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Chapter 1

Introduction
In the last four decades, enormous progress has been made in the field of organic
electronics. Organic light-emitting diodes (OLEDs) represent particularly promising
devices due to their high energy efficiency, large light-emitting area, wide colour
gamut, mechanical flexibility, and potentially low manufacturing costs. Although
OLEDs are already on the market, intensive research is still needed to improve their
performance, in particular their luminous efficacy and lifetime. This involves the
development of new organic materials and new device stack designs. Here, a trial-anderror approach is extremely time-consuming, as the number of possible combinations
of materials and stack designs is too large to be exhaustively investigated. This is
the reason why a predictive multiscale model is a key for OLED optimization.
A predictive multiscale model takes as input the design of an OLED stack as
well as a microscopic description of the employed organic materials, and provides
as output a prediction of the electrical response and light emission efficiency and
spectrum of the device. The modeling workflow starts with ab initio simulations
at the molecular scale to determine the morphology and electronic structure of the
materials. Since charge transport in organic semiconductors occurs by hopping of
charge carriers between localization sites, the material description obtained at the
molecular level is used to define a hopping model. Then, charge-transport modeling
is performed in order to determine the charge-carrier mobility. Charge and exciton
transport simulations are finally carried out at the device level to predict the currentvoltage characteristics and light-emission efficiency and spectrum of the OLED stack.
Charge-transport modeling based on a molecular-scale description of the used organic
semiconductors is the main subject of this thesis.
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Organic electronics

In the last decades, the use of organic materials for technological applications has
increased enormously. The term "organic" refers to the fact that these materials are
mostly based on carbon and hydrogen atoms like many molecules that are found
in nature. In former times, it was believed that these materials were all electrical
insulators. However, in the 1950s and 60s it was discovered that certain organic materials have conductivities comparable to those found in inorganic semiconductors 1,2 .
In the same period, it was also observed that such materials can show electroluminescent behaviour 3 . At that time the field of organic electronics was born and the
efforts to study and develop new organic semiconductors have considerably grown
since then. In 1974, a switching device based on melanin was the first organic device
ever developed 4 . In 1977, it was demonstrated by A.J. Heeger, A.G. MacDiarmid
and H. Shirakawa that the conductivity in semiconducting polymers can be significantly increased by molecular doping 5 . This discovery, which signified the real
breakthrough for organic electronics, was awarded with the Nobel Prize in Chemistry in 2000. Semiconducting polymers were the first class of materials employed in
organic devices. However, more recently, semiconductors based on small molecules
have become increasingly important for organic electronics applications.
Besides their conducting properties, there are other features that make organic
materials interesting from a technological point of view. One is their processability
from solution and by vacuum evaporation, which allows the deposition of organic
semiconductors on different types of surfaces. These include thin plastic substrates,
making it possible to produce large-area flexible electronic devices. Another important feature is their chemical tunability, meaning that their optoelectronic properties
can be tuned by modifying their chemical structure. Finally, the low-cost synthesis of
organic semiconductors allows a cost-effective production of many electronic devices
on a large scale.
The optoelectronic properties of organic semiconductors originate from the presence of conjugated π-bonds. Conjugation is characterized by alternating single and
double bonds between carbon atoms, resulting in a (close to) planar structure. In
such a structure, each carbon atom contributes to three in-plane σ bonds with three
valence electrons in sp2 hybrid orbitals. The out-of-plane pz orbital, containing the
fourth valence electron, overlaps with the pz orbital of an adjacent σ-bonded carbon
atom, thus forming an additional π bond. A double bond is thus formed by a σ
bond together with a π bond. In conjugated molecules, the overlap of pz orbitals
results in delocalization of the π electrons, which allows for electronic transport.
Some important examples of conjugated molecules are shown in Figure 1.1.
Conjugated molecules can form semiconducting layers because of the characteristic energy gap Eg between the energy of the highest occupied molecular orbital
(HOMO) and that of the lowest unoccupied molecular orbital (LUMO). An electron
in the HOMO that absorbs this energy, for example in the form of a photon, can
be promoted to the LUMO. The electron then leaves behind a positive charge in
the HOMO which is called a "hole". Under the effect of an electric field, electrons
and holes can hop between neighboring molecules that are electronically coupled

1.2 Organic light-emitting diodes

Alq3

3

α-NPD

spiro-DPVBi
TCTA
Figure 1.1: Examples of π-conjugated molecules widely used in organic electronics: the
electron transporter Alq3 (tris(8-hydroxyquinolinato)aluminium), the hole transporters αNPD (N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine) and TCTA (tris(4carbazoyl-9-ylphenyl)amine), and the blue fluorescent emitter spiro-DPVBi (2,2’,7,7’tetrakis(2,2-diphenylvinyl)-9,9’-spirobi[fluorene]). In this thesis, charge transport in all
these molecular semiconductors, apart from Alq3 , is addressed.

by the overlap between their respective molecular orbitals, thus giving rise to hopping transport. An electron and a hole, attracted to one another by their mutual
Coulomb interaction, can eventually end up on the same molecule or on neighboring
molecules and form a bound pair called "exciton". The radiative recombination of
these electron-hole pairs is the cause of light emission in inorganic as well as organic
semiconductors.
Nowadays, organic materials with semiconducting and optoelectronic properties
are widely used for many applications. They are the crucial element in devices such
as organic light-emitting diodes (OLEDs), organic photovoltaic cells (OPV cells),
and organic field-effect transistors (OFETs).

1.2

Organic light-emitting diodes

At the time of writing of this thesis, organic light-emitting diodes (OLEDs) are
the organic electronic devices most employed in commercially available technologies.
They are found in the displays of mobile phones, tablets, smart watches, as well
as televisions. Compared to the traditional liquid crystal displays (LCDs), OLED
displays offer better contrast and higher image quality at a lower power consumption,
since they work without a backlight. Because of their brightness and the possibility
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Figure 1.2: An example of a white OLED with transparent electrodes in its off (left) and
on (right) states. Source: Philips.

of using large areas with virtually any shape, OLEDs are also present on the market
in the form of applications such as light-emitting panels and for signage. In 1987
Tang and Van Slyke 6 fabricated the first OLED, which was based on the small
molecule Alq3 (see Figure 1.1), while the first polymer OLED was obtained three
years later 7 .
The simplest OLED structure consists of one layer of an organic semiconductor
sandwiched between two metallic electrodes, which are called cathode and anode.
Electrons are injected by the cathode, while holes are injected by the anode. A
charge carrier is injected in an energy level of the organic material if it exceeds
an injection barrier determined by the difference between this energy level and
the Fermi level of the injecting electrode. Under the effect of an applied voltage,
electrons and holes tend to hop in opposite directions towards the anode and cathode,
respectively, where they get collected. However, in the organic layer electrons and
holes can also form excitons, which can in turn emit photons as a consequence of
radiative recombination. Typically, the emitted light is transmitted through one
of the electrodes made of a transparent conductive material, like indium-tin-oxide
(ITO)
State-of-the-art OLEDs have more complicated structures consisting of different
layers, each one dedicated to a specific function and often based on a small-molecule
material. There are electron and hole injecting layers facilitating injection via energy
levels in between the Fermi levels of the electrodes and the energy levels of the
transport layers. Electron and hole transport layers with high mobilities are used to
conduct the charge carriers to one or more emission layers where the recombination
and light emission occur. The emission layers are often doped with a specific dye
molecule, so that light of a particular wavelength is emitted. White OLEDs for
example, which are important for lighting applications, typically yield white light by
using one emission layer for each primary color: blue, green, and red. An example of a
white OLED with transparent electrodes is shown in Figure 1.2. Next to the emission
layers, OLED stacks can also have electron and hole blocking layers introducing a
potential barrier to confine the charge carriers to the emission layers. In this way,
charge transport to the collecting electrode is hindered, so that all charge carriers
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EBL

ETL

EIL

Cathode

Anode

HIL

HTL

EML

HBL

Figure 1.3: Energy level scheme of a monochrome OLED. The stack includes: the anode,
the hole injection (HIL), transport (HTL) and blocking (HBL) layers, the emission layer
(EML), and the electron injection (EIL), transport (ETL), and blocking layers (EBL).

takes part in exciton generation. Figure 1.3 shows the energy level scheme of a
monochrome OLED stack.
Although OLEDs are already on the market in many commercially available
products, these devices still need improvement of some features. One is the luminous
efficacy, expressed in lumen (lm) per Watt, which is the ratio between the luminous
flux perceived by the human eye and the consumed power. This is a measure of
how much electric power is converted into visible light by a certain source. In recent
years OLEDs have been developed in research laboratories with efficacies around
100 lm/W (the latest known record for an OLED is 156 lm/W by NEC), although
this is still lower than the value of 200 lm/W reached by (prototype) inorganic LEDs.
Another OLED characteristic that should be improved is the lifetime, which may
be defined as the time at which the light intensity of the device has dropped to, e.g.,
70% of its initial value (LT70). Significant progress has been made in this direction
and OLED panels with LT70 of around 20,000 hours at a brightness of more than
1,000 cd/m2 are now available to the public. The lifetime of OLEDs is expected
to further increase in the coming years. We note that the lifetime can be extended
by improving the efficacy, since a device that consumes less power also undergoes
less electrical stress, which results in a longer lifetime. Finally, these improvements
should also be carried out keeping the manufacturing costs as low as possible.
In order to improve the device performance, it is of utmost importance to develop
a fully predictive model for OLEDs. Such a model, which does not exist yet, should
provide quantitative results about the electronic and optoelectronic characteristics
of the device based on the microscopic details of the materials used in its layers. The
development of such a model will be very important for understanding the physics
of the phenomena occurring in an OLED stack and how these phenomena relate to
the material properties. As a consequence, such a model will help choosing better
materials and new device structures, ultimately leading to improved performance.
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The remaining part of this chapter is dedicated to the general description of charge
transport in organic semiconductors and to the development steps of a fully predictive
multiscale OLED model.

1.3
1.3.1

Charge transport in organic semiconductors
Energetic disorder

As stated previously, conduction in organic materials is due to the presence of
π − π conjugation. Conjugated π bonds can be found along the backbones of long
polymeric chains or in small molecular compounds. Organic semiconductors used in
OLEDs are amorphous materials, which means that they lack translational symmetry.
Therefore, charge transport in these systems occurs via hopping between localized
states, unlike inorganic semiconductors, where charge carriers occupy band states
that are delocalized. In organic materials charge carriers occupy molecular orbitals,
and the HOMO and LUMO levels discussed in Section 1.1 play a similar role as the
valence and conduction bands, respectively, of inorganic crystalline semiconductors.
The localization sites are the sites where the molecular orbitals are localized. In
a molecule the localization site generally corresponds to the molecule itself, while
in a polymeric chain such sites are conjugated segments of a few monomeric units
each. This is due to the fact that amorphous polymers have twists and defects that
interrupt the conjugation along the backbone. In either case, the energies of the
localized states are determined by inter- and intra-molecular interactions, which
locally vary because of the amorphous nature of the organic semiconductors used
in many device applications, such as OLEDs.
These local variations gives rise to energetic disorder, so that the site energies are
randomly distributed according to a specific density of states (DOS), denoted as g(E).
The energy E of a site is the result of several contributions. If these contributions
are independent and if there are many of them, then, according to the central limit
theorem, the DOS can be assumed to be Gaussian:


E2
1
exp − 2 ,
g(E) = √
(1.1)
2σ
2πσ
where σ is the standard deviation of the DOS. Here, the average energy (the average
HOMO or LUMO energy) has been subtracted. The value of σ, which is typically
of the order of 0.1 eV for organic semiconductors, may be different for holes and
electrons. We note here that there may be a correlation between the HOMO and
LUMO energy of a site, an issue that is investigated in Chapter 5.
In this thesis we consider uncorrelated and dipole-correlated energetic disorder.
In the case of uncorrelated disorder, the site energies, which are randomly drawn
from the DOS given by Equation (1.1), are spatially uncorrelated. In the case of
dipole-correlated disorder, a randomly orientated dipole vector d~i with constant
magnitude d is placed on each site i, and the energy of a unit charge on a site is
determined by the Coulomb interaction between the charge and the dipoles on the
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surrounding sites:
Ei =

X ed~j · (~
ri − r~j )
ε|~
ri − r~j |3

(1.2)

i6=j

where r~i is the site position of the charge and ε is the dielectric constant of the
system. The correlation function of the dipole-correlated site energies decreases as
1/r at large distance 8 . Correlated energetic disorder can be due to a strong molecular
dipole in small molecules 9 , while it can originate from thermally induced torsions
in the case of polymers 10 .
Assuming uncorrelated or dipole-correlated disorder are the two most common
approaches used to describe the distribution of energies in the modeling of organic
semiconductors. We note, however, that correlation can be present even if the molecular dipole moment is negligible. Spatial correlation can also be due to the polarization
of the environment of a charge. Because of the shared environment between a site
and its neighbours, polarization leads to a certain degree of correlation between the
energy of a site and the energies of neighbouring sites. We will investigate the effect
of weak spatial correlations on charge transport in Chapter 5.

1.3.2

Hopping mechanism of charge transport

In organic materials, charge carriers are located on the localization sites discussed
above. In the description of charge transport, it is often assumed that one site can only
be occupied by one charge carrier, since the occupation of a site by two equal charges
entails a strong Coulomb repulsion. Besides, depending on the carrier concentration,
only a certain fraction of the energy states of the DOS is actually occupied by charge
carriers. Therefore, one carrier can usually hop from one localization site to another
one that is unoccupied. This mechanism occurs by thermally assisted tunneling,
and the rate related to such process depends on the electronic wavefunction overlap
between the two sites involved. There are two main formalisms in literature used to
describe the hopping rate: one is based on a phonon-assisted mechanism, while the
other takes into account polaronic effects.
The phonon-assisted hopping implies that a phonon is absorbed (emitted) whenever a charge carrier hops to a site with a higher (lower) energy state. As a consequence, rates upward in energy are affected by a Boltzmann penalty associated
with the probability to find a phonon providing the energy required by the hopping
process, while hops downward in energy have no such penalty. This mechanism was
originally devised by Conwell and Mott 11–13 to describe hopping between impurities
in inorganic semiconductors, and it is now widely used to model charge transport
in organic semiconductors as well. Based on this theory, Miller and Abrahams 14
proposed the following hopping rate:

h
i
ν exp −2αr − Ej −Ei −eF rij,x , E ≥ E + eF r
0
ij
j
i
ij,x
kB T
ωij =
(1.3)
ν0 exp[−2αrij ]
, Ej < Ei + eF rij,x ,
where ν0 is an intrinsic rate of the order of a phonon frequency, α is the inverse
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wavefunction decay length, rij is the distance between sites i and j, kB is the
Boltzmann constant, T is the temperature, e is the unit charge, F is an electric
field applied in the x-direction and rij,x is the distance between the sites along the
x-direction.
Hopping transport can also be described by the Marcus theory 15,16 , which is
a charge-transfer theory based on polaronic effects. A charge carrier placed in an
organic semiconductor introduces a local distortion of the molecular structure around
the carrier itself. A polaron is the combination between the charge carrier and the
polarization resulting from the displacement of the surrounding atoms. The hopping
rate based on this theory is defined as
ωij =



2
Jij
(∆Eij − Er )2
2π
√
exp −
,
~ 4πEr kB T
4Er kB T

(1.4)

where ~ is the Planck constant divided by 2π and Er is the reorganization energy,
that is, the gain in energy associated with the molecular distortion mentioned above.
Specifically, this energy is a sum of two contributions: a so-called "inner-sphere" vibrational contribution due to the molecular vibrations promoting the charge transfer
between two molecules i and j, and an "outer-sphere" contribution associated with
the slow relaxation of the other surrounding molecules. ∆Eij = Ej − Ei − eF rij,x
and Jij in Equation (1.4) denote, respectively, the energy difference and the charge
transfer integral between the two molecules involved in the charge transfer. The
transfer integral is the electronic coupling between these molecules and depends
on the overlap between their respective wavefunctions. The distribution in transfer
integrals leads to so-called "off-diagonal" disorder. We note that the Marcus hopping
rate has a microscopic foundation, since the reorganization energy and transfer integrals are material-specific parameters. Therefore, unlike the Miller-Abrahams theory,
which is based on the empirical parameters ν0 and α, this formalism is suitable to
describe hopping rates in ab initio charge-transport modeling. However, the Marcus
theory has also an important limitation, since it is based on the assumption that
the vibrational modes that contribute to the reorganization energy can be treated
as classical harmonic oscillators. This is an acceptable assumption provided that the
thermal energy kB T is much larger than the vibrational energy ~ω. This is often not
the case, as ~ω is typically of the order of 0.1 eV, which exceeds the thermal energy at
room temperature (≈ 0.025 eV). An alternative to Marcus theory is Levich-Jortner
theory 17 , for which the vibrational modes are instead treated quantum mechanically.
Nevertheless, in this thesis we will use Marcus theory in the context of ab initio
charge-transport modeling, because it is the simplest available theory describing the
hopping process on a microscopic basis and because the mainstream of present-day
charge-transport modeling work on disordered organic semiconductors also makes
use of it.

1.3.3

Charge-carrier mobility models

An electric field applied to an organic material causes the drift of charge carriers
from site to site along the field direction. The charge-carrier mobility is defined as

1.3 Charge transport in organic semiconductors
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the ratio between the average drift velocity hvi of the charge carriers and the electric
field F :
hv(F )i
µ=
.
(1.5)
F
Due to energetic disorder, hopping transport is a spatially strongly inhomogeneous
process, resulting in a filamentary current distribution. In order to capture the percolative nature of this charge transport, three-dimensional (3D) hopping models
should be used to study the mobility in organic semiconductors. A 3D hopping
model is defined by a grid of sites with random site energies distributed according to a certain DOS and certain hopping rates between the sites, reflecting the
disordered nature of the material. In 1993, Bässler 18 performed, for the first time,
kinetic Monte Carlo simulations of charge transport for the case of one carrier in a
simple cubic lattice with uncorrelated Gaussian disorder and Miller-Abrahams hopping rates, leading to what is now known as the Gaussian Disorder Model (GDM).
The temperature- and the electric field-dependence of the mobility could then be
determined in the limit of a vanishing carrier concentration. It was found that in
a limited range of electric fields the field dependence has a Poole-Frenkel behavior,
that is

√ 
(1.6)
µ(T, F ) = µ0 (T ) exp γ(T ) F ,
with µ0 (T ) the mobility at low field and γ(T ) a function of temperature. However,
time-of-flight experiments showed that the Poole-Frenkel behavior is valid for a
significantly wider field range than in the GDM. Gartstein and Conwell showed that
a field dependence of the same form as 1.6 is valid for a wide range of electric fields
if spatial energy correlations are taken into account 19 . This led to the correlated
disorder model (CDM).
The GDM and CDM are both based on the limit of vanishing carrier concentration. However, as shown by Vissenberg and Matters 20 , the mobility is also strongly
dependent on the carrier density as a consequence of a state-filling effect. This is
especially important for high carrier densities, at which the low-energy tail of the
DOS is filled. As a result, the critical hops determining the mobility involve a smaller
energy difference, thus leading to a higher mobility. In 2005, a numerical study based
on a 3D master equation approach showed that the GDM could be extended by
including the effect of non-zero carrier concentration, resulting in the Extended
Gaussian Disorder Model (EGDM) 21 . In that study, the master equation was solved
for the charge-carrier occupational probabilities of the sites for varying temperature,
electric field, and carrier density. This resulted in a mobility function dependent
on these three quantities. The concentration dependence was found to be in good
agreement with experimental results for the temperature-dependent current densityvoltage characteristics of hole-only devices based on a semiconducting polymer 22 .
A similar extension to include the density dependence was also constructed for the
CDM by Bouhassoune et al. 23 , which led to the Extended Correlated Disorder Model
(ECDM).
The EGDM and ECDM are based on master equation or Monte Carlo results
obtained by applying the Miller-Abrahams hopping formalism to 3D systems of sites
with random energies forming regular lattices. This means that important material-
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specific aspects, such as morphological disorder, transfer integral disorder, and the
molecular reorganization energy, are disregarded. Nevertheless, these models have
provided good descriptions of the experimental current density-voltage characteristics for several single-carrier devices 24–27 . In Section 1.5 of this chapter, we will
discuss hopping models based on a microscopic description of organic semiconductors
that can lead to ab initio predictive device modeling.

