices with Gaussian disorder with
σ/(kB T ) = 3, 4, 5 and 6. The short-dashed curve shows the result for devices
with a constant mobility and diffusion coefficient, and the dotted curve shows the
drift-only Mott-Gurney result [Eq. (4.1)].
In the absence of diffusion, there is no current for V < Vbi . As a result of
the charge density that is already present in the device due to diffusion, there
is actually a finite current density for any finite voltage. For sufficiently small
voltages, the J(V ) curves are Ohmic with for sufficiently small voltages a current
density J0 given by Eq. (4.12). Figure 4.9 shows that with increasing disorder,
J0 increases strongly. This may be understood as follows. From Eqs. (4.11) and
(4.12), it follows that for the special case of a constant mobility and diffusion
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coefficient, an ideal left contact and a sufficiently large built-in voltage, J0 may
be expressed as
V
J0 = 2Aen2 µ0 ,
(4.15)
L
with A a dimensionless number that depends on n2 . For the devices studied here,
with Vbi = 1 V, this leads to A = 16.8. Analogous to the case of symmetric
devices, studied in Section 4.3.2, this expression for J0 is still a very good approximation for systems with a Gaussian DOS, in view of the surprisingly small
dependence of the shape of the charge density across the device on the disorder
[see Figure 4.4(c)]. Equation (4.15) shows that J0 is thus determined by the carrier density at the right contact. This density increases strongly with disorder,
e.g., from n2 /Nt = 1.10 × 10−15 for σ/(kB T ) = 3 to n2 /Nt = 5.47 × 10−10 for
σ/(kB T ) = 6. In Figure 4.9, the current density that is predicted from Eq. (4.15)
is given by the dashed lines. It may be seen that this almost fully explains the
huge increase of J0 with increasing σ/(kB T ). We note that, in view of the small
densities at the exit contact, only for the case σ/(kB T ) = 6 the effect of a small
enhancement of the mobility due to its carrier-concentration dependence should
be taken into account in order to fully explain J0 .
The increase in J0 with increasing disorder, via the effect of n2 on J0 , should be
distinguished from the effect of disorder on the injection limited current density in
a device with a large injection barrier at the left contact, first noted by Arkhipov
et al. 24 The authors predicted an enhancement of the injection current due to
disorder, resulting from hopping from the Fermi level in the electrodes into the
tail of the Gaussian DOS. Whereas the latter effect refers to a hopping process at
the electrode interfaces, determined by the injection kinetics, the effect discussed
here concerns the influence of the interfacial carrier density on the carrier density
throughout the entire device, affecting the bulk transport.
We have investigated to what extent an analysis of the J(V ) curves using the
Mott-Gurney formula, after the application of a 1 V built-in voltage correction,
would give rise to an apparent mobility enhancement, as found for symmetric
devices. At voltages well above Vbi , the J(V ) curves given in Figures 4.6 and 4.9
coincide after the application of the built-in voltage correction. The agreement
becomes worse when Vbi is approached, leading to slightly different values of
the voltages, V2 (full circles in Figure 4.9), at which the slopes of the shifted
J(V ) curves are equal to two on a double-logarithmic scale. However, the layer
thickness and disorder dependent apparent mobility enhancement is very close
to that found for symmetric devices, as may be seen from the dashed curves in
Figure 4.8. For all devices, symmetric and asymmetric, the apparent mobility
that would (incorrectly) follow from an analysis of J(V ) curves using the MottGurney formula can thus be strongly layer thickness dependent and can vary over
many orders of magnitude.

4.4

Summary, conclusions, and outlook

In this Chapter, the effect of Gaussian disorder on the voltage dependence of the
current density in sandwich-type devices has been studied. The analysis is based
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on the numerically exact results for the carrier density and field dependence of the
mobility given by Pasveer et al., 13 and it properly includes the carrier densitydependent enhancement of the diffusion coefficient for a Gaussian DOS. 7,8 For
symmetric and asymmetric devices, we find that conventional analyses of the
J(V ) curves using the Mott-Gurney relationship [Eq. (4.1)] can, incorrectly, lead
to a very strong layer thickness dependence of the apparent mobility (Figure 4.8).
Analyses, e.g., of OLED devices, which neglect the effect of disorder on the carrier
density and field dependence of the mobility may thus be able to provide a good
description of the experimental data for devices with a given layer thickness (as
is frequently reported in the literature) but not simultaneously for a range of
thicknesses using the same value of µ0 . This is a key result of this work.
A detailed analysis has been given of the effect of Gaussian disorder on the
carrier density across the device. It has been shown that the effect is surprisingly
small, provided that a comparison is made between devices with equal carrier
densities at the interfaces (Figure 4.4). These results have been used to quantitatively analyse the disorder dependence of the current density at small voltages.
The current density is then shown to be proportional to the minimum carrier density in the device. As shown by Figure 4.9, the Ohmic current density at small
voltages in devices with a large (but fixed) built-in voltage therefore increases
significantly with increasing disorder.
A second key result of this work is the development of an efficient drift-diffusion
model for charge transport in devices containing disordered organic semiconductors. The model is an extension of an approach developed by Bonham and
Jarvis 21,22 to devices with arbitrary disorder, for which a generalised form of the
drift-diffusion equation has been introduced [Eq. (4.8)]. Although the method
has been applied here for the specific case of transport in materials with a Gaussian DOS, it can be applied to any organic semiconductor, provided that the
enhancement (g) functions are known. In particular, the method can be extended
straightforwardly to systems containing trap states. Such an extension may be
envisaged to find practical applications to dye-doped host-guest systems in, e.g.,
small-molecule OLEDs and to trap-controlled hole 37 and electron 38–40 transport
through polymers.
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4438 (1998).
25. I. I. Fishchuk, V. I. Arkhipov, A. Kadashchuk, P. Heremans, and H. Bässler, Phys.
Rev. B 76, 045210 (2007).
26. L. B. Schein, D. Glatz, and J. C. Scott, Phys. Rev. Lett. 65, 472 (1990).
27. L. T. Pautmeier, J. C. Scott, and L. B. Schein, Chem. Phys. Lett. 197, 568 (1992).
28. K. D. Meisel, H. Vocks, and P. A. Bobbert, Phys. Rev. B 71, 205206 (2005).

70

Chapter 4. Effect of Gaussian disorder on the J(V ) curves

29. S. L. M. van Mensfoort, S. I. E. Vulto, R. A. J. Janssen, and R. Coehoorn, Phys.
Rev. B 78, 085208 (2008), see next Chapter.
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5
Hole transport in
polyfluorene-based
sandwich-type devices:
Quantitative analysis of the
role of energetic disorder

In the previous Chapter, we developed a model for calculating the current density
(J) versus voltage (V ) curves for single-carrier devices based on a disordered organic semiconductor.
In this Chapter the validity of the model is assessed by analysing J(V ) curves of
the hole-only sandwich-type devices containing a blue-emitting polyfluorene-based
copolymer, described already in Chapters 2 and 3. J(V ) curves were measured for
a wide range of temperatures and for several thicknesses of the active organic layer.
We show that the J(V ) curves cannot be accurately described using a commonly
used model within which the mobility depends only on the electric field, but that a
consistent and quantitatively precise description of all curves can be obtained using the recently introduced extended Gaussian disorder model (EGDM). Within the
EGDM, the mobility depends on the electric field and on the carrier concentration.
Two physically interpretable parameters, viz. the width of the density of states, σ,
and the density of transport sites, Nt , determine the shape of the curves. For the
semiconductor studied, we find σ = 0.13 ± 0.01 eV and Nt = (6 ± 1) × 1026 m−3 .
Consistent with the EGDM, the logarithm of the mobility in the low carrier concentration and low-field limit is found to show a 1/T 2 temperature dependence.
It is shown that analyses which neglect the carrier-concentration dependence of
the mobility yield an apparent 1/T temperature dependence, as reported for many
different materials, and that the incorrectness of such an approach would readily
follow from a study of the layer thickness dependence of the mobility.∗
∗ The

work presented in this Chapter has been published: S. L. M. van Mensfoort, S. I. E.
Vulto, R. A. J. Janssen and R. Coehoorn, Physical Review B 78, 085208 (2008).
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Introduction

The efficiency of organic light-emitting diodes (OLEDs), which are currently being
developed for display 1,2 and lighting 3 applications depends crucially on the electron and hole mobilities. In single-layer OLEDs with ideally injecting contacts,
e.g., the ratio between the electron and hole mobilities determines the shape of
the recombination profile, 4 and thereby the outcoupling efficiency. 5 Furthermore,
the shape of the recombination profile is determined by the detailed functional
dependence of the mobility on the electric field, the charge carrier concentration,
and the temperature. Similarly, in the case of multilayer OLEDs, with a central emissive layer that can consist of sublayers with different emission colours,
the electron and hole mobilities in the central layer determine the recombination
profile, 6 and thereby the emission colour.
At present, a lack of consensus on the proper physical description of the hopping mobility in realistic OLED systems hampers progress toward a quantitative
model with predictive value for the current density and luminance as a function
of the voltage. On the one hand, it has been proposed that the mobility is determined by the activation energy for polaron hopping between essentially equivalent
“transport sites,” which may be associated with single molecules or (in a polymer)
with conjugated segments. 7–9 A distinct signature of this hopping process would
be the observation of a 1/T dependence of the logarithm of the mobility, µ. On
the other hand, it has been argued that the mobility in actual organic semiconductors is predominantly determined by the energetic disorder of the transport
sites. For the case of a Gaussian density of states (DOS), Bässler and coworkers
found from Monte Carlo calculations that within this Gaussian disorder model
(GDM) the logarithm of the mobility at small carrier concentrations, for which
the carriers act as independent particles (Boltzmann limit), varies as 1/T 2 . 10,11
Studies of the temperature dependence of the hole mobility in organic electronic
materials, e.g., from time-of-flight measurements, 12,13 dark-injection transients 14
or from steady-state current-voltage [J(V )] measurements 15,16 have provided support for both types of models. 15 Additionally, an increase in the mobility is often
found from experiments with increasing bias voltage. Conventionally, this is attributed to an exponential electric-field dependence of the mobility, as given by
the so-called Poole-Frenkel factor [see Eq. (5.1) in Section 5.3.1]. 10,15,17–21
From work on inorganic semiconductors it has already been known for a long
time that disorder not only affects the temperature and field dependence of the
mobility, but also leads to a carrier-concentration dependence (see Ref. 22 and
references therein). For transport in organic semiconductors, this effect has been
demonstrated first by Vissenberg and Matters who studied organic field-effect
transistors. 23 The mobility was analysed assuming transport in an exponential
DOS. In materials used in OLEDs, the effect also plays an important role, as
demonstrated, e.g., by Maennig et al. 24 for p-doped organic semiconductors used
as injection layers. These results were explained assuming an exponential DOS
(Ref. 24) or a Gaussian DOS. 25 For undoped sandwich-type diodes, based on
the polymer poly(p-phenylene vinylene) (PPV, frequently used in OLEDs), the
importance of the effect was first demonstrated by Tanase et al. 26,27 At a suf-
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ficiently small carrier concentration the mobility was found to be constant, and
above a certain cross-over concentration the mobility was found to increase with
increasing concentration.
These experimental findings for PPV can be well explained using the extended
Gaussian disorder model (EGDM) introduced by Pasveer et al. 28 (see also Ref. 29
and references therein). It follows from the EGDM that such a transition is expected for carrier concentrations above the concentration beyond which the carriers can no longer be considered as independent particles. In contrast, polaron
models do not predict a carrier-concentration dependent enhancement of the mobility. 30 A drift-diffusion device model which includes the carrier-concentration
dependence of the mobility in a Gaussian DOS was first presented by Roichman
et al. 31 Recently, an extensive modelling study of the consequences of Gaussian
disorder on the J(V ) curves was carried out by Van Mensfoort and Coehoorn. 32
The authors showed that, if in the analysis the carrier density dependence of the
mobility is (incorrectly) neglected, the resulting apparent mobilities are strongly
layer thickness dependent. A similar conclusion was given by Craciun et al. 33
from an analysis of experimental J(V ) curves for a series of hole-only devices with
different thicknesses, based on poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene
vinylene)(MEH-PPV), using a more phenomenological mobility model.
In spite of this progress, it is presently not well established (i) to what extent the mobility as predicted within the EGDM can consistently describe the
J(V ) curves of commonly used organic semiconductors, (ii) how extended the
experimental set of available steady-state J(V ) curves should be in order to be
able to discriminate between the EGDM and a “conventional” mobility model
that neglects the carrier-concentration dependence of the mobility and assumes
a Poole-Frenkel field dependence of the mobility, and (iii) why commonly used
methods for analysing the experimental data often lead to a 1/T temperature
dependence of the mobility, even when there is clear evidence of the predominant
role of disorder.
The purpose of this Chapter is to address these three issues by performing a
detailed quantitative analysis of the temperature, layer thickness, and voltage dependence of the current density for sandwich-type hole-only devices containing a
polyfluorene (PF)-based organic semiconductor. PF-based polymers are a promising candidate for application in blue polymer LEDs and are a widely studied class
of polymers. 14,17,34,35 The materials studied in this paper have been used in the
13” full-color OLED-TV display demonstrated by Philips in 2005. 36 Also, blueemitting organic materials are key as a matrix material in most common white
OLEDs. First, it is shown that the EGDM provides a fully consistent description
of all experimental data, whereas an analysis of the data using a “conventional”
approach with a carrier-concentration-independent mobility with a field dependence as described by a Poole-Frenkel factor cannot consistently explain all data.
Second, we show that a variation of the device thickness is necessary to distinguish
between the conventional mobility model and a carrier-concentration-dependent
mobility model, in agreement with the conclusions presented by Blom et al. for
PPV-based hole-only devices. 37
In order to arrive at these two conclusions, we have extended previous analyses
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of the validity of various mobility models in several directions. In a preliminary
study, we have analyzed the hole mobility in the PF polymers using only the conventional model, 38 and neglecting charge carrier diffusion. In the work by Pasveer
et al. 28 on PPV-based devices, an analysis of J(V ) curves PPV-based hole-only
devices within the EGDM was carried out, but also neglecting diffusion. Furthermore, that study was limited to only one layer thickness. In the work of Blom
and coworkers on PPV-based hole-only devices 33,37 the quantitative analyses were
limited to room-temperature measurements, and the J(V ) curves were not analyzed using the EGDM but, instead, by a more phenomenological approach. In
our present analysis, we do not only consider the layer thickness and temperature
dependence of the J(V ) curves, but we also include, for the first time, a comparison with the predictions based on the EGDM and a conventional model for
the mobility. Furthermore, all analyses given here are carried out using a driftdiffusion device model. 32 Thereby, we have been able to significantly extend the
voltage range used for critically analyzing the validity of both models, to values
well below the built-in voltage, Vbi .

The third issue, on the 1/T versus 1/T 2 paradox in the temperature dependence of the mobility, is addressed by reanalyzing the measured J(V ) curves using
an approach that is often employed for quickly deducing the mobility from the
raw data. Recently, Craciun et al. 39 applied such an (over-simplified) analysis
to a large number of disordered organic semiconductors and showed (i) that this
leads to a 1/T dependence of the effective low-field mobility, (ii) that the effective
mobility at each given temperature depends on the device thickness, and (iii) that
in the infinite temperature limit the mobility extrapolates to a single value which
is independent of the thickness (and even of the material). The authors suggested
that these findings can be explained from the EGDM. An analysis of our data,
carried out similarly as in Ref. 39, indeed reveals a 1/T dependence of the effective mobility for the temperature range studied. Furthermore, we predict from the
EGDM that the effective mobility is indeed strongly thickness dependent, even
up to very large thicknesses. However, in contrast to the findings reported by
Craciun et al., we show that within the EGDM the log[µ(1/T )] curves for different thicknesses do not extrapolate to a single value for 1/T → 0, but instead are
tangents to a parabolic log(µ0 ) ∝ 1/T 2 curve, where µ0 is the low-field mobility
in the low-carrier density (Boltzmann) limit. The effective 1/T dependence is
shown to be the result of the carrier-concentration dependence of the mobility, as
suggested already by Coehoorn et al. 29

In Section 5.2 the sample preparation and measurement techniques are outlined, and the measured J(V ) curves are presented. Section 5.3 discusses the
analysis of these results using the conventional mobility model and using the
EGDM. The method to determine the optimal model parameters is outlined. In
Section 5.4, the origin of the apparent 1/T dependence of the mobility is discussed.
Section 5.5 contains a summary and conclusions.

5.2. Experimental results
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Figure 5.1: (a) Schematic representation of the energy levels in the devices studied,
indicating the HOMO and LUMO levels of the HT units of the polymer (dashed) and
of the PF units (solid), and the Fermi levels of the PEDOT:PSS and the palladium
electrode. All energies are given with respect to the vacuum level. (b) Schematic chemical structure of the fluorene monomer units, which are copolymerised with HT units in
order to form the light-emitting polymer used.

5.2

Experimental results

For fabricating the sandwich-type hole-only devices studied, a hole-conducting
layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulphonic acid) (PEDOT:
PSS) (Ref. 40) of 100 nm is deposited under clean room conditions by spin coating
on precleaned glass substrates patterned with indium tin oxide (ITO). After drying, the PEDOT:PSS-coated substrate is annealed at 200 ◦ C for 10 min to evaporate the solvent (water). Subsequently, the polyfluorene-based light-emitting
polymer (LEP) layer is deposited by spin coating from a toluene solution in a
nitrogen glovebox, resulting in LEP layer thicknesses L in the range 60 − 125 nm.
The LEP layer thicknesses were determined from step-height measurements using
a VeecoTM Dektak stylus profilometer. In a high-vacuum environment palladium
is evaporated through a mask to form ∼100 nm-thick top electrodes. The total
sample structure is thus (glass|ITO|PEDOT:PSS|LEP|Pd). To protect the devices from water and oxygen contamination, the devices are encapsulated using a
metal lid enclosing a desiccant getter. For each LEP layer thickness 27 nominally
identical 3 × 3 mm2 devices were prepared on a single substrate.
The LEP is a blue-emitting polymer, from the LumationTM Blue Series, supplied by Sumation Co., Ltd. The polymer consists mainly of fluorene units, with
copolymerised hole transport (HT) units that facilitate injection of holes from
the anode. The energy levels of the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the PF and HT
units, and the chemical structure of the PF units are schematically shown in Figure 5.1. 38 From cyclic voltammetry (CV) and x-ray photoemission spectroscopy
(XPS) measurements, the polyfluorene HOMO energy is known to be 5.8 eV,
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leading to a large injection barrier from the PEDOT:PSS electrode. 38 The hole
transport takes place via the HT units, for which the HOMO energy (5.2 eV
from CV measurements 38 ) is well separated from that of polyfluorene. In contrast to polymers like PPV derivatives, where holes are delocalised over several
chain segments, the holes on the PF-based copolymer used are localised on the
HT units, which are present in a concentration well above the threshold which
ensures “guest-to-guest” transport. 18 As all available transport models are based
on the assumption of hopping between localised sites, the semiconductor studied
is a very suitable model material for comparing the suitability of various transport
models. In a double carrier device based on this polymer, the electron transport
takes place via the LUMO of the PF units, at 2.1 eV. 38 The devices with Pd
electrodes, used in this study, were found to properly function as single carrier
devices. No light emission was detected up to the highest voltages used, indicating the presence of a sufficiently large electron injection barrier at the cathode.
Analyses of the J(V ) curves yield a built-in voltage, Vbi , of approximately 1.9 V
(see Sec. 5.3.2), which would yield an effective Fermi energy of ∼ 3.2 eV for the
Pd cathode. This is much smaller than as expected from its vacuum work function (∼ 5.1 eV). Similar differences between the vacuum work function and the
effective work function of metal electrodes in organic devices have been observed
in many other studies. 41,42
Current-voltage measurements as a function of temperature are performed
using a LabView controlled Keithley 2400 SourceMeter. The temperature is controlled by a feedback system, consisting of a cooled nitrogen flow, a heater, a Thermocoax 2AB25 thermocouple (type K) on the substrate and an Oxford Intelligent
Temperature Controller ITC4. The temperature is kept constant during each measurement and is set per measurement in the range −120 to +20 ◦ C. Four-point
impedance spectroscopy measurements were performed using a Schlumberger SI1260 Impedance/Gain-Phase Analyser to determine the capacitance of the diodes
at low frequencies. From the geometrical capacitance, typically measured at small
negative and small positive voltages, the dielectric constant, εr , of the polymer
in thin film was determined using the thicknesses from the step-height measurements, leading to εr = 3.2 ± 0.1.
Figure 5.2 shows the J(V ) curve of a hole-only diode with a thickness of 122 nm
measured at room temperature (open circles). The results of all 27 devices of this
thickness on one substrate are almost identical, with variations smaller than a
factor of 2 in the current. For small voltages, the current density is symmetric
around V = 0 V and shows a linear voltage dependence (Ohmic). This current
is commonly attributed to either (i) leakage paths through the organic layer,
(ii) leakage paths inherent to the sample structure, (iii) intrinsic conduction due
to impurities in the organic layer, or to (iv) minority carrier injection, 43 and is
commonly called a “leakage current”. We corrected the measured J(V ) curve for
the extrapolated leakage current obtained by a linear fit to the current in the lowvoltage regime (dashed line). The resulting J(V ) curves (solid line) are used for
further analysis. Figure 5.3 shows the corrected J(V ) curves (open circles) for the
same device for temperatures in the range 150 – 295 K, in steps of approximately
20 K.

5.3. Analysis of J(V ) curves
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Figure 5.2: Measured J(V ) curve for L = 122 nm at T = 295 K (open circles). The
symmetric part of the curve around V = 0 V is fitted linearly (dashed) and subtraction
of this leakage current results in the corrected J(V ) curve (full). The dotted curve gives
a fit using the Mott-Gurney formula [Eq. (5.2)], with Vbi = 1.38 V (here). The inset
shows the corrected experimental J(V ) curve and the Mott-Gurney fit on a log-log scale
(see Sec. 5.4).

5.3
5.3.1

Analysis of J(V ) curves
Analysis assuming the conventional mobility model

Within conventional mobility models (see, e.g., Refs. 9,10,15,17–21,44), the mobility is assumed to be field dependent as described by
h
i
p
µ (F (x), T ) = µ0 (T ) exp γ(T ) F (x) .
(5.1)
Here µ0 is the mobility at field F = 0, and x is the position within the LEP layer.
In the exponential Poole-Frenkel factor, the temperature-dependent parameter γ
determines the field dependence. Within the simplest possible approach, the field
dependence of the mobility is neglected, only the drift contribution to the current
density is taken into account (no diffusion), and the contacts are assumed to be
ideal (infinite carrier density at the injecting interface). The relation between the
current density and the voltage in a single carrier device is then given by the
Mott-Gurney (MG) square law 45
9
(V − Vbi )2
ε0 εr µ
,
(5.2)
8
L3
for V > Vbi , with ε0 as the vacuum permittivity. The dotted curve in Figure 5.2
shows the result of an analysis using this expression, with Vbi = 1.38 V (here),
which gives rise to an optimal fit for intermediate voltages (around 2 V). Below
1.4 V and above 2.5 V the experimental J(V ) curve deviates significantly from
the MG relation.
J=
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Figure 5.3: J(V ) curves after leakage current correction (see text) for a device with
L = 122 nm, at T = 150, 171, 193, 213, 233, 253, 271 and 295 K (open circles).
The solid lines are the result of drift-diffusion simulations using (a) the conventional
mobility model [Eq. (5.1)] and (b) the extended Gaussian disorder model [Eqs. (5.3)(5.5)]. The full curves shown in Figure 5.3(b) were obtained using Nt = 6 × 1026 m−3
and σ = 0.13 eV. The (remaining) model parameters used in Figures 5.3(a) and 5.3(b)
are discussed in the text.
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Figure 5.4: Mobility model parameters µ0 (squares) and γ (circles) as a function of 1/T ,
as determined using the conventional mobility model [Eq. (5.1)] for the 122 nm devices,
for which the J(V ) curves are shown in Figure 5.3. The dashed lines are empirical 1/T
fits.