1.3.4

Percolation theory of charge transport

In 1957, percolation theory was introduced by Broadbent and Hammersley 28 in
the context of their mathematical models to describe the flow of a liquid through
a random maze. This theory was first applied to study the formation of infinite
percolating networks in lattice structures. In a liquid flow problem, the lattice sites
can be either wet with probability p or dry with probability 1 − p. Liquid can only
flow between two neighboring wet sites, thus creating pairs of connected sites and
groups of connected pairs, called clusters. Only above a certain critical probability
pc the sites become connected in such a way that an infinite percolating cluster is
formed that spans the whole system. An important quantity in percolation theory
is the characteristic length scale called the percolation correlation length, which can
be considered, for p < pc , as the typical size of the largest cluster. Percolation is a
critical phenomenon and the correlation length therefore has a power-law divergence
when p approaches pc , with a universal critical exponent that only depends on the
dimensionality of the system.
Percolation theory has been used to describe the temperature dependence of the
conductivity of disordered media 29,30 . An important result of percolation theory
applied to hopping transport is that the conductivity is almost completely determined
by the conductance of the so-called critical bond between a specific pair of sites. Here,
we briefly discuss percolation theory of hopping transport and the characteristic
length scale related to this process. This length scale is an important quantity for
applications and is also studied in this thesis.
The problem of hopping transport in disordered media at low temperature is
equivalent to determining the conductivity of an infinite network of exponentially
distributed resistances:
Rij = R0 exp(ξij ),
(1.7)
where ξij is a random variable that is approximately homogeneously distributed over
a broad interval, and R0 is a resistance prefactor. Each resistance Rij connects a pair
of sites i and j. In the case of a hopping system, the exponent ξij is determined by
the two site energies Ei and Ej , the Fermi energy EF , which depends on the carrier
density, and the temperature T . Because of percolation, the conductivity is mainly
determined by a critical resistance connecting a specific pair. This critical resistance
is found in the following way. If the resistances are switched on in ascending order,
so that all the resistances with ξij > ξ are removed, isolated clusters exist and
the conductivity σ(ξ) of the network is therefore zero. At some point, the critical
resistance Rc = R0 exp(ξc ) is added to the system so that an infinite percolating
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cluster is formed. Hence, σ(ξ) > 0 for ξ > ξc . The inclusion of higher resistances,
for which ξc < ξ < ξc + O(1), leads to a rapid increase and saturation of the
conductivity 30 . The addition of further (very high) resistances does not anymore
significantly increase the conductivity. The conductivity of the system has thus
saturated to a value σ ∝ exp(−ξc ), which is determined by the conductance (or
resistance) of the critical bond corresponding to the percolation threshold ξc . This
is the most important result of percolation theory for hopping conduction.
Since all bonds in the range ξc < ξ < ξc + O(1) matter, the conductivity is in
fact determined by the critical conductance and by the density of bonds around the
critical conductance. This phenomenon is known in literature as "fat" percolation 31 .
In 2011, Cottaar et al. showed that the temperature dependence of the mobility
following from numerically exact master equation simulations can be well described
by a scaling theory based on fat percolation 32 .
In the case of charge transport in a hopping system, the characteristic length
scale can be considered as the average spacing between the conducting filaments
of the percolating network. For samples with a size below this length scale, the
conductivity can thus vary greatly from sample to sample. On the other hand, in the
case of samples with a size well above this length scale the charge transport can be
considered as homogeneous and the sample-to-sample variations in the conductivity
will be small. This result is important for charge-transport modeling, since it means
that reliable results for the conductivity and thus mobility can only be obtained for
samples with a size larger than the characteristic length scale. The result also has
an important practical relevance, since it means that charge transport in organic
layers with a thickness below this characteristic length scale cannot be described as
a continuum process governed by a "bulk" mobility. In Chapter 3 we will show that
in the case of a Gaussian DOS the characteristic length scale can be expressed as:

ν
σ
L0 ' l0
,
(1.8)
kB T
where l0 is of the order of the lattice constant and ν is a critical exponent that is
different for the EGDM and the ECDM. We will also study in Chapter 3 how the
sample-to-sample fluctuations in the conductivity depend on the sample size L, both
for the EGDM and the ECDM. Simulation boxes with sizes well above L0 will be
used for all the charge-transport simulations presented in the rest of this thesis.

1.4

OLED modeling

The EGDM and ECDM described in Subsection 1.3.3 provide mobility functions
based on 3D charge-transport simulations in large simulation boxes. In these simulations the electric field and carrier concentration across the system are taken as
uniform. The resulting mobility functions can then be used in one-dimensional (1D)
drift-diffusion (DD) calculations in order to model the current density-voltage characteristics of single-carrier devices. The current density in this case is described by
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the drift-diffusion equation:
J = eµ(x)n(x)F (x) − eD(x)

dn(x)
,
dx

(1.9)

with µ(x) the local charge-carrier mobility, n(x) the local density of charge carriers,
D(x) the local diffusion coefficient, F (x) the local electric field and x the position
in the device, e.g., the distance to the injecting electrode. At this point we note
that these "local" quantities can only be defined on a length scale larger than the
characteristic length scale for charge transport discussed in the previous subsection.
The diffusion coefficient D(x) follows from the generalized Einstein equation 33 :
D(x) =

µ(x)n(x) dEF
e
dn

,

(1.10)

n=n(x)

with EF the Fermi level. Equation (1.9) can be solved for the local carrier density
and electric field corresponding to a given value of the current density. Since the
conductivity of organic semiconductors is much lower than the conductivity of the
metallic electrodes, a space charge is established in the organic semiconductor. The
effect of this space charge on the electric field is described by the Poisson law:
ε

dF (x)
= en(x)
dx

(1.11)

with ε the electric permittivity of the organic layer.
In the above one-dimensional drift-diffusion (1D-DD) approach, the mobility is
a taken as a parameterized function of the local electric field and carrier density
following from 3D simulations that capture the percolation effects of the charge
transport. In a study by van der Holst et al., the 1D-DD modeling of single-carrier
devices was compared with full 3D master equation modeling and found to provide
reliable electrical characteristics for devices of various thicknesses.
As stated in Subsection 1.3.3, the master equation method involves the calculation
of the charge-carrier occupational probabilities of the hopping sites. This method is
much more efficient than kinetic Monte Carlo simulations, since time averaging is
not required. However, the method does not allow for the inclusion of short-range
Coulomb interactions between individual charge carriers. Also, the modeling of
double-carrier devices with current densities determined by the presence of both
electrons and holes is not possible. Kinetic Monte Carlo simulations describe the
actual hopping of particles for which Coulomb interactions can be included, allowing
the modeling of the motion of both electrons and holes, the formation of excitons, as
well as the diffusion of excitons. Recently, a 3D Monte Carlo method was developed
in our group to model charge transport and excitonics in double-carrier devices 34 .
In 2013, this method was employed to model a complete multilayer white OLED
stack 35 . A good agreement was found between theoretical and experimental results
for the electrical characteristics and light-emission profile of the device.
In that work Miller-Abrahams rates were used and a cubic lattice to describe the
organic layers. Moreover, the parameters determining charge and exciton dynamics
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were taken from experimental studies 35 . Instead, the next-generation OLED modeling will ideally be free of experimental parameters and be based on a microscopic
description of the organic layers obtained from first-principles calculations. This will
involve the simulation of physical phenomena across different scales in a bottom-up
fashion, from the molecular properties to the device characteristics. This new modeling will include molecular-scale aspects that have been neglected so far. Such aspects
include positional disorder, off-diagonal disorder, and the effect of the reorganization
energy. In the next section we will explain the importance of predictive modeling for
the further development of OLEDs and discuss the simulation steps involved in this
framework. This thesis, which addresses some of these steps, lays the foundation for
the development of a fully predictive OLED model.

1.5

Predictive multiscale modeling

In Section 1.2 we discussed aspects of OLEDs that still need improvement, such
as the luminous efficacy, the lifetime, and the manufacturing costs. In the past, a
trial-and-error approach was followed to improve these aspects that involved the
development of OLEDs with layers of varying thickness and composition, based on
numerous different organic semiconductors. However, the huge number of possible
choices of materials and layer thicknesses and compositions makes this empirical
approach very time-consuming. Moreover, as OLED structures become increasingly
complex, the efforts and resources spent on the design of new structures and on the
synthesis of new materials increases. For these reasons, a predictive OLED model is
needed that provides a quantitative prediction of the device characteristics taking the
microscopic properties of the materials and the stack design as input. Such modeling
workflow should ideally be fully ab initio and spanning different scales: it starts
at the nanoscale, at which the molecular properties of the organic semiconductors
are calculated, and ends at the device scale with charge transport and excitonics
simulations providing a prediction of the device performance. The resulting model
will be an invaluable tool for the development of optimized OLEDs. In recent years,
the development of such a tool has been the focus of several groups involved in
theoretical research on OLEDs 36–40 . Here, we introduce the steps involved in this
ab initio multiscale modeling approach. Some of these steps, which are shown in
Figure 1.4, are also addressed in this thesis.
Quantitative OLED modeling begins with a molecular description of the organic materials employed. First, a morphology based on a quantum mechanically
optimized molecular structure is generated in a simulation box using a molecular
dynamics (MD) technique or a Monte Carlo (MC) method. Recently, an efficient
protocol based on MC was developed to simulate the physics of the vapour deposition process that is used to deposit organic molecular semiconductors 41 . It was
shown that this approach yields amorphous morphologies with properties that are
in good agreement with experiments. As an example, in Figure 1.5 a morphology
deposited with this approach is shown in the case of the hole transporter α-NPD
(N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine). The next step is
to determine the charge-transfer integrals, energetic disorder and reorganization
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Figure 1.4: Modeling steps in a predictive OLED device model, grouped by scale. In this
thesis we cover all the modeling steps from the description at the molecular level to the
simulation of device current density-voltage characteristics.

energy of the organic semiconductor. To this end, an electronic structure calculation
method such as Density Functional Theory (DFT) is generally used. For example,
Friederich et al. 42 developed a self-consistent "quantum patch" method based on
DFT to accurately determine the energies and hopping rates of charges in amorphous semiconductors, taking polarization effects in the environment of a charge
into account.
Since the above methods are computationally very demanding, at the time of
writing of this thesis a microscopic description of an organic material is only feasible
for simulation boxes with a typical size of the order of 10 × 10 × 10 nm3 . In principle,
one could calculate hopping rates in a box of this size and perform charge-transport
simulations. However, due to percolation effects, a reliable description of charge
transport is only possible at a larger scale, especially in the case of correlated
disorder. In order to obtain a hopping model that fully captures percolating effects,
stochastic methods 43 can be used to expand the microscopic information about the
morphology and the hopping rates to a large scale. Specifically, it is possible to
obtain a disordered distribution of hopping sites, representing the molecular centers
of mass, that has similar features as the microscopic morphology. Similarly, hopping
rates can be defined based on stochastically generated transfer integrals that are
distributed approximately in the same way as those obtained from the microscopic
DFT calculations.
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Figure 1.5: An example of a microscopic morphology for α-NPD obtained by a Monte
Carlo deposition protocol 41 . This protocol is also used to obtain microscopic morphologies
for the amorphous semiconductors studied in this thesis.

By using stochastic methods, hopping simulation boxes based on microscopic
input with sizes of the order of 100 × 100 × 100 nm3 boxes can be generated,
for which charge-transport simulations can be reliably performed. As discussed in
Subsection 1.3.3 the charge-carrier mobility can then be calculated by kinetic Monte
Carlo simulations or by solving a master equation, this time using Marcus rates
based on material-specific parameters. The resulting ab initio mobility function can
subsequently be used in a 1D-DD model, leading to a prediction of the current densityvoltage characteristics for a single-carrier device with a specific thickness of the
organic layer. The kinetic Monte Carlo and master equation methods can also be used
for 3D device simulations, for which electrode layers are added to the stochastically
generated disordered network of sites. The simulated electrical characteristics are
the most readily obtained result of the model that can be verified experimentally.
The next step is the modeling of exciton formation and dynamics using kinetic
Monte Carlo simulations 44–48 . Excitons diffuse via Förster 49 or Dexter 50 transfer,
can recombine radiatively or non-radiatively, and can be quenched by other excitons
or by charges. This results in a prediction of the intensity and spectrum of the light
generated in each organic layer. Internal absorption, reflection as well as interference
occur inside the device, which can be treated in optical-microcavity calculations 51 .
Therefore, the final step is optical modeling in order to determine the intensity and
spectrum of the light that is effectively emitted by the device. This is then the final
output of the predictive modeling framework for OLEDs.
In this thesis we will address all the steps of the predictive modeling up to
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the simulation of the device electrical response. The work described in this thesis
has been carried out within the MODEOLED project, which has been set up as
a collaboration between BASF, Philips, the group of Prof.dr. Wolfgang Wenzel at
Karlsruhe Institute of Technology (KIT), and our group at Eindhoven University
of Technology. Considering the scheme in Figure 1.4, we will focus on the modeling
steps at the mesoscale and device scale using nanoscale modeling results provided
by the group at KIT.

1.6

Scope of this thesis

This thesis is focused on making the first steps toward the predictive multiscale
model for OLEDs described in the previous section. Specifically, we will focus on
studying how the properties determined at the molecular scale influence the chargecarrier mobilities of disordered organic semiconductors. To this end, we will first
address the problem of finding the length scale above which percolation effects
in such semiconductors are properly described. Then, we will perform predictive
modeling of charge transport for some important small-molecule semiconductors. In
the last part of the thesis, we will study the influence of some advanced issues on
the charge-carrier mobilities of these semiconductors.
The details of the numerical methods employed in this work to charge-transport
calculations are explained in Chapter 2. This chapter is especially focused on the
3D master equation method, which is the method employed to obtain most of the
numerical results of this thesis. In particular, we discuss two methods used to solve
the master equation, which have linear and quadratic convergence, respectively. The
3D kinetic Monte Carlo method is also covered. Although this method is not explicitly
used in this thesis, the method will be used in a final and complete OLED model
that includes transport of both holes and electrons, formation of excitons, and all
excitonic effects. At the end of this chapter, we describe our approach to solve the
one-dimensional drift-diffusion (1D-DD) equation, which is part of our multiscale
modeling workflow.
In Chapter 3 the characteristic length scale of charge transport in disordered
organic semiconductors is determined. Knowing this length scale is very important,
since percolation effects are only properly captured for simulation boxes with sizes
exceeding this length scale. In order to establish this characteristic length scale, we
perform master equation calculations of the conductances of simulation boxes of
varying size and study the conductance fluctuations for different disorder realizations as a function of the box size. We perform this study for different types of
hopping rates (Miller-Abrahams and Marcus), lattice structure (simple cubic and
face-centered cubic), and energetic disorder (uncorrelated and dipole-correlated). We
find that for the cases of uncorrelated and dipole-correlated disorder, the relative
conductance fluctuations show a universal power-law and non-power-law dependence,
respectively, on the system size. Data collapse on master curves occurs upon scaling
with a characteristic length scale having a power-law temperature dependence with
different exponents for these two cases. We find that for correlated disorder the
characteristic length scale is much larger than for uncorrelated disorder.

References

17

In Chapter 4 we develop an ab initio mobility model for hole transport in αNPD and TCTA (tris(4-carbazoyl-9-ylphenyl)amine), which are two widely used
semiconductors based on small molecules. We start from a microscopic description
for each of these materials, which consists of a morphology simulated using MC, as
well as transfer integrals, hole energies, and a value for the reorganization energy
calculated by DFT. Then, we use a stochastic approach based on the thinning
of a Poisson process to obtain a stochastic morphology model for hopping sites
representing the molecular centers of mass. Stochastically modeled morphologies are
generated in simulation boxes with sizes much larger than the characteristic length
scale as determined in Chapter 3. Features of the microscopic morphology like the
the site density and the nearest-neighbor distance distribution function, which are
especially important for the hopping transport, are well reproduced in the modeled
morphology. Next, we develop and apply a method to stochastically generate a
distribution of transfer integrals for the modeled morphology that closely reproduces
the distribution of microscopically calculated transfer integrals. Since the organic
semiconductors studied in this chapter have weak spatial correlations, uncorrelated
Gaussian disorder is assumed. After generating the hopping system based on the
microscopic input by these two stochastic methods, we perform master equation
calculations to determine the hole mobility function. Finally, in the case of α-NPD,
we use this mobility function in 1D-DD calculations to model the current densityvoltage characteristics of several α-NPD devices. We show that the experimental
characteristics can be well reproduced by our multiscale modeling if the strength
of the disorder σ is slightly decreased with respect to the ab initio calculated value.
Importantly, σ is the only parameter that is adapted. All the other parameters in
the modeling have their unchanged ab initio values.
In Chapter 5 we discuss two advanced issues that have been neglected in Chapter 4 and include their effects in the ab initio mobility model: weak spatial energy
correlations and superexchange. Superexchange is the indirect electronic coupling
between two molecules via a virtual state on a third intermediate molecule, which
allows for hops over a longer range than the direct electronic coupling taken into
account in Chapter 4. We systematically analyse the effects of weak spatial energy
correlations and superexchange on the mobility functions of electrons and holes for
the two materials treated in the Chapter 4 and for the blue emitter spiro-DPVBi
(2,2’,7,7’-tetrakis(2,2-diphenylvinyl)-9,9’-spiro[bifluorene]). We show that weak spatial energy correlations and superexchange especially affect the field dependence of
the charge carrier mobility, which is considerably increased in both cases.
The main conclusions of this thesis and an outlook on future research are finally
presented in Chapter 6.
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Chapter 2

Computational methods
In this chapter, we explain the two main numerical methods used for charge transport modeling in organic electronics: the kinetic Monte Carlo method and the master
equation method. These are general methods that can be applied to three-dimensional
hopping models for charge transport in organic semiconductors. In particular, these
methods can be used to determine the charge-carrier mobility. They also allow the
calculation of the current density as a function of the applied voltage in device simulations. We especially focus on the master equation method, which is the numerical
method used in this thesis for charge-transport modeling in three dimensions. In
particular, we address two approaches to solve the master equation. At the end of
this chapter, we also discuss a method that makes use of mobility functions obtained
from three-dimensional models to solve the one-dimensional drift-diffusion equation
for single-carrier devices. In a multiscale modeling workflow, this method can be used
to simulate current density-voltage characteristics of such devices based on mobility
functions derived from ab initio methods.
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Introduction

In this chapter, we describe the two most commonly used approaches to simulate
three-dimensional (3D) hopping transport in organic semiconductors. These methods are the kinetic Monte Carlo method and the master equation method, which
are explained in Section 2.2 and 2.3, respectively. In this thesis, the master equation approach will be used to determine the charge-carrier mobility of an organic
semiconductor using 3D simulation boxes with periodic boundary conditions (PBCs)
applied in the x-, y-, and z-directions. A constant electric field is applied along the
x-direction and the carrier concentration in the simulation box is fixed. The kinetic
Monte Carlo and master equation methods can also be applied to the modeling of
charge transport in fully-3D simulations of devices. In that case, a driving voltage
is applied between two electrode layers placed at x = 0 and x = L, and PBCs are
only applied in the y- and z-directions.
The methods mentioned above can be applied to any kind of hopping model.
The first aspect of a hopping model is the 3D structure of the collection of hopping
sites. In empirical models, positional disorder is often neglected and the sites form
an ordered lattice, while in advanced models the sites are distributed according to
information obtained from (ab initio) calculations of the morphology. In the latter
case, the sites can be chosen to represent the centers of mass of actual molecules.
In this thesis, we will study charge transport using both empirical and ab initio
models of amorphous semiconductors. The second aspect of a hopping model is the
energetic disorder, which is given by the energy Ei assigned to each site i. In the
case of uncorrelated disorder, this energy is randomly drawn from the distribution
that describes the density of states (DOS). Instead, for dipole-correlated disorder,
the energetic landscape is generated by placing a randomly orientated dipole on
each site and the energies follow from Equation (1.2). In Chapter 3, we will see how
these two types of energetic disorder affects the characteristic length scale of charge
transport.
The third aspect of a hopping model is the type of hopping rate between the
sites. In this thesis, we will study hopping models based on both Miller-Abrahams
(Equation (1.3)) and Marcus (Equation 1.4) hopping rates. The advantage of using
the Miller-Abrahams hopping rate is that it contains only two parameters, a prefactor ν0 and the inverse wavefunction decay length α, making modeling relatively
easy. The Marcus rate, which we will use in the ab initio multiscale modeling of
charge transport, requires microscopic information about the material-specific charge
transfer integral Jij between all sites and the reorganization energy Er .
Finally, in Section 2.4, we will discuss a method to solve the one-dimensional
(1D) drift-diffusion equation for single-carrier devices using results of 3D calculations
of the mobility functions as input. This method can be used to obtain the current
density-voltage characteristics of organic devices and forms in this thesis the end of
the multiscale modeling workflow.

2.2 3D Monte Carlo method

2.2
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3D Monte Carlo method

Monte Carlo methods are a broad class of numerical algorithms based on sampling a
stochastic sequence of events that is called a "random walk". Monte Carlo algorithms
typically simulate Markov processes, as each event in the random walk only depends
on the state of the system before the event occurs and not the previous history.
These methods allow the numerical solution of problems that are difficult to solve
otherwise due to the large number of degrees of freedom. An important example is
the Metropolis Monte Carlo algorithm 1 , by which equilibrium properties of classical
multi-particle systems can be computed. In this algorithm, the random walk is a
sequence of configurations in a multi-particle system at thermal equilibrium that
are obtained by randomly displacing a particle at every step. Instead, Monte Carlo
methods that allow the modeling of the time evolution of a system are known as
"kinetic" Monte Carlo methods. In 1966, such a method method was first applied to
the study of vacancy migration in binary alloys 2 and later it was also used to simulate
time evolution in the Ising model 3 . A kinetic Monte Carlo technique has also been
used in the past to model charge transport in organic semiconductors 4 . Here, we
discuss the main aspects of kinetic Monte Carlo modeling of hopping transport
according to the description in ref. 5. The reason for discussing the technique is
that, although we will not directly use the technique in this thesis, it will definitely
be part of a final complete multiscale modeling approach simulating the dynamics
of both electrons and holes, and of excitons.
In a kinetic Monte Carlo simulation of charge transport, an event corresponds
to the hopping of a charge carrier from its current localization site to a free site.
A list of rates is computed corresponding to all possible events. From this list, a
certain hopping event is chosen randomly with a probability weighted by its rate.
The simulation time is then updated by a random contribution chosen from an
exponential distribution with a decay rate equal to the sum of all rates. A device
simulation typically starts with empty organic sites, which are gradually filled by
charges injected into the organic layer from the electrodes. It usually requires many
simulation steps before the charge carriers relax by hopping to low-energy sites.
After that, the system has reached a steady state and the calculation of the current
density in the device or any other property of interest can start.
Since the method simulates the dynamics of actual charge carriers, it is possible
to take into account Coulomb interactions between individual charges. The resulting
Coulomb interaction energy is included in the energy differences which determine the
hopping rates. In principle, the Coulomb interaction can be calculated explicitly for
all charge pairs in the simulation box. However, this is computationally expensive,
especially for high carrier concentrations. A solution to this problem is to explicitly
calculate only short-range interactions, while long-range interactions are included as
a space charge. For each carrier, explicit Coulomb interactions with other carriers
are then calculated within a sphere with a cutoff radius Rc . Outside this sphere, the
long-range contribution to the Coulomb potential is determined by a layer-averaged
charge density forming the space charge. This charge density also includes charges
that are located within the cutoff spheres, leading to a double-counting problem. This
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problem is solved by subtracting from the potential the space charge contribution
associated with disc-shaped regions inside the cutoff spheres. The cutoff radius Rc
should be chosen large enough, such that the simulation results do not appreciable
change anymore by a change of Rc . In most cases, a value of about ten times the
typical inter-site distance is sufficient.
The Monte Carlo method allows for the simultaneous modeling of the hopping of
electrons and holes under the influence of their mutual Coulomb interactions. It also
allows for the simulation of exciton formation, dynamics, and quenching. For these
reasons, it is the most suitable approach for simulating electronic processes in OLEDs.
However, a serious disadvantage is that Monte Carlo simulations can become very
time-consuming, because of the time needed for charge-carrier relaxation. Also, at
low voltage the signal-to-noise ratio in the current density can become very low,
requiring excessively long simulation times. In the next section we discuss the much
faster master equation approach, which involves the computation of time-averaged
single-carrier occupational probabilities in a mean-field approximation.

2.3

3D master equation method

The description of the 3D master equation method in this section is based for a
large part on the thesis of Cottaar 6 . The Pauli master equation describes the time
evolution of the probability pi that a site i is occupied by a charge carrier. In a
mean-field approximation, the correlation between the site occupational probabilities
is neglected and the master equation can be expressed as
X

[ωij pi (1 − pj ) − ωji pj (1 − pi )] = −

j

dpi
,
dt

(2.1)

where, for each site i, the sum runs over all neighboring sites j. The factor (1 − pj )
accounts for the fact that a site can be occupied by only one carrier, as a consequence
of the strong Coulomb interaction associated with the simultaneous presence of
two charges on the same site. Since the method describes the site occupational
probabilities, it is not possible to account for short-range Coulomb interactions,
which can affect the charge-carrier mobility in some case 7 .
In this thesis we are concerned with steady-state situations, for which the time
dependence of the occupational probabilities disappears. In this case, the master
equation becomes
X
[ωij pi (1 − pj ) − ωji pj (1 − pi )] = 0.
(2.2)
j

One can define a local electrochemical potential µ̄i at each site by
pi =

1
.
1 + exp([Ei − µ̄i ]/kB T )

(2.3)

In thermal equilibrium we have µ̄i = EF , with EF the Fermi energy, and we recover
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the Fermi-Dirac distribution.
Once the system of Equations (2.2) is solved, the current density J can be readily
obtained from the occupational probabilities. Assuming an electric field applied along
the x-direction, we get
e X
J=
ωij pi (1 − pj )Rij,x ,
(2.4)
V ij
where V is the volume of the system and Rij,x the difference in the x-coordinates
between sites i and j.
The main advantage of the master equation method is that time averaging is
not necessary, which means that the method is in general faster than the Monte
Carlo method. The master equation method is particularly suitable for studying
the charge-carrier mobility as a function of temperature, electric field, and carrier
concentration, requiring many calculations with large simulation boxes. The method
also allows efficient time-dependent modeling of charge transport in single-carrier
devices, whereas such modeling would be very time-consuming with the Monte
Carlo method. For example, the master equation method has been used by Mesta
et al. to study charge-carrier relaxation by modeling time-dependent experiments
such as dark injection 8 and impedance spectroscopy 9 . The main disadvantage of the
master equation method is that it is not possible to account for short-range Coulomb
interactions between individual charges, which is important when the simultaneous
motion of electrons and holes under influence of their mutual Coulomb interaction
should be modeled, such as in OLEDs.
The steady-state master equation approach has been used for most of the results
presented in this thesis. In the next subsection we discuss the formulation of the
master equation method when periodic boundary conditions are applied in all three
directions. In Subsections 2.3.2 and 2.3.3 we explain Newton’s method and Yu’s
method, respectively, which are employed in this work to numerically solve the
steady-state master equation.

2.3.1

Calculations with periodic boundary conditions

In this thesis, the master equation approach is used to determine the charge-carrier
mobility, which is defined as the average velocity of a charge carrier divided by
the applied electric field. Periodic boundary conditions (PBCs) are applied to the
simulation box in all three directions and no electrodes are considered. Without a
constraint on the carrier concentration, the system of Equations (2.2) is singular,
which means that it has no unique solution. In order to obtain a unique solution,
we fix the carrier concentration c by adding the equation
1 X
pi = c,
N i

(2.5)

to the system of Equations (2.2), where N is the total number of sites.
A problem we face in calculating the charge-carrier mobility with the master
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equation approach is that, particularly at low carrier concentration, charge transport
is almost completely determined by low-energy sites that trap most of the charge carriers. The amount such sites can be significantly different between different disorder
realizations, especially for high disorder. The relative fluctuations in the number of
such sites increases as the system size decreases. As a consequence, if the simulation
box is too small, averaging over many disorder realizations does not yield the correct
bulk value of the mobility. This finite-size effect can be reduced by fixing the Fermi
energy EF instead of the charge-carrier concentration. To this end, we first calculate
the Fermi energy corresponding to the desired carrier density in an infinite system
from the Gauss-Fermi integral:
Z ∞
g(E)
c=
dE,
(2.6)
1
+
exp([E
− EF ]/kB T )
−∞
with g(E) given by Equation (1.1). Once EF is known, we use the Fermi-Dirac
distribution to fix the carrier concentration at equilibrium (electric field F = 0) in
our finite simulation box by
c=

1 X
1 X
1
pi =
.
N i
N i 1 + exp([Ei − EF ]/kB T )

(2.7)

We use this value in Equation (2.5) to solve the system of Equations (2.2). We note
that the concentration defined by Equation (2.7) will not be equal to the desired
carrier concentration and will vary between different disorder realizations. However,
the advantage of the above approach is that the mobility values between different
disorder realization vary much less than by fixing c to the desired concentration
and that the averaged mobility converges much faster to the bulk mobility with
increasing system size. We will employ the approach to most of the charge-transport
calculations in this thesis. We point out that the approach is particularly effective
at low electric field, i.e., close to equilibrium, when the electrochemical potential µ̄i
in Equation (2.3) can be replaced by EF . At high field, this is no longer the case,
and a stronger size-dependence of the mobility is observed.

2.3.2

Solution of the master equation by Newton’s method

Newton’s method is a numerical method used to solve the steady-state master
equation Equation (2.2). The essence of the method is that the master equation is
first linearized around a guess and that the linearized equation is then solved to
obtain an improved guess. This is repeated until satisfactory convergence is achieved.
To simplify the notation we write Equation (2.2) in a general form:
g(p) = 0,

(2.8)

where g and p are N -dimensional vectors and where p is the vector of all pi . Equation
P
(2.8) is underdetermined, since the equation c = i pi /N , specifying the carrier
concentration c, should still be added. Instead of replacing one of the equations in
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the set of Equation (2.8) by this equation, which would lead to a scale mismatching
between the equations, we "spread" this equation over all others in the following
way:




X
X
1
γc ω0 pi (1 − pi ) 
gi (p) = 
ωij pi (1 − pj ) − ωji pj (1 − pi )+ qP
c−
pj  = 0.
N
2
2
(1
−
p
)
p
j
j
j
j j
(2.9)
The factor ω0 pi (1 − pi ) ensures that the scales of the two terms in this equation are
comparable. The choice of the "concentration tuning factor" γc is discussed below.
When applying Newton’s method, we start from some guess p(0) . We then obtain
iteratively improved guesses p(n) by finding ∆p(n) such that it approximates the
difference with the exact solution, ∆p(n) ≈ p(n) − p. Linearizing Equation (2.8) in
∆p(n) yields
J(n) · ∆p(n) = g(p(n) ),
(2.10)
where J(n) is the Jacobian matrix of g at p(n) , given by
(n)

Jij =

∂gi
∂pj

.

(2.11)

p(n)

∆p(n) can be solved from Equation (2.10) by a standard biconjugate gradient stabilized method. The next guess for the solution is now
p(n+1) = p(n) − ∆p(n) .

(2.12)

This method converges rapidly, typically quadratically, if we start close enough to
the actual solution.
We repeat the Newton iterations until satisfactory convergence is achieved. As
convergence criterion we choose
||g(p(n) )||2 < βω0 N 1/2 ,
where ||g(p(n) )||2 ≡ [

P

(2.13)

gj (p(n) )2 ]1/2 is the 2-norm of g(p(n) ) and β is an adjustable

j

parameter. For every calculation β is chosen such that the relative error in the
resulting current is 1% or smaller. We choose to scale Equation (2.13) with N 1/2
so that we do not have to change β when repeating a calculation for a different
size of the simulation box. Directly related to the choice of β is the choice of the
concentration tuning factor γc in Equation (2.9). Allowing a maximum relative error
in c of 10−4 yields
1 βN 1/2
γc = −4
.
(2.14)
10
c
Typically, Newton’s method will only converge when the initial guess is close
enough to the actual solution. The convergence regime can be increased by using
damping. To this end we replace Equation (2.12) by
p(n+1) = p(n) − α(n) ∆p,

(2.15)
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with 0 < α(n) ≤ 1. By taking smaller steps, the method converges slower but does not
diverge as easily. We pick α(n) at each step by minimizing ||g(p(n+1) )||2 . Newton’s
method with damping works well when the solution is close to the initial equilibrium
guess (F = 0), i.e, for the case of a small applied electric field.
A slight problem of the above method is that Equation (2.15) can lead to unphysical values of pi below 0 or above 1. This can be rectified by solving the equations
in terms of the local electrochemical potential µ̄i , defined by Equation (2.3), which
can take on any positive or negative value. The linearized form of Equation (2.10)
remains unchanged, since it does not matter in which variable we linearize. The
equivalent of Equation (2.15) becomes
(n+1)

µ̄i

(n)

= µ̄i

+ α(n)

dµ̄i
kB T ∆pi
(n)
∆pi = µ̄i + α(n) (n)
.
(n)
dpi
p (1 − p )
i

(2.16)

i

Typically, using µ̄i will lead to faster and more reliable convergence than using pi .
However, when c is very low the master equation becomes linear in pi (the factors
1 − pi and 1 − pj in Equation (2.2) can then be replaced by 1). In this case using pi
is generally faster.

2.3.3

Solution of the master equation by Yu’s method

In this thesis, we also use a numerical approach developed by Yu et al. 10 , which is
based on an implicit iterative procedure to solve the steady-state master equation.
The equilibrium solution given by Equation (2.3), with µ̄i replaced by EF , is chosen
as the initial solution. We then update the probabilities pi one by one using the
solution of Equation (2.2) for pi :
"
#
P
j ωij (1 − pj )
P
pi = 1/ 1 +
.
(2.17)
j ωji pj
Whenever a probability is updated, the new value is used to calculate the other
probabilities within the same iteration. Only by following this implicit iteration
scheme the method converges. We point out that, unlike Newton’s method, the
method converges linearly. However, Yu’s method is more stable than Newton’s
method and it always achieves convergence.
The main problem of Yu’s method is that the carrier concentration is not conserved during the iterations. This is not a serious problem close to equilibrium, as
in this case the final concentration is only slightly different than its initial value.
However, at strong electric field, the final concentration can be more than an order
of magnitude larger, leading to a severe overestimation of the charge-carrier mobility,
especially for σ/kB T ≥ 4. This problem is solved by calculating the electrochemical
potential µ̄i from Equation (2.3) after reaching convergence. Next, all the µ̄i values
are shifted by a constant value chosen in such a way that Equation (2.5) is satisfied.
The algorithm based on Yu’s method followed by rescaling the electrochemical potential is repeated until the master equation Equation (2.2) and the requirement of
fixed carrier concentration Equation (2.5) are both satisfied within given tolerances.

2.4 1D drift-diffusion equation

2.4
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1D drift-diffusion equation

The description of the 1D master equation method in this section is based for a
large part on ref. 11. The drift-diffusion equation, which we introduced in Section
1.4, expresses the current density as the sum of two distinct contributions due to
drift and diffusion, respectively:
J = eµ(x)n(x)F (x) − eD(x)

dn(x)
,
dx

(2.18)

with the relationship between the carrier density and electric field given by the
Poisson equation,
dF (x)
ε
= en(x).
(2.19)
dx
where ε is the permittivity.
In order to solve the drift-diffusion equation for a single-layer single-carrier device, we need to specify boundary conditions at the electrodes. Assuming thermal
equilibrium between the carriers in the electrodes and those in the organic semiconductor immediately adjacent to the electrodes, we obtain the carrier concentration
in the organic semiconductors at the electrode interface i as
Z ∞
g(E)

 dE
(2.20)
ni =
−∞ 1 + exp E+ϕi
kB T
with ϕi the injection barrier at the electrode i.
We need to solve Equation (2.18) considering that, as shown by Pasveer et al. 12 ,
in a material with uncorrelated Gaussian disorder the mobility can be factorized as
µ(T, n, F ) = µ0 (T ) × g(n, T ) × h(F, T ),

(2.21)

where µ0 (T ) is the temperature dependent mobility in the limit of low carrier
density and electric field, and g(n, T ) and h(F, T ) are dimensionless functions that
describe the carrier concentration dependence and field dependence of the mobility,
respectively. We note that the specific form of Equation (2.21) depends on the details
of the hopping model.
The diffusion coefficient D is related to the mobility by the generalized Einstein
Equation (1.10), which can be written as
D(T, n, F ) =

kB T
µ(T, n, F ) × d(T, n),
e

(2.22)

where d(T, n) is a diffusion coefficient enhancement function that depends on the
shape of the DOS.
In the case of a constant mobility and diffusion coefficient, the drift-diffusion
equation can be solved with an efficient method devised by Bonham and Jarvis 13,14 .
In this thesis, we use a modified version of the approach of Bonham and Jarvis that
also includes Equations (2.21) and (2.22). All the device modeling results that we
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will present in the next chapters have been obtained with this method, of which we
explain the details in the next subsection.

2.4.1

Method to solve the 1D drift-diffusion equation

The basic idea of the method of Bonham and Jarvis is to reformulate a two-point
boundary-value problem as an initial-value problem. In this way, the method allows
to develop the solution of the 1D drift-diffusion equation starting from a known initial
point. The method is based on the fact that the electric field increases monotonically
as a function of the position inside the device, according to the Poisson equation
Equation (2.19). As a consequence, it is possible to derive a new expression from
Equation (2.18) where the position dependence of n is replaced by a field dependence.
The original expression developed by Bonham and Jarvis applies to the case of
a constant mobility and diffusion coefficient. The expression is formulated using
dimensionless quantities:
1
dy
=f− ,
(2.23)
df
y
where y and f are a dimensionless carrier density and dimensionless field, respectively.
In this thesis, we use an extended version of Equation (2.23) that is applicable to
systems with Gaussian energetic disorder, for which the mobility depends on the
carrier density and electric field:
dy
f
1
=
−
.
df
d[n(y)] g[n(y)] × h[F (f )] × d[n(y)] × y

(2.24)

The solutions of this dimensionless transport equation provide the dependence of the
carrier concentration on the electric field inside a device. Using the Poisson equation
Equation (2.19) the carrier concentration and electric field can then be obtained as
a function of position in the device.
We distinguish two classes of solutions of the Equations (2.23) and (2.24). The
solutions belonging to the first class ("type-I solutions") have a positive minimum
ymin , while the other solutions ("type-II solutions") don’t. For type-II solutions, y(f )
decreases to zero monotonically. All solutions belong to either one or the other class.
When the injection barriers at the anode (i = 1) and cathode (i = 2) are equal, so
that the built-in voltage Vbi = (ϕ1 − ϕ2 )/e is zero, there is a minimum in the carrier
concentration at any voltage. In this case, the solution is of type I. Instead, we have
a type-II solution if Vbi > 0, when the device has two different electrodes, as shown
in Figure 2.1.
For type-I solutions, given the minimum value of the dimensionless carrier density
ymin , the corresponding value of the dimensionless field fmin is found analytically
by setting dy/df = 0 in Equation (2.24). For example, we have fmin = 1/ymin in the
case of a constant mobility and diffusion coefficient. This is the starting point from
where we can determine the solution y(f ) by numerically integrating towards smaller
and larger values of f . The numerical integration stops when two values f1 and f2
are found that correspond to the dimensionless boundary densities y1 and y2 at the
electrodes. The problem of determining the current density inside the device should

References

31

Figure 2.1: Energetic diagram of a hole-only device with a metal|organic layer|metal
structure. The device has injection barriers ϕ1 and ϕ2 at the anode and cathode, respectively,
which give rise to a built-in voltage Vbi > 0. EF denotes the Fermi level in the metallic
electrodes and the organic material is characterized by energetic disorder of HOMO levels.

be solved iteratively. This is because the relationship between the dimensionless
boundary carrier densities y1 and y2 and the values n1 and n2 contains the current
density itself, which is initially unknown. Therefore, J(V ) curves are obtained by
performing iterative calculations for a sequence of fmin values.
In the case of type-II solutions, there is no minimum in the dimensionless carrier
density. Therefore, the integration procedure should start from a different initial
point. It was observed in ref. 11 that in type-II solutions there is always an inflection
point yi for some fi where d2 y/df 2 = 0. This leads to fi = 1/yi − yi2 in the case of
a constant mobility and diffusion coefficient. In order to find the solution y(f ), the
inflection point can be used as a starting point for the numerical integration towards
smaller and larger values of f . The integration is again stopped when the boundary
values y1 and y2 are found. We note that in the type-II case, the slope of the y(f )
curves diverges close to the point y = 0. This is a problem that can be avoided by
calculating f as a function of y(f (y)) instead of y as a function of f (y(f )). As for
the type-I case, J(V ) curves are calculated by iteratively repeating the numerical
integration procedure for a sequence of fi values.
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Chapter 3

Universal size-dependence of
conductance fluctuations
In this chapter, we present numerically exact results for hopping charge transport in
disordered organic semiconductors that show for uncorrelated and dipole-correlated
Gaussian energy disorder a universal, power-law and non-power-law dependence,
respectively, of the relative conductance fluctuations on the size of the considered
region. We find that data collapse occurs upon scaling the system size with a characteristic length scale having a power-law temperature dependence. Below this length
scale, which extends from a few nm in the case of uncorrelated disorder to even 100
nm for correlated disorder in a realistic case, fluctuations dominate and a continuum description of charge transport breaks down. Knowing this length scale is very
important for describing charge transport in organic devices, since if the thickness
of an organic layer is below this length scale, the layer can no longer be treated as
a homogeneous medium in charge-transport simulations. Percolation effects in the
charge transport should then be explicitly accounted for.