The quality of the fit is improved by including diffusion, which gives rise to
an important additional current density at voltages below and around Vbi , and
by making use of Eq. (5.1), which provides a better description of the data at
high voltages. Analyses of J(V ) curves using the MG relation often involve the
choice of an empirical value of Vbi , in order to obtain a good fit at V > Vbi . When
properly taking diffusion into account, such an approach is no longer necessary,
as the full J(V ) curve can be simulated, also for V < Vbi . This makes it possible
to more critically assess the validity of proposed transport models. We incorporated Eq. (5.1) in a recently developed efficient drift-diffusion model, 32 which
simultaneously solves the current continuity equation and the Poisson equation.
For each temperature, we determine the values of µ0 and γ that best fit the experimental data in Figure 5.3(a). Vbi was taken equal for all temperatures. The
hole injection barrier at the anode is assumed to be small (0.1 eV, see Figure 5.1)
and is believed not to limit hole injection. The calculations are performed using
a hole density at the anode p(0) equal to 1.8 × 1026 m−3 , which is equal to the
estimated density of hole transporting units in the polymer. 38 We find that a
change of p(0) over approximately one order of magnitude does not significantly
change the J(V ) results. The carrier density at the cathode, p(L), follows then
from Vbi , using p(L) = p(0) exp[−eVbi /(kB T )], with e as the elementary charge
and kB the Boltzmann constant.
The full lines in Figure 5.3(a) show the best fits to the experimental curves
for the 122 nm devices. We find Vbi = 1.62 ± 0.05 V. This value is in excellent
agreement with the built-in voltage determined from an analysis of capacitancevoltage experiments on the same samples, assuming the conventional model. 46
Figure 5.4 shows the temperature dependence of µ0 and γ. These parameters
follow an empirical 1/T temperature dependence, as observed for many other
organic semiconductors. 15,20,47–49
It is clear from the solid curves in Figure 5.3(a) that this approach leads to
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Figure 5.5: Measured (symbols) and calculated (lines) J(V ) curves for L = 122, 98
and 67 nm at T = 295 and 170 K. (a-b) Calculations using the conventional mobility
model with the parameters optimal for the 122 nm device. (c-d) Calculations using the
EGDM, with σ = 0.13 eV and Nt = 6 × 1026 m−3 .

excellent fits for this single device thickness. To ultimately test the validity of the
conventional model, we varied the thickness of the active layer. The parameters
optimised for the thickest device (122 nm) were used to predict the J(V ) outcome
for thinner devices. Figures 5.5(a) and 5.5(b) show the experimental and modelled
J(V ) curves, using the conventional mobility model, for L = 122, 98 and 67 nm at
room temperature and at 170 K, respectively. For the 98 and 67 nm devices, the
calculated J(V ) curves seem to properly describe the measured room-temperature
data at low voltages. However, above 2.5 V (7.5 V) for the 67 nm (98 nm) device,
the calculations underestimate the current density. At 170 K, the deviations are
even more pronounced. Already at low voltages the model then fails to describe
the J(V ) curves of the thinner devices. It is highly unlikely that the discrepancies
between the measurements and the predictions are caused by the manifestation
of an injection limitation, instead of being an indication of the failure of the
conventional model. The effect of an injection limitation increases with decreasing
layer thickness, so that one would then expect that the parameter set which
provides the best fit for the thickest device would overestimate the current density
for the thinner devices. However, the observed trend is opposite. We therefore
conclude that the analysis clearly proves that the conventional model fails to
consistently describe the effect of a thickness variation on the J(V ) curves.
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Analysis using the extended Gaussian disorder model

Within the extended Gaussian disorder model, introduced by Pasveer et al., 28,29
the mobility in disordered organic semiconductors does not only depend on the
electric field, but, for realistic disorder parameters, also strongly on the charge
carrier density. The mobility depends on the width of the Gaussian density of
states, σ, the total volume density of transport sites, Nt , and the decay length of
the localised wave functions of the states in between which hopping takes place.
As motivated in Ref. 28, we assume that this length is a factor of 10 smaller than
−1/3
the average intersite distance, a = Nt
. In Ref. 29, it has been shown that
the actual value of the decay length has no effect on the carrier-concentration
dependence of the mobility, and has only a limited effect on the shape of the
temperature dependence. As shown in Ref. 28, the mobility can be written as
"
µ
¶δ #
p
1 2
,
µ(p, F, T ) = µ0,EGDM (T )f (F, T ) exp (σ̂ − σ̂) 2
(5.3)
2
Nt
where µ0,EGDM is the mobility in the F = 0 and zero carrier density limit, σ̂ =
σ/(kB T ) is the dimensionless disorder parameter, δ = 2[ln(σ̂ 2 − σ̂) − ln(ln 4)]/σ̂ 2 ,
and where the field dependence of the mobility is given by
s

µ
¶2
h
i
eaF
f (F, T ) = exp 0.44(σ̂ 3/2 − 2.2)  1 + 0.8
− 1 .
(5.4)
σ
The carrier concentration and electric-field-dependent diffusion coefficient is given
by the generalised Einstein equation 50
D(p, F, T ) =

kB T
1
µ(p, F, T )
e
kB T

p

¯ ,

dp(EF ) ¯
dEF ¯

(5.5)

p

where EF is the Fermi energy. The function p(EF ) follows from the filling of the
Gaussian DOS, using Fermi-Dirac statistics. We note that the mobility depends
on the position in the device, via the x-dependence of p and F .
For small carrier concentrations, within the so-called Boltzmann regime, the
mobility is independent of the carrier density, and there is no enhancement of
the diffusion coefficient beyond the value expected from the standard Einstein
equation (D = kB T µ/e). Within this regime, the carriers may be viewed as
independent particles. Above a certain cross-over concentration, the mobility
increases with increasing concentration. The deepest sites in the tail of the Gaussian DOS can then no longer act as effective trap sites, as they are with a high
probability already occupied by carriers. A detailed discussion of the mobility
in a Gaussian DOS, and of the carrier concentration and field dependence of the
mobility and diffusion coefficient as a function of σ/(kB T ), is given in Refs. 29 and
32, respectively. In OLEDs based on materials with a realistic degree of disorder
(σ/(kB T ) = 4 to 6 at room temperature) the carrier concentration is in a large
part of the device larger than the cross-over concentration c∗ = (1/2) exp[−σ̂ 2 /2]
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[∼ 10−4 to 10−8 for σ/(kB T ) = 4 to 6 (Ref. 29)]. As will be demonstrated further
below, taking the carrier-concentration dependence of the mobility into account
is therefore very important.
At very high carrier concentrations, i.e., when the DOS is close to half-filled,
the hopping distance for charge carriers toward an unoccupied and energetically
favourable site increases and therefore the mobility starts to decrease for c close
to 0.5. The effect of the occupation of final states on the mobility is taken into
account in Eqs. (5.3) and (5.4), which provide an excellent description of the
numerically exact results given in Ref. 28 up to c ≈ 0.1. 29 An improved agreement
with the exact result at higher concentrations was obtained by introducing a cutoff concentration, ccutoff = 0.1, above which the mobility is assumed to be equal
to µ(ccutoff ). 32 A second effect which plays a role at high carrier densities is the
Coulomb interaction between the carriers. In the numerical calculations of the
mobility given in Ref. 28, on which Eqs. (5.3) and (5.4) are based, this effect
was neglected. The effect of including the Coulomb interaction was addressed by
Zhou et al., 51 who showed that it is only significant above c = 10−2 . The high
carrier density interface region near the anode where final-state effects and the
Coulomb interaction play a role is very thin and has a high conductance. In order
to investigate the sensitivity of the analyses given in this paper to the mobility
in this region, we have varied the cut-off concentration. For ccutoff in the range
0.01 to 0.5 no significant effect on the J(V ) curves was found. Therefore, we
conclude that a more refined treatment of final-state effects, and the inclusion of
the Coulomb interaction, will not alter the results of the analyses given in this
paper.
Figure 5.3(b) shows the results of a best fit to the J(V ) curves for the 122 nm
device, based on the mobility model described by Eqs. (5.3)-(5.5) and using the
drift-diffusion device model presented in Ref. 32. Within the framework of the
EGDM, the shape of the temperature-dependent J(V ) curves, with J plotted on a
logarithmic scale and for Vbi larger than approximately 0.3 V, is fully determined
by the “primary” model parameters σ and Nt . The “secondary” model parameters
(µ0,EGDM and Vbi ) determine only the position of the J(V ) curve. Vbi is treated
as a temperature-independent parameter. For each temperature, the remaining
free parameter is then µ0,EGDM (T ). The full curves shown in the figure were
obtained using Nt = 6 × 1026 m−3 and σ = 0.13 eV. It is clear that also the
EGDM excellently describes the J(V ) curves of the 122 nm device. It is therefore
not possible to discriminate between the conventional mobility model and the
EGDM on the basis of an analysis of the temperature-dependent J(V ) curves for
one single device thickness.
Figures 5.5(c) and 5.5(d) show the experimental J(V ) curves for the three
thicknesses investigated, for 295 K and 170 K, respectively, as well as the predictions based on the parameter set that has been deduced from the study of the
122 nm devices, discussed above. It is clear that the EGDM, taking the carrierconcentration dependence of the mobility into account, excellently describes the
full thickness and temperature dependence of the hole transport. This is the first
complete drift-diffusion analysis of J(V ) curves for an organic electronic device
using the carrier concentration and field-dependent mobility that follows from the
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Table 5.1: Overview of the model parameter values that optimally describe the experimental J(V ) curves. The parameters µ∗0,EGDM and C describe the temperature
dependence of the mobility in the zero density and zero-field limit and are defined by
Eq. (5.6).

Parameter
σ [eV]
Nt [1026 m−3 ]
Vbi [V]
εr
µ∗0,EGDM [10−7 m2 /(Vs)]
C

Value
0.13 ± 0.01
6±1
1.95 ± 0.05
3.2 ± 0.1
1.4 ± 0.6
0.39 ± 0.01

assumption of a Gaussian DOS.
We have investigated the sensitivity of the quality of the fits in Figures 5.3(b),
5.5(c), and 5.5(d) to variations of the parameter values using the following procedure: First, the temperature-dependent J(V ) curves for the thickest device
(122 nm) have been fitted for values of Nt that are a factor of 3 smaller and
larger than the optimal value, and for a wide range of σ values. Subsequently, the
range of σ values considered is narrowed down by fitting the room temperature
J(V ) curves of the thickest device, leading to optimised values of µ0,EGDM and Vbi
for the selected {Nt , σ} combination. For each {Nt , σ} combination the built-in
voltage as determined for the room-temperature data is used for fitting the data
at the other temperatures. It is found that a relatively low Nt value leads to a
relatively low σ value and gives rise to good fits only at the highest temperatures,
whereas a relatively high Nt value leads to a relatively high σ value and gives
rise to a good description of the experimental J(V ) curves mainly at the lowest
temperatures. The best fits were obtained for Nt in the range (6 ± 1) × 1026 m−3 ,
σ in the range 0.13 ± 0.01 eV, and Vbi in the range 1.95 ± 0.05 V. An overview of
these results is given in Table 5.1.
The width of the DOS, 0.13 eV, is close to the value obtained for two different
PPV derivatives. 28 The value of σ is larger than and approximately equal to the
values in the ranges 0.06 − 0.10 eV and 0.09 − 0.14 eV, respectively, obtained
using various forms of the conventional mobility model for the homopolymer
poly(9,9-dioctylfluorene) (PFO) (Refs. 9 and 44) and for various fluorene-amine
copolymers, respectively. 44 We regard the value of σ obtained from our analysis
as a true measure of the width of the DOS for the HT units, as we have found
from a study of the HT-unit concentration dependence of the current density
that the transport is well in the guest-to-guest hopping regime. 38 We have thus
no indication that σ is an effective width of the cumulative host plus guest DOS.
This point of view is consistent with the large (∼ 0.6 eV) distance between the
host and guest HOMO energies, and the relatively small width of the DOS of the
PF homopolymer, obtained in the literature [Refs. 9 and 44].
The optimal value of the built-in voltage, 1.95 V, is approximately 0.3 V
larger than found for the conventional mobility model. The difference may be
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understood as a result of the fact that transport in a Gaussian DOS occurs by
hopping in between states which are situated a few tenths of an eV below the top
of the DOS. The effective onset voltage, at which the current density shows a steep
increase with the voltage, decreases therefore with increasing σ, as demonstrated
quantitatively in Ref. 32. Preliminary modelling of the capacitance-voltage curves,
within the framework of the EGDM and using the material parameters given in
Table 5.1, leads to a value of Vbi that is consistent with the value given in the
table. 52
For the thinner devices, the conventional model underestimates the current
density at high voltages and at low temperatures, if the model parameters are
obtained from an analysis for the thickest device (Sec. 5.3.1). The EGDM provides
a much better description to the J(V ) curves, for all thicknesses and temperatures.
This can be understood from the carrier-concentration dependence of the mobility.
In a thin device, the hole concentration at a given voltage is at any relative
position x/L larger than in a thick device. As the mobility increases with carrier
concentration, the (average) mobility is larger for a thin device, which leads to
a larger current density. Furthermore, a lowering of the temperature leads to a
larger value of σ/(kB T ), enhancing the carrier-concentration dependence of the
mobility [see Eq. (5.3) and Ref. 28]. Therefore, the deviations between experiment
and the predictions made from the conventional model are even larger at low
temperatures. For a systematic analysis of this effect, we refer to Ref. 32.
Figure 5.6 shows the temperature dependence of µ0,EGDM , the mobility in the
low carrier density and low electric-field limit, which is predicted to be of the
form 29
"
µ
¶2 #
σ
∗
.
µ0,EGDM (T ) = µ0,EGDM exp −C
(5.6)
kB T
Here, C is a dimensionless parameter which depends on the wave-function decay length. The figure shows that the temperature dependence of µ0,EGDM is
excellently described by Eq. (5.6), with C = 0.39. This value falls well in the
range of C = 0.38 to 0.46, expected for disordered organic semiconductors. 29
Making use of the dependence of C on the wave-function decay length obtained
in Ref. 29, we estimate that it is slightly larger than 0.1 × a, with (from Table 5.1)
−1/3
a = Nt
= 1.2 nm.

5.4

1/T versus 1/T 2 dependence of the mobility

In Sec. 5.3.2 it was demonstrated that the EGDM leads to an excellent description
of the hole transport. In this section we discuss how it can be understood that
many mobility studies on organic semiconductor devices show a 1/T temperature
dependence of the logarithm of the mobility, while other studies, including the
present study using the EGDM, predict a 1/T 2 dependence, as demonstrated in
Figure 5.6. We show that this paradoxical situation can be understood within the
framework of the EGDM, and we compare the temperature dependence of the
mobility as predicted from the EGDM with the results obtained for various other
organic semiconductors by Craciun et al., 39 as discussed in Sec. 5.1.
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Figure 5.6: Temperature dependence of µ0,EGDM , the mobility in the Boltzmann limit
and at zero field (solid circles), obtained from the analysis described in Sec. 5.3.2. The
full curve gives a fit using Eq. (5.6) with C = 0.39.

A commonly used approach to determine “the” mobility is by applying the
MG square law [Eq. (5.2)] to measured J(V ) curves, after the application of a
built-in voltage correction. An example of such an analysis is shown in the inset
of Figure 5.2. The squares in Figure 5.7 show the result of this approach, applied
to the experimental J(V ) curves for the 122 nm devices, shown in Figure 5.3.
It is clear that this leads to an apparent 1/T dependence of the mobility. In
fact, the determined mobility is an effective mobility (µeff ) for this 122 nm device,
containing a finite carrier density. It is not equal to the mobility in the low carrier
density Boltzmann regime (and for a low electric field), µ0,EGDM (T ), given by
Eq. (5.6) and indicated in Figure 5.7 by a full curve. At room temperature, the
difference is already slightly more than a factor of 10.
In principle, it would be possible to directly determine µ0,EGDM using the MG
square-law approach by making use of a very thick device, as the charge carrier
concentration and the electric field are then very low in a very large part of the
device. Furthermore, the role of diffusion is then reduced and small errors in the
determination of the built-in voltage play a less important role than for the case
of a thin device. Recently, Craciun et al. 33 showed that the effective hole mobility
in 40 to 320 nm MEH-PPV-based devices, as obtained from the J(V ) curves in
a manner as described above, indeed increases with decreasing thickness. Using
a phenomenological model for the carrier-concentration dependence of the mobility, the effective mobility at room temperature was argued to be enhanced by
a factor of 2.5 as compared to the mobility in the low-carrier density limit. For
the blue-emitting polyfluorene-based polymer investigated in this paper, we have
obtained a qualitatively similar result. In order to investigate this issue more
quantitatively, within the EGDM, we have calculated the temperature-dependent
effective mobilities for 1 and 10 µm-thick devices (circles and triangles, respectively, in Figure 5.7), using the model parameters given in Table 5.1. The inset
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Figure 5.7: Comparison of the effective mobility [µeff (T )] for 122 nm, 1 µm and 10 µm
devices with the function µ0,EGDM (T ) (full curve). The method for determining µeff is
described in Sec. 5.4. The inset shows the calculated J(V ) curve for a 1 µm device at
295 K. The line is a fit of the data for V < 10 V using Eq. (5.2).

in the figure shows how, for the case of a 1 µm device at 295 K, the effective
mobility is determined using the MG square-law approach from the J(V ) curve.
It is clear from Figure 5.7 that also for these thicker devices, an approximate 1/T
temperature dependence is obtained within a rather large temperature range below room temperature. For all temperatures used, the effective mobility decreases
with increasing device thickness. However, even for a 10 µm-thick device µeff (T )
is still significantly larger than µ0,EGDM (T ) throughout the entire temperature
range studied. At room temperature, µeff is approximately 2 × µ0,EGDM . We thus
conclude that only for thicknesses that are unrealistically large for OLEDs, the
MG approach could be used to obtain the mobility in the low carrier density and
low electric-field limit. For more realistic thicknesses, in the order of 100 nm, a
full analysis of the temperature and thickness-dependent J(V ) curve is needed
using the EGDM.
These results are fully consistent with the theoretical predictions from Coehoorn et al. 29 for transport in a Gaussian DOS, viz. that for carrier concentrations above a crossover value c∗ (see Sec. 5.3.2) the logarithm of the mobility shows
an effective 1/T temperature dependence for a rather broad temperature range.
For the polyfluorene-based material studied in this Chapter, c∗ = 1.5 × 10−6 at
room temperature. It is striking, though, that this does not only hold for the
temperature dependence of the mobility at a specific carrier concentration, as in
Ref. 29, but apparently also for the effective mobility of a complete device in which
the carrier concentration depends strongly on the position x in the device. This
explains why commonly used methods to determine the mobility, such as darkinjection transient measurements, steady-state J(V ) measurements, admittance
spectroscopy measurements, and even time-of-flight measurements on relatively
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thick samples, often lead to an apparent 1/T temperature dependence of the
mobility, even when there is clear evidence of the predominant role of disorder.
As discussed already in Sec. 5.1, a 1/T dependence of the mobility has often
been observed, which has been viewed as an indication that the activation energy for the hopping transport is related to the energy associated with polaron
formation. We argue, however, that the finding of a 1/T dependence can be well
explained by taking energetic disorder into account, as described by a Gaussian
DOS. For the material studied here, the mobility can be only consistently modelled assuming a predominant role of the energetic disorder, as demonstrated in
Sec. 5.3. This indicates that the effective activation energy related to the disorder, EA,disorder , is large as compared to the activation energy associated with
polaron hopping, EA,pol . Following Bässler 53 and Fishchuk, 54 the total effective Arrhenius activation energy for charge carrier hopping may be written as
EA,tot = EA,pol + EA,disorder = Epol,b /2 + 2C × σ 2 /(kB T ). Here, Epol,b is the
polaron binding energy, and C is a dimensionless number as defined (within the
EGDM) in Eq. (5.6). For the material studied in this paper, EA,disorder ≈ 0.52 eV
at room temperature. Our analysis thus implies that EA,pol is much smaller than
0.5 eV. In this sense, the situation is similar as in PPV, for which σ ≈ 0.14 eV
(Ref. 28) so that EA,disorder ≈ 0.5 − 0.6 eV, whereas EA,pol is much smaller than
0.05 eV (using the theoretical value Epol,b ≤ 0.05 eV found by Meisel et al. 55 ).
Figure 5.7 shows that the 1/T dependence of log(µeff ) breaks down at low
temperatures, i.e., below approximately 170 K for the system studied. Also this
finding is consistent with the predictions given by Coehoorn et al. in Ref. 29. We
regard this change of slope as a result of a gradual transition from the nearestneighbour hopping regime to the variable-range hopping regime at low temperatures.
In conclusion, it is predicted from the EGDM that over a large temperature range the effective mobility shows (i) a 1/T dependence, (ii) is layer thickness dependent, and (iii) extrapolates to a 1/T 2 dependence for sufficiently large
thicknesses. The EGDM, within which all our temperature and layer thickness
dependent results can be consistently described, does not predict that the effective mobility would extrapolate to a layer thickness independent universal value
for 1/T → 0, as was suggested by Craciun et al. 39

5.5

Summary and conclusions

We find that the current-voltage curves of hole-only devices containing a blueemitting polyfluorene-based copolymer can be consistently described, for a wide
range of temperatures and layer thicknesses, using a drift-diffusion device model
within which the mobility is described using the extended Gaussian disorder
model. Within a conventional model, which neglects the carrier-concentration
dependence of the mobility and which treats the field dependence using a PooleFrenkel factor, good descriptions of the J(V ) curves can be obtained for a single
layer thickness, but not simultaneously for all thicknesses studied. We note that
this conventional approach has been proposed in many earlier studies. See, for ex-
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ample, Refs. 10,15,17–21,44,47–49. The model parameters as obtained using the
EGDM, summarised in Table 5.1, have realistic values. The width of the DOS,
σ = 0.13 eV, is in the range of values found previously for disordered organic
semiconductors. 12,13,15,17,28,44,56 The site density obtained, Nt = 6 × 1026 m−3 ,
may be compared with the estimated volume density of copolymerised hole transporting units, ∼ 1.8 × 1026 m−3 . 38 The analysis is supported by the observation
that a 1/T 2 temperature dependence of the mobility in the low carrier density
and field limit has been found of the form µ0,EGDM ∝ exp(−C σ̂ 2 ), with C = 0.39,
which is consistent with theoretical predictions given in Ref. 29.
We have shown that analyses of the J(V ) curves using (incorrectly) a MottGurney square-law approach lead to effective mobilities which (on a log scale) vary
with temperature as 1/T , and that these mobilities are layer thickness dependent.
Only for unrealistically large thicknesses, of 10 µm or larger (depending on the
temperature), the mobility as obtained in this way is close to µ0,EGDM . Due to
this layer thickness dependence, the values of µeff , as obtained from a study for
one layer thickness, are not a proper basis for the modelling of OLEDs. Our study
thus shows that the often-found 1/T dependence of µeff can be explained within
the EGDM, whereas the more fundamental mobility parameter µ0,EGDM varies as
1/T 2 . We believe that our work thereby contributes to solving the long-standing
controversy concerning the temperature dependence of the mobility.
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6
Hole transport in the
disordered organic small
molecule material α-NPD

In the previous Chapter, hole transport in a blue-emitting polymer was investigated. The analysis of experimental current-voltage curves indicated that, due to
the disordered nature of the material, the hole mobility is quite strongly charge
carrier density dependent. It could be modelled well using the Extended Gaussian
Disorder Model (EGDM). Within this model, the energies on neighbouring sites
are not correlated.
In this Chapter, it is investigated to what extent charge transport in an application-relevant small molecule material, α-NPD, is also influenced by significant
energetic disorder, so that it should also be described using a model that takes the
carrier-density dependence of the mobility into account. It is found that this is
indeed the case and that, again, a Gaussian shape of the density of states may be
taken. In order to build up a predictive OLED device model, the consequences of
energetic disorder, such as a carrier density dependence of the mobility, should
thus also be taken into account for the case of small molecule materials. Furthermore, we find indications that for α-NPD the energies on neighbouring sites are
not completely independent, but are in fact correlated. In that case, the more recently developed Extended Correlated Disorder Model provides a better description
of the mobility function than the EGDM.
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Chapter 6. Hole transport in α-NPD

Introduction

The most efficient white organic light-emitting diodes (OLEDs) that are currently produced in research labs are small molecule-based multilayer OLEDs. 1–3
The current approach towards optimising the efficiency and lifetime of these multilayer OLEDs is based on the introduction of novel layer structure concepts as
well as novel organic materials, followed by empirical optimisation. This optimisation usually involves making many devices, varying the layer thicknesses of the
individual layers in a trial-and-error process. Subsequently, the most promising
device structures are selected on the basis of the results from current-voltageluminance measurements. Advances in the understanding of how the current
density and charge carrier distributions in each layer depend on the layer structures and thicknesses and on the applied voltage would help considerably to build
up a predictive OLED device model that allows one to rationally design OLEDs
with increased performance. 4
At present, it is not well understood to what extent small molecule materials
used in OLEDs are disordered, thereby affecting the charge transport. Besides, it
is not well known to what extent the charge transport in disordered small molecule
materials, in which the charges hop from molecule to molecule, can be described
using the same model as for polymeric systems, in which both inter-chain and
intra-chain hops are possible. Conventionally, an experimentally observed increase of the effective mobility with applied voltage, for both polymers and small
molecules, has often been described using a mobility model in which the mobility,
µ, is enhanced by the electric
field, F , as described by a so-called Poole-Frenkel
√
factor, µ(F ) = µ0 exp(γ F ). 5,6 Here, γ is a parameter that describes the strength
of the field dependence. This Poole-Frenkel (PF) form of the field dependence of
the mobility was originally derived from a model in which charge carriers hop out
of a Coulombic potential well caused by a local trapped charge in the presence of
an applied field. However, a PF-type field dependence of the mobility is also obtained over a limited field range in the framework of the Gaussian disorder model
(GDM), in which charge transport is viewed as a hopping process between molecular sites that have a Gaussian energy distribution. 7 An extension of this work,
to include the effects of correlations between site energies due to charge-dipole interactions (correlated disorder model, CDM), was found to describe the PF-type
field dependence already at smaller fields, which is in better correspondence with
experiments. 8,9
In various recent studies, charge transport in small molecule materials has
been investigated in the framework of the GDM and of the CDM. These analyses
have indicated a typical width, σ, of the Gaussian density of states (DOS) of
about 0.08 − 0.15 eV for commonly used OLED materials. 10–13 From work on
polymer -based systems it is now well established that when the degree of disorder
σ/(kB T ) is in the range 3 − 6, with kB T the thermal energy at room temperature,
the mobility does not only depend on the electric field, but also on the charge
carrier density, p. At a sufficiently small carrier density the mobility is then found
to be constant, and above a certain cross-over density the mobility increases with
increasing density. For several types of polymers, including well-known poly(p-
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phenylene vinylene)(PPV)-derivatives, the experimental findings were found to be
described well using the extended Gaussian disorder model (EGDM), introduced
by Pasveer et al. 14,15 Recently, also an extended version of the CDM, in which the
density dependence of the mobility is included, was developed (extended correlated disorder model, ECDM). 16 Within the EGDM and the ECDM the mobility
depends on both the electric field and on the carrier density. As far as is known
by the author, the density dependence of the mobility has so far always been
neglected in analyses of experimental results presented in literature of the charge
transport in small molecule materials.
The question whether site energies are correlated in organic semiconductors is
a subject of intensive debate in the literature. On the one hand, e.g., Malliaras
et al. argued that the degree of energetic disorder in the commonly used small
molecule material tris(8-quinolinolato)aluminium (Alq3 ) could be determined from
time-of-flight results using the correlated disorder model. 10 On the other hand,
Bouhassoune et al. 16 and De Vries et al. 18 recently obtained strong evidence that
in a PPV-derivative and a polyfluorene-based copolymer, respectively, site energies are not correlated. At present, there is no clear conclusion about the presence
or absence of site-energy correlations in small molecule materials. Recent work
by Nagata and Lennartz, using a combined molecular dynamics and Monte Carlo
simulation approach, suggests that for Alq3 the mobility is expected to be quite
strongly carrier density dependent as result of the disorder, and that also for Alq3
the site energies are not strongly correlated. 17
In this Chapter, the effects of disorder on the hole transport in the small
molecule material (N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine) (α-NPD) are investigated. For that purpose, temperature-dependent experimental current density versus voltage (J(V )) curves of sandwich-type hole-only
devices are analysed for two thicknesses of the α-NPD layer. As α-NPD is a commonly used material in OLEDs, it serves as an example small molecule material.
In OLEDs it is used as material in hole-injection layers, 19 in hole-transport layers, 6,20,21 in electron-blocking layers, 22 and as material in mixed emitting layers 23 .
Recently, Chu and Song have found from analysing J(V ) curves of α-NPD-based
hole-only devices using the GDM and CDM model that σ = 0.08 − 0.12 eV for
α-NPD. 12 Also these authors did not take the carrier-density dependence of the
mobility into account.
For analysing the experimental J(V ) curves presented in this Chapter an approach analogous to that in Chapter 5 is used. However, the discussion differs in
two essential ways. First, the possibility of the presence of an injection barrier at
the hole injecting anode is considered, taking the effective barrier lowering due
to the image charge potential into account. From the vacuum work functions a
substantial injection barrier of up to ∼ 1 eV is expected for the interface between
the indium tin oxide (ITO) anode used and the α-NPD layer. Second, in addition
to the PF-type mobility model and to the EGDM, we introduce in this Chapter
the field and density-dependent mobility functions that follow from the ECDM,
and apply these to analyse the J(V ) curves.
As a first step, we show that the thickness dependence of the J(V ) curves
cannot be described consistently using the conventional mobility model with the
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PF-type field dependent mobility function. Subsequently, we show that using a
mobility model that takes the carrier density and field dependence of the mobility
into account in the framework of the EGDM, a fully consistent description of
the thickness, temperature and voltage dependence of the current density can be
obtained. However, in order to describe the data, a density of molecular hopping
sites (site density, Nt ) has to be assumed that is much smaller than the volume
density of α-NPD molecules. As a third step, we investigate to what extent the
ECDM can consistently describe the experimental data. We find that an equally
good fit to the J(V ) curves can be obtained as within the EGDM, but with a more
realistic value of Nt . This finding suggests that in the small molecule material
α-NPD site-energy correlations do play a role.
In Section 6.2 the sample preparation and measurement techniques are outlined, and the measured J(V ) curves are presented. Section 6.3 discusses the
analysis of the curves using the conventional mobility model, using the EGDM
and using the ECDM. In Section 6.4, the model parameters that optimally describe the experimental results are critically discussed and possible origins of
site-energy correlations in small molecules are presented. Section 6.5 contains a
summary and conclusions.