This chapter is adapted with permission from:
A. Massé, R. Coehoorn, and P. A. Bobbert. Universal size-dependent conductance fluctuations in disordered organic semiconductors, Phys. Rev. Lett. 113, 116604(2014).
Copyright(2014) by the American Physical Society.
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3.1

Universal size-dependence of conductance fluctuations

Introduction

Charge transport in organic semiconductors, which are the main constituent of
organic devices like OLEDs, involves the hopping of carriers between localized sites
with random normally-distributed on-site energies, as described in Chapter 1. In
the past, percolation theories have been employed to describe such transport and to
determine the dependence of the charge-carrier mobility µ on temperature T , carrier
concentration c, and electric field F 1–7 . The use of µ(T, c, F ) in continuum driftdiffusion simulations is the current standard approach in organic device modeling 8 .
However, the validity of this continuum approach can be critically analyzed for
at least three reasons. i) Sublayers used in modern OLEDs, especially white OLEDs,
can be only a few nanometers thick 9,10 . This arises the question whether these
layers can still be considered as a continuum medium. ii) Below a certain critical
size, sample-to-sample fluctuations in the conductance are no longer negligible, which
makes a continuum approach to charge transport fail when regions of a smaller size
are considered. iii) These fluctuations are expected to be even more pronounced if
spatial dipole-correlated disorder is present, that is often the case of small-molecule
semiconductors 8 . Thus, it is of utmost importance to understand the conditions
leading to the break down of a continuum approach and the character of charge
transport under such conditions.
In this chapter we perform such an analysis considering the widely used Gaussian
Disorder Model (GDM) and the Correlated Disorder Model (CDM) for site-energy
disorder that have been introduced in Subsection 1.3.3. The GDM and CDM, extended to the EGDM 4 and ECDM 11 to account for the c-dependence of µ in addition
to the originally considered T - and F -dependence, can be applied to charge transport
in polymeric and small-molecule semiconductors, respectively 8 .
Our study is also important since many theory groups are trying to obtain
realistic morphologies and hopping rates by studying organic semiconductors from
a fundamental perspective 12–15 . However, the involved calculations are expensive in
terms of computational costs, and therefore, these studies involve relatively small
systems. Thus, it is important to understand the size effects on the calculated
charge-transport properties. It was already noted by Lukyanov and Andrienko that
the calculated mobilities are strongly system size-dependent. They propose to find
the room-temperature mobility by extrapolation of mobilities calculated at higher
temperatures, where finite-size effects are smaller, to room temperature 16 . We will
use the results of this chapter for multi scale modeling of charge-transport in organic
semiconductors, which will be described in the next chapters of this thesis.

3.2

Conductance fluctuations for different hopping
models

In this section, we analyze the sample-to-sample fluctuations in the conductance
G of a cubic simulation box with lateral size L for different energetic disorder
configurations in the condition of small electric field F . Charge transport in the box
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is that in a homogeneous medium when the relative fluctuations are sufficiently small.
It is then important to find the minimum size of the box for which this is the case.
Moreover, the behavior of the fluctuations themselves provides valuable information
about charge transport in confined systems like, for example, a thin organic layer in
an OLED, or a small simulation box in the case of atomistic studies. It is known that
the particular boundary conditions are not important in analyzing fluctuations in
the case of percolative charge transport 2 , thus we choose computationally convenient
periodic boundary conditions for our study. In order to investigate possible influences
of the lattice type, we consider cubic (SC) and fcc lattices. We define a length unit
−1/3
a ≡ Nt
, where Nt is the site density. We consider carrier concentrations c < 0.01
as higher values are rarely reached in organic devices. At these concentrations, strong
on site Coulomb repulsion is the most relevant effect of Coulomb interactions and
that is taken into account by allowing at most one charge carrier to be present at
a lattice site. It was found that the c-dependence of µ is more important than the
F -dependence in modeling of charge-transport for hole-only polymer devices 4 , and
therefore the small-F limit considered here is very important. We show in the next
subsection that in this limit an exact mapping onto a random-resistor network is
possible, where every resistor represents a bond between two sites.
We consider Miller-Abrahams (MA) 17 as well as Marcus 18 hopping rates ωij
between nearest-neighbor sites i and j. The master equation for the occupational
probabilities pi of the sites is solved numerically by applying the Newton’s method,
which has been described in Subsection 2.3.2. The calculation of the currents through
the bonds and of the box conductance G follows straightforwardly from these probabilities. In the case of uncorrelated disorder, we generate disorder configurations by
drawing random site energies from a Gaussian distribution with standard deviation
σ, while for correlated disorder, these energies are obtained from the electrostatic
potential due to randomly orientated dipoles placed on the lattice sites.

3.2.1

Mapping of the hopping problem onto a random-resistor
network

In this subsection we show that at low electric field, the problem of determining
the mobility µ of a lattice of sites with Gaussian energetic disorder is equivalent to
find the conductance of a random network of resistances. To this end, we make use
of the electrochemical potential, which, for each site of the box, can be defined in
terms of the occupational probability pi according to the Fermi-Dirac distribution
(see also Equation (2.3)):
pi =

1
.
1 + exp([Ei − µ̄i ]/kB T )

(3.1)

This allows us to redefine the steady-state master equation, Equation (2.2), as follows:
h
i
µ̄ −µ̄j +eF Rij,x
X eωij,symm sinh i 2k
BT
h
i
h
i = 0,
(3.2)
E −µ̄
Ei −µ̄i
2 cosh 2kB T cosh 2kj B Tj
j
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Figure 3.1: Bond current distribution (arrows: directions, line thicknesses: sizes) for a
representative 2D case with uncorrelated disorder, for two disorder strengths. At the size
L0 of the red boxes conductance fluctuations are comparable to the conductance itself.

where F is the strength of the field applied along the x direction and Rij,x is the
difference in the x coordinates between sites i and j. If the electric field is low, the
system is almost in equilibrium, and this equation can be linearized in F , µi − EF
and µj − EF , leading to
X
j

eωij,symm (µ̄i − µ̄j + eF Rij,x )
h
i
h
i = 0.
Ej −EF
i −EF
4kB T cosh E2k
cosh
T
2k
T
B
B

(3.3)

This result corresponds to the Kirchhoff’s law of current conservation, where
µ̄i − µ̄j + eF Rij,x represents the voltage difference, while the resistance Rij of a
bond is given by




Ei − EF
Ej − EF
4kB T
Rij = 2
cosh
cosh
.
(3.4)
e ωij,symm
2kB T
2kB T
Therefore, the charge-carrier mobility can be calculated from the conductance of
this random-resistor network. We point out that this is an exact result in the limit
of vanishing electric field and that the mapping of the hopping problem onto a
random-resistor network in this limit is therefore exact. It is also important to note
that the resulting random-resistor network is characterized by a certain degree of
correlation between resistances that connect a site i to its nearest neighbors, because
these resistances all depend on the energy Ei of that site.

3.2.2

Uncorrelated disorder

We first consider uncorrelated disorder. In order to visualize the problems to be
tackled, in Figure 3.1 we show the bond current distribution in a two-dimensional
(2D) square lattice for a representative case, for σ̂ ≡ σ/kB T = 3 and 6. As the
linear size L of the box decreases, the relative sample-to-sample fluctuations in the
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box conductance increase. The red boxes with critical size L0 represent the boxes
for which the fluctuations in the conductance are as large as the typical value of
the conductance itself. Below the critical size, these fluctuations become dominant.
Thus, it is important to understand the dependence of L0 on σ̂, i.e. on temperature,
and the influence of the box size L on the fluctuations.
Because of the exponential dependence of the hopping rates on the site energies,
the distribution of G is very close to log-normal. We therefore study the distribution
of ln(G/G0 ), where G0 ≡ exp hln Gi (h· · · i denotes a disorder average). In Figure
3.2(a) this distribution, which is very close to normal, is shown for a three-dimensional
(3D) case and different box size L. The size-dependent standard deviation of this
distribution is defined as δ(L). Figure 3.2(b) shows G0 vs. a/L and a comparison with
equivalent results for the average conductance and resistance, which are defined as
R
−1 −1
R
GC
, respectively. The results for GC
0 ≡ hGi and G0 ≡ G
0 (G0 ) lie significantly
above (below) these for G0 , due to the skewness of the log-normal distributions (the
distribution of the resistances R = 1/G is also log-normal and has the same shape as
that of G). From Figure 3.2(b) it is clear that the macroscopic conductivity can be
R
much more accurately obtained from G0 rather than from GC
0 or G0 for calculations
on small systems, which is for example the case of charge-transport modeling from
morphologies obtained by molecular dynamics (MD). Therefore, this represents an
attractive route to calculate the macroscopic conductivity from simulations on small
systems. Also, GC
0 can be considered as the conductance of a system of many boxes in
parallel, corresponding to an organic layer placed in between two highly conducting
layers. The conductance can then be considerably higher than that obtained by
following a continuum description.
We stress that in our approach we have fixed the Fermi energy and not the
number of charge carriers in the system. In this respect our approach to calculate
charge-carrier mobilities differs from that of Lukyanov and Andrienko, who fix in
their Monte Carlo simulations the number of carriers in the system, leading to
different Fermi energies in small systems with different disorder realizations 16 . The
latter approach leads to too large calculated mobilities in small systems due to the
fact that the average carrier energy is higher than in an infinite system. This is
corrected by calculating mobilities at high temperatures, where this overestimation
of the mobility is less significant, and extrapolating to lower temperatures 16 .
The behavior of δ(L) vs. L is shown in Figure 3.3(a) for another three-dimensional
case and for different values of the disorder strength σ̂. We find for all σ̂ a perfect
power-law behavior δ(L) ∝ (L/a)−κ . It can be seen from Figure 3.3(b) that the
curves of Figure 3.3(a) perfectly collapse onto a master curve upon scaling of the
size L with a characteristic length L0 = Aaσ̂ ν , where the numerical prefactor A is
chosen in a way such that δ(L0 ) = 1. The characteristic length scale was introduced
in Subsection 1.3.4. When the box size equals L0 the fluctuations in the conductance
G are comparable to G0 . Combining the two results leads to:
 κ 
κ
L0
Aaσ̂ ν
=
.
(3.5)
δ(L) =
L
L
It is also interesting to analyze the two dimensional case. Equivalent results to
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Figure 3.2: (a) Normalized occurrence frequency of ln(G/G0 ) of conductances of boxes
with different size L (offsets applied), for a representative 3D case with uncorrelated disorder.
The mean-square fluctuation δ(L) is indicated for one case. The bin size was 0.04 and
the numbers of disorder configurations considered are given. (b) Conductivities vs. a/L
normalized to the macroscopic conductivity (dashed horizontal line), calculated from the
R
data in (a): disorder averages of the conductance (GC
0 ), resistance (G0 ), and logarithm of
the conductance (G0 ). See the main text for the explanation of the functions exp(δ(L)2 /2)
and exp(−δ(L)2 /2). At the vertical dashed line δ(L) = δ(L0 ) = 1. Errors in the data are
smaller than the symbols.

those of Figures 3.3(a) and (b) are shown in Figures 3.3(c) and (d) for the same
2D case considered in Figure 3.1. Similarly to the 3D case, we find a power-law
behavior δ(L) ∝ (L/a)−κ , where the only difference is represented by the value of
the exponent κ, that is now 1.00 ± 0.02. Also, the exponent ν is now 1.22 ± 0.02 that
is similar to the 2D percolation correlation-length exponent ν = 4/3. It is worth
noting that several data points are obtained for which δ > 1, clearly showing that
there is no change in behavior around δ = 1. The red boxes in Figure 3.1 have a
lateral size equal to the characteristic length L0 = 0.96aσ̂ 1.22 at which δ = 1.
This behavior seems to be universal as long as it is independent of the type of
hopping and lattice, or of the charge carrier concentration. Fitted values of κ, ν,
and A are shown in Table 3.1 for several cases. As shown later in this chapter, this
behavior is not even influenced by the presence of traps, which are very relevant
for electron transport in organic semiconductors 19 and for OLEDs making use
of dyes 9,10 . For all cases the exponent κ is very close to 1.5. In agreement with
predictions from percolation theory 2 , we find that the exponents ν reported in Table
3.1 are within the numerical accuracy equal to the percolation correlation-length
exponent, which is ν = 0.875 in three dimensions 20 . In Figure 3.2(b) we also show the
normalized averages of the log-normal distributions of the conductance and resistance,
represented respectively by the functions exp(δ(L)2 /2) and exp(−δ(L)2 /2), using
Equation (3.5) and the results from Table 3.1. They are in good agreement with the
actual data for L < L0 and can therefore be used as a rule-of-thumb in estimating
finite-size corrections.
The relation κ = D/2, with D the dimension, is suggested by the value of κ,
which is close to 1 in 2D and 3/2 in 3D. In the limit δ → 0 this can be rationalized as
follows. The box with size L can be divided in N = (L/L0 )D subboxes of size L0 . If
δ(L0 ) << 1, the distribution of the conductances of the subboxes is normal and very
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Lattice
SC
SC
SC
SC
SC
SC
fcc
fcc
fcc
fcc
fcc
fcc

Hopping
MA
MA
Marcus
Marcus
Marcus
Marcus
MA
MA
Marcus
Marcus
Marcus
Marcus

Er [σ]
N/A
N/A
∞
∞
1
1
N/A
N/A
∞
∞
1
1

c
10−5
10−3
10−5
10−3
10−5
10−3
10−5
10−3
10−5
10−3
10−5
10−3

κ
1.52 ± 0.01
1.52 ± 0.01
1.52 ± 0.02
1.52 ± 0.02
1.52 ± 0.01
1.52 ± 0.01
1.53 ± 0.03
1.53 ± 0.02
1.52 ± 0.03
1.52 ± 0.03
1.52 ± 0.03
1.52 ± 0.03

ν
0.86 ± 0.01
0.86 ± 0.01
0.85 ± 0.01
0.85 ± 0.01
0.85 ± 0.01
0.85 ± 0.01
0.88 ± 0.02
0.89 ± 0.01
0.87 ± 0.02
0.87 ± 0.02
0.87 ± 0.02
0.87 ± 0.02
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A
1.03 ± 0.01
1.03 ± 0.01
0.97 ± 0.01
0.97 ± 0.01
0.97 ± 0.01
0.97 ± 0.01
1.60 ± 0.01
1.60 ± 0.01
1.51 ± 0.01
1.51 ± 0.01
1.51 ± 0.01
1.51 ± 0.01

Table 3.1: Values of κ, ν, and A found to bring data for different considered cases onto
the master curve of Equation (3.5), for 3D hopping with uncorrelated disorder.

sharply peaked around the average conductance. In determining the conductance
of the box with side L from the conductances of the subboxes it is then possible to
linearize in the fluctuations of these conductances.
As long as these fluctuations are
√
uncorrelated we conclude that δ(L) = δ(L0 )/ N = δ(L0 )(L/L0 )−D/2 , and therefore
κ = D/2. Surprisingly, this power-law behavior also holds when the condition δ << 1
is not satisfied. We point out that our results deviate in important respects from
the analyses of Shklovskii and Efros 2 , as discussed later in this chapter.
The fluctuations in the conductance are dominant in the region δ > 1 above the
dashed lines in Figure 3.3. Here the conductance of a given disorder configuration
can deviate significantly from the average, which means that a continuum approach
breaks down. For example, the EGDM modeling of hole-only devices led to the
values σ = 0.14 eV and a = 1.6-1.8 nm for polymeric semiconductors 4 . In this case,
at room temperature we have σ̂ ≈ 5.6 and we estimate from Equation (3.5), taking
A = 1, that δ > 1 below about L = 8 nm. At such layer thicknesses a continuum
approach breaks down, but also when the mobility varies significantly on this scale
because of large gradients in the carrier density.

3.2.3

Correlated disorder

In this subsection we turn to the case of dipole-correlated disorder. This case is
particularly interesting since the energy-energy correlation function decays as 1/r,
which means that the disorder has no finite correlation length. Thus, standard
percolation theory cannot be applied, but we can nevertheless try to characterize the
behavior of the sample-to-sample conductance fluctuations and find a characteristic
length by applying the same procedures that we have used for the uncorrelated
disorder case.
We find that the distribution of G is still log-normal, apart from the smallest
boxes considered. Results for a representative case are shown in Figure 3.3(e). It is
clear that the L-dependence is no longer a power law. Nevertheless, it is still possible
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Figure 3.3: Mean-square fluctuation δ vs. box size L (left) and scaled size L/L0 (right) for
different disorder strengths and three different cases, corresponding to uncorrelated disorder
in 3D ((a) and (b)) and 2D ((c) and (d)), and dipole-correlated disorder in 3D ((e) and
(f)). Values of L0 used in the size scaling are indicated and a parametrization of the curves
according to Equations (3.5) and (3.6). Numbers of considered disorder configurations
varied between 1,000 (uncorrelated disorder) and 150 (correlated disorder) for the largest
box to 50,000 (both cases) for the smallest box. Errors in the data are smaller than the
displayed symbols.

0

to obtain data collapse by scaling L with a characteristic length L0 = A0 aσ̂ ν for
some power ν 0 and prefactor A0 . As shown in Figure 3.3(f), this is still possible for
ν 0 = 2.9 ± 0.3 if results for the smallest boxes are not taken into account. Table 3.2

3.2 Conductance fluctuations for different hopping models
Lattice
SC
SC
SC
fcc
fcc
fcc

Er [σ]
N/A
∞
1
N/A
∞
1

Hopping
MA
Marcus
Marcus
MA
Marcus
Marcus

ν0
2.8 ± 0.2
2.9 ± 0.3
2.9 ± 0.2
2.8 ± 0.2
2.9 ± 0.3
2.9 ± 0.2
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A0
0.28 ± 0.02
0.25 ± 0.02
0.25 ± 0.02
0.46 ± 0.03
0.40 ± 0.02
0.40 ± 0.03

Table 3.2: As in Table 3.1, but for correlated disorder and using Equation (3.6). The
carrier concentration was in all cases c = 10−5 .

contains results for all considered cases, showing very similar values of ν 0 . Hence,
for dipole-correlated disorder we find:

δ(L) = f

L
L0




≈ 0.33 + 0.67

L
0
A aσ̂ ν 0

−1
,

(3.6)

where the second equality gives an approximation to the master curve f (x). We
point out that for δ  1 the decay δ(L) ∝ (L/L0 )−1 with L in Equation (3.6) is
slower than (L/L0 )−3/2 . This is due to the fact that, as a consequence of the 1/r
spatial correlation in the energetic disorder, fluctuations in the conductances of the
subboxes never become uncorrelated.
As discussed in Subsection 3.2.2, a continuum approach collapses in the region
δ > 1 when the fluctuations in the conductance become dominant. Another important example is Alq3 (tris(8-hydroxyquinolinato)aluminium), a small-molecule
semiconductor with a relatively large molecular dipole moment. Atomistic modeling
yields σ = 0.19 eV for this material 21 . In this case, assuming correlated disorder,
Equation (3.6) predicts, taking A0 = 0.25, a = 1 nm, and ν 0 = 2.9, that at room
temperature fluctuations are dominant up to sizes of even 100 nm. This is of the
order of the organic layer thickness in a typical single-layer OLED and much larger
than the thickness of some organic layers used in multilayer OLEDs 9,10 . This example shows that a continuum approach to small-molecule organic device modeling
can fail severely.

3.2.4

Traps

In this subsection, we show that the universal size-dependent conductance fluctuations discussed in Subsections 3.2.2 and 3.2.3 are also present if traps are added to
the system. Results analogous to Figures 3.3 (a) and (b) are shown in Figures 3.4 (a)
and (b) for the case of Marcus hopping on a 3D fcc lattice with uncorrelated disorder,
for a reorganization energy Er → ∞ and a carrier concentration c = 10−5 , where
the energy of a fraction ctrap = 0.05 of the sites has been reduced by an amount
∆Etrap = 3σ. Values of κ, ν, and A for a number of considered cases are reported in
Table 3.3. The results are in line with the finding discussed in the previous sections:
all data fall on the master curve Equation (3.5).
We note that at the considered values ctrap = 0.05 and ∆Etrap = 3σ and 10σ
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Figure 3.4: Mean-square fluctuation δ in ln(G/G0 ) as a function of (a) box size L and
(b) scaled size L/L0 for Marcus hopping on a 3D fcc lattice with uncorrelated disorder for
four values of σ̂ ≡ σ/kB T , for the case that a fraction ctraps = 0.05 of traps is introduced
by shifting sites downward by an energy ∆Etrap = 3σ. The value of L0 used in the size
scaling is indicated and a parametrization according to Equation (3.5) in the main text.
The numbers of considered disorder configurations varied between 1,000 for the largest box
to 50,0000 for the smallest box. The errors in the data are smaller than or comparable to
the displayed symbols.

trap-to-trap hopping does not yet play a role in the charge transport process and the
density of states (DOS) of the traps is well separated from that of the host. Thus,
the main effect of the traps is to only reduce the density of carriers on the host sites.
This rationalizes the results since in the previous sections it was already concluded
that the relative fluctuations in the conductance are not influenced by the carrier
density. Of course the presence of traps has an enormous effect on the conductance
itself. We estimate that at values ctrap > 0.1 trap-to-trap hopping starts to become
important. In this situation and for values of ∆Etrap such that the DOS of the traps
is no longer well separated from the host one a case-by-case analysis is needed.

3.3

Comparison with the analysis of Shklovskii and
Efros

The result of Equation 3.5 varies from an assumption made by Shklovskii and
Efros (SE) in deriving the macroscopic conductivity of a random-resistor network
of resistances R = R0 exp(ξ 0 ), where R0 is a constant resistance and ξ 0 a random
variable uniformly distributed in the interval −ξ0 ≤ ξ 0 ≤ ξ0 , with ξ0  1 2 . SE assume
that if the size L of a box cut out of the random-resistor network is sufficiently small,
the conductance is fully determined by the greatest (“percolating”) resistance RcL =
R0 exp ξcL necessary for percolation within the box when resistances are added in
ascending order. Percolation theory predicts that ξcL is normally distributed with a
mean-square fluctuation δξcL = B 0 ξ0 (L/a)−1/ν , where B 0 is a factor of order unity
and ν is the correlation-length exponent 2 . Applying this argument to our hopping
problem after making the substitution ξ0 → σ̂ would lead to δ(L) = B 00 σ̂(L/a)−1/ν ,
where B 00 is another factor of order unity. However, we find that the behavior
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Equation (3.5), which holds all the way down to the smallest box considered, is
actually different, because 1/ν = 1.14 6= κ ≈ 1.5.
From this we can conclude that, in contrast to the assumption made by SE, the
conductance is not determined by just one resistance even for a small box. Rather,
right from the smallest box on other resistances than the “percolating” one start to
participate in determining the box conductance, leading to a steeper decay of δ(L)
with L than (L/a)−1/ν (since κ > 1/ν). To verify this, our analysis was repeated
for exactly the random-resistor network as considered by SE, leading to the same
results as above, which are shown in the next subsection. This further emphasizes
the universal character of this behavior.
The universal prefactor ξ0−ν in the SE prediction for the macroscopic conductivity,
which was later independently predicted by Le Doussal 22 , should be reconsidered in
light of our results. For our hopping problem, such prefactor would become σ̂ −ν =
(σ/kB T )−ν . This result is at variance with the result of ref. 6, where a prefactor
σ̂ −λ was found from numerically exact results obtained in the same way as in this
chapter, with exponents λ that cluster around λ ≈ 1 but nevertheless are different
for different lattices and hopping models. Thus, the universality in the conductance
fluctuations that we found seems to be accompanied by a non-universality in the
algebraic macroscopic conductivity prefactor.

3.4

Random-resistor network

In this section, we show that the universal size-dependent conductance fluctuations
discussed above are also present in the case of a random network of resistances
R = R0 exp(ξ 0 ) in a 3D simple cubic (SC) lattice, where R0 is a constant resistance
prefactor and ξ 0 a random variable uniformly distributed in the interval −ξ0 ≤
ξ 0 ≤ ξ0 . Note that for this random-resistor network there is no correlation between

Lattice
SC
SC
SC
SC
SC
SC
fcc
fcc
fcc
fcc
fcc
fcc

Hopping
MA
MA
Marcus
Marcus
Marcus
Marcus
MA
MA
Marcus
Marcus
Marcus
Marcus

Er [σ]
N/A
N/A
∞
∞
1
1
N/A
N/A
∞
∞
1
1

∆Etrap [σ]
3
10
3
10
3
10
3
10
3
10
3
10

κ
1.53 ± 0.01
1.52 ± 0.01
1.52 ± 0.01
1.51 ± 0.02
1.52 ± 0.01
1.51 ± 0.01
1.52 ± 0.02
1.54 ± 0.03
1.52 ± 0.03
1.52 ± 0.03
1.52 ± 0.03
1.52 ± 0.03

ν
0.81 ± 0.01
0.89 ± 0.01
0.84 ± 0.01
0.84 ± 0.01
0.84 ± 0.01
0.85 ± 0.01
0.88 ± 0.01
0.83 ± 0.02
0.87 ± 0.02
0.84 ± 0.02
0.86 ± 0.02
0.84 ± 0.02

A
1.02 ± 0.02
1.01 ± 0.01
0.95 ± 0.02
0.95 ± 0.02
0.95 ± 0.02
0.95 ± 0.02
1.49 ± 0.04
1.64 ± 0.06
1.49 ± 0.05
1.52 ± 0.05
1.51 ± 0.05
1.52 ± 0.05

Table 3.3: Values of κ, ν, and A found to bring data for different considered cases onto the
master curve of Equation (3.5) in the main text for 3D hopping with uncorrelated disorder,
where traps are introduced by moving a fraction ctrap = 0.05 of randomly chosen sites
down in energy by an amount ∆Etrap . In all cases the carrier concentration is c = 10−5 .
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Figure 3.5: Dependence of the conductance on the largest exponent ξ of turned-on resistances for a random resistor network with a 3D simple cubic structure. It is clear that
the system starts to conduct when ξ ' ξc , where in the case of a simple cubic lattice
ξc = −ξ0 /2, and the conductance saturates when the critical subnetwork is formed.

resistances sharing a given site as for the case of the random-resistor networks
related to the hopping problems discussed in Section 3.2. In Figure 3.5, we show
the conductance of this network after turning on all resistances with ξ 0 < ξ, leaving
the others switched off. The system begins to conduct when an infinite network
of turned-on resistances is formed. This occurs when ξ reaches the value ξc , which
is the percolation threshold of the system (ξc = −ξ0 /2 for a SC lattice 2 ). Beyond
this threshold, the conductance rapidly increases because of a rapid increase of the
number of conducting pathways in the infinite network, until a saturation value is
reached. At this point a critical subnetwork is formed, and further increasing ξ has
no longer an effect on the conductance since we are adding resistances exponentially
larger than R0 exp(ξc ). We can now study the conductance fluctuations for this
random-resistor network in a 3D SC lattice for various values of ξ0 and with all the
resistances turned on. Results comparable to Figures 3.3(a) and (b) are shown in
Figures 3.6(a) and (b). The data in Figure 3.6(b) fall perfectly on the same master
curve Equation (3.5) as the data for the hopping models considered in Section 3.2
(apart perhaps from the data for ξ0 = 3, for which the condition ξ0  1 might slightly
break down). These results show that the universal behavior of the conductance
fluctuations is not peculiar to hopping models, but has a broader validity.

3.5

Conclusions

To conclude this chapter, we highlight the importance of our numerically exact results, which show that conductance fluctuations in disordered semiconductors are
characterized by a universal size dependence. The results allow an assessment of
the validity of a continuum approach to charge transport in these semiconductors
under different conditions, leading to the conclusion that such approach can be
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Figure 3.6: Mean-square fluctuation δ in in ln(G/G0 ) as a function of (a) box size L and
(b) scaled size L/L0 for a 3D SC random-resistor network for six values of ξ0 . The value of
L0 used in the size scaling is indicated and a parametrization according to Equation (3.5)
in the main text. The numbers of considered disorder configurations varied between 1,000
for the largest box to 50,000 for the smallest box. The errors in the data are smaller than
or comparable to the displayed symbols.

insufficiently accurate for organic semiconductor device modeling under realistic
conditions. Specifically, the conductance of a thin organic layer can be significantly
underestimated using a continuum approach. We showed that conductance fluctuations dominate if the thickness of the organic layer is below a universal characteristic
length, which can be of the order of 100 nm in the case of dipole-correlated disorder,
and a continuum approach breaks down.
Another important aspect of our work concerns finite size effects on charge transport in these materials. We showed that the logarithmic average of the conductance
(or resistance) is significantly less sensitive to the system size than the average
conductance (or resistance). Therefore, calculating the logarithmic average of the
conductance is a better way to to determine the mobility when small systems are
considered than calculating the arithmetic average of the conductance.
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Chapter 4

Ab initio charge-carrier
mobility model for amorphous
molecular semiconductors
Accurate charge-carrier mobility models of amorphous organic molecular semiconductors are essential to describe the electrical properties of devices based on these
materials. The disordered nature of these semiconductors leads to percolative charge
transport with a large characteristic length scale, posing a challenge to the development of such models from ab initio simulations. Here, we develop an ab initio
mobility model using a four-step procedure. First, the amorphous morphology together
with its energy disorder and intermolecular charge-transfer integrals are obtained
from ab initio simulations in a small box.
Next, the ab initio information is used to set up a stochastic model for the morphology and transfer integrals. This stochastic model is then employed to generate a
large simulation box with modeled morphology and transfer integrals, which can fully
capture the percolative charge transport. Finally, the charge-carrier mobility in this
simulation box is calculated by solving a master equation, yielding a mobility function
depending on temperature, carrier concentration, and electric field. We demonstrate
the procedure for hole transport in two important molecular semiconductors, α-NPD
and TCTA. In contrast to a previous study, we conclude that spatial correlations
in the energy disorder are unimportant for α-NPD.We apply our mobility model to
two types of hole-only α-NPD devices and find that the experimental temperaturedependent current density-voltage characteristics of all devices can be well described
by only slightly decreasing the simulated energy disorder strength.

This chapter is adapted with permission from:
A. Massé, P. Friederich, F. Symalla, F. Liu, R. Nitsche, R. Coehoorn, W. Wenzel, and P.
A. Bobbert. Ab initio charge-carrier mobility model for amorphous molecular semiconductors.,
Phys. Rev. B 93, 195209(2016).
Copyright(2016) by the American Physical Society.
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4.1

Introduction

Amorphous organic molecular semiconductors play a central role in the active layer
of OLEDs, organic photovoltaic cells (OPVCs) and light-emitting organic field-effect
transistors (LEOFETs). Their importance has led to extensive efforts to study charge
transport in these materials. This process occurs by incoherent hopping of charge
carriers between molecular localization sites with random energies, as we discussed in
Chapter 1. The most important parameter characterizing the transport is the chargecarrier mobility µ. In the early modeling, the random energies were described by a
Gaussian density of states (DOS), 1 leading to the GDM. However, it was suggested
that dipole moments in the organic material can introduce spatial correlations
between the site energies, leading to the CDM 2,3 . These models were later extended
to the EGDM and ECDM respectively, which we introduced in Subsection 1.3.3, to
take into account the concentration dependence of the mobility. Percolation effects
associated with the charge transport in disordered systems, which become dominant
at low T , are fully accounted for in the EGDM and ECDM. The EGDM and ECDM
provide parameterizations of the mobility function µ(T, c, F ) that can be readily
used in drift-diffusion modeling of electrical characteristics in organic devices. The
key parameters in both the EGDM and ECDM are the strength of the energetic
disorder, quantified by the standard deviation σ of the DOS, and the site density Nt .
In the limit of vanishing carrier concentration c and electric field F , both the EGDM
and ECDM yield a temperature dependence of the form µ ∝ exp(−C σ̂ 2 ) in the range
of values 2 ≤ σ̂ ≤ 6 important for applications, where σ̂ ≡ σ/kB T . For the EGDM
a value C = 0.42 is obtained, 4 whereas the ECDM yields C = 0.29. 5 Another
important difference is that the ECDM predicts a much stronger F -dependence
than the EGDM. The c-dependence of both models was shown to be essentially the
same. 6 Good agreement between measured T -dependent current density-voltage (JV ) characteristics of hole-only devices based on the small molecule material α-NPD
and those calculated with both the EGDM and ECDM could be obtained, but with
different values of σ and Nt : σ = 0.14 eV, Nt = 0.20 × 1027 m−3 for the EGDM
and σ = 0.10 eV, Nt = 3.7 × 1027 m−3 for the ECDM 7 . Since for the ECDM the
Nt value was closer to the actual density of molecules than for the EGDM, it was
suggested that site energies in α-NPD are spatially correlated.
The mobility functions µ(T, c, F ) previously obtained for the EGDM and ECDM
were based on simulations of charge transport on cubic lattices with Miller-Abrahams
hopping rates, depending only on the energy differences between the sites and a
spatially exponentially decreasing coupling prefactor reflecting the decay of the
localized wave functions. The wave function decay length was assumed to be so short
that essentially only nearest-neighbor hopping was taken into account. 4,5 So far, the
influence of the system-dependent morphology on the spatial decay and variations of
the inter-site coupling (off-diagonal disorder 8,9 ) and hence on the mobility function
has only been scarcely addressed in literature. In a multi scale fully predictive
approach, the mobility function for a particular molecular semiconductor should
follow from ab initio microscopic simulations of the morphology and hopping rates.
In the last few years, some research groups have started to follow this road 10–15 .
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The improvements expected from such an approach include quantified insight in the
role of the spatial decay and off-diagonal disorder of the inter-site coupling.
Recently, a generalized effective-medium model (GEMM) based on such ab initio
simulations was developed to determine the T - and F -dependence of the hole mobilities of α-NPD and Alq3 in the limit of low c. 16 In this model, the value C = 0.25
is obtained. The simulated values of σ were 0.130 eV (α-NPD) and 0.227 eV (Alq3 ),
with the former value close to the EGDM value found in the modeling of α-NPD
devices, 7 but incompatible with the ECDM value. The GEMM prediction of the
T -dependence of the mobilities was found to agree rather well with experiment, even
at low T . This is surprising, because the GEMM is an analytical model that does
not take into account percolation effects.
In an attempt to resolve this puzzling situation, we present in this chapter a
charge-carrier mobility model based on ab initio microscopic simulations of the
morphology and hopping rates that at the same time fully captures percolation
effects. In order to capture such effects, system sizes significantly larger than the
characteristic length scale discussed in the previous chapter are required. In ab initio
simulations this poses a major problem, because of the exceedingly high computational costs involved. Recently, stochastic models have been developed that can be
used to extrapolate ab initio microscopic information about the morphology and
charge-transfer integrals obtained from simulation boxes of relatively small sizes,
containing of the order of a thousand molecules, to generate realistic morphologies
and hopping rates for arbitrarily large systems 17,18 . We will employ similar models
in this chapter. An equally puzzling situation we wish to resolve is the suggestion
that correlated disorder would be relevant for charge transport in α-NPD, 7 while
the α-NPD molecule has no static dipole moment.
This chapter is organized as follows. In Section 4.2 we develop our mobility model
and demonstrate it for hole transport in α-NPD and TCTA. Both are important
materials used in OLEDs as hole transporting and/or guest material in dye-doped
light-emitting layers 19 . The model is based on ab initio microscopic simulations of
the morphology and hopping rates as described in refs. 13,14,16 . We discuss and apply
the stochastic model employed to extrapolate the ab initio microscopic information
to large systems. Results are given for the T -, c-, and F -dependencies of the hole
mobility µ of α-NPD and TCTA, obtained by solving the master equation for the
site occupation probabilities of large systems. Parametrizations are given for these
dependencies that can be conveniently used in device simulations. In Section 4.3 we
apply the mobility function µ(T, c, F ) for α-NPD to describe the J-V characteristics
of two types of α-NPD hole-only devices. The first type has doped injection layers
with a negligible injection barrier. The second type has ITO (indium tine oxide) as
anode material, leading to a considerable injection barrier.
In Section 4.4 we discuss our results and present our conclusions.

4.2

Ab initio mobility model

In this section we develop an ab initio model for the charge carrier mobility in
amorphous molecular semiconductors, which we will apply to hole transport in α-
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NPD and TCTA. Charge transport in such semiconductors occurs by incoherent
hopping with a rate ωij between two electronically weakly coupled molecular sites i
and j, for which we will take the Marcus formula 1.4.
We follow a multi scale modeling workflow to obtain the hopping rates for
a mesoscopic system from ab initio simulations of a microscopic system. In this
approach, the ab initio microscopic site positions, site energies, transfer integrals,
and reorganization energies for holes were obtained as follows. Morphologies were
obtained using the DEPOSIT code based on the Monte Carlo method, which was
applied to simulate the deposition of about 1000 molecules in the vertical direction
in simulation boxes of a lateral size of 7 × 7 nm2 with periodic boundary conditions
in the lateral directions 13 . Site positions, defined as the molecular centers of mass,
were obtained from a slab of this box with a height of 20 nm, avoiding surface effects.
The resulting site densities are Nt = 0.96 × 1027 and 0.87 × 1027 m−3 for α-NPD and
TCTA, respectively. We note that the experimental densities are Nt = 1.25 × 1027
and 1.00 × 1027 m−3 , respectively, which are 15-25% higher. This shows that the
numerical deposition method is not able to fully relax to the morphology of the real
experimental systems. However, we expect that the calculated transfer integrals are
not significantly affected by this, because the used force fields describe the distance
dependence of the π-interactions between molecules, which are the most relevant for
the transfer integrals, correctly.
In the calculations of the site energies, transfer integrals, and reorganization
energies, the morphology simulation boxes were periodically repeated in the lateral
directions. A spherical subsystem of about 3500 molecules was then considered. 1000
molecules in the center of this subsystem were selected, for which the site energies
were obtained using the quantum patch embedding method described in ref. 14.
Within this group of 1000 molecules, an inner region with 200 molecules was considered for the calculation of the transfer integrals. The remaining 2500 molecules
in the spherical subsystem were used as an electrostatic background. Transfer integrals between the 200 molecules were calculated based on self-consistently evaluated
molecular frontier orbitals using the Löwdin orthogonalization 20,21 . The Fock and
overlap matrices were extracted from dimer calculations including environment
embedding. Both site energies and transfer integrals were calculated with the Turbomole package 22 using a B3LYP functional 23 and a def2-SV(P) basis set 24 . The
hole reorganization energies of molecules in this box were calculated using Nelsen’s
four-point-procedure 25 with a B3LYP functional and a def2-TZVP basis set in
Turbomole. 26
The resulting site energies for holes are in very good approximation distributed
according to a Gaussian DOS with σ = 0.130 and 0.136 eV for α-NPD and TCTA,
respectively. The reorganization energies in the amorphous system for holes vary
from molecule to molecule only by about 0.05 eV around the values Er = 0.203 and
0.257 eV, respectively, and we fix them at the latter values in the following. We note
that we neglect the relaxation energy of the environment around a charged molecule.
Because of the vanishing dipole moment of the molecules under consideration, this
relaxation energy is expected to be small compared to that of the charged molecule.
Site energies box were obtained using the quantum patch embedding method
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Figure 4.1: Degree of correlation between the hole energy at a molecular site and the
hole site energies within a sphere of radius R around that site, for ab initio microscopic
simulations of α-NPD and TCTA (molecular structures in the inset). The results are
averages over 7 and 3 samples, respectively, of about 1000 molecules. Results are also
shown for spatially uncorrelated energy disorder and energy disorder due to randomly
oriented dipoles on a cubic lattice.

described in ref. 14. Transfer integrals between sites in this box were calculated
based on self-consistently evaluated molecular frontier orbitals using the Löwdin
orthogonalization 20,21 . The Fock and overlap matrices were extracted from dimer
calculations including environment embedding. Both site energies and transfer integrals were calculated with the Turbomole package 22 using a B3LYP functional 23
and a def2-SV(P) basis set 24 . The hole reorganization energies of molecules in this
box were calculated using Nelsen’s four-point-procedure 25 with a B3LYP functional
and a def2-TZVP basis set in Turbomole. 26
In Figure 4.1 we investigate the spatial correlation between the site energies of
the ab initio simulations. We take a central site with a certain energy Ei and consider
the energies Ej of all sites within a sphere with radius R around that site. Without
1/2

1/2

spatial correlation
between the energies the average ∆E 2
≡ (Ei − Ej )2
√
is equal to 2σ (dashed line). The deviation from this value is a measure for the
1/2
degree of correlation. We also plot ∆E 2
for the case of energy disorder due to
the electrostatic potential of randomly oriented dipoles on the sites of a cubic lattice
with a lattice constant of 1 nm (squares). It is clear from Figure 4.1 that the energy
disorder in both α-NPD and TCTA is almost completely uncorrelated. We note that
in Alq3 a strong spatial correlation was found 17 . The difference can be attributed to
the large molecular dipole moment (5.5 Debye 27 ) of the Alq3 molecule, in contrast
to the vanishing dipole moments of α-NPD and TCTA molecules. Figure 4.1 shows
that hole transport in α-NPD and TCTA should be described with uncorrelated
energy disorder, at variance with the suggestion of ref. 7 that site energies in α-NPD
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are spatially correlated.