6.2

Experiment

The devices used to study the hole transport in α-NPD have the following structure:
Glass | ITO | α-NPD | Pd,
with a 100 nm indium tin oxide (ITO) anode, a 100 − 200 nm of α-NPD layer
and a ∼ 100 nm palladium cathode layer. The α-NPD layer and the Pd layer
are deposited by evaporation in a high-vacuum system and the thicknesses of the
deposited layers are monitored during deposition using a calibrated resonance
crystal. Two series of samples are investigated in this study: one series with a
thickness L = 100 nm of the α-NPD layer and one series with L = 200 nm.
For each thickness 27 nominally identical 3 × 3 mm2 devices were prepared on a
single substrate. To protect the devices from water and oxygen contamination,
the devices are encapsulated using a metal lid enclosing a desiccant getter. The
chemical structure of α-NPD and a diagram schematically indicating the energy
level alignment in the devices studied, found from the analysis presented below,
is shown in Figure 6.1. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies of α-NPD are reported to
be ∼ 5.2−5.6 eV and ∼ 2.3−2.7 eV, respectively. 24,25 From the nominal (vacuum)
work function of ITO (∼ 4.7 − 5.0 eV, depending on the cleaning treatment) the
barrier for hole injection at the anode interface, φ1 , is therefore estimated to be
0.2−0.9 eV. From the nominal work function of palladium (∼ 5 eV) the barrier for
electron injection would be expected to be & 2.3 eV. However, from the analysis
we will show that the effective value is smaller, but that still the barrier for
electron injection will be > 1 eV, large enough to suppress electron injection to
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(a)

α-NPD

(b)

LUMO
2.4 eV
Pd
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5.0 eV

ϕ1 HOMO
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Figure 6.1: Chemical structure of the α-NPD molecule (a) and schematic energy
diagram of the glass | ITO | α-NPD | Pd structures as obtained from this study, indicating
the hole injection barriers at the anode (φ1 ) and at the cathode (φ2 ), and the highest
occupied and lowest unoccupied molecular orbital (HOMO and LUMO) energies of αNPD (b). The (effective) work functions of ITO and Pd in this system are discussed in
the text.

a negligible level. Indeed, no light emission was observed from the devices up to
the highest voltages applied in this study.
Four-point impedance spectroscopy measurements were performed using a
Schlumberger SI-1260 Impedance/Gain-Phase Analyser to determine the voltagedependent differential capacitance (C) of the diodes at low frequencies (f ). The
C(V ) curves show a small narrow peak in the differential capacitance at 1.3±0.1 V,
with a height that is ∼ 6% larger than the geometrical capacitance, Cgeom . In
Chapter 2 it was shown that for the case of a device with a well-injecting contact
for holes at the anode and a high injection barrier for holes and electrons at the
cathode, the height of the peak is expected to be 1.42 × Cgeom . In line with the
results presented in Chapter 2 we conclude (i) that the ITO | α-NPD interface
does not form a perfectly Ohmic contact (φ1 > 0 eV), (ii) that the contact is on
the other hand also not strongly limiting the hole injection (φ1 . 0.4 eV), and
(iii) that the built-in voltage (Vbi ) is > 1.3 V. We note that in Chapter 2 the
possible effect of disorder on the analysis was neglected. It was found from a recent modelling study of the transient response of hole-only devices using a model
that takes the effects of disorder on the charge-carrier injection and on the charge
transport into account that the upper boundary for φ1 can be slightly larger in
practice. 26
From our analysis in Section 6.3, we find φ1 = 0.4 ± 0.1 eV and Vbi ≡ (φ2 −
φ1 )/e = 1.5 ± 0.1 V, with e the elementary charge, consistent with the rough
estimate given above from the C(V ) results. In Figure 6.1 the highest and the
lowest reported values for the effective Fermi energy of ITO and the HOMO level
of α-NPD are taken, respectively, in order to get a consistent description of the
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Figure 6.2: Experimental current density versus voltage curves for a 100 nm and a
200 nm α-NPD sample at room temperature (symbols). The data points of the 200 nm
device are displaced by +0.2 V in order to prevent overlap with the data points of the
100 nm device. The dashed curves are extrapolated linear fits to the data for V < 1 V.
The thick full curves are the experimental data after subtraction of this “leakage” current
contribution.

injection barrier at this interface. The values of φ1 and Vbi obtained from our
analysis result in an estimated value of φ2 = 1.9 ± 0.2 eV. This would yield
an effective Fermi energy of ∼ 3.5 eV for the Pd cathode in contact with αNPD, similar to the value found in Chapter 5 for a Pd cathode in contact with
a polyfluorene-based copolymer. Similar differences between the vacuum work
function and the effective work function of metallic electrodes in organic devices
have been observed in many other studies. 27,28
Current density versus voltage curves were measured for the hole-only devices
as a function of temperature, with T in the range of 160 to 295 K. Figure 6.2
shows examples of the J(V ) curves for a 100 nm device and a 200 nm device at
room temperature (symbols). Also shown in the figure are linear fits to the J(V )
curves at low voltages (V < 1 V), extrapolated to larger voltages (dashed curves).
This is viewed as a leakage current density, as discussed in Chapter 5. The thick
full curves represent the current density after subtraction of this leakage current
contribution. All experimental J(V ) curves presented in the remainder of this
Chapter have been corrected for a linear leakage current contribution. In the
next section, it is investigated to what extent the J(V ) curves can be described
using the conventional mobility model, using the EGDM, and using the ECDM.
In order to assess the validity of the EGDM and of the ECDM, the density of
transport sites, Nt , is used as a discriminating factor. From the molar mass of
α-NPD (588.7 g/mol) and the experimentally determined density of α-NPD in
the crystalline phase (1.223 × 103 kg/m3 ), Nt is estimated to be 1.25 × 1027 m−3 .
In a deposited thin organic film, deviations from the bulk density might occur.
From Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
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measurements on α-NPD coated silicon substrates, a molecule volume density of
(1.4 ± 0.1) × 1027 m−3 was obtained, using carbon detection.
To conclude this section, reported values for the mobility of α-NPD are given
for future reference. Typical experimental values of the hole mobility in α-NPD
at room temperature and in the limit of zero electric field are in the range of 10−9
to 10−7 m2 /Vs. 5,6,21,29–32

6.3
6.3.1

Analysis of J(V ) curves
Analysis assuming a Poole-Frenkel type mobility function

As already described in Chapter 5, conventionally charge transport in disordered
organic semiconductors is analysed in terms of a mobility with a PF-type electric
field (F ) dependence of the form
³
√ ´
(6.1)
µ(F, T ) = µ0 (T ) exp γ(T ) F ,
with γ the field activation factor and µ0 the mobility in the limit of zero field.
Empirically, the temperature dependence of µ0 and γ are often found to be well
described by 33
µ
¶
∆
∗
µ0 (T ) = µ0 exp −
, and
(6.2)
kB T
¶
µ
1
1
−
,
(6.3)
γ(T ) = β
kB T
kB T0
where µ∗0 , ∆, β and T0 are parameters that can be determined from experiments.
The mobility µ∗0 can be viewed as the mobility in the limit of zero field and infinite
temperature and ∆ is an effective activation energy.
Using Eq. (6.1), J(V ) curves are calculated employing the drift-diffusion device
model introduced in Chapter 4. The site density is fixed to the experimental value,
1.4 × 1027 m−3 . Variations in Nt of a factor 2 were found to have no effect on the
quality of the fit to the data using the conventional model. The introduction of a
hole injection barrier at the ITO | α-NPD interface affects the analysis negatively,
in the sense that the discrepancies concerning the thickness dependence of the hole
transport, discussed below, increase. Therefore, φ1 is taken equal to 0 eV. The
results discussed below therefore represent the best possible description of the
hole transport in α-NPD within the framework of the conventional model. For
the relative permittivity (εr ) we use a value of 3.8. The sensitivity of the analysis
of J(V ) curves to variations in the chosen value of εr was verified. It is found that
for εr in the range of 2.8 to 4.8 there is no significant change in the quality of the
description of the experimental data provided by the model, nor in the values of
the optimised parameters, except for a change in the mobility values obtained. A
change of εr from 3.8 to 2.8 (4.8) was found to lead to an increase (decrease) of
the mobility values obtained of less than 26%.
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Figure 6.3: Measured (symbols) and calculated (curves) J(V ) curves for a 200 nm αNPD hole only device (a) and for a 100 nm device (b), as a function of temperature. The
calculations are performed using a drift-diffusion device model, assuming a conventional
field-dependence of the mobility, with parameters optimized for the 200 nm device.

For the L = 200 nm devices, the parameters µ∗0 , ∆, β and T0 were optimised for
the temperature dependent J(V ) results. The resulting J(V ) curves are presented
in Figure 6.3(a). An excellent description of the curves is obtained for the 200 nm
device using the following approach. Starting at room temperature, a J(V ) curve
is calculated for an initial choice of γ. The fit of this calculated curve to the
experimental curve at this temperature is optimised by varying φ2 and µ0 (T ). To
a very good approximation, this leaves the shape of the calculated J(V ) curve on
a log(J) versus V scale unchanged, but only determines the position of the curve.
The built-in voltage, which is in this case equal to φ2 /e, is found to be equal to
1.4 ± 0.1 V for all temperatures.
As a next step the error, which is taken as the normalised root-mean-square
distance between the calculated and the measured J(V ) curve,∗ is minimised by
optimising the value of γ. The procedure is then repeated for all other temperatures for which experimental J(V ) curves were obtained. The γ(T ) values
obtained in this way are shown in Figure 6.4, together with their (rather large)
uncertainty margins. Subsequently, the parameters β and T0 are obtained from
a fit to the γ(T ) values (dashed line in Figure 6.4) using Eq. (6.3). We find
β = (4.7 ± 0.3) × 10−5 eV(m/V)1/2 and T0 = 310 ± 30 K. The calculated J(V )
curves presented in Figure 6.3(a) for the 200 nm device are obtained using γ(T )
values from the linear fit, therefore making use of a slightly improved statistics.
The corresponding values of µ0 (T ) are also shown in Figure 6.4 and are well described by Eq. (6.3) for ∆ = 0.488 ± 0.008 eV and µ∗0 = 0.2 ± 0.1 m2 /Vs. The
results obtained for β, T0 and ∆ are very similar to the values reported in Ref. 34
∗ For

a more elaborate description of the calculation of the error we refer to Ref. 18.
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Figure 6.4: Conventional PF-type mobility model parameters γ (circles) and µ0
(squares) as a function of 1/T for the 200 nm device, for which the J(V ) curves are
shown in Figure 6.3. The dashed lines are fits using Eqs (6.3) and(6.1).

and references therein, for a PPV-derivative, which could be viewed as an indication that the physics governing hole transport in small molecule materials and in
polymers is not necessarily different. For the zero-field mobility at room temperature we find a value of ∼ 1 × 10−9 m2 /Vs, at the lower boundary of the values
reported in literature. Following a similar analysis for a large number of polymers,
Craciun et al. obtained a value of µ∗0 in the range of 0.003 to 0.004 m2 /Vs. 35
The parameter values mentioned above, obtained from an analysis of the
L = 200 nm data, were used to predict the J(V ) curves of the 100 nm devices.
The results are shown in Figure 6.3(b). At the highest two temperatures, the calculated J(V ) curves differ only slightly from the measurement results. However,
at lower temperatures the predictions strongly underestimate the experimental
current density, up to approximately one order of magnitude for the lowest temperatures.
We have also found that a parameter set that seeks to describe the data of
both thicknesses simultaneously, and which is therefore a compromise, leads to
unsatisfactory results for both thicknesses (not shown). From these results we
conclude that it is not possible to consistently describe the temperature and layer
thickness dependent hole transport in α-NPD using the conventional mobility
model.
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Analysis assuming transport in a Gaussian density of
states

In this Section, we analyse the J(V ) curves assuming transport in a Gaussian
DOS, making use of the extended Gaussian disorder model (EGDM), 14 introduced
in Chapters 4 and 5, and of the extended correlated disorder model (ECDM),
recently introduced by Bouhassoune et al. 16 In both models the mobility functions
can be expressed as
µ(p, F, T ) = µ0 (T )f (p, F, T ),
(6.4)
with µ0 the temperature-dependent mobility in the zero field and carrier density
limit and with f (p, F, T ) a dimensionless function that depends on Nt and σ for
both the EGDM and the ECDM. Within the ECDM the carrier density and field
dependence of the mobility, as described by the function fECDM (p, F, T ) given in
Ref. 16, are significantly smaller and larger, respectively, than within the EGDM,
for which the function fEGDM (p, F, T ) is given in Ref. 14.
Site energy correlations in disordered organic semiconductors can have various
origins. They can, e.g., be the result of interaction of charges with randomly oriented dipoles, 8,9 and of a variable morphology 36 . In polymer systems, they can
also be caused by a variable strain of the backbone. 37 The calculations performed
by Bouhassoune et al. were carried out for the case of correlated disorder due to
randomly oriented dipoles. This approach leads to a value of σ which is proportional to the dipole size. 8,38 No new parameter, such as a correlation length, is
introduced. The distance (r) dependence of the pair correlation function of the
site energies has an algebraic (1/r) form. 9,16 In our study, when employing the
ECDM we are therefore addressing the question whether site-energy correlations
with this specific correlation function are present in α-NPD. Whether these correlations are in fact the result of random dipoles or have another origin would
then still be an open question.
In contrast to the analysis using the conventional mobility model, it is found
in the analysis of the experimental J(V ) curves using the EGDM and using the
ECDM that the inclusion of an injection barrier at the ITO | α-NPD interface
significantly improves the correspondence between experiment and model. We
assume that the effective barrier height φ1,eff for injection is determined by the
nominal barrier height φ1 , defined as the energy difference between the HOMO
level of α-NPD and the Fermi-level of the ITO anode, reduced due to the image
charge potential and the electric field at the interface. 39,40 The carrier density
boundary condition is then obtained by assuming local thermal equilibrium at
the interface.
Figure 6.5 shows optimal fits to the experimental J(V ) data for the EGDM
(full curves) and for the ECDM (dashed curves).† For both the EGDM and the
ECDM an excellent description of the full thickness, temperature and voltage
dependence of the current density is obtained. The shape of the J(V ) curves
† We note that the J(V ) curves obtained from the calculations using the EGDM an using
the ECDM are almost identical and are therefore not well distinguishable at all temperatures
in Figure 6.5. The parameter values obtained for the two models, however, are substantially
different.
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Figure 6.5: Measured (symbols) and calculated (dotted and dashed curves) J(V )
curves for a 200 nm α-NPD hole only device (a) and for a 100 nm device (b), as a
function of temperature. The calculations are performed assuming a carrier-density and
field-dependent mobility following from the EGDM (dotted curves) and from the ECDM
(dashed curves). The relevant parameters are discussed in the text.

depends on only two temperature and thickness-independent material parameters,
Nt and σ, and on one device parameter, φ1 . For the EGDM, we find Nt =
(2.0 ± 0.4) × 1026 m−3 and σ = 0.14 ± 0.01 eV, and for the ECDM Nt = (3.7 ±
0.8) × 1027 m−3 and σ = 0.10 ± 0.01 eV. By optimising the position of the J(V )
curves, one overall optimal value of φ2 is determined. Both for the EGDM and for
the ECDM we find φ1 = 0.4±0.1 eV and φ2 = 1.9±0.1 eV, leading to Vbi ≈ 1.5 V.
For each temperature the optimal value of µ0 is determined, separately for
the 100 and 200 nm device. The consistency of the procedure follows from the
observation (see Figure 6.6) that the temperature-dependent values of µ0 differ
less than a factor 1.5 for the two layer thicknesses considered.
For both the EGDM and the ECDM, the mobility in the limit of zero field
and carrier density is predicted to depend on temperature as
"
µ
¶2 #
σ
µ0 (T ) = µ∗0 exp −C
.
(6.5)
kB T
For the EGDM, C values in the range 0.38 − 0.46 are expected, 15 depending on
the inverse wave-function decay length α. For the ECDM C values close to 0.29
are expected, but the dependence on α has not been investigated theoretically. 16
The temperature dependence of µ0,EGDM and µ0,ECDM is shown in Figure 6.6 on
a log µ versus 1/T 2 scale. From the linear fits, C values of 0.42 ± 0.01 and 0.34 ±
0.02 are obtained for the EGDM and for the ECDM, respectively. The mobility
in the infinite temperature limit, µ∗0 , is found to be (2.2 ± 0.4) × 10−5 m2 /Vs
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Figure 6.6: Temperature dependence of the mobility in the zero field and carrier density
limit for the EGDM (µ0, EGDM ) and for the ECDM (µ0, ECDM ). The solid squares (open
circles) indicate the values for the 100 (200) nm device.

for the EGDM and (5 ± 2) × 10−7 m2 /Vs for the ECDM. The material and
device parameters that give rise to an optimal description of the J(V ) curves are
summarised in Table 8.1.

6.4

Discussion

For the conventional PF-type mobility model as well as for the EGDM and the
ECDM the mobility function is determined by four parameters. However, the
parameters for the EGDM and ECDM have a more clear physical meaning. As the
conventional mobility model furthermore does not lead to a consistent description
Table 6.1: Overview of the four EGDM and ECDM material parameters and of the
parameters φ1 and Vbi , related to the injection barriers, that optimally describe the
experimental J(V ) curves. The relative permittivity εr of α-NPD was chosen equal to
3.8.

Parameter
Nt [1027 m−3 ]
σ [eV]
µ∗0 [10−6 m2 /(Vs)]
C
φ1 [eV]
Vbi [V]

EGDM value
0.20 ± 0.04
0.14 ± 0.01
22 ± 4
0.42 ± 0.01
0.4 ± 0.1
1.5 ± 0.1

ECDM value
3.7 ± 0.8
0.10 ± 0.01
0.5 ± 0.2
0.34 ± 0.01
0.4 ± 0.1
1.5 ± 0.1
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of the J(V ) curves with respect to the layer thickness dependence, we focus here
on the discussion of the EGDM and ECDM parameters obtained. From the
parameter values presented in Table 8.1 that differ between the EGDM and the
ECDM, the site density allows to discriminate between the two models. For
the EGDM, the highest Nt value allowed within the uncertainty margins is still
more than 5 times lower than the experimentally determined density of α-NPD
molecules. In contrast, for the ECDM the lowest Nt value allowed within the
uncertainty margins is only ∼ 2 times larger. We view this as an indication that
for the small molecule material α-NPD the energies of the sites in between which
hopping takes place are correlated. The factor ∼ 2 difference between the Nt
values as obtained from the fit and as obtained from the chemical analysis could
tentatively be explained considering that each α-NPD molecule consists of two
equivalent triarylamine units, each contributing one HOMO state. Substantial
torsion around the central bond in the molecule could lead to a reduction of the
hybridisation between both states, giving rise to two almost degenerate energy
levels which are each localised predominantly on one of the two triarylamine units.
The site-energy correlations in disordered small molecule materials might originate from the deposition process. It is plausible that a molecule approaching the
surface of the (growing) α-NPD layer during low-temperature evaporation deposition in vacuum tends to search for an energetically favourable “docking spot”. 41
As the local HOMO and LUMO levels of the individual molecules are expected
to be strongly affected by molecule-molecule interactions, depending on the distance and relative orientation of the molecules, the HOMO and LUMO levels of
neighbouring molecules might be expected to be correlated. This ordering process
might be less efficient in the case of polymer systems, due to the length of the
molecules and the reduced mobility of the molecules induced by the often used
side branches.
The wide spread in zero-field hole mobilities reported in the literature for αNPD can be explained in several ways. It could originate from different degrees of
purity of the organic material and from a neglect in the analysis of the effect of the
injection barrier. It could also be explained within the framework of the EGDM
or ECDM: as the mobility in disordered organic materials is density dependent,
the (effective) mobility as determined in a thick device (with a small average hole
density) is expected to be lower than the mobility as determined in a thin device
(with a larger average hole density).

6.5

Summary and conclusions

For the first time, charge transport in a small molecule material is investigated in
the framework of the EGDM and of the ECDM, taking the effect of the density
dependence of the mobility due to the disorder into account. It is shown that an
excellent and fully consistent description of the voltage, thickness and temperature
dependence of the current density in α-NPD hole-only devices can be obtained
within both models, and that also the temperature dependence of the mobility
in the zero field and carrier density limit, µ0 , has the proper 1/T 2 dependence

104

Chapter 6. Hole transport in α-NPD

as predicted from theory. Whereas the analyses with the EGDM and with the
ECDM lead to a fully consistent description, an analysis of the same extended set
of J(V ) curves using the conventional Poole-Frenkel type field-dependent mobility
did not lead to a consistent description of the J(V ) curves for all layer thicknesses
studied.
From the site density obtained, which is much closer to the experimentally
determined molecule volume density in the case of the ECDM than for the case
of the EGDM, we conclude that in the small molecule material α-NPD the site
energies are correlated. This is in contrast to recent findings for two types of
polymers used in OLEDs.
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7
Electron transport in
polyfluorene-based
sandwich-type devices:
Quantitative analysis of the
effects of disorder and
electron traps

In Chapters 5 and 6 it was found that the hole mobility in disordered polymer
systems and in disordered small molecule materials can be well described assuming hopping in a Gaussian density of hole states. In the literature, experimental
evidence is provided that the shape of the density of electron states can be more
complicated. In Chapters 7 and 8 we investigate to what extent the device and mobility models put forward so far in this thesis can be applied to electron transport
in a selected polymer and a selected small molecule semiconductor, respectively.
In this Chapter, results are presented of a combined experimental and modelling study of electron transport in sandwich-type devices based on the blueemitting polyfluorene copolymer for which the hole mobility was investigated in
Chapter 5. We describe the density of states (DOS) for electrons as a superposition of a Gaussian DOS and an exponential DOS (“trap states”), and take the
charge density dependent and field dependent mobility from an adapted form of
the extended Gaussian disorder model. Using a drift-diffusion device model, we
show that this approach provides an accurate and internally consistent description
of the thickness-dependent and temperature-dependent electron current density.
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Introduction

In recent years, many research efforts have focused on charge transport in organic
light-emitting diodes (OLEDs). 1–4 For hole transport, it is now well-established
that a proper model should include the effects of the disordered nature of the
organic semiconductors used on the mobility. 2,5,6 For electrons, however, it is
not yet well understood in detail how the transport is affected by the disorder.
Furthermore, there are strong indications that electron transport is affected by
the presence of traps. This is evident from the experimental observation that
for commonly used undoped conjugated polymers the electron current density
(J) is at low voltages (V ) often much lower than the hole current density and
that it increases more steeply with voltage. 7,8 As an example, Fig. 7.1 shows
measured J(V ) curves for a polyfluorene(PF)-based copolymer. This material is
studied in this Chapter; the detailed material structure and device structure are
given below. As was demonstrated in Ref. 9, an excellent description of the hole
current density in devices based on this material is obtained using the extended
Gaussian disorder model (EGDM, dotted curve in Fig. 7.1). The EGDM takes the
dependence of the mobility on the local carrier concentration and on the electric
field into account. 6,10 The model has also been shown to be very successful in
describing the hole transport in several other polymers, including derivatives of
the commonly used polymer poly(p-phenylene vinylene) (PPV). 6,9
To explain the much steeper J(V ) curve for electrons, such as shown in Fig. 7.1
and such as observed as well for many other polymers, transport models have
been used that assume that the conductivity is reduced by the presence of “trap
states”, in which most of the electrons reside. The conductivity is then due to the
hopping of the small remaining fraction of electrons in “transport states”. Conventionally, the mobility of these electrons is either assumed to be constant, or
to be field dependent as described by a Poole-Frenkel factor. 7,8,11 Recently, Mandoc et al. investigated the effect of the detailed shape of the density of transport
states on the temperature dependence of electron transport in devices based on
PPV-derivatives, and showed that a more proper description of the experimental
data is obtained when assuming an exponential density of trap states and a Gaussian density of transport states. 12 However, the authors did not use the EGDM.
Instead, the carrier concentration and field dependence of the mobility of the electrons was taken from a phenomenological model and the diffusion contribution to
the current density was neglected.
In this Chapter, we present a comprehensive analysis of the electron current
density in a set of devices containing the PF-based copolymer for which a selected
result has already been shown in Fig. 7.1. As in the work of Mandoc et al., we
assume an electron density of states (DOS) which is a superposition of a Gaussian
DOS (with a site density Nt,G and width σ) and an exponential DOS of the
form g(E) = Nt,e /(kB T0 ) × exp[E/(kB T0 )] for E ≤ 0, which are each shown
schematically in Fig. 7.2. Here Nt,e is the trap site density and kB T0 is the width
of the exponential DOS, with kB the Boltzmann constant, and with E = 0 at
the top of the Gaussian DOS. However, the charge density dependent and field
dependent mobility is now obtained from an adapted form of the EGDM within
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Figure 7.1: Measured (symbols) and calculated (dotted and full lines) J(V ) curves for
a PF-based electron-only (hole-only) device, with L = 96 (98) nm and with a built-in
voltage Vbi = 1.0 (1.9) V. The calculations were performed using the EGDM (see text,
σ is the width of the DOS). The dashed line is a guide-to-the-eye. The inset shows the
chemical structure of the fluorene monomer units.

which the effects of trapping are taken into account, and using a full drift-diffusion
device model. We show that this approach yields an excellent description of the
thickness-dependent and temperature-dependent electron transport. The width of
the Gaussian DOS for electrons and the resulting mobility function are compared
with the results obtained earlier for the hole transport in poly(9,9-dioctylfluorene)
(PFO).
The polymer studied in this work is a blue-emitting polymer from the Lumationtm Blue Series supplied by Sumation Co., Ltd. and consists of fluorene units
(see inset in Fig. 7.1) and a small concentration of co-polymerized hole transport
units. The hole transport in these devices takes place via these copolymerized
monomeric units, and has recently been studied intensively, as discussed already
above. 9 The hole transport in similar materials was studied by Khan et al. 13
The electron transport takes place via PF-derived lowest unoccupied molecular
orbital (LUMO) states. 14 The polymer has been used in the 13” full-color OLEDTV display demonstrated by Philips in 2005. 15

7.2

Experiments

For analyzing the electron transport, “electron-only” sandwich-type devices with
hole-blocking contacts were fabricated. For that purpose, an aluminium layer
of 30 nm is evaporated through a shadow mask on pre-cleaned glass substrates
in a high vacuum environment to form the patterned anode. Without expos-
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Nt,G = 1×1027 m-3

∆ = 0.3 eV
LiF|Ca|Al

Nt,e = 1×1024 m-3
T0 = 2100 K

Figure 7.2: Schematic representation of the energy level alignment in the electron-only
devices studied, indicating the Gaussian DOS and the exponential trap DOS for electron
transport, and the injection barrier at the LiF|Ca|Al electrode.

ing the substrates to air, the light-emitting polymer (LEP) layer is deposited
by spincoating from a toluene solution in a nitrogen glovebox, resulting in LEP
layer thicknesses L in the range 90 – 150 nm. The LEP layer thicknesses were
determined from step-height measurements using a Veecotm Dektak stylus profilometer. Subsequently, thin layers of LiF (3 nm), Ca (5 nm) and Al (100 nm)
are evaporated in high vacuum through a mask to form the top electrodes. The
total sample structure is thus (glass | Al | LEP | LiF | Ca | Al). The first Al layer
is not fully opaque. This allows verifying that the Al anode does not inject holes,
which would lead to light emission. No light was observed up to the highest voltages applied in this study. The measured electron current density in these devices
with a LiF-Ca-Al cathode was found to be 2 orders of magnitude larger than for
devices with a Ba-Al cathode, which we have also investigated intensively. 14 As
argued in Ref. 16 this is due to the much lower injection barrier for the case of the
LiF-Ca-Al devices. To protect the devices from water and oxygen contamination,
the devices are encapsulated using a metal lid enclosing a desiccant getter. For
each LEP layer thickness 27 nominally identical 3 × 3 mm2 devices were prepared
on a single substrate. Around ten percent of these devices showed relatively high
currents under reverse bias and were not used in this study. The J(V ) curves of
the remaining devices are nearly identical.