4.2.1

Stochastic model for the morphology

As we discussed in Chapter 3, in order to capture percolative effects at low temperature, the description of hole transport in α-NPD and TCTA requires very large
simulation boxes, for which ab initio simulations are computationally unfeasible.
Instead, we use a stochastic model analogous to that in ref. 17 to extrapolate morphology information obtained from ab initio microscopic simulations in small boxes
to arbitrarily large boxes.
We define a morphology to be a set of points in a box representing molecular
centers of mass. We will require that the stochastic model reproduces the nearestneighbor (NN) distance probability distribution function (PDF) of the ab initio
morphology simulations in the small box. In particular, since the molecules have a
finite extension, the molecular centers of mass have a minimum NN distance that
should be reproduced by the stochastic model. Also, the site density Nt of molecules
should be reproduced. In order to meet these requirements, we use a dominancecompetition point-process model similar to that developed by Baumeier et al., 17
which is based on the thinning of a Poisson process. We use the following algorithm:
Step 1. We choose a random number N from the Poisson distribution with average
Nt V , where V is the volume of a large simulation box. We randomly and
uniformly distribute N points over that box.
Step 2. In order to account for the finite extension of the molecules, a spherical
volume with a random radius ri is assigned to each site i, where ri ∼
Γ(k, θ) + rh is a random distance drawn from a gamma distribution with
shape k and scale θ, shifted over a distance rh . The shift over rh takes
account of the minimum NN distance.
Step 3. Whenever the site i is located within the sphere around site j or/and vice
versa (the sites are “in competition”), the site with the smallest sphere is
removed. This leads to a density Nt0 < Nt ,
Step 4. Then a number N 0 of new sites is chosen from the Poisson distribution
with average (Nt − Nt0 )V that are randomly distributed over the left empty
space between the spheres.
Step 5. To these new sites the same thinning procedure is applied, with as difference
that when a new site is in competition with an existing site, the new site
is removed.
Step 6. Steps 4 and 5 are repeated until the relative change in the density of sites
is less than 10−6 , which in our case leads to about ten iterations.
Baumeier et al. applied their procedure to Alq3 and could reproduce the (cumulative) NN distance PDF, the pair correlation function (PCF), and the spherical
contact distribution function all rather well using the same parameter set. 17 In our
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Figure 4.2: Main panels: Histograms of the nearest-neighbor (NN) distance probability
distribution functions (PDFs) of a simulated (modeled) morphology in a box of 10×10×6.5
(50 × 50 × 50) nm3 , containing about 600 (100,000) NN pairs for (a) α-NPD and (b) TCTA.
Insets: corresponding pair correlation functions (PCFs). The simulated morphologies in
this figure were obtained using DEPOSIT with periodic boundary conditions in the lateral
directions.

case, we focus solely on reproducing the NN distance PDF, since this function should
be the most relevant for the charge transport. In Figures 4.2(a) and (b) we compare
histograms of the stochastically modeled to the ab initio simulated NN distance
PDF for α-NPD and TCTA, respectively. The used parameters are rh = 0.25 nm,
k = 3.40, θ = 0.040 nm (α-NPD) and rh = 0.32 nm, k = 3.85, θ = 0.047 nm (TCTA).
As can be observed, the stochastic model provides a very good description of the NN
distance PDFs. The insets in Figures 4.2(a) and (b) give a similar comparison of the
PCFs. We observe that features in the PCFs of the simulated morphologies beyond
the typical NN distance of ∼0.6 nm are not properly described by the stochastic
model. We attribute these features to anisotropic local packings of the α-NPD and
TCTA molecules, which, unlike the Alq3 molecule, have a strongly non-spherical
shape. Taking into account anisotropic packings would require an elaborate extension of the present isotropic stochastic model of which we do not expect an important
effect on the final mobility function.
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Stochastic model for transfer integrals

Our procedure for the stochastic modeling of the transfer integrals is different from
that of Baumeier et al., 17 who found for Alq3 to a very good approximation at each
distance a log-normal distribution of the squared transfer integrals. The strongly
non-spherical shape of the α-NPD and TCTA molecules leads to more complicated
distributions that cannot be described with a simple parametrization scheme. Instead,
we proceed as follows:
Step 1. We divide the distance interval within which all considered ab initio transfer
integrals Jij between sites i and j are found into K equal bins labeled by
k.
Step 2. For each distance bin k we divide the interval in which all values of
2
ln(Jij
/eV2 ) are found (with Rij in distance bin k) in M equal transferintegral bins labeled by m.
Step 3. we associate to all transfer-integral bins the appropriate transfer integrals
Jm,k and statistical (non-normalized) weights wm,k determined by:

wm,k

 n
o2 
2
2
2
2
ln(Jij /eV ) − ln(Jm,k /eV ) 
X

=
exp −
,
2σk2

(4.1)

<ij>∈k

where < ij >∈ k is a pair of sites with Rij in distance bin k and σk is a
smoothing parameter chosen such that the Jm,k ’s provide an accurate yet
smooth sampling of the rather small set of ab initio simulated Jij ’s in each
distance bin k.
Step 4. for each pair of sites in the stochastically modeled morphology the appropriate distance bin k is determined and a transfer integral Jm,k is randomly
chosen according to the weights wm,k . Pairs with a separation larger than
the longest distance considered in the ab initio simulations are given a zero
transfer integral.
Figures 4.3(a) and (b) are scatter plots of the ab initio simulated hole transfer
integrals in samples of α-NPD and TCTA, respectively. We observe that the spread
in the transfer integrals for TCTA is much larger than for α-NPD, which is caused
by the very different molecular structure. We note that Figure 4.3 only shows the
transfer integrals of pairs of molecules for which the closest atom-atom distance
is smaller than 1 nm. For a larger closest distance the HOMO (highest occupied
molecular orbital) overlap of the two molecules is negligible and hence the transfer
integral does not need to be calculated.
In the stochastic modeling of the transfer integrals we considered distance intervals of 0.36-2.57 nm (α-NPD) and 0.46-2.97 nm (TCTA), and K = 100 distance
as well as M = 100 transfer-integral bins. We chose the smoothing parameter σk
equal to five times the transfer-integral bin size for each distance bin k. In Figure
4.4 we compare histograms of the stochastically modeled to the ab initio simulated
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Figure 4.3: Ab initio simulated values ln(J 2 /eV2 ) of the transfer integrals J between
molecules at a distance r between their centers of mass, for samples of (a) α-NPD (about
4000 transfer integrals) and (b) TCTA (about 8000 transfer integrals).

PDFs of the transfer integrals for α-NPD and TCTA, accumulated in two distance
intervals: 1.2-1.6 nm ((a) and (c)) and 2.0-2.4 nm ((b) and (d)). By construction, the
stochastically modeled PDFs closely follow the simulated PDFs, including interesting
molecule-specific features like the double-peak structure for TCTA in the interval
2.0-2.4 nm, see Figure 4.4(d), which is the cause of the large spread in transfer
integrals observed in Figure 4.3(b). We note that the procedure takes into account
the important correlation between the distance and transfer integrals between sites,
but no cross-correlations that might exist between the morphology and transfer
integrals or between site energies and transfer integrals. It is not clear at present if
such cross-correlations are important.
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Figure 4.4: Ab initio simulated and stochastically modeled PDF histograms of ln(J 2 /eV2 )
for samples of α-NPD and TCTA within two different distance intervals, indicated by the
shaded regions in Figure 4.3. (a) and (c): 1.2-1.6 nm, (b) and (d): 2.0-2.4 nm. In both
intervals about 103 simulated and about 106 modeled transfer integrals were considered.

4.2.3

Mobility function

The hole mobility functions µ(T, c, F ) for α-NPD and TCTA are obtained by solving
the three-dimensional master equation in steady state Equation (2.2) for the hole
occupational probabilities pi of the sites in large boxes using the Yu’s method
described in Subsection 2.3.3 as in ref. 4. The site positions and transfer integrals
are generated from stochastic models described in the previous sections regarding
the morphology and transfer integrals. The random site energies are drawn from a
Gaussian distribution with standard deviation σ, where, on the basis of Figures 4.1,
we disregard any spatial correlation.
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Figure 4.5: Dependence of the zero-field (F = 0) hole mobility µ on the carrier concentration c for different temperatures T , in (a) α-NPD and (b) TCTA. Symbols: results obtained
by solving the master equation Equation (2.2) for stochastically modeled morphologies and
transfer integrals in cubic boxes, averaged over five disorder realizations. The error bar is of
the order of the symbol size or smaller. Curves: parametrization 4.2, with µ∗0 = 1.7 × 10−6
m2 /Vs, C = 0.40 (α-NPD) and µ∗0 = 6.1 × 10−6 m2 /Vs, C = 0.41 (TCTA).

The dependence of the resulting mobility µ on temperature T and carrier concentration c is investigated in Figures 4.5. The symbols in Figures 4.5(a) and (b) are
the ME results for µ at vanishing electric field F = 0 as a function of c at different
values of σ̂ ≡ σ/kB T , for α-NPD and TCTA, respectively. We used simulation boxes
up to 110 × 110 × 110 nm3 and performed averages over five disorder realizations.
The curves represent the result of a fit to the data using the parametrization scheme
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Figure 4.6: Dependence of µ on the electric field F at a low (main panel) and high (inset)
carrier concentration c for different temperatures T , in (a) α-NPD and (b) TCTA. Symbols:
master equation results. Curves: parametrization Equations (4.2) and (4.3), with A = 0.30,
B = 1.2 (α-NPD) and A = 0.32, B = 1.7 (TCTA).

given in ref. 4:

1 2
δ
µ(T, c) = µ0 (T ) exp (σ̂ − σ̂)(2c) ,
2


∗
µ0 (T ) = µ0 exp −C σ̂ 2 ,

ln σ̂ 2 − σ̂ − ln(ln4)
δ ≡ 2
,
σ̂ 2


(4.2)

with µ∗0 = 1.7 × 10−6 m2 /Vs, C = 0.40 for α-NPD and µ∗0 = 6.1 × 10−6 m2 /Vs,
C = 0.41 for TCTA. We note that the values for C are very close to the value
C = 0.42 found for the EGDM, 4 so that the T -dependencies are very similar to the
EGDM. The c-dependence is the same as for the EGDM, in accordance with the
conclusion in ref. 6 that the c-dependence at not too high c only depends on the
shape of the DOS.
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In Figure 4.6 we investigate the dependence of µ on the electric field F for a
low (main panels) and a high (insets) carrier concentration c at different values of
σ̂. The symbols are again the ME results. The curves represent the result of a fit to
the data using the parametrization scheme given in ref. 4:
µ(T, c, F )
f (T, F )

= µ(T, c)f (T, F ),

=

s

exp A(σ̂ 3/2 − 2.2) 

1+B



F ea
σ

2


− 1 ,

(4.3)

−1/3

with a ≡ Nt
, and parameters A = 0.30, B = 1.2 for α-NPD and A = 0.32, B = 1.7
for TCTA. We note that, just like in the EGDM, 4 the F - and c-dependencies are approximately uncoupled, as demonstrated by the approximately equal F -dependence
of µ at high and low c (compare the insets in Figure 4.6 with the main panels). The
compact parametrization deviates from the ME results for large F , but is sufficiently
accurate in the experimentally relevant field range up to eaF/σ ≈ 1. For the EGDM,
the values A = 0.44 and B = 0.8 were used in the parametrization 4 . At small fields,
when ln µ is proportional to ABF 2 , the factor AB characterizes the field sensitivity.
This factor is equal to 0.36 and 0.54 for α-NPD and TCTA, respectively, while it is
0.35 for the EGDM. We therefore conclude that the F -dependence of the mobility
for α-NPD is very similar to the EGDM, whereas for TCTA it is somewhat stronger.

4.3

Application to α-NPD hole only devices

In this section we apply the ab initio mobility model of the previous section, given
by its parametrization Equations (4.2) and (4.3), to two types of hole-only α-NPD
devices. We compare measured current density-voltage (J-V ) characteristics for
different temperatures and α-NPD layer thicknesses to characteristics calculated
with a standard one-dimensional drift-diffusion (1D-DD) model using the mobility
model. This provides a very sensitive way to validate the model. We adopt the 1DDD model and solution method described in Section 2.4, which takes into account
the dependence of the mobility µ on the local carrier concentration c and electric
field F , and uses the generalized Einstein equation for the diffusion coefficient.
The first type of devices has the p-doped|intrinsic| p-doped (p-i-p) structure
ITO|50 nm HTM:dopant| L α-NPD|50 nm HTM:dopant|Au|Al, where HTM:dopant
is a combination of a hole-transporting material and a dopant (supplied by Novaled).
In these devices the injection into the α-NPD layer is very efficient, which we take
into account in the 1D-DD modeling by assuming the Gaussian DOS to be half-filled
at the interfaces between the α-NPD and the doped layers (c = 0.5).
The symbols in Figures 4.7 give the measured J-V characteristics at different temperatures for such devices with α-NPD layer thicknesses of L = 100 and 200 nm. A
proper 1D-DD modeling of the measured J-V characteristics using the parametrization of the α-NPD mobility of the previous section turned out not to be possible: the
current densities are much too low and the T -dependence of the J-V characteristics
is much too strong. However, as demonstrated in Figures 4.7 a fair description can
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Figure 4.7: Comparison of measured current density-voltage (J-V ) characteristics of
ITO|50 nm HTM:dopant| L α-NPD|50 nm HTM:dopant|Au|Al hole-only devices with
L = 100 and 200 nm at different temperatures (symbols) and results obtained by solving
a one-dimensional drift-diffusion (1D-DD) equation using the mobility function Equations
(4.2) and (4.3) with σ = 0.10 eV (curves).

be obtained by only reducing the calculated value of σ = 0.13 to σ = 0.10 eV. For
comparison, at the lowest considered temperature of 263 K a reduction of σ from
0.13 to 0.10 eV corresponds, using C = 0.40 in Equations (4.2), to an increase of
the zero-field mobility by a factor of about 200. The fact that both the magnitude of
the current densities and the T -dependence of the J-V characteristics is reproduced
suggests that, apart from σ, the other aspects of the mobility function are well
described. In Chapter 6, we discuss a possible reason why the presently calculated
value of σ could be too large.
We also studied the devices in ref. 7, which have the structure ITO| L α-NPD|Pd.
The energy barrier at the ITO anode makes these devices strongly injection-limited
and therefore these devices behave quite differently from the above p-i-p devices. The
J-V characteristics of these devices were modeled in ref. 7, both with the EGDM and
the ECDM. In that modeling, σ, Nt , an overall mobility prefactor µ∗0 (cf. Equations
(4.2)), as well as the barriers for hole injection at the ITO anode and the Pd cathode,
φ1 and φ2 , respectively, were treated as parameters. Both with the EGDM and ECDM
very good fits could be obtained, with σ = 0.14 ± 0.01 eV, Nt = (0.20 ± 0.04) × 1027
m−3 for the EGDM and σ = 0.10 ± 0.01 eV, Nt = (3.7 ± 0.8) × 1027 m−3 for
the ECDM, and in both cases φ1 = 0.4 ± 0.1 eV and φ2 = 1.9 ± 0.1 eV. Since the
experimental density Nt = 1.4 × 1027 m−3 is closer to the ECDM than to the EGDM
value, it was suggested that the energetic disorder in α-NPD is spatially correlated.
Since Figure 4.1 points at only a very a small amount of correlation in the energy
disorder, we decided to remodel the J-V characteristics of these devices with the
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Figure 4.8: Comparison of measured J-V characteristics of ITO| L α-NPD|Pd hole-only
devices with L = 100 and 200 nm at different temperatures (symbols) and results obtained
by solving a 1D-DD equation using the mobility function Equations (4.2) and (4.3) with
σ = 0.10 eV (curves). The injection and collection barriers at the anode and cathode were
taken to be φ1 = 0.5 eV and φ2 = 2.0 eV, respectively.

present mobility model.
The symbols in Figures 4.8 give the measured J-V characteristics at different
temperatures for these devices with α-NPD layer thicknesses of L = 100 and 200
nm. In the 1D-DD modeling we took into account the image charges in the metallic
electrodes and the barriers for hole injection at the ITO anode and the Pd cathode in
the same way as in ref. 7. Like for the p-i-p devices, a proper modeling with σ = 0.13
eV was not possible, but again a fair description can be obtained by only reducing σ
to 0.10 eV. At the lowest considered temperature of 213 K this now corresponds to
an increase of the zero-field mobility by a factor of about 3600. The values used for
φ1 and φ2 to obtain an optimal fit differ slightly from ref. 7: φ1 = 0.5 and φ2 = 2.0
eV. We note that we were not able to obtain converged 1D-DD results with our
method for a temperature lower than 232 K for the device with L = 100 nm and
lower than 213 K for the device with L = 200 nm, so that we cannot compare our
modeled results with the results at the very lowest temperatures reported in ref. 7.
Although the agreement between measured and modeled results in Figures 4.8
is not as good as in the modeling of ref. 7 (which was carried out using Nt and
µ∗0 as extra fit parameters in comparison to the present modeling), the agreement
is certainly satisfactory. We note that the satisfactory agreement is partly caused
by the higher injection barrier of φ1 = 0.5 eV at the ITO contact, instead of the
φ1 = 0.4 eV used in ref. 7. The value φ1 = 0.5 is more compatible with the expected
range of 0.4-0.9 eV, based on the nominal vacuum work function of 4.7-5.0 eV of ITO
and the HOMO energy of 5.4-5.6 eV of α-NPD 7 . We conclude that a satisfactory
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agreement between measured and modeled J-V characteristics can be obtained with
the present mobility model, without assuming correlation in the energy disorder.

4.4

Discussion and conclusions

In this chapter an ab initio mobility model has been developed for α-NPD and TCTA.
For α-NPD, a consistent picture of the hole mobility function has been obtained,
which is expected to also hold for other amorphous molecular semiconductors. The
only adjustment made was a slight decrease of the calculated value of the energetic
disorder strength σ.
We conclude that a proper modeling of the J-V characteristics of different types
of α-NPD devices is possible with uncorrelated energy disorder, contrary to the
suggestion in ref. 7 that the energy disorder in α-NPD is correlated. Further studies of charge transport in other amorphous molecular semiconductors should show
how general this conclusion is. It clearly does not hold for molecular semiconductors with large molecular dipole moments, like Alq3 17 . Also, energy disorder in
the hole transporter DPBIC (tris[(3-phenyl-1H-benzimidazol-1-yl-2(3H)-ylidene)1,2-phenylene]Ir), which also has a dipole moment, is correlated, but not as strongly
as in the ECDM 15 . It can be seen in Figure 4.1 that, despite their vanishing dipole
moment, in α-NPD and TCTA a small amount of correlation is still present. In
future work we will address the question if taking into account this small amount of
correlation can further improve the agreement with experiment. In particular, we
will investigate if the somewhat stronger voltage dependence of the current density
observed at low temperatures in both considered types of devices (see Figures. 4.7
and 4.8) can be explained by a field dependence that is slightly enhanced by this
correlation.
The present study provides a clear answer to the question why the GEMM in
ref. 14 seems to correctly explain the T -dependence of the mobility, while it predicts
C = 0.25 in the T -dependence of the mobility in Equation (4.2) instead of the values
C = 0.40 (α-NPD) and 0.41 (TCTA) found in the present study. The too large
values of σ in ref. 14 are compensated by the too small value of C, leading to a
proper T -dependence of the mobility. This is another indication that the value of σ
obtained from the ab initio simulations is too large.
A standard technique to obtain charge-carrier mobilities is the use of time-offlight (TOF) measurements. We note, however, that one should be very careful in
comparing absolute values of calculated mobilities with mobilities obtained from TOF
measurements. Because of the dispersive transport, the arrival time of carriers at the
collecting electrode in TOF experiments has a significant spread. Also, TOF devices
are in general quite thick (∼10 µm), so that one may ask to what extent the structure
is the same as for the presently studied very thin (100-200 nm) devices. Furthermore,
the excitation of carriers in the DOS at the illuminated electrode and the carrier
concentration-(c-)dependence of the mobility can lead to an overestimation of the
mobility. In fact, taking the value σ = 0.10 eV obtained from the modeling of the
α-NPD devices in the previous section and the values µ∗0 = 1.7 × 10−6 m2 /Vs and
C = 0.40, we obtain from Equation (4.2) a mobility of 2.9 × 10−9 m2 /Vs in the limit
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of vanishing carrier concentration and electric field, which is an order of magnitude
smaller than the reported TOF value of 3 × 10−8 m2 /Vs 28 . The device studies in the
present chapter provide in our opinion a more reliable and comprehensive validation
of the mobility function.
It is encouraging to see that, despite the large difference in their molecular structure, the parametrization scheme of the mobility function given by Equations (4.2)
and (4.3) is valid for both considered amorphous semiconductors, α-NPD and TCTA.
This suggests that the mobility function has a general validity and could be broadly
applicable to organic device modeling. We conclude that the T - and c-dependence
of the mobility in the original EGDM was very well described, despite the drastic
simplifications underlying this lattice-based model. The EGDM description of the
F -dependence is found to be qualitatively correct for both investigated semiconductors. In the case of α-NPD, the EGDM happens to even provide a quantitatively
accurate F -dependence.
The question remains why the ab initio simulations overestimate the value of σ.
In order to answer this question, we plan to critically examine the key ingredients of
the ab initio approach, such as the force fields used to generate the morphology and
the transferability of the molecular structures generated at the molecular mechanics
level to the subsequent quantum treatment.
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Chapter 5

Effects of energy correlations
and superexchange
In this chapter, we study the effects of weak spatial energy correlations in the onsite energies and of superexchange contributions to the charge-transfer integrals on
the charge-carrier mobility in amorphous molecular semiconductors. These two effects were neglected in the previous chapter. Spatial energy correlations arise from
coulombic contributions to the on-site energies. Superexchange is the coherent coupling between the wavefunctions of two molecules mediated by a virtual state on a
third molecule, allowing for long-range hops. To study the effects of spatial energy
correlations and superexchange, we use the same parametrization scheme for the
mobility function as employed in the previous chapter and analyze how the parameters are influenced. We focus on the electron and hole mobilities in α-NPD, TCTA,
and the fluorescent emitter spiro-DPVBi. We observe that spatial correlations and
superexchange especially increase the electric field-dependence of the mobility.
We also analyze the correlation between the on-site energies of holes and electrons,
i.e, HOMO and LUMO energies, in the three considered materials. The type and
strength of this correlation is of importance for exciton formation. In our analysis,
we separate the different contributions to the HOMO and LUMO energies related to
the molecular conformation in the amorphous structure and those related to coulombic effects. We find for α-NPD and TCTA a positive correlation between HOMO
and LUMO energies dominated by coulombic effects. Instead, spiro-DPVBi shows
a strong negative correlation of the HOMO and LUMO energies, which we ascribe
to internal distortions of the dihedral angles within the molecule, influencing the
delocalization of the HOMO and LUMO over the molecule in a similar way.
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Effects of energy correlations and superexchange