7.3

Results and discussion

First, we investigate to what extent the EGDM, that appears so successful in
describing the hole transport in the polymer considered, can also appropriately
describe the electron transport, without the assumption of trapping. In Fig. 7.1,
the effect on the J(V ) curve of varying the width of the Gaussian DOS is shown
for two values of σ, viz. 0.1 and 0.3 eV, using Nt,G = 1 × 1027 m−3 , which is close
to the density of the fluorene units. 14 The calculations were performed using the
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drift-diffusion device model presented in Ref. 16. Considering σ = 0.3 eV as a
realistic upper limit, the figure shows that it is not possible to describe the electron
current density (filled circles) without the inclusion of traps. We note that the
introduction of a Schottky injection barrier, lowered by the local electric field due
to the image charge potential, 17 or a variation of the transport site density did not
lead to an improved description. At the highest voltages, the electron-only current
reaches a slope on the double-log scale chosen of 4.3 at room temperature (dashed
line in Fig. 7.1). It has been argued in the literature that the observation of a
linear log(J)-log(V ) curve with such a high slope is an indication of trap-limited
charge transport. 7,8,18
As a second step, we developed an adapted version of the EGDM which properly describes the effective mobility in a system with a DOS which is a superposition of a Gaussian DOS and an exponential DOS. No spatial correlation between
the site energies is assumed. Although we thus do not make any distinction in our
model between the physical nature of the states in the Gaussian and exponential
contributions to the total DOS, one might view the former states as “intrinsic”,
derived from the LUMO of the PF-based copolymer, and the latter states as
“extrinsic”, due to impurities, imperfections in the chemical structure or by the
presence of residual water or oxygen. 19–21 In the remainder of the paper we will
refer to the latter states as “trap states”. However, we emphasize that also the
states in the tail of the Gaussian DOS act as traps, and that our model treats all
states on an equal footing. We make use of the fact that for the small values of
Nt,e considered, direct hopping between these trap states may be neglected. The
effective mobility is then fully determined by the density of occupied states at the
so-called “transport level” in the Gaussian DOS (Ref. 10 and references therein),
and this density follows straightforwardly from the total electron density, ntot , assuming local thermal equilibrium between all carriers in the combined Gaussian
and exponential DOS. This last assumption implies that the density of carriers
occupying the Gaussian DOS, nG , is at any position in the device a well-known
function of ntot . The approach is an extension of the “multiple-trap-and-release
model”. 11,22 It was used successfully for treating the mobility in a bimodal Gaussian DOS, 23 as confirmed by numerically exact master equation calculations. 24
The current density is then given by the transport equation
J = enG (ntot )µF + eD

dnG (ntot )
.
dx

(7.1)

Here, e is the elementary charge, F the electric field and x the position in the
device. The mobility of the charge carriers in the Gaussian DOS, µ, is given by
µEGDM (nG (ntot (x)), F (x), T ), with µEGDM the mobility as given by the EGDM
and T the temperature. The diffusion coefficient, D, follows from µ using the
generalized Einstein equation. 25 The electric field is determined from the total
carrier density, using the Poisson equation. At the injecting electrode interface,
we allow for the presence of a Schottky injection barrier with a height ∆, and we
include the effective image charge barrier lowering to an effective barrier, ∆eff . 17
The carrier density at the interface is then obtained by assuming local thermal
equilibrium at the interfaces. At the injecting and exit interfaces, ntot is thus equal
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Figure 7.3: Measured (symbols) and calculated (curves) electron-only J(V ) curves for
L = 96, 129 and 149 nm at room temperature (a), and at T = 173 – 293 K in steps of
20 K for L = 129 nm (b). The calculations were performed including an exponential
density of trap states (see text).

to the carrier density in the total DOS for a Fermi energy EF = −∆eff and EF =
−∆ − eVbi , respectively, with Vbi the built-in voltage. We calculate J(V ) curves
using an extended version of the drift-diffusion device model presented in Ref. 26
within which Eq. (7.1) is solved in conjunction with the Poisson equation, with
the boundary conditions given above and with current uniformity as a constraint.
Figure 7.3(a) and (b) show the measured (symbols) and calculated (lines) J(V )
curves of the electron-only devices with L = 96, 129 and 149 nm at room temperature, and for L = 129 nm at temperatures in the range of 173 – 293 K, respectively.
Using the approach discussed above, we find that an excellent description of the
thickness and temperature dependent electron transport can be obtained using
the set of parameter values given in Fig. 7.2. The accuracy of the fit parameters,
given below, was obtained from an analysis of the sensitivity of the fit quality
to a variation of the parameters. The value of Nt,G = (1.0 ± 0.5) × 1027 m−3
corresponds to an average intersite distance a = 0.9 – 1.2 nm, which is slightly
larger than the 0.84 nm distance between two successive fluorene monomer units,
and consistent with the value a ≈ 1.1 nm as obtained from the volume density
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Figure 7.4: Temperature dependence of the electron mobility in the zero field and zero
carrier concentration limit, µ0 (symbols). The solid line is a fit (see text).

of fluorene monomer units in the PF-based copolymer studied. 14 The value of
σ = 0.07 ± 0.02 eV coincides with the 0.07 – 0.10 eV range reported previously
for hole transport in PFO. 27,13 This is consistent with the point of view that, in
the absence of the traps, the electron transport is due to hopping in a Gaussian
DOS formed by the PF-derived LUMO states, with a similar width as the Gaussian DOS formed by the PF-derived highest occupied molecular orbital (HOMO)
states. For the electron mobility in the low electric field and low carrier concentration limit we find µ0 = 2.2 × 10−9 m2 /Vs at room temperature. The full
uncertainty interval, 1 – 10 × 10−9 m2 /Vs, overlaps with the range of typical lowfield hole mobilities reported for PFO (5 – 30 × 10−9 m2 /Vs), 20,13 which most
likely are not strongly affected by hole trapping.
The density of trap states and the characteristic trap temperature obtained
from the fit, Nt,e = (1.0 ± 0.5) × 1024 m−3 and T0 = 2100 ± 300 K, respectively,
are similar to the values given in previous reports on a variety of organic semiconductors. 1,8,28 We view the fact that the density of trap sites is ∼ 3 orders of
magnitude lower than the density of transport sites and that therefore the intertrap distance is ∼ 10 nm as a justification of our assumption that trap-to-trap
transport can be neglected. We find from our model that the electron injection
barrier at the cathode, ∆ = 0.3 ± 0.1 eV, is sufficiently small, so that the current
density is not injection limited.
The modeling yields Vbi = 0.7 ± 0.2 V, independent of the temperature. This
indicates that the model is internally consistent. In order to further investigate
the internal consistency, we analyze the temperature dependence of µ0 , obtained
from the analysis. As shown in Fig. 7.4 we find an exp[−C(σ/(kB T ))2 ] dependence, consistent with the assumption of transport in a Gaussian DOS. The C
parameter obtained from Fig. 7.4 is 0.34. From a variation of the material and
device parameters within the error margins given, the estimated error margin is
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±0.1. The result is consistent with the range of values expected for the EGDM,
0.38 < C < 0.5, depending on the wavefunction decay length. 10

7.4

Conclusions

In conclusion, we have presented an adapted form of the extended Gaussian disorder model within which the effects on the effective mobility of the presence of
an exponential trap DOS are taken into account. It has been shown that the
model can successfully describe the thickness and temperature dependence of the
electron transport in an application-relevant blue-emitting PF-copolymer. The
parameters which describe the transport in the Gaussian electron DOS are found
to be very close to those which describe the hole transport in the related polymer
PFO, as could be expected on the basis of the similarity of the fluorene HOMO
and LUMO wavefunctions.
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8
Electron transport in the
organic small molecule
material BAlq — evidence
for the presence of
correlated disorder

As demonstrated in the previous Chapter, electron transport in a blue-emitting
polymer can be well described by assuming a density of states (DOS) which is a
superposition of a Gaussian DOS with random (uncorrelated) site energies and an
exponential trap DOS. The question now arises whether the electron transport in
small molecule materials used in multilayer OLEDs can be described in a similar
way.
In this Chapter, this is investigated for the case of the application-relevant
disordered small molecule material BAlq. It is found that the thickness-dependent
and temperature-dependent electron current density in BAlq-based devices can indeed be well described by the model taking both the effects of Gaussian disorder and
an exponential distribution of trap states into account. However, it is found that
the density of hopping sites obtained from the model agrees most optimally with
the experimental value as obtained from an independent measurement (chemical
analysis) when correlated instead of fully random site energies are assumed.
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Introduction

The efficiency of white organic light-emitting diodes (OLEDs), which are currently
being developed for lighting applications, 1 depends crucially on the electron and
hole mobilities of the organic semiconductors used. For the case of multilayer
small molecule OLEDs, with a central emissive layer that consist of sublayers
with different emission colours, the electron and hole mobilities in the central
layer determine the recombination profile, 2 and thereby the emission colour. At
present, a lack of consensus on the proper physical description of the electron
transport in application-relevant small molecule materials hampers progress towards a quantitative model which can provide accurate predictions for the current
density and luminance as a function of the voltage.
For hole transport in the application-relevant small molecule material α-NPD,
we demonstrated in Chapter 6 that a proper description of the mobility function
can be obtained when assuming a Gaussian density of states (DOS). However, for
electron transport, experiments indicate that such a model for the density of states
is inappropriate. The electron current density (J) in devices with a single active
organic layer is at low voltages (V ) often much lower than the hole current density,
and increases more steeply with voltage. It has been suggested that, similar to
the situation for polymer semiconductors, such as discussed in Chapter 7, also in
small molecule materials the electron transport should be described by taking the
presence of trap states into account. 3 At present, it is not clear to what extent
the thickness, temperature and voltage dependence of the electron current density
in application-relevant small molecule materials can be described using a model
that takes the effects of (Gaussian) disorder and of electron traps consistently into
account.
In this Chapter, we investigate the electron mobility in the small molecule material BAlq (bis(2-methyl-8-quinolinolato)(4-phenylphenolato)aluminium). BAlq
has a sky-blue emission colour and its chemical structure is similar to the wellknown material Alq3 (tris(8-quinolinolato) aluminium). It is used as emitting
material, as host material in emitting layers, and as hole blocking material in
state-of-the-art OLEDs. 4–7 As hole blocking material it is known to allow for
high lifetimes. Using BAlq, lifetimes of 160,000 hours are reported at a luminance level of 100 cd/m2 . 7 At first glance, a more obvious choice for studying
electron transport in small molecule materials would be Alq3 . However, Alq3
films are known to show crystallisation, depending on the preparation conditions,
possibly affecting the charge transport. 8 Furthermore, Alq3 molecules are known
to exhibit two isomeric forms giving rise to slightly different LUMO energies.
BAlq is expected to be more amorphous than Alq3 , due the decreased symmetry
of the molecules resulting from the replacement of one of the ligands of Alq3 with
a phenylphenolato group and from the addition of a methyl group to the other
ligands.
J(V ) curves of sandwich-type electron-only devices with a wide range of thicknesses of the BAlq layer, measured at a wide range of temperatures, are analysed
using the extended Gaussian disorder model (EGDM) 9 and using the extended
correlated disorder model (ECDM), 10 with the width of the Gaussian DOS (σ)

8.2. Device structure and experimental results

119

and the density of hopping sites (Nt ) as free parameters. Traps are taken into
account via an exponential trap density of states of which the characteristic depth
and trap density, as defined in Chapter 7, are also treated as free parameters. We
find (i) that an optimal and self-consistent description of the thickness-dependent
and temperature-dependent J(V ) curves is only obtained when a density of traps
of ∼ 1 × 1024 m−3 is introduced in the modelling, and (ii) that the analysis using
the ECDM leads to a value of Nt that is close to the volume density of BAlq
molecules, while using the EGDM a ∼ 7 times lower value is obtained. We view
the latter as a strong indication that the site energies are correlated.
In Section 8.2 the device structure used for measuring the J(V ) curves is
introduced and the experimental results are presented. The analyses of the experimental J(V ) curves using the EGDM and using the ECDM are presented
in Section 8.3. A brief discussion of the parameter values obtained follows in
Section 8.4. In Section 8.5 a summary, conclusions and an outlook are presented.

8.2

Device structure and experimental results

For investigating the electron mobility in BAlq, devices with the following layer
structure were fabricated:
Glass | ITO | n-doped layer | BAlq | n-doped layer | Al.
The devices were made at Philips Research Laboratories Aachen. On top of
glass substrates coated with a ∼ 100 nm thick indium tin oxide (ITO) layer,
∼ 50 nm thick layers of an n-doped small molecule material and BAlq layers
with a thickness in the range 70 − 260 nm were evaporated in a high-vacuum
system, followed by evaporation of an aluminium cathode layer. The devices
were encapsulated with a glass lid enclosing a desiccant getter to prevent water
and oxygen contamination. Four series of four nominally identical devices were
fabricated on a single substrate. The series have a thickness L of the BAlq layer
of 70, 106, 158, and 258 nm, respectively, and the devices have an active area of
20 mm2 .
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of BAlq are reported to be at ∼ 5.9 eV and
∼ 2.9 eV below the vacuum level, respectively. 6 The chemical structure of the
BAlq molecule and a schematic energy diagram of the device structure indicating
the energy level alignment at the interface between BAlq and the n-doped layers
are presented in Figure 8.1. The n-doped layers used are known to give rise to
good electron injection into BAlq, judged from the observation of efficient light
emission from multilayer OLEDs using BAlq together with the n-doped material
at the electron injecting side. From low-frequency capacitance-voltage (C(V ))
measurements a symmetrical peak in the capacitance is observed at V = 0 V
with a height ∼ 8% larger than the geometrical capacitance, Cgeom , measured at
high frequencies. Similar to the discussion in Chapter 6 for the injection barrier
between indium tin oxide and α-NPD, we view this as an indication that (i) the
built-in voltage (Vbi ) of the devices is close to 0 V, as expected from the use of
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(a)
BAlq

(b)
n-doped
3.2 eV

ϕ1

LUMO
2.9 eV ϕ2

n-doped
3.2 eV

HOMO
5.9 eV
Figure 8.1: Chemical structure of the BAlq molecule (a) and schematic energy diagram
of the device structures used in this study, indicating the electron injection barriers at
the anode (φ1 ) and at the cathode (φ2 ), and the highest occupied and lowest unoccupied molecular orbital (HOMO and LUMO) energies of BAlq (b). The (effective) work
functions of the n-doped small molecule layers in this system are discussed in the text.

the symmetric n-doped layer sandwich structure, and that (ii) the electron injection barrier at the interface between the n-doped layers and the BAlq layers is
expected not to be larger than ∼ 0.4 eV. From the analysis presented below we
find φ = 0.3 eV for both interfaces, leading to an effective work function of the
n-doped layers of 3.2 eV. The relative permittivity (εr ) of BAlq obtained from
the analysis of Cgeom at frequencies in the range 102 − 105 Hz is 3.8 ± 1.0. For a
variation of εr within these uncertainty margins there is no significant change in
the quality of the description provided by the models for the experimental data,
nor in the found optimal parameters, except for a change in the mobility values
obtained. A change of εr from 3.8 to 2.8 (4.8) was found to lead to an increase
(decrease) of the mobility values obtained of less than 25%.
The density of Al atoms in a series of BAlq thin films deposited on silicon
substrates is obtained from Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) measurements. From the analysis, a BAlq volume density of
(1.5 ± 0.1) × 1027 molecules per m3 is obtained, consistent with the volume density in crystalline bulk material of 1.507 × 1027 m−3 determined experimentally
by Deaton et al. 11
From Ion-Beam Etching X-ray Photoelectron Spectroscopy (IBE-XPS) measurements the layer thicknesses of the BAlq layers in the devices studied were
deduced. These thicknesses were not easily resolved from Transmission Electron
Microscopy (TEM) measurements, due to a lack of contrast between the n-doped
layers and the BAlq layer. From IBE-XPS the aluminium and oxygen in the
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Figure 8.2: Experimental J(V ) curves for ( glass | ITO | n-doped layer | BAlq | n-doped
layer | Al ) devices for four thicknesses (L) of the BAlq layer, at room temperature. The
main panel shows the J(V ) data on log-log scale. The dotted line has a slope of 2. The
dashed lines are fits to the data at high voltages and have a slope of 3.2. The inset shows
the experimental data on a linear voltage and current density scale.

BAlq layers was easily detected. The layer thicknesses of the four series were
determined to be 70, 106, 158 and 258 nm, with an uncertainty of ∼ 7%.
Current density versus voltage curves were measured for the four series of
devices in the temperature (T ) range from ∼ 150 to ∼ 295 K, in steps of ∼
20 K. Figure 8.2 shows measured J(V ) curves for the four thicknesses at room
temperature, both on a linear voltage and current density scale (inset), and on
a log-log scale (main panel). A maximum electrical power density PA,max ≡
Jmax Vmax ∼ 1 × 103 W/m2 was allowed, in order to prevent substantial heating of
the devices during the voltage sweeps. The curves are highly symmetric around
V = 0 V, supporting the complementary evidence from C(V ) measurements that
the built-in voltage is close to 0 V. The observation of a J(V ) curve with a slope
of 2 on log-log scale (dotted line) would indicate space-charge limited current
with a constant mobility. However, the experimental curves are much steeper, in
particular above 1 V. The dashed lines are linear fits to the data at high voltages,
and have a slope of ∼ 3.2. It has been argued in the literature that the observation
of a linear log(J)-log(V ) curve with a slope À 2 is an indication of trap-limited
charge transport in an exponential trap density of states, as described by the
Mark-Helfrich formula. 3,12–15
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Analysis J(V ) curves

The temperature-dependent J(V ) curves for the four thicknesses of the BAlq layer
are shown in Figure 8.3 (symbols). In order to analyse the experimental J(V )
curves, we make use of the drift-diffusion device model presented in Chapter 4
for the case of hopping in a Gaussian DOS that depends on the carrier density
and on the electric field (EGDM). Random and correlated disorder are considered
(EGDM and ECDM, respectively, see Chapters 5 and 6) as well as the possible
presence of an injection barrier and of an additional exponential trap DOS. In
the absence of traps the shape of the J(V ) curve on a log(J) versus V scale is
determined by the width of the Gaussian DOS, σ, and the density of hopping
sites, Nt . The parameters determining the characteristic depth and the density
of trap sites are T0 and Ntrap , respectively.
The procedure to obtain the optimal {Nt , σ, Ntrap , T0 } parameter set for both
the EGDM and the ECDM is as follows. For a given {Nt , σ, Ntrap , T0 } combination, we determine the fitting error between the experimental and calculated J(V )
curves for each individual layer thickness and temperature.∗ For each calculated
curve, the (temperature-dependent) mobility in the zero electric field and carrier
density limit, µ0 (T ), is treated as a free parameter. It only shifts the log(J)-V
curves up and down. The built-in voltage, Vbi ≡ (φ1 − φ2 )/e, with e the elementary charge, is set to 0 V. For each {Nt , σ, Ntrap , T0 } combination the total error
is calculated as a sum of mean square errors of the fits for all thicknesses and
temperatures. By minimising this total error, we obtain the optimal parameter
set. The procedure is repeated for several values of the injection barriers with the
constraint φ = φ1 = φ2 . We find that φ = 0.3 ± 0.1 eV leads to the lowest total
error. This value of φ is within the range deduced from the C(V ) measurements.
The best simultaneous description of all thickness-dependent and temperature-dependent J(V ) data using the EGDM and using the ECDM were obtained
for the set of parameters given in Table 8.1. The parameters µ∗0 and C mentioned
in the Table describe the temperature dependence of µ0 and are discussed in the
next Section. The results for the ECDM are shown in Figure 8.3 (solid curves).
The results for the EGDM led to an equally good fit. A description of the full
set of J(V ) curves using the EGDM without traps and using the ECDM without
traps, following the approach outlined above, led to very high error values. The
parameter values obtained from the analysis using the EGDM including traps are
physically reasonable, except for the site density. The site density found is ∼ 7
times smaller than the volume density of BAlq molecules. For the ECDM, which
leads to otherwise similar parameter values, the site density is ∼ 2 times larger
than the expected density. We view this as an indication that for BAlq the LUMO
site energies are correlated. A similar conclusion was presented in Chapter 6 for
the HOMO states in the small molecule material α-NPD. Also similar to α-NPD,
the factor ∼ 2 difference between the Nt values as obtained from the fit and as
obtained from the chemical analysis could be rationalised if each BAlq molecule
contributes two LUMO states on the two identical ligands. 7 Both ligands may be
viewed as a hopping site for electrons if the electronic coupling between these two
∗ For

a more extensive description of the calculation of the error we refer to Ref. 16.
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Figure 8.3: Measured (symbols) and calculated (solid curves) J(V ) data for electrononly devices with a thickness of the BAlq layer equal to 70 nm (a), 106 nm (b), 158 nm
(c), and 258 nm (d), as a function of temperature. The temperature was varied in
steps of ∼ 20 K. The calculations were performed using a drift-diffusion device model
assuming correlate Gaussian disorder (ECDM) and a superimposed exponential density
of trap states. The material and device parameters used are discussed in the text.

124

Chapter 8. Electron transport in BAlq

Table 8.1: Overview of the EGDM and ECDM parameter values that optimally describe the experimental J(V ) curves.

Parameter
Nt [1027 m−3 ]
σ [eV]
Ntrap [1024 m−3 ]
T0 [K]
µ∗0 [10−8 m2 /(Vs)]
C
φ1,2 [eV]
εr

EGDM value
0.20 ± 0.04
0.08 ± 0.01
1.0 ± 0.5
1200 ± 100
4±1
0.59 ± 0.02
0.3 ± 0.1
3.8 ± 1.0

ECDM value
3±1
0.09 ± 0.01
2.0 ± 0.5
1200 ± 100
1.7 ± 0.5
0.46 ± 0.02
0.3 ± 0.1
3.8 ± 1.0

ligands is small, so that these states are almost degenerate.

8.4

Temperature dependence of the mobility

As mentioned in the previous Section, µ0 (T ) was optimised for each individual thickness and temperature. From theory, the temperature dependence of
µ0 for the EGDM as well as for the ECDM is predicted to be of the form
µ0 (T ) = µ∗0 exp{−C[σ/(kB T )]2 }. 10,17 Figure 8.4 shows the temperature dependence of µ0,ECDM on a log µ versus 1/T 2 scale. The temperature dependence of
µ0,EGDM shows a very similar trend.† As is clear from the figure, µ0 (T ) is thickness independent and log(µ0 (T )) varies linearly with 1/T 2 . For the EGDM we
find C = 0.59 ± 0.02 and for the ECDM C = 0.46 ± 0.02. We view the thicknessindependent 1/T 2 temperature dependence observed for µ0 as a justification for
the assumption of hopping in a Gaussian DOS. We remark that the obtained C
values are rather high, for the EGDM as well as for the ECDM. This could indicate that the wave-function decay length in BAlq is exceptionally small (smaller
than one tenth of the average intersite distance). 17
We note that a good description of the experimental J(V ) data of Figure 8.3
could only be obtained using the EGDM and ECDM without traps when Vbi was
used as a free parameter in the modelling. This led (i) to strongly thicknessdependent and temperature-dependent built-in voltages with variations up to ∼
2 V, and (ii) to a strongly thickness-dependent mobility with variations up to a
factor 100 at low temperatures. To our point of view, the assumption that the
material is free of traps can therefore be discarded.

8.5

Summary, conclusions and outlook

We have shown that it is possible to get a fully consistent description of the layerthickness dependence and temperature dependence of electron transport in BAlq
† The

results for the temperature dependence of µ0,EGDM (T ) are not shown in Figure 8.4
since the symbols would overlap with the symbols for µ0,ECDM .
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Figure 8.4: Temperature dependence of the mobility in the zero field and carrier
density limit for the ECDM. The results are shown for a thickness of the BAlq layer of
70 nm (squares), 106 nm (circles), 158 nm (triangles pointing up), and 258 nm (triangles
pointing down). The dashed line is a linear fit to all data.

when a density of states (DOS) is assumed that is a superposition of a Gaussian
DOS and an exponential trap DOS. The optimal parameter values for the width
of the Gaussian DOS (0.08 − 0.09 eV), the trap site density (∼ 1 × 1024 m−3 ), the
characteristic trap temperature (1200 K) and the injection barrier (φ = 0.3 eV)
may be considered as realistic values for electron transport in organic semiconductors. The mobility in the limit of zero carrier density and zero field as obtained
using the EGDM and the ECDM is thickness independent and shows a temperature dependence which is in accordance with theory. We are only able to
discriminate between the two models on the basis of the value determined for the
site density. For the EGDM, we find a site density which is ∼ 7 times smaller
than the experimentally found value for the volume density of BAlq molecules. In
contrast, for the ECDM we find a value which is only ∼ 2 times larger than the
expected value. We view this as an indication that in BAlq the site energies are
correlated. We view the latter as support for the hypothesis presented in Chapter 6, that in disordered small molecule materials the site energies are correlated,
in contrast to recent findings for two polymer systems. 10,16
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9
Quantitative model of the
current density and
recombination rate in blue
light-emitting diodes based
on a disordered polyfluorene
derivative
In Chapters 5 to 8 it was demonstrated that the hole and electron mobility functions in several selected organic semiconductors used in OLEDs can be described
consistently by a mobility model that properly takes all consequences of the energetically disordered nature of the hole and electron states into account. The
question now arises whether an OLED device model that incorporates the separately determined mobility functions leads to a quantitatively correct prediction of
the voltage-dependent current density and light emission in a complete OLED.
In this Chapter it is shown for the first time that such an approach for predicting the device performance of OLEDs can indeed be successful. This is demonstrated for organic light-emitting diodes based on the blue-emitting polyfluorenecopolymer, for which the hole and electron transport was studied in Chapters 5
and 7, respectively, in the framework of the extended Gaussian disorder model.
The temperature-dependent current-voltage curves predicted from a device model
that includes the already separately determined mobility functions as well as the
“standard” Langevin expression for the recombination rate, including recombination of holes with trapped electrons, are in excellent agreement with experiment.
No additional free parameter is used. It is found that the voltage-dependent efficacy, calculated from the voltage-dependent recombination profiles together with
the position-dependent outcoupling efficiency, agrees with experiments when a
fraction of singlet excitons equal to 22% is assumed, close to the value of 1/4
expected from quantum statistics.
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Introduction

The disordered nature of organic semiconductors used in organic light-emitting
diodes (OLEDs) has a strong effect on the charge transport, as demonstrated
in Chapters 5 to 8. However, it is not yet clear to what extent the process of
recombination of electrons and holes is affected by the disorder. At present, it
is therefore not yet clear whether it is possible to come to an appropriate and
predictive OLED device model by combining separately investigated transport
models for holes and electrons and by including the effect of recombination. There
is an urgent need for such a predictive OLED device model, in order to make it
possible to rationally design OLEDs with improved efficiency, for applications
such as large-area light sources. 1
There are many issues regarding the development of a quantitative OLED
device model. First of all, such a model should include carrier-density and field
dependent mobility functions for holes and electrons as a consequence of the
energetic disorder in the OLED materials used. If appropriate, the effect of correlated disorder (see Chapters 6 and 8) should be included. Second, for electrons
the effects of the presence of trap states should be taken into account. Third,
the consequences of the presence of injection barriers at metal-organic and/or
organic-organic interfaces should be taken into account. Their presence at electrode interfaces can hamper efficient charge carrier injection. A fourth issue is
related to the recombination process. The position-dependent recombination rate
needs to be calculated using a drift-diffusion device model. Whether the recombination process between holes and electrons in a disordered organic semiconductor
is correctly described by Langevin recombination 2,3 is an issue of current debate.
For instance, how the recombination rate then depends on the local electric field
and on the temperature is not well established. 4–8 Fifth, the value of the S : T
ratio of singlet excitons, which can decay radiatively, and of triplet excitons, for
which radiative decay is spin-forbidden, is highly debated. On the one hand, there
are indications that the S : T ratio for organic semiconductor systems is close to
1 : 3, as expected from quantum statistics. 9–12 On the other hand, it has been
suggested that the S : T ratio can be as high as 5 : 1, depending on the material
used. 9,13–16
In this Chapter, we present a novel model for the current density and recombination rate in OLEDs and show that predictions from the model are in
excellent agreement with experimental results for OLEDs based on the blue
polyfluorene(PF)-based copolymer for which the hole and electron transport were
investigated in Chapters 5 and 7, respectively. The model includes (i) the effects
of disorder and electron traps on the charge transport, (ii) drift and diffusion of
charge carriers, (iii) recombination of holes with free and trapped electrons to
form excitons using a description of the recombination rate at a level of precision
beyond that given by the standard Langevin equation, and (iv) the effects of the
optical cavity on the outcoupling efficiency of emitted photons. The analysis of
the efficacy leads to a prediction of the S : T ratio very close to the 1 : 3 ratio
that would follow from quantum statistics. We believe that the latter finding
contributes to solving the long-lasting debate on this issue in the literature.
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In Section 9.2 the novel OLED device model is presented. In Section 9.3 the
structure of the blue OLEDs investigated in this Chapter is introduced, and measured current density versus voltage (J(V )) curves are presented. In Section 9.4
the 1D-ME model is used to predict the temperature and voltage-dependent current density, and the position-dependent recombination rate of these OLEDs.

9.2

Quantitative OLED device model

In Chapter 4, a model for single-carrier transport in sandwich-type diodes based
on organic semiconductors was developed that assumes a Gaussian density of
transport states, (extended Gaussian disorder model, EGDM). In Chapter 7, this
single-carrier model was extended so that the mobility for transport in a density
of states (DOS) that is a superposition of a Gaussian DOS and an exponential
(trap) DOS can be well described. In this Chapter, we present and apply a novel
device model that incorporates the separately determined mobility functions for
hole and electron transport and that describes the double-carrier current density
and the position-dependent recombination rate in complete OLEDs.
For the EGDM, the carrier-density (n), electric field (F ), and temperature (T )
dependence of the mobility for hopping of electrons or holes in a Gaussian DOS
was determined from three-dimensional (3D) Master Equation (ME) calculations
on grid structures with no overall carrier density or electric field gradient. An
obvious step would be to extend such 3D-ME calculations to calculations for a
complete OLED, including transport of electrons and holes, electron-hole recombination, and to introduce the carrier-density and field gradients that are present
in an organic semiconductor device as a result of space charge and Coulomb interactions. For single-carrier devices such a model has recently been developed. 17
At present, a 3D-ME model for complete OLEDs is lacking.
The model we present in this Chapter, is a one-dimensional Master Equation
(1D-ME) model and is described in detail in Ref. 18. Within the model, the
current density is a result of charge carriers hopping from site to site, with a hop
rate between two sites that is determined by a field-dependent activation energy,
chosen such that the density and field dependence of the resulting mobility are in
very good correspondence with the EGDM. 19 Although the 1D-ME model is thus
based on a different mathematical description of the charge transport, the results
for single-carrier calculations are in excellent agreement with the results of the
model presented in Chapter 4. 18 Analogous to the description in Chapter 7, the
effects of traps are included in the model by assuming local thermal equilibrium
between all carriers in the combined Gaussian and exponential DOS. The same
hop rates that determine the current density are used to calculate the positiondependent recombination rate. However, how precisely recombination should be
incorporated in an OLED device model is not a priori clear, as there are several
unresolved issues concerning the functional form of the recombination rate.
A first issue is the fact that it is not fully established how the recombination
process is affected by energetic disorder. According to “standard” Langevin theory, 2,3 in which electron-hole recombination is viewed as a bimolecular process,
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the local rate of recombination events, R, is given by
e
R = (µh + µe ) nh ne ,
ε

(9.1)

with ε the electric permittivity and with µh(e) and nh(e) the local hole (electron)
mobility and density, respectively. Presently available experimental and theoretical studies on the recombination rate in disordered organic semiconductors indicate that at zero electric field it is well described by Langevin theory when taking
the temperature, field and concentration dependence of the mobility of the charge
carriers into account. 4–7,20–22 However, from Monte Carlo studies by Albrecht and
Bässler, the recombination rate was found to be slightly enhanced at finite electric
fields. 4,5 Within the 1D-ME model, recombination is assumed to be the result of
hops of holes (electrons) from an “initial” site to a (nearest-neighbour) “final” site
at which an electron (hole) resides, for which each contribution is proportional
to the corresponding incoming hole (electron) current times the electron (hole)
concentration on the final site. The initial site can be up-stream and down-stream
from the final site, with respect to the direction of the electric field, but can also
reside on a plane orthogonal to the direction of the field. The hopping rate of
carriers that move perpendicular to the field is not enhanced by the field.
Following the approach chosen in Ref. 18, the 1D-ME model used in our calculations is constructed such that the recombination process is viewed as due to
upstream, downstream and perpendicularly hopping charge carriers with a weight
ratio equal to 1 : 1 : 4. Furthermore, the model is constructed such that in the
zero-field limit the recombination rate is as given by the “standard” Langevin
expression (Eq. (9.1)). As a consequence, the recombination rate is at finite fields
enhanced above the rate expected from Eq. (9.1) by a factor
i
1h
h(F̂ ) =
exp(F̂ ) + exp(−F̂ ) + 4 ,
(9.2)
6
where F̂ ≡ a0 eF/(2kB T ), with a0 the effective hopping distance (of the order of
the intersite distance, see Ref. 18) in the material considered. The shape of this
enhancement function is in fair agreement with the Monte Carlo results obtained
in Refs. 4 and 5.
Second, it is not a priori clear whether charge carriers that reside in trap states
take part in the recombination process. Burrows et al. argued for the case of Alq3 based OLEDs that recombination occurs predominantly between free holes and
trapped electrons. 23 Furthermore, Blom et al. suggested that for the case of PPVbased OLEDs the discrepancy found between the Langevin prefactor, e/ε(µh +µe ),
and the value determined from a combined experimental and modelling approach
could be a result of the neglect of recombination with trapped charge carriers. 24
In our model, no distinction is made between the physical nature of the states on
which “free” and “trapped” charge carriers reside. Consistent with this approach
we assume Langevin-type recombination of free carriers mutually and of free holes
with trapped electrons. The recombination rate in the absence of an electric field
as incorporated in the 1D-ME model is therefore given by
e
R = (nh ne,tot µh + nh ne,free µe ) .
(9.3)
ε
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Here, ne,tot = ne,free + ne,trap , with ne,free (ne,trap ) the local density of free
(trapped) electrons.
In summary, the 1D-ME model presented includes the effects of disorder and
electron traps on the charge transport, drift and diffusion of charge carriers, and
recombination of holes with free and trapped electrons to form excitons using a
slightly adapted description of the standard Langevin recombination rate.

9.3

Experimental results

The organic semiconductor used in this study is the polyfluorene(PF)-based copolymer of which the hole and electron transport were investigated in hole-only devices
and electron-only devices in Chapters 5 and 7, respectively. PF-based polymers
are a promising candidate for application in blue polymer LEDs and are a widely
studied class of polymers. 25–28 The material studied in this Chapter has been used
in the 13” full-color OLED-TV display demonstrated by Philips in 2005. 29 Also,
blue-emitting organic materials are key as a matrix material in most common
white OLEDs.
For analysing the charge transport in a full OLED, double-carrier sandwichtype devices were fabricated. For that purpose, a poly(3,4-ethylenedioxythiophene):poly(styrene sulphonic acid) (PEDOT:PSS) layer was spin coated on precleaned glass substrates covered with a 100 nm patterned indium tin oxide (ITO)
layer in a nitrogen glovebox. Subsequently, the polyfluorene-based light-emitting
polymer (LEP) layer was deposited by spin coating from a toluene solution, resulting in LEP layer thicknesses L of 100 nm, as determined from measurements
of the geometrical capacitance at low frequencies and low voltages. As a next
step, thin layers of LiF (3 nm), Ca (5 nm) and Al (100 nm) were evaporated in
high vacuum through a mask to form the top electrodes. The devices therefore
have the following structure:
glass | ITO | PEDOT:PSS | LEP | LiF | Ca | Al.
To prevent the devices from water and oxygen contamination, the devices were
encapsulated using a metal lid enclosing a desiccant getter. Twenty seven nominally identical 3 × 3 mm2 devices were prepared on a single substrate. The hole
transport in these devices takes place via copolymerised monomeric units, which
facilitate hole injection, and the electron transport takes place via PF-derived
lowest unoccupied molecular orbital states.
Figure 9.1 shows J(V ) curves for a hole-only diode (see Chapter 5), an electrononly diode (see Chapter 7) and a double-carrier diode with L = 98, 96 and 100 nm,
respectively (symbols), at room temperature. To prevent from substantial heating, above ∼ 102 A/m2 the J(V ) data for the double carrier devices were collected
using pulses from a current source at a frequency of ∼ 100 Hz, with a duty cycle
of 1% (filled squares). The experimental data points were corrected for a leakage
current (see Chapter 5) and for a built-in voltage (Vbi ) of 1.9, 1.0 and 3.0 V, respectively. Vbi for the double-carrier devices is estimated from the voltage Vpeak at
which a peak in the low-frequency differential capacitance occurs (2.40 ± 0.05 V),
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Figure 9.1: Measured J(V ) curves for a double-carrier (open and filled squares, see
text), a hole-only (circles) and an electron-only device (triangles) with L = 100, 98 and
96 nm, respectively, at room temperature. The experimental data points have been
corrected for a leakage current and a built-in voltage (Vbi ) of 3.0, 1.9 and 1.0 V, respectively. The solid curves are the result of drift-diffusion calculations assuming a Gaussian
density of states (DOS) for holes (see Chapter 5), and a DOS that is a superposition of
a Gaussian DOS and an exponential trap DOS for electrons (see Chapter 7). The arrow
indicates the voltage at which the electron and hole curve cross.

taking the same voltage difference between Vpeak and Vbi as found for the holeonly devices into account (0.6 V). Displaying the current densities as a function of
V − Vbi allows making a more proper comparison between the shapes of the J(V )
curves as the devices have electrodes with different work functions. The hole and
electron curves cross at a voltage V − Vbi ≈ 2.8 V. Within a simplified picture of
the transport, recombination and light outcoupling processes, the voltage Vcross
at which the current densitied in hole-only and electron-only devices are equal
might be used to estimate the voltage, Vmax , at which in a double-carrier device
the efficacy maximum is obtained. At that voltage, the hole and electron current
densities are optimally balanced so that the recombination efficiency and lightoutcoupling efficiency are expected to be quite optimal. 30 Within this Chapter
we investigate whether this picture is indeed applicable to these devices.
The solid curves in Figure 9.1 are the result of calculations using a recently
developed drift-diffusion model, 31 assuming a Gaussian density of states (DOS)
for hole transport, and assuming a DOS that is a superposition of a Gaussian
DOS and an exponential trap DOS for electrons, as presented in Chapter 5 and 7,
respectively. There, the temperature and layer-thickness dependent J(V ) curves
for holes and electrons were found to be well described assuming values for the
width of the Gaussian DOS, σ, and the density of transport sites, Nt , as indicated
in Figure 9.2(a). For electron transport, the exponential density of trap states was
found to be determined by a characteristic electron depth T0 and a density of trap
sites (Ntrap ) with values as indicated in the figure. The anode-polymer interface
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Figure 9.2: (a) Schematic representation of the energy level alignment in the devices
studied, indicating the parameters and shape of the transport and trap DOS for electrons and hole transport, and the effective Fermi levels of the PEDOT:PSS and of the
LiF|Ca|Al electrodes. (b) Temperature dependence of the electron and hole mobility in
the zero field and zero carrier concentration limit (symbols). The solid curves are linear
fits on this log(µ0 ) versus 1/T 2 scale.

was found to lead to a well-injecting (“Ohmic”) contact and the injection barrier at
the cathode-polymer interface (φ) was found to be 0.3 eV. Figure 9.2(b) shows the
temperature (T ) dependence of the hole (squares) and electron (circles) mobility
in the limit of zero carrier density and zero electric field, µ0 . The parameter
values given in Figure 9.2(a) and (b) fully describe the hole (electron) transport
in hole-only (electron-only) devices.

9.4

Analysis of the voltage dependence of the
current density and efficacy

In order to assess the feasibility to build up a quantitative OLED device model,
we predict as a first step the J(V ) curves of the 100 nm double-carrier devices
as a function of temperature. Figure 9.3 shows the predicted J(V ) curves (full
curves) for the 100 nm devices, calculated at T = 293, 253 and 213 K, together
with experimental results (symbols). There are no free parameters used in the
calculation. The excellent correspondence for the wide range of temperatures
indicates that the proposed device model, including the effects of disorder and
traps on the charge transport and recombination, has predictive value.
From the model we obtain for each voltage the position(x)-dependent recombination rates R(x) (“recombination profiles”). The voltage-dependent recombination profiles, normalised with respect to the integral over the device thickness,
are shown in Figure 9.4 for T = 293 K. When increasing the voltage from 3 to
7 V, the peak in the recombination profiles shifts from a position more close to
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Figure 9.3: Measured (symbols) and calculated (full curves) J(V ) curves for a double
carrier device with L = 100 nm at T = 293, 253 and 213 K.
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Figure 9.4: Calculated position dependent recombination rate for V = 3, 4, 5, 6 and
7 V at 293 K.
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the cathode to a position close to the anode. This can be tentatively understood
from the fact that at voltages only slightly larger than Vbi the device can be
viewed as “hole-dominated”, motivated from the much higher current in a holeonly device than in an electron-only device, as illustrated in Figure 9.1, and that
at high voltages the device can be viewed as “electron-dominated”. Furthermore,
the recombination profile is most symmetric in shape at ∼ 3 V, with a width of
∼ 30 nm. The profile broadens with increasing voltage and becomes asymmetric
for large voltages, with a long tail towards the cathode.
The recombination efficiency, ηrec , defined as
RL
eR(x)dx
(9.4)
ηrec ≡ 0
,
J
is found to be equal to 1 for all voltages and temperatures for which the J(V )
results are shown. This is due to the substantial space charge present near the
two electrode interfaces. As a consequence, a carrier of opposite type cannot penetrate through those space-charge layers without recombining. Using an optical
outcoupling model, Lightex,∗ which treats the excitons effectively as radiating
dipole antennas, we calculate the efficacy — which is a eye-sensitivity-weighed
measure for the external quantum efficiency — of the devices from these recombination profiles. As input, the photoluminescence spectrum is used as intrinsic
exciton (dipole) emission spectrum. The radiative decay probability of singlets
in an infinitely large medium is assumed to be equal to the experimentally determined value for the photoluminescence quantum yield of the PF-based copolymer
(∼ 60%) is used. In Lightex the effect of the optical cavity on the radiative decay
probability is taken into account, leading to a position dependent enhancement
of the decay probability. Furthermore, we assume that the dipole orientation of
the excitons is fully in-plane (see Chapter 10), as a result of the fact that due to
the spin coating process the polymer chains tend to lie predominantly in-plane.
The S : T ratio, to which the calculated efficacy is proportional, is not known a
priori for the used polymer. We estimate this ratio from our analysis.
In Figure 9.5 the measured (circles) and calculated (squares) efficacy is shown
as a function of the voltage for T = 293 K. The steep rise of the efficacy curve
at V = 2.5 V can be rationalized by the notion that excitons that are close to
the cathode have a high probability of transferring their energy non-radiatively
to the electrode. This strongly reduces the light output at low voltages, when the
recombination occurs relatively close to the cathode. With increasing voltage,
the recombination profile shifts to a more central position in the device where the
quenching due to the electrodes is strongly reduced so that the efficacy increases.
From our Lightex calculations we find that in these devices the position at which
the outcoupling efficiency is optimal is located at a distance of 65 − 75 nm from
the cathode. Around 6 V, the maximum efficacy is obtained, very close to the
value expected from the voltage at which the hole-only and electron-only J(V )
curves in Figure 9.1 cross (at V = 5.8 V). A further increase in the voltage leads
∗ Lightex is a computer simulation tool, developed at Philips Research Aachen, for calculating the dipole-orientation dependent external emission spectrum as a function of the emitting
dipole position in the cavity and as a function of the external emission angle and polarisation.
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Figure 9.5: Measured (circles) and calculated (squares) efficacy as a function of applied
voltage at 293 K.

to a reduction of the efficacy, which can be understood from a further shift of the
recombination profile towards the quenching anode. The fact that the efficacy
decreases then only slowly with increasing voltage can be understood from the fact
that above 5 V the peak and shape of the recombination profiles do not change
rapidly with voltage. We note that in the analysis of the efficacy presented, a
broadening or shift of the recombination profiles due to exciton diffusion has been
neglected.
The calculated results presented in Figure 9.5 are obtained assuming a fraction of singlet excitons formed of 22%, which is very close to the value of 1/4,
expected from quantum statistics (S : T ratio of 1 : 3). We estimate the absolute
uncertainty in the determined singlet fraction to 2%, due to the small deviations
between the measured and calculated efficacy curve and due to the inaccuracy
in the measurement of the luminance. When we would assume that the excitons
have a fully random dipole orientation, then we would get quantitatively the same
efficacy results using a singlet fraction of 32%, with an absolute uncertainty of
3%.

9.5

Summary and conclusions

For the first time, it is shown that the J(V ) characteristics at different temperatures calculated using an OLED device model that includes separately determined
charge transport parameters for electrons and holes in the framework of the extended Gaussian disorder model, and recombination of holes with free and trapped
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electrons, are in excellent agreement with experiment, without any free parameter. The model includes (i) the effects of disorder and electron traps on injection
and transport, (ii) drift and diffusion of charge carriers, (iii) recombination of
holes with free and trapped electrons using a description of the recombination
rate at a level of precision beyond that given by the standard Langevin equation,
and (iv) the effects of the optical cavity on the outcoupling efficiency of emitted
photons.
The voltage-dependent efficacy, calculated from the voltage-dependent recombination profiles together with the position-dependent outcoupling efficiency, corresponds quantitatively to experiment when a fraction of singlet excitons is assumed of 22%, close to the value of 1/4 expected from quantum statistics. We
believe that this finding contributes to solving the long-standing debate in the
literature concerning the S : T ratio.
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10
Voltage and layer thickness
dependence of the emission
profile in blue organic
light-emitting diodes

In the previous Chapter, the voltage-dependence of the recombination profile in
blue polymer-based OLEDs was calculated from an opto-electronic device model,
taking the effects of disorder and traps on the charge transport and recombination
into account. The voltage dependence of the efficiency of these OLEDs, calculated
from the position-dependent recombination rate, was found to agree well with experiment. However, it would also be of interest to be able to verify the predictions
from the model presented in Chapter 9 more directly, using an independent method
for determining the recombination profiles from experiment.
In this Chapter, such a method is presented. The depth profile of emission dipoles in OLEDs is determined from measurements of the complete angle and polarisation-dependence of the emission spectrum, obtained using a lightoutcoupling enhancing glass hemisphere. The measured spectra are analysed using
the emission spectra as a function of the position of the emitter in the lightemitting OLED layer, calculated using an optical outcoupling model. Application
of the method to OLEDs based on the blue polymer used in Chapters 5, 7 and 9
reveals a shift of the emission profile towards the anode with increasing voltage,
which can be resolved with an accuracy of ∼ 5 nm.∗

∗ The

author of this thesis and M. Carvelli contributed equally to this work. 1
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Chapter 10. Determination of emission profiles in OLEDs

Introduction

In the past five years, energy-efficient solid-state lighting based on organic lightemitting diodes (OLEDs) has emerged as a viable option. 2–5 White OLEDs with
high luminous efficacies, up to more than 100 lm/W to date, 6 are based on multilayer structures of evaporation-deposited small-molecule organic semiconductors,
within which each layer fulfills a specific role. OLED technology holds also great
promise for cheap flexible light sources, produced on thin foils. Such devices are
usually based on polymer semiconductors, deposited as a single active layer by
spin-coating or ink-jet printing. 7,8 Within both technologies, a key factor that
needs to be controlled is the shape of the emission profile, i.e. the spatial distribution of the emitting dipoles across the active layer thickness. Due to exciton
quenching near the electrodes and internal reflection followed by absorption, the
light outcoupling efficiency is strongly dependent on the position of the emitter
in the layer stack. 9 In multilayer systems the emission is confined to a wellcontrolled central region of the device, by making use of charge carrier blocking
layers. However, in single-layer OLEDs such a means of control is not available.
The efficiency optimisation then involves creating balanced electron and hole mobilities and obtaining a fine control of the injection process, e.g. by making use
of mobility-determining co-polymerised transport units which at the same time
determine the energy level alignment at the electrodes, as discussed for example
in Chapters 5, 7 and 9.
In the previous Chapter we found strong indications that the peak position
and shape of the emission profile in single-layer OLEDs based on a blue-emitting
polyfluorene (PF) copolymer depend strongly on the applied voltage. There are
also indications that the peak position and shape of the emission profile in OLEDs
depend on the active layer thickness. 10 As the efficiency of OLEDs is strongly
dependent on the shape of the recombination profile, the voltage and layer thickness dependences severely complicate the optimisation of OLEDs. The use of an
independent method for determining the recombination profile in OLEDs from
experiment would help to verify whether a change in the OLED design or in
the materials used has led to the intended improvement of the shape and peak
position of the recombination profile.
Several efforts have been reported in the literature concerning the determination of the profile of emitting dipoles in OLEDs. In the experimentally oriented
approaches reported, typically perpendicular OLED emission spectra are measured (although in some cases the spectra are measured as a function of the
emission angle), and the spectra are compared with the results of calculations of
an optical outcoupling model, taking the photoluminescence (PL) spectrum as
the intrinsic dipole emission spectrum. Furthermore, the dipole emission profiles
are in all cases assumed to have a predefined shape. The simplest approach would
be to assume that the dipole emission profile has a δ-function shape. Using such
an approach, Leger et al. found indications that for the PF-based devices they
investigated the recombination takes place predominantly close to the anode. 10
Wan et al. have shown for the case of PPV-based OLEDs that it is possible to
make a distinction between dipole emission close to the cathode, in the centre
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of the device or at the anode, by assuming either an exponential-shaped dipole
emission profile for emission peaked at the anode or peaked at the cathode, or a
Gaussian-shape profile for emission peaked at the centre of the device. 11 Using
a profile with a sharp peak near the centre of the device with tails that drop
off exponentially towards the anode and towards the cathode, Granlund et al.
argued that for the polythiophene-based OLEDs studied the best description of
the experimental data was obtained using an asymmetric profile. 12 One might
expect a strong V and L dependence of the emission profile, as a result of the
strongly different dependence of the electron current density and of the hole current density on V (see for example Chapter 9) and L (see for example Ref. 13) in
single-carrier devices. However, only in few reports the dependence of the emission profile on the applied voltage (V ) or on the thickness (L) of the emitting
layer was investigated. 10,14
There are several issues concerning the methods used for determining the
emission profile from experiment. First, the detailed shape of the recombination
profile is not expected to be resolved using the reported approaches, as a predefined shape was often assumed that is either unphysical (δ-shaped profile) 10 or
that is given only very limited freedom in shape (exponential or Gaussian shaped
profile) 11,12,14 . Second, the resolution with which the position of the peak (xpeak )
of the emission profile is determined has been rather limited. Either xpeak was
assumed to be fixed at the interface between the emitting layer and one of the
electrodes 14 , or it was varied in relatively large (≥ 20 nm) steps 10,11 . Only in
Ref. 12 a least-mean-square optimisation was employed to determine xpeak with
improved accuracy. We note that a dipole emission profile that peaks exactly at
either of the two electrode interfaces is not physically likely, in view of the fact
that at the electrodes the quasi Fermi-levels for electrons and holes, which can
differ in the bulk, are equal. Therefore the rate of electron-hole recombination is
there locally equal to the rate of generation of charge carriers, so that there is no
net light generation.
Third, optical absorption in the emitting layer (“self-absorption”) has always
been neglected up to now. However, in many cases the electroluminescence (EL)
and PL spectra of the emitting layers are known to show considerable overlap with
the absorption spectrum and hence it is not self-evident that self-absorption may
be neglected. Fourth, whether the PL spectrum, often measured on a thin film
of the material on a glass substrate and therefore also affected by self-absorption,
is equal to the intrinsic EL dipole emission spectrum, as has often been assumed,
is questionable. Fifth, spin-coated polymer layers are often found to be optically
anisotropic. 11,12,14 The anisotropy can strongly affect the angular dependence of
the emission spectrum. Sixth, the dipoles are usually assumed to have either a
fully random orientation or to have an orientation that is random within the plane
of the OLED. An attempt to determine the dipole orientation from the emission
profile analysis has not been presented so far.
In this Chapter, we present a novel method to accurately determine the dipole
emission profile in OLEDs from an approach that combines results from optical
experiments and from calculations using the micro-cavity light-outcoupling model
Lightex, and apply the method to OLEDs based on the blue-emitting polymer
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used in Chapters 5, 7 and 9. As a first step, the emission spectra of these OLEDs
are measured at a wide range of emission angles and for both s- and p-polarisation,
for different thicknesses of the light-emitting layer and at several voltages. Subsequently, a best fit to the measured spectra is obtained from a least-mean-square
optimisation procedure using angle and polarisation-dependent emission spectra
calculated as a function of the position of the dipole emitters in the emitting layer.
The generalised emission profile used in the fitting procedure is a function which
has a peak with an adaptable shape. The profile has three degrees of freedom: the
position of the peak, the width of the peak and the asymmetry of the peak. We
include absorption and optical anisotropy of the organic layers in our calculations,
and use an approach that does not require a predefined intrinsic dipole emission
spectrum.
In addition to these extensions in several directions of the approaches reported
in the literature, we have improved the reliability of the approach by (i) increasing
the sensitivity to subtle changes in the tails of the spectra by normalising the
recorded spectra by the angle-averaged spectrum, by (ii) performing the fitting
procedure to the spectra at all angles simultaneously, and by (iii) performing an
analysis of the sensitivity of the fitting error to a variation of the thickness of the
emitting layer and of the orientation of the dipoles.
Section 10.2 describes the method used to determine the dipole emission profile
in OLEDs in more detail. In Section 10.3 the experimental results of blue OLEDs
are analysed using the method introduced and the determined dipole emission
profiles are presented for three thicknesses of the light-emitting layer and for
several applied voltages. Section 10.4 gives the conclusions of this work.

10.2

Method

Figure 10.1 shows the scientific question we wish to solve in a schematic way: how
can we resolve the profile of emitting dipoles in a ∼ 100 nm thick emitting layer,
that is embedded in a stack of several other layers in an OLED structure, with
a resolution better than 20 nm, using the information contained in the emission
spectrum? As a first step, we wish to get as much (optical) information out of
the devices as possible. Section 10.2.1 describes the experimental method used in
order to achieve that. Subsequently, we predict the dependence of the emission
spectrum on the position of the dipoles in the emitting layer and on the dipole
orientation in order to make a comparison with the measured spectra possible.
Section 10.2.2 describes the model used for that purpose. As a third step, we
developed a procedure to find the optimal parameters of a carefully chosen fitfunction that can well describe the emission profile, as discussed in Section 10.2.3.
Section 10.2.4 introduces the systems to which the method is applied.