Introduction

In the previous chapter, we developed an ab initio model for hole transport in two
amorphous organic molecular semiconductors, α-NPD and TCTA. This model led to
mobility functions based on a microscopic description of these materials. The description accounts for morphologies based on a Monte Carlo deposition procedure and
for Marcus hopping rates based on electronic couplings and reorganization energies
determined by ab initio electronic structure calculations. In the model, we treated
the disorder in the molecular (on-site) hole energies as spatially uncorrelated. We
justified this by finding a small degree of spatial energy correlations found in the microscopic calculations; see Figure 4.1. The low degree of correlation was ascribed to
the vanishing molecular dipole moment of the α-NPD and TCTA molecules. Higher
order electrostatic effects, related to the Coulomb interaction between a hole and the
partial charges on molecules in its environment, and a polarization effect could be
responsible for the weak spatial correlation of the on-site energies. The polarization
contribution is due to the change in these partial charges induced by the presence
of the hole. Both contributions will lead to a certain degree of spatial correlation
between the energies of holes residing on nearby molecules, because of their partially
shared environment. Another contribution to the on-site energies is the "conformational" contribution determined by the specific conformation of the molecule on
which the hole resides. Because of the amorphous morphologies considered by us we
do not expect any important spatial correlation in this contribution.
In the ECDM 1 , discussed in Subsection 1.3.3, the spatial energy correlations
resulting from randomly orientated dipoles lead to a significantly weaker temperature
dependence and a much stronger field dependence of the mobility than in the EGDM 2 .
So far, the EGDM and ECDM have been the two most applied models to describe
charge transport in disordered organic semiconductors. However, it is clear from
Figure 4.1 that in reality the degree of spatial correlation will be not as strong as in
the ECDM, but also not negligible, as assumed in the EGDM. In this chapter, we
will model the weak energy correlations resulting from the microscopic calculations
and study their effect on the ab initio mobility model. We will see that, although
these correlations are weak, they lead to a field dependence of the mobility that is
considerably stronger than for uncorrelated disorder.
Hopping transport in amorphous molecular semiconductors has up to now been
assumed to occur mainly by thermally assisted tunneling between electronic states
localized on individual molecules that are directly coupled by a charge-transfer integral. In this picture, a tunneling event is an incoherent process, where a charge
carrier loses its phase memory after each hopping event. This assumption enabled
the development of models that were successfully used to describe the opto-electronic
properties of organic electronic devices 3,4 . However, the coherent process of hopping by "superexchange" coupling between two distant molecules via a high energy
"bridge" molecule has been proposed as an alternative mechanism for charge transport 5–7 . The bridge molecule takes part in the charge transfer by providing a virtual
state that gives rise to the coupling between the wavefunctions of the other two
molecules, without actually being occupied by the carrier.
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In a recent study, Symalla et al. 8 have investigated the influence of superexchange
on transport in two host-guest systems often used in the emission layers of OLEDs.
In that work, the authors study how the hole mobility is influenced by guest-guest
transfer mediated by superexchange via a high-energy virtual state on a host molecule.
It was found that including superexchange can increase the hole mobility in these
systems by up to one order of magnitude at room temperature, low electric field,
and a typical carrier concentration. In addition, including superexchange was found
to result in a lower crossover concentration of guest molecules between the low
concentration regime, at which guest molecules act as traps for the charge carriers,
and the high concentration regime, where guest-guest hopping dominates 8 . An
important conclusion is that the effect of superexchange strictly depends on the trap
depth, defined as the difference between the average hole energy of host and guest
molecules. In particular, superexchange becomes the dominant guest-guest transport
mechanisms at room temperature for values of the trap depth larger than 0.3-0.4
eV. Here, we will study the effect of superexchange on the charge transport in pure
molecular semiconductors. At present, we do not know whether superexchange plays
an important role in such materials.
In this chapter, we study the effects of weak spatial energy correlations and
superexchange on electron and hole transport in α-NPD, TCTA, and in the blue
fluorescent emitter spiro-DPVBi. In the previous chapter we already studied hole
transport in α-NPD and TCTA, which are used as hole transporters in OLEDs.
Electron transport in these materials is difficult to investigate experimentally, because of the relatively high energies of their LUMO’s, making electron injection
difficult. Also, electron transport in organic semiconductors is in general much more
impeded by the presence of traps than hole transport. However, from a fundamental
point of view (and also from a technological point of view if the two mentioned
problems can be solved) it is still interesting to study the intrinsic electron transport
in these materials and to compare it to the hole transport. The LUMO energy of
spiro-DPVBi is lower than that of α-NPD and TCTA, so that electron injection into
this material is easier. In fact, this material is used both as a fluorescent emitter and
electron transporter in OLEDs 9 . Although electron transport in this material also
suffers from the presence of traps 9 , it is also for this material interesting to study
both intrinsic electron and hole transport.
In addition, we provide in this chapter an analysis of the correlation between the
on-site HOMO and LUMO energies obtained from the ab initio electronic structure
calculations for the three materials. We will speak of "positive" correlation, or
simply "correlation", between these energies if a fluctuation in the HOMO energy
of a certain sign occurs on average with a fluctuation of the same sign of the LUMO
energy of the same site. In that case an energetically low-lying site for an electron
is at the same time, on average, an energetically high-lying site for a hole, and vice
versa. In the opposite case we will speak of "negative" correlation. The sign of the
correlation is of importance because it was observed in Monte Carlo simulations that
negative correlation between on-site HOMO and LUMO energies leads to a higher
recombination efficiency than positive correlation 10 . The reason for this observation
as given in ref.10 is that in the case of negative correlation electrons and holes have
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to compete for energetically low-lying sites, while this is not the case for positive
correlation. As a result, the mobility of both carriers will be higher for negative than
for positive correlation, leading to a higher recombination rate. We note that another
effect increasing the recombination efficiency in the case of negative correlation is
the lower exciton binding energy at sites with a relatively low LUMO energy and
a relatively high HOMO energy, which could enhance the rate of exciton formation
and decrease the rate of exciton unbinding. This effect was not taken into account
in ref. 10.
This chapter is organized as follows. In Section 5.2 we extend the ab initio
mobility model developed in Chapter 4 by including spatial energy correlations
and superexchange. Parameterized mobility functions µ(T, c, F ) based on master
equation calculations are given for electrons and holes in α-NPD, TCTA, and spiroDPVBi. We first consider spatial energy correlations and next include superexchange.
In all cases, we compare the extended ab initio mobility models with the model in
which spatial energy correlations and superexchange have been neglected (as in
Chapter 4). In Section 5.3, results are presented for the correlations between the
on-site HOMO and LUMO energies in the three considered materials. In Section
5.4 we discuss our results and draw our conclusions.

5.2

Refined ab initio mobility model

In this section, we include the effects of spatial energy correlations and superexchange on the ab initio model for the charge-carrier mobility of amorphous molecular
semiconductors developed in Section4.2. We apply this model to electron and hole
transport in α-NPD, TCTA, and spiro-DPVBi. Like in Chapter 4, we follow a multi
scale modeling approach to determine the Marcus hopping rates for a mesoscopic
system based on ab initio calculations for a microscopic system. Microscopic morphologies, site energies, reorganization energies, and transfer integrals are computed
following the same procedure as described in Section 4.2.
Site densities Nt = 0.96 × 1027 , 0.87 × 1027 and 0.60 × 1027 m−3 are obtained for
α-NPD, TCTA and spiro-DPVBi, respectively. The site energies for both electrons
and holes, i.e., the LUMO and HOMO energies, are in very good approximation
distributed according to a Gaussian DOS. In the case of electrons, the widths of
the DOS are σ = 0.137, 0.100, and 0.156 eV, respectively. For holes, the value
are σ = 0.130, 0.136, and 0.121 eV. The reorganization energies for electrons are
Er = 0.142, 0.139, and 0.303 eV, and those for holes Er = 0.203, 0.257, and 0.224
eV for the three materials, respectively. For the case of holes in α-NPD and TCTA,
the above values are the same as those reported in Chapter 4.
We use the same stochastic methods as explained in Subsections 4.2.1 and 4.2.2
for the expansion of the morphology and the generation of transfer integrals for
the expanded morphology, using the microscopic information from the ab initio
calculations at the molecular scale as input. In the next subsection, we discuss
our approach to reproduce the spatial energy correlations found in the microscopic
calculations in the expanded hopping model.
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Spatial energy correlations

The degree of spatial correlation in the site energies following from the microscopic
calculations is calculated as described in Section 4.2 and the results are shown by the
symbols in Figures 5.1 (a) and (b) for electrons and holes, respectively. Our approach

spiro-DPVBi
TCTA
α-NPD

(a) Electron

(b) Hole

Figure 5.1: Degree of spatial correlation between the energy of a charge at a molecular
site and energies of charges at sites within a sphere of radius R around that site, for
α-NPD, TCTA, and spiro-DPVBi, and for (a) electrons (LUMO energies) and (b) holes
(HOMO energies). Symbols: results for ab initio microscopic calculations, averaged over 7
(α-NPD) and 3 (TCTA and spiro-DPVBi) samples of about 1000 molecules. Lines: results
for the correlated energy disorder model in expanded 40 × 40 × 40 nm3 systems obtained
with Equation (5.1), with the parameters listed in Table 5.1. Offsets of 0.3 and 0.6 have
been applied to the results for TCTA and spiro-DPVBi, respectively. The dashed lines
correspond to absence of correlation. Because of a small correction to the value of σ, the
correlation degree for holes in α-NPD and TCTA slightly differs from the data shown in
Figure 4.1.
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Material
α-NPD
α-NPD
TCTA
TCTA
spiro-DPVBi
spiro-DPVBi

Molecular orbital
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO

w
0.80
0.75
0.75
0.80
0.90
0.75

n
2
4
4
3
2
2

Table 5.1: Parameters used in Equation (5.1) to model the spatial energy correlations for
electrons (LUMO energies) and holes (HOMO energies) in α-NPD, TCTA, and spiro-DPVBi
shown in Figure 5.1.

to model the spatial energy correlations in organic semiconductors, which is similar
to the method used by Baumeier et al. 11 , is the following. In ref. 11, the authors
propose a method to reproduce spatial energy correlations in Alq3 . This material
shows long-range spatial energy correlations due to the Coulomb interaction between
a charge on an Alq3 molecule and the strong electric dipoles on the surrounding
Alq3 molecules. However, the materials treated in this chapter have a vanishing
molecular dipole and the degree of correlation is therefore significantly lower than
in Alq3 . Because of this, we use a simplified version of the method described in ref.
11 that is based on a moving-average procedure devised by Thiedmann et al. 12 , to
only reproduce short-range correlations.
In order to introduce spatial correlations, each site energy Ei is, apart from an
offset average energy, calculated as
r
n
√
1−w X b
a
Ei = wMi +
M .
(5.1)
n j=1 j
Here, M a and M b are two sets of independent random energies drawn from a
Gaussian distribution with zero mean and standard deviation σ as obtained from
the microscopic calculations, n is the number of nearest neighbors of site i with site
i itself added, and w and 1 − w are weights for the two components of the right hand
side of Equation (5.1), where w > 0. The idea behind Equation (5.1) is to determine
the energy landscape as a superposition of two energy landscapes with different
characteristics. The first term represents an uncorrelated energy landscape and the
second term introduces spatial correlations. The parameter w controls the strength
of this correlation, while n controls its range. The values of the parameters w and n
to reproduce the spatial correlations of the microscopic model are found empirically
for each type of carrier in the three materials considered. These parameters, which
are listed in Table 5.1, lead to modeled spatial energy correlations that are shown
by the lines in Figure 5.1.

5.2.2

Superexchange

The contribution to the charge transfer rate between orbitals on two molecules
coupled by a virtual orbital on a third molecule, which is called superexchange, is
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described in this subsection. The description is based on the work of ref. 8. Let us
consider three molecules i, j, and k, with charge transfer between i and k, and j the
bridge molecule. Within the harmonic approximation of Marcus theory, the energies

Electron transfer integrals for α-NPD

Electron transfer integrals for TCTA

Electron transfer integrals for spiro-DPVBI

Figure 5.2: Electron transfer integrals in expanded 40 × 40 × 40 nm3 systems representing the three considered materials. The left panels show the direct (red points) and
superexchange (blue points) contributions in Equation (5.8) to the charge-transfer integrals
between molecular pairs as a function of their center of mass distance. The right panels
show their sum. For each molecule the direct couplings to other molecules were limited to
the 16 largest direct transfer integrals, sufficient for a proper description of the mobility
functions. For graphical reasons, each dataset contains 5000 representative transfer integrals
randomly chosen from the original dataset.
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of a charge on molecule i, j, or k are
Ei (xi , xk ) = Ei,0 +


λ
(1 − xi )2 + x2k ,
2

(5.2)

λ 2
(x + x2k + 1),
2 i

(5.3)

Ej (xi , xk ) = Ej,0 +
and


λ 2
xi + (1 − xk )2 ,
(5.4)
2
where xi and xj are the relative molecular distortions on molecules i and k determined with respect to their neutral state, λ is the reorganization energy, and Ei,0 ,
Ek (xi , xk ) = Ek,0 +

Hole transfer integrals for α-NPD

Hole transfer integrals for TCTA

Hole transfer integrals for spiro-DPVBi

Figure 5.3: Same as Figure 5.2, but for holes.
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Ej,0 , and Ek,0 are the energies of the fully relaxed states with a charge on molecules
i, k, and j, respectively. Because the charge that is being transferred never actually
occupies the bridge molecule j, this molecule remains undistorted (xj = 0). In fact,
molecule j takes part in the charge transfer by providing a virtual state that solely
mediates between the electronic states of molecules i and k. Charge transfer is a
thermally activated process with an activation energy ET −Ei,0 , where the transition
energy ET is defined, based on Marcus theory, as
ET = Ei,0 +

(Ek,0 − Ei,0 + λ)2
.
4λ

(5.5)

This energy corresponds to the transition point xT where the two parabolas defined
by Equations (5.2) and (5.4) cross, that is
xT ≡ xk = 1 − xi =

Ek,0 − Ei,0 + λ
.
2λ

(5.6)

The charge transfer rate between molecules i and k is given by Marcus theory as


2
Jik
(∆Eik − Er )2
2π
√
exp −
.
(5.7)
ωik =
~ 4πEr kB T
4Er kB T
In the previous chapters, we only took into account the direct transfer integrals
Jik = Jik,0 between molecules i and k in Equation (5.7). We should now include the
indirect superexchange coupling. The transfer integral Jik is then the sum of the
direct transfer integral Jik,0 and a superexchange transfer integral via virtual states
on all possible bridge molecules j. Using first order perturbation theory, we have
Jik ∼
= Jik,0 +

X Jij,0 Jjk,0
j

∆Eijk

,

(5.8)

Evirtual
Energy

Ej,0
ΔEijk
ET
Ek,0
Ei,0
Reaction coordinate
Figure 5.4: Energy level diagram of molecules i, j and k, indicating the transition state
energy ET and the virtual state energy Evirtual , which determine the energy denominator
∆Eijk in the expression for the superexchange contribution to the charge transfer from
molecule i to k, Equation (5.8).
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with ∆Eijk given by
∆Eijk = Evirtual − ET = Ej (1 − xT , xT ) − ET = Ej,0 −

λ
Ei,0 + Ek,0
+ ,
2
2

(5.9)

where Evirtual , which follows from Equation (5.3), is the energy of the virtual state
with a charge on molecule j and distortions on molecules i and k corresponding to
the transition state.
Figures 5.2 and 5.3 show for electrons and holes, respectively, the direct transfer
integrals, superexchange transfer integrals, and their sum as a function of distance.
The importance of the superexchange coupling is clearly seen in all cases. It leads to
significant couplings for rather large distances of about 4 nm, where direct couplings
have become totally negligible. The energy diagram of the states taking part in
superexchange is shown in Figure 5.4. In the next subsection we will study the
impact of superexchange on the charge-carrier mobility.
It is important to remark that in Equation (5.8) the relative signs of the transfer integrals with the inclusion of superexchange coupling start to matter. In the
microscopic calculations we find for all cases a division of close to 50%-50% between
positive and negative transfer integrals. We therefore attribute a random sign to
the direct transfer integrals Jij,0 in Equation (5.8) in order to properly include the
superexchange contribution. Another important issue is that first order perturbation theory starts to fail when the denominator ∆Eijk in Equation (5.8) becomes
smaller than Jij,0 or Jjk,0 (in terms of absolute values). When this happens, the
superexchange would become unphysically large. We solve this problem by replacing
in that case ∆Eijk by Jij,0 or Jjk,0 (not changing its original sign). This may not
be the most accurate way to solve this problem, but this solution is computationally
convenient and was checked to be sufficient.

5.2.3

Charge-carrier mobility functions

The mobility functions µ(T, c, F ) for electrons and holes in α-NPD, TCTA, and spiroDPVBi were obtained by solving the three-dimensional steady-state master equation
Equation (2.2) for the charge-carrier occupational probabilities pi of the sites in large
boxes using Yu’s method as described in Subsection 2.3.3). The site positions and
direct transfer integrals were stochastically generated using the methods described in
Subsections 4.2.1 and 4.2.2, respectively. Spatial energy correlations were introduced
according to the method described in Subsection 5.2.1. Superexchange transfer
integrals were obtained with the approach described in Subsection 5.2.2, using the
stochastically generated direct transfer integrals. We used simulation boxes with
sizes up to 110×110×110 nm3 and performed averages over five disorder realizations.
The resulting mobility functions could all be fitted using the parametrization scheme
described in Subsection 5.2.3, with comparable fit qualities as in Chapter 4.
Spatial energy correlations and superexchange predominantly affect the dependence of the mobility on temperature (T ) and field (F ). The T - and F -dependence
of the mobilities were calculated for values of σ̂ ≡ σ/kB T between 2 and 6. The
simulations are carried out for low carrier concentration c = 10−6 . It will be interest-
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Material
α-NPD
α-NPD
α-NPD
α-NPD
α-NPD
α-NPD
TCTA
TCTA
TCTA
TCTA
TCTA
TCTA
spiro-DPVBi
spiro-DPVBi
spiro-DPVBi
spiro-DPVBi
spiro-DPVBi
spiro-DPVBi

Carrier
Electron
Electron
Electron
Hole
Hole
Hole
Electron
Electron
Electron
Hole
Hole
Hole
Electron
Electron
Electron
Hole
Hole
Hole

Case
No Corr. no SX
Corr.
Corr. and SX
No Corr. no SX
Corr.
Corr. and SX
No Corr. no SX
Corr.
Corr. and SX
No Corr. no SX
Corr.
Corr. and SX
No Corr. no SX
Corr.
Corr. and SX
No Corr. no SX
Corr.
Corr. and SX
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µ0 [10−6 m2 /Vs]
6.3
6.4
9.5
1.7
1.7
1.9
10.8
10.9
18.3
6.1
6.2
7.6
1.1
1.1
1.2
1.1
1.1
1.2

C
0.40
0.39
0.39
0.40
0.39
0.39
0.40
0.40
0.39
0.41
0.40
0.40
0.42
0.42
0.41
0.41
0.41
0.41

B
0.9
1.2
2.5
1.2
1.5
2.2
1.0
1.2
2.1
1.9
2.0
2.7
1.6
1.6
2.4
1.7
1.9
2.5

AB
0.27
0.36
0.75
0.36
0.45
0.66
0.30
0.36
0.63
0.57
0.60
0.81
0.48
0.48
0.63
0.52
0.57
0.75

Table 5.2: The parameters in fits of the mobility functions µ(T, c, F ) for electrons and
holes and for the three considered materials, as following from master equation calculations
to the parametrization scheme given by Equations (4.2) and (4.3). The parameter A is 0.30
in all cases. The master equation results were obtained in the range 2 ≤ σ̂ ≡ σ/kB T ≤ 6
and at a dimensionless carrier concentration c = 10−6 . The three considered cases are
those where neither spatial energy correlations nor superexchange is included ("No Corr.
no SX"), only correlations included ("Corr."), and both correlations and superexchange
included ("Corr. and SX"). The fits to the numerical results are presented in Appendix A.
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ing to extend this in future work to higher c, in order to investigate whether when
superexchange is included the dependence of the mobility on c is still as described in
ref.13. In Table 5.2 we list the parameters describing these dependencies for all the
considered situations. Specifically, we report the values for the mobility prefactor
µ0 , the parameter C associated with the T -dependence (see Equation (4.2)), and
the parameters A and B (see Equation (4.3)). We also list the product AB, which
is a measure for the field sensitivity of the mobility, as explained in Subsection 4.2.3.
For both types of carriers in all three materials, we determined these parameters for
three cases: (i) the case with neither spatial correlations nor superexchange included
(as in Chapter 4), (ii) the case with only correlations included, and (ii) the case with
both correlations and superexchange included.
It follows from the results in Table 5.2 that including spatial correlations and
superexchange leads to only a small decrease of the temperature-dependence, but
an appreciable increase of the field-dependence of the mobilities. It appears that, in
general, including superexchange has a stronger influence on the field dependence
than including correlations. We remark that the increased field-dependence found
here could, at least partially, explain the too weak voltage dependence in the modeling
of the current density-voltage characteristics of the α-NPD devices at the lowest
temperatures in Figures 4.7 and 4.8.