10.2.1

Experiments

In order to obtain as much optical information from the OLEDs as possible we
make use of a glass hemisphere with a refractive index matched to that of the glass
substrates of the OLEDs. An “index-matching” fluid is applied in between the
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Figure 10.1: Schematic structure of an organic light-emitting diode with a thickness
L of the light-emitting polymer (LEP) layer, and an applied voltage V , schematically
indicating the profile of emitting dipoles in the LEP layer, which lead to light emission
under an angle θ.

hemisphere and the OLED, with the same refractive index as the glass substrate,
in order to make proper optical contact. For obtaining the wavelength (λ), angle
(θ) and polarisation-dependent intensity of the light emitted from an OLED, the
OLEDs are place in a commercial Melcher Autronic Display Metrology System
(DMS). Within the DMS, emission spectra can be obtained at any angle from 0 to
90◦ in an automated way. Using the glass hemisphere allows us to detect external
light emission up to angles of ∼ 70◦ . This makes it possible to detect internal
emission under angles that would otherwise give rise to total internal reflection.
Via a lens and diaphragm system, light from a spot with a selected size is coupled
into an optical fibre which is connected to a spectrometer. With a shutter the
exposure time of the spectrometer is kept constant for each angle and polarisation
at which spectra are recorded. Spectra are recorded for a wavelength range from
400 to 800 nm with intervals of 5 nm, and the angle is varied from 0 and 70◦ in
steps of 5◦ . Angle-dependent spectra are recorded for OLED orientations that
are sequentially rotated by 90◦ around the normal of the OLED in order to verify
the alignment of the centre of the hemisphere with the active OLED area and of
the OLED with the optical fibre. A polariser is employed to select either s- or
p-polarised light.

10.2.2

Model

The optical outcoupling model employed, Lightex, is a computer simulation tool,
developed at Philips Research Aachen, in which excitons are treated as radiating
dipole antennas. 15 Lightex is used for calculating the dipole-orientation dependent external emission spectrum as a function of the emitting dipole position
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in the cavity and as a function of the external emission angle and polarisation.
Within Lightex the effects of reflection and refraction at interfaces, of absorption
in the layers, of exciton quenching, and of a finite radiative decay probability are
included. The model takes into account that the actual radiative decay probability in the cavity is enhanced close to the electrodes, as compared to the “intrinsic”
radiative decay probability for an emitter in an infinite slab of the organic material. Therefore, it depends on the distance of the emitter to the electrodes.
Furthermore, all optical modes are considered. In these respects the model is
very similar to the models described in Refs 9, 10–12, 14 and 16. Within these
models, to all layers a complex refractive index is assigned, except for the emitting
layer, for which the imaginary (absorptive) part of the refractive index is usually
set to zero.
In order to include now the effect of absorption in the emitting layer, we use
the following approach. Suppose we are calculating the emission spectrum for a
plane of dipole emitters at a certain position between anode and cathode. The
layer stack in the model is then built-up as usual, except for the emitting layer.
The emitting layer is subdivided in three parts: (i) a part that is closest to the
anode, (ii) a part that contains the plane of dipoles, with a width of ∼ 10 nm
(∼ 5 nm towards the anode and ∼ 5 nm towards the cathode), and (iii) a part
that is closest to the cathode. To the outer two of the three sublayers the actual
complex refractive index of the material (including the imaginary part) is assigned
and to the middle sublayer only the real part of the refractive index is assigned.
This rather practical approach is, of course, not fully exact. However, we note
that it is still a point of debate in the literature how to physically treat a radiating
dipole in a medium that is itself absorbing at the wavelength of radiation of the
dipole. 17,18
A typical Lightex calculation consists of the following steps. First, the position of an infinitesimally thin dipole plane is chosen. Second, the orientation
of the dipoles in that plane is set to either “horizontal” (in-plane, with random
radial orientation) or “vertical” (orthogonal to the OLED plane). Use is made of
the fact that the emission spectra for any other (average) dipole orientation (e.g.
random) are given by a linear combination of the spectra obtained for horizontal and vertical orientations. 19 Third, the polarisation with respect to the plane
formed by the angle of emission and the normal to the OLED surface is set to
either s- (TE) or p- (TM) polarisation. For each position of the dipole plane,
the wavelength and emission-angle dependence of the emitted light intensity is
calculated for the two dipole orientations and for the two polarisations.

10.2.3

Determining the dipole emission profile

Subtle changes in the tails of the emission spectra with changing angle, voltage
or layer thickness will not get much weight in a fitting routine when the spectra
would be used as such. However, the presence of such tails makes it possible to
obtain the shape of the emission profile with an improved accuracy. For that
purpose, we normalise the spectra by the angle-averaged emission spectrum. As
an interesting additional advantage, it is then not necessary to assume an intrinsic
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dipole emission spectrum.
As a first attempt, we investigated to what extent the full shape of the dipole
emission profile could be determined unambiguously by fitting the normalised angle and wavelength-dependent emission spectra with the sum of calculated contributions of dipoles at a manifold of equidistant positions from anode to cathode. It
was found that when the number of dipole positions taken in the calculation over
which a weighted sum is taken is increased above ∼ 4, the optimisation routine
does not provide stable solutions in all cases (over-determined problem). E.g., it
tends to put large dipole contributions closest to the electrode layers or to give
rise to multiple-peaked profiles. At the electrode interfaces an exciton has such a
high probability to get quenched that its presence there does not contribute to the
emission intensity. The optimisation routine tends to reduce small discrepancies
between experiment and model by putting many excitons close to the electrode
interfaces. However, one does not expect an emission profile with very high peaks
at the electrode interfaces, as at the interfaces there is thermal equilibrium between the metallic electrode and the emitting layer and hence there is no net light
generation as explained in the Introduction.
In order to limit the outcome of the fitting procedure to functions which are
consistent with the physics of the recombination process in the single-layer devices
studied in this Chapter, we propose to make use of a fit function I(s) for the dipole
intensity as a function of the normalised distance to the anode, s ≡ x/L, which
satisfies the following requirements:
1. I(s) is a smooth function with only one maximum, located in between the
anode and the cathode, with an adjustable peak position,
2. The peak width of I(s) is adjustable,
3. The asymmetry of the peak is adjustable, and
4. I(s) and its first derivative vanish at the anode and cathode interfaces.
It is therefore our goal to be able to adjust the first three moments of the emission
profile. For the devices considered, adding degrees of freedom which would make it
also possible to more properly describe higher order moments of the distributions
(such as, e.g., the fourth moment, kurtosis) does not significantly improve the
quality of the analysis.
Many possible fit functions would satisfy the requirements mentioned above.
The most suitable choice will depend on the devices considered. In this study, we
make use of a three-parameter function I(s, p, w, a), where the parameters p, w
and a determine the peak position, peak width and peak asymmetry, respectively.
The function is constructed as follows. Our first two requirements are satisfied
by basing I(s) on a continuum version P (s, p, w) of the binomial distribution
function, given by
P (s, p, w) =

Γ(w + 1)
pws (1 − p)w−ws .
Γ(ws + 1)Γ(w − ws + 1)

(10.1)

Here, Γ is the Euler gamma function. Varying the parameter p from 0 to 1 gives
rise to a peak shift from the anode to the cathode. With increasing w (a number
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in between 0 and infinity), the peak becomes narrower. The third requirement is
realised by introducing a transformation s → s0 which leaves the peak position
unchanged, as well as the end points (0 and 1) of the interval. At both sides
of the peak, which is at speak , the difference between s and s0 has the same
sign; with increasing asymmetry parameter a, the difference between s and s0
becomes larger. We have used the simplest possible polynomial function g(s, a)
that satisfies these criteria, which is given by
s0 = g(s, a) = (1 + a)s + bs2 + cs3 + ds4 .

(10.2)

The coefficients b, c and d are fully determined by the criteria given above
(g(0, a) = 0, g(1, a) = 1, g(speak , a) = speak , ∂g/∂s = 1 at s = speak ). If a = 0,
leading to b = c = d = 0, there is no (additional) asymmetry. The fourth requirement is realised by multiplying P (g(s, a), p, w) by the function sin2 (s). The final
form of I(s, p, w, a) is thus
I(s, p, w, a) =

sin2 (πs)Γ(w + 1)
pwg(s,a) (1−p)w−wg(s,a) . (10.3)
Γ(wg(s, a) + 1)Γ(w − wg(s, a) + 1)

Figure 10.2 shows examples of the dipole intensity function I(s, p, w, a), normalised with respect to the integral over s, for variations in p while keeping n
and a constant (a), for variations in n while keeping p and a constant (b) and for
variations in a while keeping n and p constant (c). In order to obtain the values
of the parameters {n, p, a, φ} that optimally describe the normalised angle, wavelength and polarisation-dependent emission intensity a least-mean-square fitting
routine is employed. Although the actual values of the parameters n, p and a
are not (meant to be) directly physically interpretable, they fully determine the
shape and peak position of the dipole emission profile.
In addition to the three parameters introduced above, which determine the
shape of the emission profile, the fitting procedure involves also, as a fourth parameter, the dipole orientation angle φ, which defines the relative contributions
of in-plane dipoles (cos2 φ) and perpendicular dipoles (sin2 φ).

10.2.4

Investigated system

The structure of the blue OLEDs investigated was already presented schematically in Figure 10.1. The devices consist of a 100 nm indium tin oxide (ITO)
layer, a 100 nm poly(3,4-ethylenedioxythiophene):poly(styrene sulphonic acid)
(PEDOT:PSS) layer, a 100 − 160 nm PF-based light-emitting polymer (LEP)
layer, a 5 nm barium layer, and a 100 nm aluminium layer. The devices used
have an active area of 3 × 3 mm2 .
We remark that at first glance selecting the double-carrier devices comprising
a LiF | Ca | Al cathode, studied in Chapter 9, would have been a more obvious
choice, as that would allow for a direct comparison between the voltage-dependent
recombination profiles predicted from opto-electronic modelling and the emission
profiles obtained from the method presented in this Chapter. However, for the
following reason such devices were found to be less suitable. Ideally, one would
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Figure 10.2: Examples of area-normalised dipole intensity profiles generated using
Eq. (10.3), for (a) w = 10, a = 0 and p = 0.5, 0.7, 0.9 and 0.99, for (b) p = 0.5, a = 0
and w = 5, 10, 15 and 20, and for (c) w = 10, p = 0.7 and a = 0, 0.6, 1.2 and 1.8.
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like to determine the emission profile at a voltage smaller than the voltage Vmax at
which the maximum efficacy is reached, at V = Vmax , and at a voltage larger than
Vmax , as for devices with an internal recombination efficiency of 100% a change in
the efficacy is expected to be the result of a change in the outcoupling efficiency
and therefore in the shape of the emission profile. However, as Vmax is relatively
small for the devices studied in Chapter 9 (Vmax − Vbi ≈ 2.8 V for L = 100 nm at
room temperature), the light intensity at and below Vmax appeared too low for
reliable and stable measurements of the angle and polarisation-dependent emission
spectrum. In contrast, the devices for which the results are presented here, with
a Ba | Al cathode, show a maximum in the efficacy at a much higher voltage
(Vmax − Vbi ≈ 8.5 V for L = 100 nm at room temperature). At that voltage
the luminance is much higher than the luminance of the LiF | Ca | Al devices at
Vmax .†
The wavelength-dependent complex refractive indices of the ITO layer, the
LEP layer and the PEDOT:PSS layer were determined from ellipsometry measurements using a Woollam Variable Angle Spectroscopic Ellipsometer (VASE).
The LEP layer and the PEDOT:PSS layer were found to be optically anisotropic.
The measured real (n) and imaginary (k) part of the refractive index for the LEP
layer are shown in Figure 10.3(a) and (b), respectively, both for the in-plane and
the out-of-plane direction. Figure 10.4 shows similar results for PEDOT:PSS. The
optical anisotropy of these layers is taken into account in our modelling, using the
same approach as presented in Ref. 20 for the real part of the refractive index,
but now applied to the (full) complex refractive index. An effective refractive
index neff is then introduced that is a function of the angle in the anisotropic
layer. The relation between the incident and refracted light at internal interfaces
between anisotropic and (an)isotropic layers is assumed to be given by Snell’s law.
We note that at interfaces with anisotropic media Snell’s law does not hold. 21,22
Preliminary verifications indicate that the effect of a more elaborate approach to
take the deviations from Snell’s law into account is small for the systems studied.

10.3

Results and discussion

Figure 10.5 shows measured emission spectra for a 100 nm and a 160 nm device
at two voltages and at two angles. No polariser was used for these measurements.
The Figure illustrates that the emission spectrum of the blue OLEDs depends
quite strongly on the voltage, the layer thickness and the emission angle. For the
100 nm device, for example, the shoulder in the emission spectrum at ∼ 500 nm
increases with increasing voltage at θ = 0◦ , but almost vanishes for θ = 70◦ . The
opposite trend is observed for the 160 nm device, for which the shoulder decreases
with increasing voltage, but becomes even the most dominant contribution to the
emission spectrum at θ = 70◦ . The wavelength and angle-dependent emission
† The devices with a Ba | Al cathode have a larger injection barrier for electrons at the
cathode-polymer interface. This is discussed in Chapter 11. As only at higher voltages the
effective barrier height is reduced enough to have a sufficient supply of electrons, the voltage at
which the electron and hole current density are most optimally “balanced” is higher than for
the LiF | Ca | Al devices.
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Figure 10.3: Wavelength dependence of the real (n) and imaginary (k) part of the
refractive index of a thin (∼ 100 nm) film of the PF-based copolymer used in this study.
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Figure 10.5: Electroluminescence intensity (normalised) versus wavelength for a
100 nm device at θ = 0◦ (a) and at θ = 70◦ (b), and for a 160 nm device at θ = 0◦ (c)
and at θ = 70◦ (d). For each thickness of the LEP layer, the spectra are measured at
two voltages.
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intensities for the 160 nm device at 10 V are represented in a contour graph for
s- and p-polarised light in Figure 10.6(a) and (b), respectively. Following the
procedure proposed in Section 10.2, the spectra are normalised by the angleaveraged spectrum. The normalised spectra are presented in Figure 10.6(c) and
(d). Figure 10.6(e) and (f) show the optimal description of the data for a dipole
emission profile and dipole orientation as discussed below.
As a first step we visually compare the normalised spectra in Figure 10.6(c) and
(d) with calculated spectra for individual dipole positions. Angle and polarisationdependent emission spectra were calculated using Lightex for dipoles at ten
equidistant positions xi in the LEP layer. For i = 1 we are closest to the anode
and for i = 10 we are closest to the cathode. Figure 10.7 shows examples of
these spectra for s- and p-polarised light for i = 1, i = 2 and i = 10. Already
from inspection of these calculated spectra it is concluded that the emission for
the 160 nm device at 10 V takes place predominantly close to the anode, as for
example the high intensity structure at large angles and increasing wavelengths
for s-polarised light fades away for dipole positions more close to the centre of the
device and towards the cathode.
Following the approach presented in Section 10.2.3, using Eq. (10.3) and a
least-mean-square optimisation routine, the dipole emission spectrum that most
optimally describes the measured spectra — within the restrictions imposed by
the functional form of the fit function — is obtained by varying the parameters
n, p, a and φ. A radiative decay probability of 0.6 is assumed, equal to the photoluminescence quantum yield as measured from a thin film of the PF copolymer
in an integrating sphere. The correspondence between model and experiment is
excellent, as exemplified in Figure 10.6(c)-(d) for L = 160 nm and V = 10 V.
Figure 10.8(a), (b) and (c) show the dipole emission profiles determined for devices with L = 100, 130 and 160 nm, respectively, at three values of the applied
voltage for each device. The dipole angle φ is found to be not significantly different from ∼ 0◦ and certainly less than 20◦ , as discussed below. From the results
in Figure 10.8 it becomes clear that (i) the emission profile in all three devices
peaks at a distance smaller than one quarter of the device thickness from the
anode, that (ii) the peak shifts further towards the anode with increasing voltage,
and that (iii) the peak becomes more narrow with increasing voltage. From the
consistency in the trend of the peak position and width with voltage, we estimate
that the resolution of the method is ∼ 5 nm. Although the devices studied here
are different from the devices studied in Chapter 9 with respect to the cathode
material, the trend in the emission profile in Figure 10.8 is very similar to the
predicted recombination profiles for 5, 6 and 7 V for the LiF | Ca | Al devices
presented in Figure 9.4.
In order to determine the accuracy of the dipole emission profiles found, the
sensitivity of the fitting error to variations in the average dipole angle and layer
thickness is investigated. Figure 10.9(a) and (b) show the minimum error as a
function of the (fixed) dipole angle and as a function of the thickness of the LEP
layer assumed in the calculations. From Figure 10.9(a) the dipole angle in the PF
layers is estimated to be 0 to 20◦ . This can be viewed as an indication that the
dipole orientation is determined by the orientation of the polymer chains, which
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Figure 10.6: Wavelength and angle-dependent intensity of s- and p-polarised emission
as measured [(a) and (b)], after normalisation with the angle-averaged spectrum [(c)
and (d)] and as calculated from the model [(e) and (f), best fit (see text)].

Figure 10.7: Calculated emission spectra for a 160 nm device with dipole emitters at
a position close to the anode (i = 1), 16 nm further towards the centre of the device
(i = 2), and at a position close to the cathode (i = 10). The results are shown for both
s- and p-polarised emission.
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Figure 10.9: The minimum fitting error as a function of the dipole angle assumed (a)
and as a function of the LEP layer assumed in the calculations (b).
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are expected to be predominantly in-plane due to the spin coating process. The
minimum fitting error is obtained for an assumed thickness of the emitting layer of
165 nm, which coincides within the accuracy margins with the nominal thickness
(∼ 160 nm) of the LEP layers that was determined using a stylus profilometer.

10.4

Conclusions

A novel method was presented for determining the voltage and layer-thickness
dependent emission profile in realistic OLEDs. The method relies on an analysis
of the angle, wavelength and polarisation-dependent emission intensity using the
results of calculations of the emission spectrum of radiating dipole antennas as
a function of the position in the light-emitting layer, obtained from an optical
outcoupling model. The method was applied to blue OLEDs with three different
thicknesses of the polyfluorene-based emitting layer. It was found that in these
devices the dipole emission profile peaks close to the anode, with a peak that
shifts further towards the anode with increasing voltage and a width of the peak
that decreases with increasing voltage.
The outcoupling modelling includes the effects of self-absorption in the emitting layer and of optical anisotropy in the spin coated layers. The method was
found to give excellent agreement between the measured and calculated emission
spectra, with an estimated resolution of the peak position of ∼ 5 nm. From a
sensitivity analysis it is found that the dipole orientation is either fully in-plane
or has only a very small average tilt of less than 20◦ , which can tentatively be
understood from a predominant in-plane orientation of the polymer chains due to
the spin coating process.
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11
A predictive device model
for
organic light-emitting
diodes: overall picture and
outlook

In this Chapter, an overall picture is given on the charge transport and recombination in disordered organic semiconductors, based on the results presented in
this thesis.
• The discussion of the analysis method of capacitance-voltage and electroabsorption measurements for determining the built-in voltage, presented in
Chapters 2 and 3, respectively, is extended to two other commonly used
methods. It is shown that in all four cases diffusion complicates the analysis
considerably. Therefore, in all cases full modelling is an essential element
in the analysis.
• An overview is given on the description of charge transport in polymers and
small molecules for all materials studied in this thesis, both for hole and
electron transport, and a more general picture which emerges from these
results is discussed.
• For the blue OLEDs studied in this thesis, a consistent energy diagram is
presented, indicating all relevant energy differences, such as the injection
barriers at the interfaces, the widths of the densities of states and the gap
energy. A critical analysis is given of the modelling results obtained for these
blue OLEDs, including the results obtained for the singlet-triplet ratio.
Finally, an outlook is presented on the development of a predictive model for highly
energy-efficient multilayer small molecule OLEDs.
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A predictive device model for single-layer
OLEDs

The general objective of this thesis, presented in Chapter 1, is to answer the question whether it is possible to develop an OLED device model that yields reliable
quantitative predictions for the performance of OLEDs. The work in this thesis
has focussed on a selected type of “single-layer” organic diodes, which have a
device structure that allows one to investigate the charge transport and recombination properties of one single organic layer. From this work we conclude that
the question posed can be answered affirmatively for the case of these single-layer
OLEDs. We have shown that such a predictive OLED device model should include besides drift of charge carriers also charge-carrier diffusion (Chapters 2 − 4),
and it should take the effects of disorder and traps on the charge-carrier mobility
into account (Chapters 4−8). For double-carrier devices it was found that the experimental current-voltage curves of single-layer OLEDs could be quantitatively
predicted by combining the separately determined mobility model parameters for
electrons and holes (Chapter 9). Making use of an optical outcoupling model and
a singlet fraction of ∼ 22% the voltage-dependence of the efficacy of blue OLEDs
could be quantitatively understood. Using that same outcoupling model to analyse angle and polarisation-dependent emission spectra allowed us to determine in
Chapter 10 the emission profile in OLEDs from experiment.
In this Section we present an overall picture that emerges from the results presented in the thesis. The following subjects are addressed: (i) the effect of diffusion
on methods to determine the built-in voltage, (ii) hole and electron transport in
disordered polymer and small-molecule materials, and (iii) full modelling of blue
OLEDs on the basis of separately determined charge transport parameters for
holes and electrons.

11.1.1

Methods for determining the built-in voltage from
experiment — the effect of diffusion

The most straightforward method proposed in the literature for determining the
built-in voltage (Vbi ) from experiment is based on the determination of the “onset”
voltage Von of the steady-state current density (J) versus voltage (V ) curve. 1,2
In the absence of charge-carrier diffusion, Von would be a well-defined quantity,
as in that case there would be no charge carriers in the device for V 6 Vbi
and the current density would be zero. Only when V > Vbi there would be a
(space-charge limited) current density with a characteristic V 2 voltage dependence (Mott-Gurney law, Ref. 3). Figure 11.1(a) schematically shows the energy
diagram for a single-layer double-carrier OLED when diffusion is neglected, for
V = Vbi . Indicated are the highest occupied and lowest unoccupied molecular
orbital (HOMO and LUMO) levels and the energy-level alignment at the anode
and cathode interfaces. As the electric field (F ) would then be zero throughout
the device, as indicated in Figure 11.1(b), the HOMO and LUMO levels would be
position(x)-independent at this voltage. Therefore this situation is often referred
to as the “flat-band condition”.
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Figure 11.1: Schematic representation of the position dependence of the highest occupied and lowest unoccupied molecular orbital (HOMO and LUMO) levels, of the electric
field (F ), of the hole density (p) and of the electron density (n) for V = Vbi when
charge-carrier diffusion is neglected (a,b) and when diffusion is taken into account (c,d).
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However, as for example pointed out in Refs. 1 and 2, there is for well-injecting
contacts already for V < Vbi a substantial space charge present near the interfaces
due to diffusion. As a result (via the Poisson equation), the electric field and the
electrostatic potential are therefore strongly position-dependent. Figure 11.1(c)
shows the position dependence of the HOMO and LUMO levels at V = Vbi when
drift and diffusion are taken into account. The position dependence of the hole
density (p), the electron density (n) and the electric field for that case are indicated
in Figure 11.1(d). At V = Vbi the electric field in the centre of the device is
substantially different from zero and therefore the HOMO and LUMO energies
are not “flat”. A situation more close to a flat band condition (in a large part
of the device) occurs at a voltage slightly lower (typically ∼ 0.3 V in the case of
well-injecting contacts) than Vbi , as then the electric field in the central part of
the device is more close to zero.
In Figure 11.2 a schematic overview is given of typical results of four commonly
used methods for determining the built-in voltage
√from experiment. Figure 11.2(a)
shows the square-root of the current density ( J) as a function of the applied
voltage for an organic diode with Vbi = 2 V. As a result of the space charge
already present in an OLED for V < Vbi , the onset in the current density does
not occur at Vbi (dotted curve, no diffusion), but at a voltage Von that is smaller
than Vbi (full curve, including diffusion). We note that this definition of Von is
different from the one given for example in Refs 1 and 2, where Von is defined
as the current-density onset on a log J versus V scale. In that case Von is not a
well-defined quantity, as log J is a smoothly increasing function of V and there is
thus no strict onset on such a scale (see Chapter 4).
The three other commonly used methods for determining Vbi , for which typical results are shown in Figure 11.2, are based on the determination of (i) the
voltage Vpeak at which a peak occurs in the low-frequency differential capacitance
(C), 4,5 of (ii) the voltage V0 at which the electroabsorption (EA) signal in an
EA experiment vanishes, 6 and of (iii) the “compensation” voltage Vcomp at which
the net photocurrent Jph , i.e. the difference between the current density under
illumination of an OLED and in the dark, is zero. 7 Figure 11.2(b-d) shows the
differential capacitance C normalised by the geometrical capacitance Cgeom (b),
the absolute value of the EA signal (c), and the absolute value of the net photocurrent |Jph | (d). The full and dotted curves give the results including and
without charge carrier diffusion, respectively. The full curves in Figures 11.2(a),
(b) and (c) have been calculated using the models presented in Chapters 4, 2 and
3, respectively, and the full curve in Figure 11.2(d) has been calculated from the
model presented in Ref. 7.
As is clear from Figure 11.2, Von , Vpeak , V0 and Vcomp are all smaller than Vbi
by ∼ 0.3 − 0.5 V. Furthermore, they are not equal. Therefore, accurately determining Vbi from current-voltage, capacitance, electro-absorption or photocurrent
measurements involves drift-diffusion modelling of the device response. Making
use of the measured temperature and/or layer-thickness variation helps considerably to obtain an accurate value of Vbi , as demonstrated in Chapters 2 and 5 for
the case of C(V ) curves and J(V ) curves, respectively.
In the four above-mentioned methods for determining Vbi , illustrated in Fig-
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Figure 11.2: Schematic representation of voltage(V )-dependent results of four commonly used methods to determine the built-in voltage: (a) the square root of the current
density (J), (b) the normalised low-frequency differential capacitance (C/Cgeom ), (c) the
absolute value of the electroabsorption (EA) signal, and (d) the absolute net photocurrent density (Jphoto ). Dotted curves give the result when charge-carrier diffusion would
be absent and the full curves when both drift and diffusion are present. A constant
mobility and diffusion coefficient are assumed (no disorder).
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ure 11.2, the effects of disorder on the charge transport and recombination were
neglected. The effects of disorder on the steady-state J(V ) curve of single-carrier
devices were discussed in Chapter 4. It is found that Von shifts towards lower
voltages with increasing degree of disorder. In order to investigate the effects of
disorder on the C(V ) curves, we have recently developed a transient device model
that takes these effects into account. For the experimental C(V ) results presented
in Chapter 2 this has led to an excellent qualitative description when the parameters determined in Chapter 5 for the hole transport were assumed. 8 Furthermore,
it was found that the often observed increase of the low-frequency capacitance
at higher voltages (for V > Vbi ) could be well explained by taking charge-carrier
relaxation into account. The term “relaxation” denotes here the gradual decrease
of the average energy of an ensemble of charge carriers, after injection at a high
energy state, towards the (quasi-)equilibrium state at a lower energy. The effects
of disorder on the analyses of results of EA and photocurrent measurements have
not been investigated so far and are subjects of future investigations.

11.1.2

Hole and electron transport in disordered polymeric
and small molecule semiconductors

Typical experimental methods for determining the mobility functions for holes and
electrons in organic semiconductors include time-of-flight (TOF) measurements,
steady-state J(V ) measurements and dark-injection transient measurements. For
disordered polymer and small molecule materials often either a 1/T or a 1/T 2
temperature dependence of the logarithm of the charge-carrier mobility in the
zero electric field limit is found from these methods. Three models, commonly
used to explain the measured temperature dependence of the mobility, are the “polaron model”, the “Gaussian disorder model” (GDM) and the “correlated disorder
model” (CDM). Figure 11.3 schematically shows the hopping processes according
to these models and the temperature dependence of the logarithm of the mobility
in the limit of zero carrier density and zero electric field, µ0 . A 1/T dependence
of the mobility has often been viewed as an indication that the charge transport
is governed by polaron formation. Within such a picture, the mobility is determined by the activation energy for polaron hopping (EA,pol ) between essentially
equivalent sites, which may be associated with single molecules or (in a polymer)
with conjugated segments (see Figure 11.3(a)). 9–11 In contrast, within the GDM
and CDM the activation energy for hopping of charge carriers is determined by
the width (σ) of the (Gaussian) distribution of the energetically disordered transport states, rather than by the polaron activation energy (see Figure 11.3(b) and
(c)). The mobility µ0 is then predicted to show an exp{−C[σ/(kB T )]2 } temperature dependence, with kB the Boltzmann constant. For a completely random
(uncorrelated) distribution of site energies, as within the GDM, the dimensionless
parameter C is in the range 0.38 − 0.46, depending on the wave-function decay
length. 12,13 For site energies that are correlated as a result of charge-dipole interactions, as within the CDM, C values in the range 0.29 − 0.36 are predicted. 14–16
In Chapters 5 and 6 it was shown that a fully consistent description of the hole
transport in a blue-emitting polyfluorene (PF) copolymer and in the commonly
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Figure 11.3: Schematic representation of the hopping process and the temperature
dependence of the mobility in the limit of zero carrier density and electric field for the
case of hopping determined by the polaron activation energy (a), for the case of hopping
in a Gaussian density of states (DOS) with random site energies (b), and for the case
of hopping in a Gaussian DOS with correlated site energies (c). Within the ECDM the
1/T 2 dependence of the mobility is weaker than within the EGDM.

used small molecule material α-NPD is obtained when hopping in a Gaussian
density of states (DOS) is assumed. For that purpose, use was made of an extended version of the GDM (extended Gaussian disorder model, EGDM) and of
the CDM (extended correlated disorder model, ECDM), respectively. Within the
EGDM and ECDM the mobility is not only a function of the temperature and
of the electric field, as conventionally assumed, but also of the carrier density.
The use of a conventional model with a Poole-Frenkel type field dependence and
no carrier-density dependence of the mobility leads to inconsistencies concerning
the thickness dependence of the J(V ) curves. Furthermore, it was shown that
the observation of a 1/T dependence of the effective mobility, often determined
using a more pragmatic (oversimplified) approach, can be well explained using the
EGDM and using the ECDM. It was argued that for α-NPD the site energies are
correlated, based on a critical comparison of the volume density of charge transport sites determined from an analysis using the EGDM and using the ECDM
with the independently determined volume density of α-NPD molecules. In contrast, a recent study using the ECDM, of which the results were compared with
the results presented in Chapter 5, has provided strong indications that in the
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Figure 11.4: Matrix representation of the charge transport models that were found
to most optimally describe the hole and electron transport in the polymer and small
molecule materials studied in this thesis. Indicated are the extended Gaussian disorder
model (EGDM), the extended correlated disorder model (ECDM) and whether or not it
was found necessary to take the presence of traps with an exponential density of states
in the materials into account.

blue PF copolymer site-energy correlations are absent. 17
A similar difference as observed for hole transport with respect to site-energy
correlations in polymer versus small molecule materials was observed when investigating electron transport in the PF copolymer in Chapter 7 and in the small
molecule material BAlq in Chapter 9. For both materials it was found that an excellent description of the layer-thickness and temperature dependence of the J(V )
curves was obtained when assuming a DOS that is a superposition of a Gaussian
DOS and an exponential trap DOS. For the case of electron transport in the PF
copolymer a physically well-interpretable site density was found using the EGDM,
as for the hole transport. For the case of electron transport in BAlq this was only
the case when using the ECDM. Figure 11.4 shows a schematic overview of the
transport models that most optimally describe the hole and electron transport in
the polymer and small molecule materials studied in this thesis.
The question now arises whether the picture that emerges from the diagram
presented in Figure 11.4 is more generally applicable, viz. that (i) the distribution of transport site energies in polymer and small molecule materials is well
described by a Gaussian DOS, that (ii) the site energies in polymer materials are
not correlated while the site energies in small molecules are, and that (iii) traps
do for carefully synthesised materials in general not play a role in the hole transport while they do in electron transport. It would be very much of interest to
investigate for a wide variety of polymers and small molecule materials whether
this is indeed the case.
A first remark concerning this picture is related to the shape of the density
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of states. As already mentioned above, the observation of a 1/T dependence
of the hole mobility, often found in transient and steady-state experiments on
relatively thin devices and commonly interpreted as a result of the polaron activation energy, and the observation of a 1/T 2 dependence, often found e.g. from
TOF experiments on relatively thick devices, can both be reconciled with the assumption of a Gaussian DOS. Although this might suggest that for many so far
investigated materials the (low-energy part of the) HOMO DOS, which is relevant
to the transport, often has to a good approximation a Gaussian shape, we wish
to point out that, to our point of view, this is not expected a priori. Detailed
material-specific interactions can have a significant effect on the DOS. In spite
of the fact that the data presented in this thesis can be consistently interpreted
in terms of a Gaussian DOS, it would therefore still be of interest to develop
novel types of experiments that explore different parts of the parameter space,
leading to possible refinements of the shape of the DOS. Several more direct experiments have been argued to indicate that the shape of the DOS of organic
semiconductors is indeed very close to a Gaussian, and that indeed in some cases
an exponential tail is superimposed, 18,19 as we found for electron transport. However, developing such complementary experiments is not very easy and the results
of experiments so far employed for that purpose, e.g. using a transistor geometry
in an electrochemical-cell or scanning-probe setup, remain a subject of debate.
A second remark concerns the type of disorder. Within most three-dimensional (3D) Master Equation (ME) and Monte Carlo (MC) calculations on charge
transport in disordered organic semiconductors a cubic lattice of transport sites
was assumed. One might wonder what the effect on the mobility is of the fact
that the transport sites do in reality not reside on such a cubic lattice but show
positional disorder and that the wavefunction overlap is not the same in all directions due to different mutual orientations of the molecules. This question has
been addressed in the limit of zero carrier density, 12,20 but not for finite values of
the carrier density. Besides, one might also wonder what the origin is of the siteenergy correlations observed in the disordered small-molecule organic semiconductors studied. Do they originate from charge-dipole interactions, as proposed
e.g. in Ref. 14 and as assumed in the ECDM, 16 or is the effect related to local
orientational and/or positional ordering, as proposed in Chapter 6? And what
is, for small-molecule materials in general, the form of the correlation function?
These are important questions for future work.

11.1.3

Charge transport and recombination in blue polyfluorene-based OLEDs

Figure 11.5 shows an overview of the relevant energies in OLEDs based on the
blue-emitting polyfluorene copolymer studied in Chapters 2, 3, 5, 7, 9 and 10
of this thesis. The work in Chapters 2, 5 and 7 led to the finding in Chapter 9
that by combining the separately determined parameters for the electron and
hole transport in a model that includes electron-hole recombination a quantitative prediction of the temperature-dependent double-carrier J(V ) was obtained
for OLEDs with a poly(3,4-ethylenedioxythiophene):poly(styrenesulphonic acid)
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ae = 1.0 nm
Ntr = 1⋅1024 m-3
T0 = 1200 K

σe = 0.07 eV

eφe = 0.3 eV

Eg = 3.3 eV

PEDOT:PSS
h+
5.2 eV

LiF|Ca|Al
2.2 eV

σh = 0.13 eV
ah = 1.5 nm

Figure 11.5: Schematic energy diagram for the blue OLEDs presented in Chapter 9,
based on the polyfluorene copolymer studied throughout this thesis. Indicated are the
effective work functions of the PEDOT:PSS anode and of the LiF | Ca | Al cathode, the
injection barrier for electrons (φe ) at the cathode, the widths σh and σe of the Gaussian
HOMO and LUMO DOS, the inter-site distances ah and ae for hole and electron transport, the density of electron traps Ntrap and the characteristic trap temperature T0 , and
the energy difference Eg between the top of the HOMO DOS and the top of the LUMO
DOS.

(PEDOT:PSS) anode and a LiF | Ca | Al cathode. From the analysis of experimental C(V ) results in Chapter 2 we obtained a first estimate of the hole injection
barrier at the anode (φh ≈ 0 eV) and of the electron injection barrier at the cathode (φe = 0.2 − 0.4 eV). From the analysis of J(V ) curves in Chapters 5 and 7
we obtained the widths σh = 0.13 eV and σe = 0.07 eV of the hole and electron
DOS, respectively, and the hole and electron site densities Nt,h and Nt,e . The
inter-site distances for hole and electron transport, ah and ae , follow from the site
−1/3
densities via a ≡ Nt
. Hole transport in the PF copolymer occurs via so-called
hole-transporting (HT) units, present in a small concentration, while the electron
transport is expected to occur via PF-derived LUMO levels. It is therefore not
surprising that the found inter-site distance for hole transport, ah = 1.5 nm, is
larger than the inter-site distance for electrons, ae = 1.0 nm.
Also shown in Figure 11.5 are the parameters describing the exponential density of electron trap states, viz. the density of electron traps, Ntrap , and the
characteristic trap temperature, T0 , as well as the energy difference Eg between
the top of the Gaussian HOMO DOS and the top of the Gaussian LUMO DOS,
derived from the analysis. This energy difference, ∼ 3.3 eV, is larger than the
photon energy at which the electroluminescence emission spectrum reaches its
maximum, at ∼ 2.7 eV, which is often viewed as a measure for the optical gap
energy, Eopt . Eg is expected to be larger than Eopt for several reasons. First,
recombination is not expected to occur between electrons and holes residing at
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sites with an energy corresponding to the top of their densities of states, but between electrons and holes in states in the tails, which extend into the gap. For
the electron and hole densities typically present in the central part of the organic
layer (concentrations of ∼ 10−4 carriers per site) this can easily account for an
energy difference of several tenths of an eV. Second, Eopt is usually smaller than
Eg as a result of the singlet exciton binding energy, which lowers the energy of
an electron-hole pair due to their mutual Coulomb attraction. The exciton binding energy is typically 0.2 − 0.5 eV for polymers commonly used in OLEDs. 21 In
view of the typical energy differences expected between Eg and Eopt , the 0.6 eV
difference obtained for the blue-emitting polymer can be viewed as a realistic
value.
A point of interest concerning the hole-only devices studied in Chapter 5 is
the relatively high value of the built-in voltage found for hole-only devices with
a palladium cathode, which leads to an effective work function Weff of Pd in the
PEDOT:PSS | PF copolymer | Pd structures of ∼ 3.2 eV, whereas the vacuum
work function Wvac of Pd is ∼ 5.1 eV. Similar results have been reported in
the literature, with differences between Wvac and Weff up to ∼ 1 eV, which were
attributed to the presence of an interface dipole layer. 22,23 However, the difference
observed in Chapter 5 is even larger. Surprisingly, in Chapter 6 we found that
also for ITO | α-NPD | Pd devices Weff for Pd is lower than Wvac by ∼ 1.6 eV.
Although the issue is not yet understood it is striking that in both cases the
active organic material contains nitrogen atoms. A systematic study of the builtin voltage for a series of electrode materials with different nominal work functions
using the four methods discussed in Section 11.1.1 could help to resolve the issue.
A second issue related to injection from the cathode into the PF copolymer
used occurred for devices with a Ba | Al cathode, such as used in Chapter 10. A
full description of the J(V ) curves and the efficacy of the double-carrier devices
with a Ba | Al cathode would allow us to directly compare the experimentally
determined voltage-dependent emission profiles presented in Chapter 10 with recombination profiles predicted from the model presented in Chapter 9. As found
in Chapter 2 from C(V ) measurements and as further discussed in Chapter 10 we
find indications that for the interface between the PF copolymer and Ba | Al the
injection barrier for electrons is much larger than for a LiF | Ca | Al cathode, i.e.
À 0.3 eV. Figure 11.6 shows the current density for Al | PF copolymer | Ba | Al
electron-only devices as a function of the (average) electric field F = (V − Vbi )/L,
corrected for a small built-in voltage of ∼ 1 V. As is clear from the Figure, the
field dependence of the current density is independent of the thickness of the polymer layer. This is characteristic for a current density that is injection-limited. 24
From our efforts to describe the current density in these devices assuming the
same charge transport model as proposed in Chapter 7, viz. in which the DOS
for electrons is a superposition of a Gaussian DOS and an exponential trap DOS,
we find that φe is ∼ 0.7 eV in these devices. In that case the Fermi-level of the
metal aligns with states in the polymer that are 0.7 eV lower than the top of
the Gaussian DOS. The concentration of charge carriers occupying trap states
is then much larger then the concentration of carriers residing on states in the
Gaussian DOS. The question then arises what the effect of the trapped carriers is
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Figure 11.6: Current density as a function of electric field for Al | PF copolymer | Ba
| Al electron-only devices at room temperature, for a wide range of thicknesses of the
polymer layer.

on the injection-limited current. Recent work by Yimer et al. has indicated, that
in the presence of an electric field less charge carriers are residing in trap states
and more in states in the Gaussian DOS than would be expected on the basis of
local thermal equilibrium. 25 This “field-induced detrapping” is expected to have
a profound effect on the current density in the injection-limited current regime
and needs further attention.
Although the mobility functions obtained for the blue-emitting PF-based copolymer thus could not yet be used to quantitatively analyse OLEDs comprising a
Ba | Al cathode, we have recently found that using these functions the effect of a
change of the concentration of the HT units can be well understood qualitatively. 26
For that purpose, we investigated the effect of a change in the concentration of HT
units on the voltage dependence of the efficacy for OLEDs containing PF-based
copolymers with similar HT units as studied in this thesis. It was found that the
voltage at which the efficacy reaches its maximum can be tuned by varying the
concentration and type of HT units. Thereby, a rational design is possible of such
materials for a specific application, such as displays or general lighting, for which
the voltages of operation are different.
A final subject concerning the PF copolymer studied in this thesis is the
singlet-triplet ratio. The singlet fraction χS , defined as the ratio of the amount
of singlets (S) and the total amount of triplets (T ) and singlets, χS = S/(T + S),
is given in Table 11.1 for various small molecule and polymer semiconductors,
as reported in the literature. For undoped small molecule materials, χS is close
to 0.25, in correspondence with a singlet-triplet ratio of 1 : 3, as expected from
quantum statistics. For a doped small molecule system and for several polymer
systems, on the other hand, values much higher than 0.25 have been reported.
As the PF copolymer used in our studies comprises HT units on which holes are
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Table 11.1: Overview of the values reported in the literature for the singlet fraction
χS for several small molecule and polymer semiconductors.
Small molecules
Authors
Baldo et al. (1999)
D’Andrade et al. (2001)
Wilson et al. (2001)
Segal et al. (2003)
Okumoto et al. (2006)
Polymers
Authors
Cao et al. (1999)
Wilson et al. (2001)
Segal et al. (2003)
Rothe et al. (2006)
Van Mensfoort et al. (2009)

material
Alq3
CBP
Pt-containing monomer
Alq3
C545T-doped TBPA

χS
0.22
0.22
0.22
0.24
0.5

Ref.
27
28
29
30
31

material
OC1 C1 0-PPV
Pt-containing polymer
MEH-PPV
polyspirobifluorene
PF copolymer

χS
> 0.5
0.57
0.23
0.44
0.22

Ref.
32
29
30
33
this work

expected to be highly localised, one might argue that for that reason the material
is “small-molecule-like”, which could tentatively explain why the value found for
χS more closely resembles typically found values for small molecule materials
than for polymers. It would be very much of interest to further investigate the
S : T ratio for this system via more direct experimentally oriented methods
proposed in the literature and to extent that work towards other well-known
organic semiconductors in order to unify the somewhat scattered results reported
in the literature which are obtained from different methods.

11.2

Outlook: a predictive device model for
highly efficient multilayer OLEDs

As pointed out in Chapter 1, the most energy-efficient white organic light-emitting
diodes made worldwide in research labs are OLEDs consisting of in the order of ten
organic small molecule layers. In order to develop a predictive device model for
these state-of-the-art multilayer OLEDs, the work presented in this thesis needs
to be extended in several directions. The extensions proposed in this Section are
schematically indicated in Figure 11.7.
A first extension is related to the three-dimensional character of the charge
transport and recombination processes. As we find indications that the charge
transport in organic semiconductors can be well described by either a Gaussian
DOS (holes) or by a DOS that is a superposition of a Gaussian and an exponential
DOS (electrons), present 3D computer simulation studies should be extended
towards investigating the effect of the energetic disorder and of traps on the field
and carrier-density dependence of the recombination rate. Furthermore, as we find
indications that for commonly used small molecule materials the site energies are
correlated, site-energy correlations should be included in future 3D modelling.
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Figure 11.7: Schematic structure of a state-of-the-art multilayer small molecule OLED,
as presented in Chapter 1, indicating the issues on which further work is needed in order
to come to a predictive model for the device performance of such OLEDs.

That would, subsequently, make it possible to extend presently available onedimensional (1D) device models, including the 1D-ME model discussed briefly in
Chapter 9, to include this effect. For the EGDM, Van der Holst et al. have recently
shown that for single-carrier devices 3D-ME results are in very good agreement
with results from our 1D model presented in Chapters 4 − 6. 34 Whether this also
holds for the ECDM and for double-carrier devices is still an open question. A
related issue stems from the fact that in multilayer OLEDs individual organic
semiconductor layers have thicknesses in the order of ∼ 10 nm or even less. The
question arises whether the concept of a “mobility” is then still valid. As charge
carriers in the thin disordered layers traverse the layers in a limited areal density
of current threads (“filaments”), the effective mobility of the charge carriers is
then expected to be dependent on the layer thickness. 34
A second extension step is related to the fact that in state-of-the-art OLEDs
usually several layers consist of a mixture of two or more organic materials, deposited via co-evaporation. Examples are so-called “doped” layers that facilitate
efficient (electron or hole) injection and emitting layers comprising additional fluorescent or phosphorescent emitters (“dyes”). Modelling of charge transport and
recombination in such mixed layers requires further attention.
A final extension concerns the charge transport and recombination at internal
organic-organic interfaces. In the present 3D modelling efforts, often a hopping
rate between sites is assumed that depends on the energy difference ∆ε and the
distance a between the sites. In the 1D-ME model discussed briefly in Chapter 9
it was found that for a wide range of σ/(kB T ) values, the field and carrier-density
dependence of the charge transport in the “bulk” of an organic layer can be well

11.3. References

171

normalised
recombination rate

3

(a)

(b)
σ
2

kBT

∆ = 0 eV

=6

0.1
0.2

1

0.3
0.4

0

0

20

40

60

80

position in device [nm]

Figure 11.8: Schematic energy diagram of a trilayer OLED comprising a holetransporting layer, an emitting layer and an electron-transporting layer (a), and the
position-dependent recombination rate obtained from the 1D-ME model for σ/(kB T ) =
6, a = 1 nm and ∆ = 0, 0.1, 0.2, 0.3 and 0.4 eV, for V = 10 V and T = 298 K.

described by assuming a disorder-dependent effective hopping distance. 35 At an
interface between organic semiconductors with different a and σ values and with
an offset ∆ between the HOMO and/or LUMO levels it is not a priori clear
what the effective hopping distance should be. Also in this case, 3D calculations
could help to resolve the issue. A typical question that then can be answered
is what the energy offsets should be in order to confine recombination to the
central layer in an OLED consisting of a hole-transporting layer, an emitting
layer and an electron-transporting layer. Figure 11.8 shows a schematic energy
diagram of such a trilayer OLED (a) and the position-dependent recombination
rate obtained from the 1D-ME model, when equal a and σ values for the three
layers are assumed (a = 1 nm and σ/(kB T ) = 6) and the value of ∆ is varied
(b). 35 In these calculations, the effective hopping distance across the organicorganic interfaces is assumed to be equal to the value used in the bulk of the
layers. It is then found that for the quite realistic parameter values chosen the
recombination is confined to the central layer for ∆ > 0.4 eV.
We envisage that by investigating the above-mentioned topics and by incorporating the observed effects in an OLED device model, predictive modelling of
state-of-the-art multilayer OLEDs will be within reach.
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Appendix to Chapter 4

A.1

Mobility and diffusion coefficient enhancement functions for transport in a Gaussian
DOS

The following expressions are used for the mobility and diffusion coefficient enhancement functions: 1–3
·
¸
¢
1¡ 2
δ
g1 (T, c) = exp
(A.1)
σ̂ − σ̂ (2c)
for c ≤ 0.1,
2
g1 (T, c) = g1 (T, 0.1) for c > 0.1,
s

µ
¶2
h
³
´i
eaF
g2 (T, F ) = exp 0.44 σ̂ 3/2 − 2.2  1 + 0.8
− 1
σ

(A.2)
for F ≤ 2σ/(ea),
(A.3)
(A.4)

g2 (T, F ) = g2 [T, 2σ/(ea)] for F > 2σ/(ea),
and
g3 (T, n) =
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(A.5)

B

−1/3

In these expressions c = n/Nt is the carrier concentration, a = Nt
is the
average intersite distance, σ̂ = σ/(kB T ) is the dimensionless disorder parameter,
δ is given by
¡
¢
ln σ̂ 2 − σ̂ − ln(ln 4)
δ=2
,
(A.6)
σ̂ 2
and EF (c, T ) is the Fermi energy. In Fig. 4.1, the dependence of the g1 , g2 , and
g3 functions on the disorder parameter σ̂ has been shown.
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We have introduced a cutoff carrier concentration, ccutoff = 0.1, above which
g1 is constant, because close to that carrier concentration the compact expression for the mobility enhancement [Eq. (A.1)] starts to deviate strongly from the
numerically exact master equation result given in Ref. 3. Instead of a further
increase in g1 with increasing c, as described by Eq. (A.1), the mobility increase
slows down, or even starts to decrease close to c = 0.1, depending on the theoretical approach used. 2–4 More theoretical work will be needed to improve the
description of the mobility at high carrier densities. In practice, this issue plays
only a role for OLEDs with an extremely well injecting electrode, and even in such
cases, the thickness of the zone near the electrode in which the carrier concentration is larger than 0.1 is extremely thin (see Fig. 4.4). Therefore, and due to
the high conductivity in this zone, the uncertainty concerning the mobility above
c = 0.1 is expected to be of little influence on the accuracy of calculated J(V )
curves of realistic OLEDs. In Sec. 4.3, this is confirmed by making a comparison
with the result of a calculation carried out for a much smaller value of the cutoff
concentration, ccutoff = 0.01 (Fig. 4.7).
For similar reasons, we have introduced a cutoff field Fcutoff = 2σ/(ea) above
which g2 is constant. Around the cutoff field taken, the enhancement of the
mobility with increasing field starts to level off, and at higher fields it even starts
to decrease. 3 This happens when the field is so large that the energies of the
down-stream nearest-neighbour sites are displaced by the field over two or three
times the width of the Gaussian DOS. In such a case, the mobility is not anymore
thermally activated and a further increase in the field does not lead to an increase
of the current density. The mobility then shows a weak (linear) decrease with
increasing field. In principle, it would be possible to adapt the function g2 by
taking the more complex field dependence of the mobility, obtained in Ref. 3, into
account. However, in practice, the maximum voltages typically applied across
OLEDs usually do not give rise to fields close to the cutoff field, as shown in more
detail in Sec. 4.3. Only in the case of well injecting electrodes, high fields can
occur in very thin interface regions as a result of the interaction between the space
charge in the device and its image charge in the electrode. It is presently not yet
clear whether the continuum approach that is followed in this Chapter provides a
fully adequate treatment of transport through such space-charge layers, in which
there is a very strong field and carrier density gradient. Therefore, the use of a
more complex form of g2 is presently not justified.
The sensitivity to the cutoff in the parametrisation used for the enhancement
functions g1 and g2 has been investigated for the symmetric devices studied in
Sec. 4.3.2 for which the effect on the J(V ) curves is expected to be largest, viz.,
those with L = 50 nm and σ/(kB T ) = 6. The inset in Fig. 4.7(a) shows that
the effect of taking ccutoff = 0.01, instead of 0.1 (dashed curve), or of taking
Fcutoff = 1.5 × σ/(ea), instead of 2σ/(ea) (dotted curve), leads only for V > 7 V
to a very small although noticeable deviation. This confirms the appropriateness
of the parametrisation scheme used.
The enhancement g1 of the mobility sets in at a carrier concentration that
decreases with increasing disorder parameter σ/(kB T ). The boundary concentration, c∗ , between the low-concentration Boltzmann regime, in which the mobility

A.1. Mobility and diffusion coefficient for a Gaussian DOS
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is constant, and the high-concentration regime in which it is enhanced may be
defined as the concentration at which g1 is equal to 2. In Appendix A of Ref. 2
it was proven that c∗ is equal to the carrier concentration for which the Fermi
energy is equal to the thermal equilibrium energy E0 = −σ 2 /(kB T ), leading to
µ
¶
1
1 2
c = c(EF = E0 ) = exp − σ̂ .
2
2
∗

(A.7)

Analogously, one may define another characteristic carrier concentration, c∗∗ , as
the concentration at which the enhancement g3 of the diffusion coefficient is equal
to 2. We have found that c∗∗ is equal to the carrier concentration for which the
Fermi energy is equal to half the thermal equilibrium energy, i.e., c∗∗ = c(EF =
E0 /2). We are not aware of a published proof of this result. We use Eq. (A.5)
and apply the transformation U = E/σ + σ̂/2,
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The enumerator of the last expression may be written as a sum of two equal
contributions that result from the two terms in between the square brackets,
and each of these contributions is equal to the denominator. That proofs that
g3 (EF = E0 /2) = 2. As a result,

c∗∗

´
³
µ
¶ Z ∞ exp − E 2
2
1
1 2
¡ σ̂ ¢ dE.
= c(EF = E0 /2) = √ exp − σ̂
8
8π
−∞ cosh 2 E

(A.9)

It follows that c∗∗ is much larger than c∗ , as can also be seen from Figs. 4.1(a)
and 4.1(c). From the approximate dependence of g1 on the Fermi energy, given
by Eq. (28) in Ref. 2, it follows that g1 (c∗∗ ) ≈ 1/c∗∗ . The degree to which this
interesting relationship is valid is apparent from the position of the open circles
in Fig. 4.1(a) with respect to the full curves.
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Derivation of the dimensionless transport
equation and of the expressions for the
dimensionless current density, voltage, and
position

Following Bonham and Jarvis, 5 the drift-diffusion equation [Eq. (4.6)] may be
written in dimensionless form [Eq. (4.8)] by first defining a dimensionless carrier
density, field, applied voltage, position, and current density,
γ=

e 2 L2
n,
εkB T

(A.10)

eL
F,
kB T
e
u=
V,
kB T
x
s= ,
L
µ
¶2 3
e
L
i=
J.
kB T
εµ0
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(A.11)
(A.12)
(A.13)
(A.14)

Equation (4.6) can then be rewritten in a compact form as
i = g1 g2 γE − g1 g2 g3

dγ
,
ds

(A.15)

and the Poisson equation [Eq. (4.7)] is then given by dE/ds = γ. Equation (A.15)
can then be transformed to
i = g1 g2 γE − g1 g2 g3 γ

dγ
.
dE

(A.16)

Bonham and Jarvis 5 showed that it is useful to make use of a second transformation to scaled dimensionless field and density parameters f and y, defined as
f≡
and
y≡

E
i1/3
γ
i2/3

.

(A.17)

(A.18)

Substitution of these expressions in Eq. (A.16) leads then to the dimensionless
transport equation [Eq. (4.8)].
The current density, voltage, and carrier density across the device can in the
following way be obtained from the solutions y(f ) of Eq. (4.8). From Eqs. (A.17)
and (A.18) and the dimensionless Poisson equation dE/ds = γ, it follows that

A.2. Dimensionless current density, voltage, and position
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i2/3 = [1/y(f )]dE/ds = [1/y(f )]i1/3 df /ds so that i1/3 = [1/y(f )]df /ds. Integration over s then yields
ÃZ
!3
f2
1
i=
df
,
(A.19)
f1 y(f )
as given already in Ref. 5. The dimensionless electrochemical potential difference
(voltage, u) may be written as a sum of the dimensionless
built-in voltage, vbi ,
R
plus the electrostatic potential difference, given by E · ds. Using Eqs. (A.17)
and (A.18) and the Poisson equation, it follows then straight-forwardly that u is
given by
Z f2
f
u = vbi +
df,
(A.20)
f1 y(f )
where the dimensionless built-in voltage is by definition equal to
vbi =

φ2 − φ1
.
kB T

(A.21)

We note that Eq. (A.20) is equivalent to Eq. (17) in Ref. 5 for the special case of a
constant mobility, but that Eq. (A.20) is more general. Using the Poisson equation
and Eqs. (A.17) and (A.18) to write ds = dE/γ = i1/3 df /(i2/3 y), integration
yields the position s at field f (s),
Z f
1
df 0 .
(A.22)
s(f ) =
1/3 y(f 0 )
i
f1
Equations (A.19), (A.20), and (A.22) are valid for any system, including systems with a carrier density and field-dependent mobility and diffusion coefficient,
as their derivation does not involve the drift-diffusion equation.
As explained in Sec. 4.2.2, for obtaining type-II solutions it is often convenient
to use the inflection point in the y(f ) curve as a starting point for the determination of the full y(f ) function. From Eq. (4.8), it follows that for a given chosen
value of fi , the value of yi can be obtained from the equation
d ln[g2 (F )] ¯¯ dF 2
g1 (yi )g2 (fi )yi3 +
yi +
¯
dF
fi df
¶
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¯ fi yi
dy
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fi yi
1
×
−
= 0,
(A.23)
g3 (yi ) g1 (yi )g2 (fi )g3 (yi )
where [from Eqs. (A.11), (A.14), and (A.17)] dF/df = [(eJ)/(kB T εµ0 )]1/3 . Furthermore, it has been argued in Sec. 4.2.2 that type-II solutions are more conveniently obtained from functions f (y) than from functions y(f ). The current
density can then be obtained by rewriting Eq. (A.19) using Eq. (4.8),
ÃZ
!3 ÃZ
!3 µZ
¶3
y2
f2
f2
g1 g2 g3
1
1 df
i=
df
=
dy
=
dy .
y1 g1 g2 yf (y) − 1
f1 y(f )
f1 y(f ) dy
(A.24)
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Expressions for the voltage and position, obtained in a fully analogous way from
Eqs. (A.20) and (A.22), are
Z y1
g1 (y)g2 [f (y)]g3 (y)f (y)
(A.25)
u = vbi +
dy,
1
− g1 (y)g2 [f (y)]yf (y)
y2
and

Z
s(y) =
y

y1

g1 (y 0 )g2 [f (y 0 )]g3 (y 0 )
dy 0 .
i1/3 [1 − g1 (y 0 )g2 [f (y 0 )]y 0 f (y 0 )

(A.26)

In Sec. 4.3.2, a scaling relationship has been given for the apparent mobility enhancement function, η, in a device with a Gaussian DOS of the form
η(σ̂, Nt , L) ∼
= η(σ̂, Nt /β 2 , β × L). Here, β is a dimensionless scaling factor. This
scaling can be understood as follows. The mobility and diffusion coefficient enhancement functions g1 and g3 are a function of the local carrier concentration, c.
From Eqs. (A.10) and (A.18), c ∝ y/(Nt L2 ). Therefore, a change in the system
under which the product Nt L2 remains constant does not change the solution of
the dimensionless transport equation, Eq. (4.8). It can be seen from Eq. (A.10)
that also the boundary conditions if expressed in terms of n1 /n0 and n2 /n0 will
then not change. The two situations are therefore fully equivalent with the same
dimensionless currents i, and [using Eq. (A.14)] with real current densities J that
differ at any voltage precisely by a factor L3 .

A.3

Iterative methods for solving the driftdiffusion equation

In this Appendix, two alternative iterative methods are described for obtaining
solutions of the drift-diffusion equation: (i) method A, for fixed values of fmin or
fi , and (ii) method B, for fixed values of J.
Method A.— This method involves the following steps:
Step 1 Choose for a given value of fmin or fi a trial current density, J1 .
Step 2 Calculate a new current density, J2 , using the method outlined in Sec. 4.2.
Step 3 Use this new current density as a second trial current density.
Step 4 Repeat this until convergence has been reached.
The approach makes use of the fact that for a fixed fmin or fi a large positive
(negative) deviation of the “trial” value of the current density, J1 , from the actual
solution leads to a smaller positive (negative) deviation of the resulting calculated
current density, J2 . This is analysed below in more detail.
For the case of a constant mobility, method A leads to fast convergence when
the starting value of J1 is sufficiently close to the solution J. However, that is not
always true for the case of a Gaussian DOS. In such a case, method B, described
below, must be used. As an example, the situation for a device at T = 298 K, with
L = 100 nm, µ0 = 1.0 × 10−10 m2 /(Vs), εr = 3, Nt = 4.25 × 1026 m−3 , φ1 = 0 eV,

A.3. Iterative methods for solving the drift-diffusion equation
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Figure A.1: Calculated current density J2 as a function of the assumed current density
J1 for various values of the dimensionless field at the inflection point, fi , for a device
with σ/(kB T ) = 4 and Vbi = 1, and further device parameters as given in the text. The
full and dashed curves follow from calculations with and without the field enhancement
of the mobility, respectively. For any chosen value of J1 , Eq. (4.8) is solved by varying
fi until J2 = J1 .

φ2 = 1 eV, and σ/(kB T ) = 4, is analysed. For all voltages, the solutions are of
type II. The thin full curves in Fig. A.1 show how for various values of the field
fi at the inflection point the calculated current density, J2 , depends on the value
of a chosen trial value of the current density, J1 . It follows from the figure that
for small values of fi , e.g., fi = 3, method A will provide fast convergence, as
the slope of the thin fi = 3 line is smaller than 1 near the point where J1 = J2
(thick line). In contrast, for larger values of fi , convergence is not always reached.
For fi = 5, e.g., there are two solutions in the frame of the figure, of which the
solution at the highest current density (∼ 103 A/m− 2) cannot be found using
method A. This is due to the fact that the slope of the thin fi = 5 line is larger
than 1 near the point where J1 = J2 .
Method B.— This method involves the following steps:
Step 1 Select the value of the current density J for which a solution is to be
found.
Step 2 Calculate the boundary conditions y1 and y2 using Eqs. (4.5), (A.10),
(A.14), and (A.18).
Step 3 Calculate the current density J 0 at two trial values for f at the mini0
0
mum or inflection point, fstart
. First, the corresponding value of ystart
is
calculated by numerically solving Eq. (4.8), with df /dy = 0 in the case of
a type-I solution, or Eq. (A.23) in the case of a type-II solution. Then,
the functions f+ (y) and f− (y) are calculated in the intervals [y2 , ystart ] and
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[ystart , y1 ], respectively, by numerical integration using Eq. (4.8). Finally,
these f functions are used to calculate J 0 from Eqs. (A.14) and (A.24).

Step 4 Determine from the resulting two current densities J 0 a first prediction
of fstart by interpolation or extrapolation. Use is made of the fact that, for
a given value of J, J 0 is a monotonic and increasing function of fstart .
Step 5 Calculate the current density for this predicted value of fstart and use that
(and all or part of the previously calculated current densities) to obtain a
next prediction.
Step 6 Repeat step 5 until a sufficiently accurate result is obtained.
The resulting self-consistent f (y) function can be used to calculate from Eqs. (A.12),
(A.21), and (A.25) the voltage V and (if of interest) to calculate using Eqs. (A.10),
(A.18), and (A.26) the carrier density across the device. As emphasised in Appendix A.4, special care must be taken when V is very close to the transition
voltage V ∗ , as the minimum or inflection point reside then outside the device.
We have used method B for all our calculations. The failure (under some
conditions) of the slightly more simple method A is due to the field dependence
of the mobility in a Gaussian DOS. That may be seen from the fact that the full
curves in Fig. A.1 have for certain current density ranges a slope larger than 1,
whereas the dashed curves (which are obtained when setting g2 equal to 1) all
have a slope smaller than 1 at the point of crossing the thick diagonal line.

A.4

The transition from type-I to type-II solutions

In systems with a finite value of the built-in voltage, a transition from a typeI to a type-II solution occurs when the voltage exceeds a certain value. The
following method, illustrated here for the case of a constant mobility, can be used
to determine the transition voltage, V ∗ . First, the curve Y (f ) that separates the
two parts of the diagram shown in Fig. 4.3 is calculated. Y (f ) can be obtained
numerically by integration using Eq. (4.8) (with all g functions equal to 1), starting
at a point fstart À 1, and using that then Y (fstart ) ≈ 1/fstart . As Y varies
monotonically with f , it is also possible to define the inverse function, F (y). The
transition current density, i∗ , is the solution of the integral equation
ÃZ
∗

f2 (i∗ )

i =
f1 (i∗ )

with

µ
∗
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¶
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Here, V ∗ can then be calculated using Eqs. (A.12) and (A.20). Figure A.2 shows
the dependence of V ∗ on the dimensionless carrier densities at the interfaces,

A.4. The transition from type-I to type-II solutions
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Figure A.2: The transition voltage V ∗ between solution types I and II as a function of
the dimensionless carrier density at the two electrodes, γ1 and γ2 , for the devices with
L = 100 nm and εr = 3 at T = 298 K. The two filled circles indicate the boundary
conditions used in Figs. 4.4(a) and 4.4(b).

γ1 and γ2 , for a device with the same thickness (L = 100 nm) and relative
permittivity (εr = 3) as taken in Fig. 4.3, also at T = 298 K. The two filled
circles correspond to the boundary conditions for which n(x) curves are given in
Figs. 4.4(a) and 4.4(b). For symmetric devices (γ1 = γ2 ), there is at any voltage
a minimum in the carrier density so that V ∗ is infinite. When γ2 is smaller than
γ1 , but still sufficiently large, V ∗ is finite (upper part of the triangle). When γ2
is sufficiently small and not too close to γ1 , V ∗ = 0 (part of the triangle at and
below the V ∗ = 0 contour).
No distinct physical effect is expected at the type-I to type-II transition. This
may, e.g., be seen from Fig. 4.3. In that figure, the thick dashed curve connects
the end points (y2 , f2 ) of the density versus field segments which are a solution of
Eq. (4.8) for the system discussed in Fig. 4.4(b). The curve shows no discontinuity
at the boundary between the type-I and type-II regions. However, close inspection
of Fig. 4.3 shows that the transition is mathematically slightly more complicated
than one might have anticipated. The figure shows that at low voltages, the fmin
value of the solutions y(f ) is smaller than f2 so that the carrier density minimum
falls inside the device. In contrast, very close to the transition voltage, V ∗ , at
which the y(f ) solution switches from the upper to the lower part of the diagram,
the fmin value of the solutions y(f ) is larger than f2 so that the minimum of the
carrier density falls outside the device. This follows from the fact that f2 has
a finite value at the transition (f2 = 6.85 for the example shown), whereas fmin
approaches infinity when V approaches V ∗ . At V ∗ , the solution y(f ) coincides (in
the interval [f1 , f2 ] for which it is defined) with the curve that separates the two
parts of the diagram shown in Fig. 4.3. In a certain voltage interval just below
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V ∗ , the proper solution thus does not show a carrier density minimum within the
device, but outside the device. Similarly, in a certain voltage interval just above
V ∗ , the proper solution does not show an inflection point within the device, but
outside the device. As a result of the strong change of the slope of the y(f ) curves
close to the second electrode, the widths of these voltage intervals at either side
of V ∗ is in many cases extremely small and of little practical importance. For the
example discussed above, their widths are less than 0.1 V.

A.5

References

1. Y. Roichman, Y. Preezant, and N. Tessler, Phys. Status Solidi A 201, 1246 (2004).
2. R. Coehoorn, W. F. Pasveer, P. A. Bobbert, and M. A. J. Michels, Phys. Rev. B 72,
155206 (2005).
3. W. F. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. A. Bobbert, P. W. M. Blom,
D. M. de Leeuw, and M. A. J. Michels, Phys. Rev. Lett. 94, 206601 (2005).
4. J. Zhou, Y. C. Zhou, J. M. Zhao, C. Q. Wu, X. M. Ding, and X. Y. Hou, Phys. Rev.
B 75, 153201 (2007).
5. J. S. Bonham and D. H. Jarvis, Aust. J. Chem. 30, 705 (1977).

Summary
Effects of disorder on the charge transport and
recombination in organic light-emitting diodes
In this thesis we study the electrical effects which give rise to light emission from
organic materials. Organic materials, such as ‘plastics’, consist predominantly of
carbon and hydrogen. Plastics are often used for their electrically or thermally
insulating properties, e.g. as a protective coating around electrical wires. However, it was already discovered in the 1950s that specific plastics can actually be
electrically conductive and that they can even emit light when placed in between
a pair of electrodes. As a result of a voltage applied over the electrodes, negative charges (electrons) and positive charges (‘holes’) move towards the electrode
with opposite polarity (charge transport). When an electron and a hole meet,
a bound electron-hole pair is formed which can decay radiatively into a photon
(recombination), so that light is emitted. Nowadays, such ‘organic light-emitting
diodes’ (OLEDs) are investigated intensively, and are already used commercially
for display applications. In OLEDs, the organic layers are ∼ 100 nm thick, 100
to 1000 times thinner than a human hair.
OLED technology is also very promising for lighting applications, as it provides ultrathin, large-area white lighting panels which are expected to be very
energy-efficient. In recent years, the efficiency has increased to the level of fluorescent light sources (‘tl tubes’). As discussed in Chapter 1, a fundamental limit
has not yet been reached, but making further progress is quite difficult. The organic semiconductor materials used have a disordered structure. The molecules
are not regularly packed, such as in a crystal, but are positioned at quite random
distances and orientations with respect to their neighbours. At the start of the
project, it was unclear what the full consequences are of the disorder on the energy
efficiency of OLEDs. In fact, it was unclear whether it would anyhow be possible
to develop an OLED model that reliably describes and even predicts the efficiency.
In this thesis it is shown for the first time that making such a model is feasible.
This is demonstrated for OLEDs based on a blue-emitting polyfluorene(PF)-based
copolymer that has already been used in an OLED-based television display. The
following steps were made to realise this result.
Two frequently used experimental techniques were further extended and
employed for determining the effective work function difference between the two
electrodes, the so-called built-in voltage, Vbi . For an efficient OLED the builtin voltage needs to be close to the energy hν of the photons emitted from the
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selected organic semiconductor. In Chapters 2 and 3 it is shown how Vbi can
be determined accurately from the measurement of the voltage (V ) at which a
distinct peak occurs in the capacitance of an OLED and from electroabsorption
experiments, respectively. We find that commonly used analyses of the results of
both methods incorrectly neglect the effect of the charge that is already present
in the device for V < Vbi due to charge carrier diffusion, leading to important
(& 0.3 V) corrections to Vbi .
A numerical drift-diffusion model for the electrical conduction in ‘singlecarrier’ devices, in which only holes or electrons contribute to the current, was
constructed using earlier results of advanced supercomputer modelling on the
mobility of charge carriers in a disordered organic semiconductor. It is shown in
Chapter 4 that neglecting the effects of disorder on the charge carrier mobility and
on the diffusion coefficient interpretation of experimental current-voltage curves
will (incorrectly) lead to effective mobility values that can vary over two orders
of magnitude with layer thickness.
The hole transport in two application-relevant materials is investigated using this device model, viz. in the blue-emitting PF-based copolymer, mentioned
above (Chapter 5), and in the hole-transport material α-NPD, extensively used
in state-of-the-art multilayer OLEDs (Chapter 6). The results of the analysis of
experimental current-voltage curves indicate that a fully consistent description of
the hole transport in both materials can be obtained when the effects of disorder on the charge transport are taken into account, assuming a Gaussian energy
distribution of hole transport states. From the analysis the width of the energy
distribution and the distance between the molecular transport sites were determined. For the PF-copolymer the hole transport could be well described assuming
completely random site energies (no correlations) and for α-NPD a better description was obtained when the energy levels at small distances were assumed to be
correlated. Furthermore, it is shown that analysing the current-voltage curves
using a simplified approach gives rise to an effective 1/T temperature dependence
of the mobility, while using an approach that properly takes the effects of disorder
on the charge transport into account a 1/T 2 dependence is found. This finding
contributes to solving a long-standing controversy.
The physics of electron transport can be distinctly different from that of
hole transport, as examples in the literature have shown. It is demonstrated in
Chapter 7 that electron transport in the PF-copolymer can be well described using
the same model as for hole transport when in addition to the Gaussian density of
states an exponential distribution of ‘trap’ states is included. A relatively simple
but effective approach is proposed to treat the states of the Gaussian distribution
and the exponential distribution on an equal footing. In Chapter 8 we find that
an analogous analysis of the electron transport is possible in the small-molecule
material BAlq. For BAlq, well-known for its long-term stability, we find again
that the charge transport can better be described assuming correlations between
the energy levels of neighbouring sites.
As a final step, all the above-mentioned work was combined. This made
it possible to investigate whether the electrical response and light emission characteristics of complete OLEDs based on the PF-copolymer are well predicted from
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a double-carrier model which employs the separately determined charge transport
parameters for holes and electrons. It was found in Chapter 9 that the predicted
temperature-dependent current-voltage curves of these OLEDs were indeed well
in correspondence with experiment. No additional free parameters were used.
Furthermore, very good agreement with the measured voltage dependence of the
efficiency was obtained by (i) assuming Langevin recombination between holes
and free and trapped electrons, (ii) taking optical outcoupling effects into account, and (iii) assuming a singlet-triplet ratio close to 1 : 3, as expected from
quantum statistics.
Experimental support for the typical shape of the recombination profiles predicted from the electrical modelling is obtained in Chapter 10 from a method
developed to determine the depth profile of emitting dipoles in OLEDs from optical experiments. The validity of the method is demonstrated by studying the
voltage dependence of the recombination profile. It is found that the resolution
with which the position of the peak in the profile can be determined is ∼ 10 nm.
Finally, in Chapter 11 overall conclusions and an outlook for modelling of stateof-the-art multilayer OLEDs were presented. The findings presented in this thesis
are expected to be basic ingredients of device models for designing OLEDs with
increased efficiency. The results presented are not only important for OLEDs, but
can also be applied to many other organic electronic devices containing disordered
organic semiconductors, such as organic photovoltaic cells, field-effect transistors
and sensors.

Samenvatting
Effecten van wanorde op het ladingstransport en de
recombinatie in organische licht-emitterende diodes
In dit proefschrift worden de elektrische effecten bestudeerd die aanleiding geven
tot licht-emissie uit organische materialen. Organische materialen, zoals ‘plastic’,
bestaan voornamelijk uit koolstof en waterstof. Plastics worden vaak gebruikt
vanwege hun elektrisch- en thermisch-isolerende eigenschappen, bijvoorbeeld als
een beschermend laagje om elektriciteitsdraden. In de jaren vijftig van de vorige
eeuw werd echter al ontdekt dat bepaalde soorten plastic juist elektrisch geleidend kunnen zijn en dat ze zelfs licht kunnen geven als ze tussen twee elektrodes geplaatst worden. Ten gevolge van een spanning aangelegd tussen de elektrodes bewegen negatieve ladingen (elektronen) en positieve ladingen (‘gaten’)
in de richting van de elektrode met tegengestelde polariteit (ladingstransport).
Wanneer een elektron en een gat elkaar tegenkomen, vormen zij een gebonden
elektron-gatpaar, dat stralend kan vervallen in de vorm van een foton (recombinatie), zodat licht wordt uitgezonden. Er wordt momenteel intensief onderzoek
gedaan aan zulke ‘organische licht-emitterende diodes’ (OLEDs) en ze worden al
commercieel gebruikt in beeldschermtoepassingen. De organische lagen in OLEDs
zijn circa 100 nm dik, 100 tot 1000 keer dunner dan een mensenhaar.
OLED-technologie is eveneens veelbelovend voor verlichtingstoepassingen, aangezien het ultra-dunne lichtpanelen mogelijk maakt met een groot oppervlak,
welke naar verwachting zeer energiezuinig zullen zijn. De afgelopen jaren is de
efficiëntie van OLEDs flink toegenomen, tot het niveau van fluorescente lichtbronnen (‘tl-buizen’). Zoals besproken in Hoofdstuk 1 is er weliswaar nog geen fundamentele limiet bereikt, maar blijkt verdere vooruitgang moeilijk te bewerkstelligen. De gebruikte organische halfgeleidende materialen hebben een wanordelijke
structuur. De moleculen zijn niet op regelmatige wijze opeengestapeld, zoals
in een kristal, maar hebben een tamelijk willekeurige afstand en oriëntatie ten
opzichte van de buurmoleculen. Bij de aanvang van het project was het onduidelijk
wat de volledige consequenties zijn van de wanorde op de energie-efficiëntie van
OLEDs. Het was in feite onduidelijk of het überhaupt mogelijk zou zijn een
OLED-model te ontwikkelen dat betrouwbaar de efficiëntie beschrijft en zelfs voorspelt. In dit proefschrift wordt voor de eerste keer aangetoond dat het mogelijk is
een dergelijk model te construeren. Dit is gedemonstreerd voor OLEDs op basis
van een blauw licht-emitterend copolymeer dat op polyfluoreen(PF) gebaseerd is
en dat reeds in een OLED-televisiescherm is toegepast. Om dit resultaat te realiseren zijn de volgende stappen gezet.
189

190

Samenvatting

Twee veel gebruikte experimentele technieken zijn verder uitgebreid en
toegepast voor het bepalen van het effectieve werkfunctieverschil tussen de twee
elektrodes, de zogenaamde inbouwspanning, Vbi . Voor een efficiënte OLED dient
de inbouwspanning ongeveer gelijk te zijn aan de energie hν van de fotonen die
door de geselecteerde organische halfgeleider worden uitgezonden. De Hoofdstukken 2 en 3 laten respectievelijk zien hoe Vbi nauwkeurig bepaald kan worden
uit de meting van de spanning (V ) waarbij een scherpe piek optreedt in de capaciteit van een OLED en uit elektro-absorptie experimenten. Er wordt gevonden
dat gewoonlijk gebruikte analyses van de resultaten van beide methodes ten onrechte het effect verwaarlozen van de lading die al aanwezig is in de diode voor
V < Vbi ten gevolge van diffusie, hetgeen tot belangrijke (& 0.3 V) correcties op
Vbi leidt.
Een numeriek drift-diffusie model voor de elektrische geleiding in diodes
waarin een enkel ladingsdragertype (alleen gaten of alleen elektronen) bijdraagt
tot de stroom is geconstrueerd gebruikmakend van eerdere geavanceerde supercomputer-berekeningen aan de mobiliteit van ladingsdragers in een wanordelijke
organische halfgeleider. Zoals besproken in Hoofdstuk 4 leidt het verwaarlozen van
de effecten van wanorde op de ladingsdragermobiliteit en op de diffusiecoefficiënt
(foutief) tot effectieve waarden van de mobiliteit die tot twee ordes van grootte
kunnen variëren met de laagdikte.
Het gatentransport in twee toepassingsrelevante materialen is onderzocht
met dit model, namelijk in het bovengenoemde blauw-emitterende op PF gebaseerde copolymeer (Hoofdstuk 5) en in het gatentransportmateriaal α-NPD,
veelvuldig toegepast in state-of-the-art multilaags OLEDs (Hoofdstuk 6). Uit de
resultaten van de analyse van experimentele stroom-spanningscurves blijkt dat
een volledig consistente beschrijving van het gatentransport in beide materialen
verkregen kan worden wanneer de effecten van wanorde op het ladingstransport in
rekening gebracht worden, onder de aanname van een Gaussische energieverdeling van transporttoestanden voor gaten. Uit de analyse zijn de breedte van de
energieverdeling en de afstand tussen de moleculaire transportlocaties (‘sites’)
bepaald. Voor het PF-copolymeer blijkt het gatentransport goed beschreven te
kunnen worden onder de aanname van volledig willekeurige site-energieën (geen
correlaties) en voor α-NPD wordt een betere beschrijving bereikt wanneer wordt
aangenomen dat de energieniveaus op korte afstanden gecorreleerd zijn. Daarnaast laten de resultaten zien dat een analyse van de stroom-spanningscurves
met een vereenvoudigde aanpak aanleiding geeft tot een effectieve 1/T temperatuurafhankelijkheid van de mobiliteit, terwijl wanneer een aanpak wordt gekozen
die op correcte wijze de effecten van wanorde op het ladingstransport in rekening
brengt een 1/T 2 afhankelijkheid gevonden wordt. Deze bevinding draagt bij tot
het ontraadselen van een hardnekkige controverse.
De fysica van elektronentransport kan wezenlijk verschillen van die van
gatentransport, zoals al blijkt uit voorbeelden in de literatuur. De analyse in
Hoofdstuk 7 laat zien dat elektronentransport in het PF-copolymeer goed beschreven kan worden met hetzelfde model als gebruikt voor gatentransport wanneer naast de Gaussische toestandsdichtheidverdeling een exponentiële verdeling
van ‘valkuil’-toestanden wordt meegenomen. Een relatief eenvoudige maar effec-
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tieve aanpak wordt voorgesteld om de toestanden van de Gaussische en exponentiële verdeling op gelijke voet te behandelen. In Hoofdstuk 8 vinden we dat
een analoge analyse van het elektronentransport in het kleine-molecuulmateriaal
BAlq mogelijk is. Voor BAlq, dat bekend staat om zijn langdurige stabiliteit,
vinden we opnieuw dat het ladingstransport beter beschreven kan worden onder
de aanname van correlaties tussen de energieniveaus van naburige sites.
Als laatste stap werd al het bovenstaande werk gecombineerd. Dit
maakte het mogelijk te onderzoeken of de elektrische respons en lichtemissiekarakteristiek van complete OLEDs gebaseerd op het PF-copolymeer goed voorspeld worden door een model dat beide ladingsdragertypes in rekening brengt
en dat gebruik maakt van de afzonderlijk bepaalde ladingstransportparameters
voor gaten en elektronen. In Hoofdstuk 9 wordt gevonden dat de voorspelde temperatuurafhankelijke stroom-spanningscurves van deze OLEDs inderdaad goed in
overeenkomst zijn met het experiment. Er zijn geen additionele vrije parameters
gebruikt. Bovendien wordt een erg goede overeenkomst verkregen met de gemeten
spanningsafhankelijkheid van de efficiëntie door (i) Langevin-recombinatie aan te
nemen tussen gaten enerzijds en vrije en ingevangen elektronen anderzijds, (ii)
optische uitkoppelingseffecten in rekening te brengen en (iii) een singlet-triplet
verhouding aan te nemen van ongeveer 1 : 3, hetgeen verwacht wordt op basis van
kwantumstatistiek.
Experimentele ondersteuning voor de karakteristieke vorm van het recombinatieprofiel voorspeld middels elektrische modellering wordt in Hoofdstuk 10 verkregen uit een methode ontwikkeld om het diepteprofiel van emitterende dipolen
in OLEDs te bepalen uit optische experimenten. De validiteit van de methode
wordt ondersteund door de spanningsafhankelijkheid van het recombinatieprofiel
te bestuderen. Er wordt gevonden dat de resolutie waarmee de positie van de
piek in het profiel bepaald kan worden ongeveer 10 nm is.
Tot slot zijn in Hoofdstuk 11 overkoepelende conclusies en een vooruitblik gepresenteerd. De bevindingen beschreven in dit proefschrift zijn naar verwachting
basis-ingrediënten van modellen voor het ontwerpen van OLEDs met verbeterde
efficiëntie. De beschreven resultaten zijn niet alleen voor OLEDs van belang
maar kunnen eveneens worden toegepast op vele andere organische elektronische
systemen die wanordelijke organische halfgeleiders bevatten, zoals organische fotovoltaische cellen, veld-effecttransistoren en sensoren.
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