5.3

Correlations between on-site HOMO and LUMO
energies

In this section, we analyze the on-site correlations of the HOMO and LUMO energies.
As mentioned in the introduction, the sign of this correlation is of importance for the
rate of exciton formation. We will define for each molecular site ∆ELUMO ≡ ELUMO −
hELUMO i and ∆EHOMO ≡ EHOMO − hEHOMO i, where hELUMO i and hEHOMO i are
the average LUMO and HOMO energies. Figure 5.5 shows in a scatter plot for
all molecular sites in a microscopic ab initio calculation for the three considered
materials the values of ∆EHOMO and ∆ELUMO . These plots clearly show the type of
correlation between the HOMO and LUMO energies. The energies have been split
into a conformational (left panels) and a coulombic (middle panels) contribution. We
also provide the Pearson product-moment correlation coefficients for all cases (see
the numbers in Figure 5.5). It can be clearly observed from Figure 5.5 (right panels)
that the HOMO and LUMO energies are positively correlated for α-NPD and TCTA,
but negatively correlated for spiro-DPVBi. The correlation coefficient is significant
in all three cases. In Table 5.3, we report the standard deviations of the data shown
in Figure 5.5. For all cases, we report the standard deviations for the separate
conformational (σi ) and coulombic (σe ) contribution to the energies, as well as their
quadratic sum and the overall standard deviation σ. In most cases, we note a slight
discrepancy between the quadratic sum and σ (see Table 5.3) that is due to a weak
correlation between the conformational and coulombic disorder. This correlation
might be related to partial charges that are influenced by the conformations of the
molecule.
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HOMO-LUMO energy correlation for α-NPD

HOMO-LUMO energy correlation for TCTA

HOMO-LUMO energy correlation for spiro-DPVBi

Figure 5.5: Scatter plots of ∆ELUMO vs. ∆EHOMO for α-NPD, TCTA, and spiro-DPVBi, as
following from microscopic ab-initio calculations. In the left panels only the conformational
contribution to the HOMO and LUMO energies was included, in the middle panels only
the coulombic contribution. The right panels show the total results. The Pearson productmoment correlation coefficients are given in each panel. HOMO and LUMO energies of
375, 3196, and 2205 molecular sites were considered for α-NPD, TCTA, and spiro-DPVBi,
respectively.

Material
α-NPD
α-NPD
TCTA
TCTA
spiro-DPVBi
spiro-DPVBi

Carrier
Electron
Hole
Electron
Hole
Electron
Hole

σi [eV]
0.077
0.114
0.053
0.088
0.146
0.103

σe [eV]
0.118
0.098
0.098
0.096
0.068
0.065

p

σi2 + σe2 [eV]
0.141
0.150
0.111
0.130
0.161
0.122

σ [eV]
0.137
0.130
0.100
0.136
0.156
0.122

Table 5.3: Standard deviations σi and σe for the internal (conformational) and external
(coulombic) contribution to the energies, respectively. The quadratic sum of the two individual contributions and the overall standard deviation σ are also listed. The standard
deviations follow from Gaussian fits to the data shown in Figure 5.5.

80

Effects of energy correlations and superexchange

Frontier orbitals of a-NPD

a) HOMO

b) LUMO

Frontier orbitals of TCTA

c) HOMO

d) LUMO

Frontier orbitals of spiro-DPVBi

d) HOMO

e) LUMO

Figure 5.6: Plots of the HOMO (a,c,e) and LUMO (b,d,f) orbitals determined in vacuum
for α-NPD, TCTA and spiro-DPVBi. The chemical structures of these molecules are shown
in Figure 1.1. For the case of spiro-DPVBi the LUMO+1 orbital has the same structure as
the LUMO orbital but is mainly localized on the other wing of the molecule (the energies
of the LUMO and LUMO+1 are almost degenerate), whereas for the HOMO-1 the phase
of the wavefunction on the two wings is opposite to that of the HOMO.

The splitting into the conformational and coulombic contributions reveals the
cause for the difference between α-NPD and TCTA and the one hand side and spiroDPVBi on the other. The positive correlation in the cases of α-NPD and TCTA is
governed by the positive correlation in the coulombic contribution (see Figures 5.5
(b) and (e)). This correlation should be attributed to the electrostatic interaction
between a hole or an electron on a molecule and the partial charges on surrounding
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molecules, because a high electrostatic potential energy for a hole implies a low
electrostatic potential energy for an electron and vice versa. Fluctuations in the
polarizability of the environment will have an opposite effect, with a high local
polarizability decreasing both the potential energy of a hole and an electron, but
this effect is apparently not strong enough to counter the electrostatic effect. The
absence of any significant correlation in the conformational contribution in the cases
of α-NPD and TCTA is mainly caused by the relative insensitivity of the LUMO
energy to the molecular conformation as compared to the HOMO energy (see Figures
5.5 (a) and (d)). The difference can be explained from an analysis of the structure
of the HOMO and LUMO wavefunctions, which are shown in Figure 5.6. We see
from this figure that in general the HOMO wavefunction is spread over the whole
α-NPD or TCTA molecule, while the LUMO wavefunction is more confined to the
"wings" of the molecule. As a consequence, the HOMO energy is more sensitive to
changes in the conformation of the molecule than the LUMO energy.
The negative correlation in the case of spiro-DPVBi is clearly dominated by the
strongly negative correlation and high disorder related to conformation (see Figure
5.5 (g)). The coulombic contribution shows a strong positive correlation (of which
the origin is likely the same as in the cases of α-NPD and TCTA) but due to the
relatively small σe (see Table 5.3) such contribution is not sufficient to compensate
for the conformational contribution.
In order to determine the cause for the strongly negative conformational correlation between the HOMO and LUMO energies in spiro-DPVBi, we analyzed the
dependence of the HOMO and LUMO wavefunctions and energies on the dihedral

Figure 5.7: Structure of the spiro-DPVBi molecule in vacuum. We study the changes in
the HOMO and LUMO wavefunctions and energies caused by a change of the dihedral
angles related to rotations around the bonds indicated by the green spheres.

82

Effects of energy correlations and superexchange

angle between the diphenylvinyl groups and the spiro-bifluorene framework, related
to rotations around the bonds indicated by the green spheres in Figure 5.7. These
rotations are the main cause for the conformational energy disorder in the amorphous structure of spiro-DPVBi. Figure 5.8 shows the dependence of the HOMO-1,
HOMO, LUMO, and LUMO+1 energies as a function of one of the dihedral angles,
while the other dihedral angles are kept at their relaxed value in vacuum (close to
0◦ ). We see in Figure 5.8 that there is a strong correlation between the HOMO and
LUMO energies, where a high HOMO energy correlates with a low LUMO energy
and vice versa. It is this negative correlation that leads to the strong conformational
correlation between the HOMO and LUMO energies in the amorphous structure of
spiro-DPVBi, in which many different values of the dihedral angles will occur. The
dihedral angles in the amorphous phase of spiro-DPVBi are distributed as shown in
Figure 5.9 with a maximum around 60◦ . This distribution is not peaked around a
dihedral angle of 0◦ , because the equilibrium structure in vacuum has a non-zero
dihedral angle (see Figure5.7) due to the steric hindrance between the phenyl rings
of the diphenylvinyl groups and the spiro-bifluorene framework.
The behavior of the energies in Figure 5.8 can be understood in the following
way. The LUMO and LUMO+1 wavefunctions localize on each of the two equivalent
parts of the spiro-DPVBi molecule; see Figure 5.6 (f) for the case of the LUMO. One
of these wavefunctions reacts strongly to a change of the dihedral angle, while the
other does not. When the dihedral angle is 0◦ , the LUMO is maximally localized and
its energy is lowest. Upon increase of the dihedral angle its energy increases until it
reaches the energy of the LUMO+1 at about 40◦ . At this angle an avoided crossing
occurs and beyond this angle the roles of LUMO and LUMO+1 are reversed. The
HOMO and HOMO-1 show a different behavior. The HOMO and HOMO-1 have
wavefunctions that are both delocalized over the whole spiro-DPVBi molecule when
all dihedral angles are close to zero; see Figure 5.6 (e) for the case of the HOMO.

Figure 5.8: Dependencies of the energies of the two frontier HOMO’s and LUMO’s of
the spiro-DPVBi molecule on a change in one of the dihedral angles indicated in Figure
5.7 with respect to the relaxed structure in vacuum. For visualization purposes convenient
offsets have been applied to the HOMO and HOMO-1 energies and to the LUMO and
LUMO+1 energies.
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Dihedral Angle [degree]

Figure 5.9: Distribution of (absolute) dihedral angles in the amorphous phase of spiroDPVBi.

Upon increase of one of the dihedral angles, the symmetry between the equivalent
parts of the molecule is broken. The HOMO then mainly localizes on the part with
zero dihedral angles and the HOMO-1 on the part with the now non-zero dihedral
angle. In this case, no crossing of the energy levels occurs.

5.4

Summary, conclusions, and discussion

In the first part of this chapter, we have investigated the effects of weak spatial
energy correlations and superexchange on the mobility of electrons and holes in
three important amorphous molecular semiconductors: α-NPD, TCTA, and spiroDPVBi. The spatial energy correlations mainly arise from the spatial correlations
in the electrostatic potential caused by the partial charges on the molecules. The
strength of the spatial energy correlations is significantly lower than in a system with
an electrostatic potential caused by strong molecular dipoles, such as in Alq3 . The
weak spatial energy correlations in the considered materials slightly suppresses the
temperature dependence, but considerably enhances the electric field dependence of
the mobilities.
In superexchange, a bridge molecule provides a virtual state, which is never occupied by a charge carrier, but mediates between the wavefunctions of two distant
molecules. It leads to a charge-transfer mechanism in addition to direct hopping
between two neighboring molecules by allowing long-range hops. Like weak spatial
energy correlation, superexchange slightly suppresses the temperature dependence,
but considerably enhances the electric field dependence of the mobilities. The combined effect of weak spatial energy correlation and superexchange is an enhancement
of the electric field dependence of about a factor of two (see the values of AB in the
last column of Table 5.2). This enhancement could, at least partially, explain the
too weak voltage dependence in the modeling of the current density-voltage characteristics of the α-NPD hole-only devices in Chapter 4. To verify this, a remodeling
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of these density-voltage characteristics should be done with the improved mobility
function.
In the comparison of the mobility functions for electrons and holes, no qualitative
differences have been found. Remarkably, it follows from the results in Table 5.2
that the intrinsic electron mobilities in the "hole transporters" α-NPD and TCTA
should be even larger than the hole mobilities. This means that if electron traps
in these materials can be avoided and the problem of electron injection into these
materials can be solved, they can also serve as electron transporters. In spiro-DPVBi,
the intrinsic electron and hole mobilities have comparable magnitude. Hence, if
electron trapping in this material can be avoided it will be an interesting material
for applications that require balanced electron and hole transport. The electron
mobility obtained for spiro-DPVBi is considerably lower than previously reported 9 ,
which compensates the effect of trap states which was instead considered in ref. 9.
In the last part of this chapter, we analyzed the on-site correlations between
the molecular HOMO and LUMO energies in the three considered materials. We
separated the contribution to these correlations due to different conformations of
molecules in the amorphous morphologies from that due to coulombic effects related
to interactions with partial charges on neighboring molecules. In α-NPD and TCTA,
the coulombic contribution dominates, leading to positive correlation between onsite HOMO and LUMO energies: an energetically favorable site for a hole is an
energetically unfavorable site for an electron and vice versa. In spiro-DPVBi, the
conformational contribution dominates, leading to negative correlation between onsite HOMO and LUMO energies: an energetically favorable site for a hole is also an
energetically favorable site for an electron and vice versa. The strong conformational
contribution to the on-site HOMO-LUMO energy correlations in spiro-DPVBi was
explained by considering the effects of dihedral rotations in the spiro-DPVBi molecule
on the wavefunctions and energies of the two frontier HOMO’s and LUMO’s. The
negative correlation between on-site HOMO and LUMO energies in spiro-DPVBi
facilitates exciton formation in this material by increasing its rate.
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Chapter 6

Conclusions and outlook
In this thesis, we studied charge transport in disordered organic semiconductors using a multiscale approach. We first determined the characteristic length scale above
which percolation effects in the charge transport are appropriately captured. Next, we
developed an ab initio mobility model for electrons and holes in molecular organic
semiconductors widely used in OLED technology: α-NPD, TCTA and spiro-DPVBI.
We started with microscopic simulations of the morphologies, charge transfer integrals, site energies, and reorganization energies of these materials in simulation boxes
with a lateral size of the order of 10 nm. By using stochastic methods, we expanded
the information obtained from these microscopic simulations to boxes with a lateral
size larger than the characteristic length scale of percolative charge transport. We
determined the charge-carrier mobility by performing three-dimensional master equation calculations of charge transport in these large simulation boxes, fully capturing
percolation effects. The master equation calculations led to mobility functions for
electrons and holes in the three considered organic semiconductors. In the case of
α-NPD, we used the hole mobility function obtained in this way in one-dimensional
drift-diffusion calculations to model the experimental current density-voltage characteristics of α-NPD hole-only devices. In the last part of the thesis, we studied
the effects of weak spatial energy correlations and superexchange on electron and
hole transport in the considered semiconductors, and the correlation of HOMO and
LUMO energies.
This thesis had described a route for obtaining charge-carrier mobility functions
from microscopic ab initio mobility calculations that can in principle be applied to
any molecular organic semiconductors. Although we have only demonstrated predictive modeling using these mobility functions for single-carrier devices, the workflow
that has been followed can become the basis for predictive multiscale modeling of all
electronic processes occurring in OLEDs. In this chapter, we formulate interesting
fundamental questions to be addressed in future research. Investigating these questions will further deepen our understanding of charge transport in disordered organic
semiconductors.
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The aim of this thesis was to study how the properties of disordered organic
semiconductors at the molecular scale determine the charge-carrier transport at
the device scale. To this end, we first addressed the problem of finding the length
scale above which percolation effects in these semiconductors are properly described.
Then, we performed predictive multiscale modeling of charge transport for three
important small-molecule semiconductors. Finally, we studied the influence of weak
spatial correlations and superexchange on the charge-carrier mobilities in these
semiconductors. In the first section of this final chapter, we summarize the main
conclusions reached in Chapters 3-5 of this thesis. In the second section, we discuss
an outlook on improvements and extensions of the multiscale modeling approach,
including suggestions for an extension to the case of multi-layer and double-carrier
devices.

6.1

Summary and conclusions presented in chapters
3-5

In Chapter 3, we studied the characteristic length scale of hopping transport in
organic semiconductors. To this end, we performed an analysis of the conductance
fluctuations in finite simulation boxes, considering hopping models characterized by
different types of hopping rate, lattice structure, and energetic disorder. In order to
find the characteristic length scale, we first determined the dependence of the relative
conductance fluctuations on the size of the simulation box. A universal power-law
and non-power-law size-dependence was found for uncorrelated and dipole-correlated
disorder, respectively. The characteristic length scale was found by scaling the size
dependence such that the results obtained at different temperatures fall on a master
curve. It follows that the characteristic length scale has a power-law temperature
dependence. For uncorrelated disorder, the power law is characterized by a critical
exponent that is close to the percolation correlation length exponent, as predicted
by percolation theory. In the case of dipole-correlated disorder, a significantly larger
exponent is found than for uncorrelated disorder. Our estimate is that for typical
disordered organic semiconductors the characteristic length scale at room temperature can be of the order of 10 nm in the case of uncorrelated disorder, while it can
be as large as 100 nm in the case of dipole-correlated disorder.
In Chapter 4, we developed an ab initio mobility model for hole transport in the
small-molecule semiconductors α-NPD and TCTA. The model started with ab-initio
microscopic calculations in a small simulation box of the morphology, hole energies,
transfer integrals, and reorganization energy of the semiconductor. A stochastic
approach was then used to expand the morphology to simulation boxes with a lateral
size much larger than the characteristic length scale of charge transport studied
in Chapter 3. The stochastic approach was tuned to reproduce the site density
of the microscopically calculated morphology and the nearest-neighbor distance
distribution function, which is especially relevant for hopping transport. It turned out
not to be possible to reproduce the pair correlation function of the microscopically
calculated morphology. A stochastic approach was also used to generate charge
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transfer integrals for the expanded morphology, with a distribution that closely
follows the microscopically calculated transfer integral distribution. We neglected
in this chapter the weak spatial energy correlations in α-NPD and TCTA found in
the microscopic calculations and assumed uncorrelated Gaussian disorder. Master
equation calculations based on the Marcus rate were performed for sufficiently
large boxes with stochastically generated morphologies and transfer integrals. The
mobility function following from these calculations can for both semiconductors be
described by a parametrization scheme used before in the context of the extended
Gaussian disorder model, suggesting that this parametrization scheme has a wide
applicability range. In the case of α-NPD, we used the resulting mobility function
in one-dimensional drift-diffusion calculations to model the experimental current
density-voltage characteristics of two different types of hole-only devices at various
temperatures and two different thicknesses of the organic layer. It was found that
the experimental curves can be described well by the modeling, after only slightly
decreasing the disorder strength from the ab initio value of 0.13 eV to 0.10 eV.
Finally, in Chapter 5, we extended the ab initio mobility model by including two
advanced issues that were neglected in Chapter 4: weak spatial energy correlations
and superexchange. We systematically studied their influence on the mobility functions of electrons and holes for the two organic semiconductors studied in Chapter
4 and for the blue fluorescent emitter Spiro-DPVBi. In all cases we applied the
parametrization scheme used in the extended Gaussian disorder model and observed
how the parameters are affected by spatial correlations and superexchange. We found
that weak spatial energy correlations and superexchange especially affect the field
dependence of the charge-carrier mobilities, which is significantly increased in both
cases. In this chapter, we also provided an analysis of the correlations between the energies of the highest occupied and lowest unoccupied molecular orbitals (HOMO and
LUMO) for the three semiconductors, which is of importance for exciton formation.

6.2

Outlook

In this section we suggest possible directions for future research building in the
results of this thesis. In particular, we discuss in Subsection 6.2.1 several aspects of
our mobility model that still can be improved. In Subsection 6.2.2 we indicate how
to extend the multiscale modeling workflow developed in this thesis to the complete
modeling of all electronic processes of relevance to the functioning of OLEDs.

6.2.1

Improvements of the ab initio mobility model

In this thesis we developed a multiscale ab initio model of charge transport based
on a microscopic description of organic semiconductors. In this model, we accounted
for positional disorder following from morphologies obtained by Monte Carlo simulations. We used Marcus rates based on transfer integrals and reorganization energies
obtained by ab initio electronic structure calculations. We refined our model by including the effects of weak spatial energy correlations and superexchange. However,
there are still aspects of the multiscale model that can be improved. We briefly
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describe these aspects here.
• Ab initio disorder strength. In the one-dimensional drift-diffusion modeling
of hole-only α-NPD devices, it was possible to describe the experimental currentvoltage characteristics by slightly reducing the disorder strength obtained from
ab initio calculations. The overestimation of the disorder strength in the ab initio
calculations might be related to the force fields used in the calculation of the
morphology. In particular, the force fields associated with the dihedral angles
of the α-NPD molecule could have been underestimated. The simulation of the
deposition process of α-NPD molecules with a more rigid structure could lead
to morphologies characterized by a lower energetic disorder. Recently, Friederich
et al. have systematically investigated the correlation between dihedral rotations
and energetic disorder for several small molecule semiconductors 1 . In that work,
it is shown that dihedral rotations not only induce a variation in the total energy
of a molecule, but also cause a variation of its HOMO and LUMO energies. The
conclusion is that molecules with HOMO and LUMO energies that are relatively
sensitive to these rotations have a relatively high degree of energetic disorder and
therefore a relatively low charge-carrier mobility. In the light of these new results,
the force fields used in the calculation of the morphology of α-NPD should be
carefully reanalyzed future research. Since in this thesis we only performed device
modeling studies for α-NPD, we cannot judge at present whether this issue is only
important for this semiconductor or also for other organic semiconductors.
• Pair correlation function. In Section 4.2, we showed that the stochastic approach for expanding morphologies, which treats the molecules as spheres, cannot reproduce some features of the pair correlation function that result from
their specific molecular packing. An improved version of the stochastic expansion method should be able to reproduce these features, possibly by using more
complex shapes than spheres. An alternative would be the use of Monte Carlo
or molecular dynamics simulation methods of the morphology based on coarse
graining. In coarse-grained modeling, groups of atoms in a molecule or polymer
are replaced by beads that are treated as the interaction units. This replacement
is performed according to the rigidity of the groups. Groups of atoms that that
are relatively rigid in atomistic simulations are suitable to be replaced by beads
in a coarse-grained scheme. In a recent study of donor-acceptor blends used in
organic photovoltaics, it has been shown that pair correlation functions of morphologies obtained by using coarse-grained force fields are in good agreement with
those of morphologies obtained by all-atom simulations 2 . The main advantage of
coarse graining is that the number of degrees of freedom is drastically reduced.
This significantly simplifies the description of the inter- and intramolecular interactions of the system. Therefore, the simulation of a coarse-grained system is
computationally less demanding than the all-atom simulation of the same system.
As a consequence, significantly longer simulation times and larger length scales
can be reached by coarse-grained simulations. It is likely that this will be the
preferred approach in the future to obtain microscopic morphologies of organic
semiconductors, because it avoids the complications of stochastic expansion meth-
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Figure 6.1: Natural logarithm of the room-temperature hopping rate as a function of
the energy difference between two sites, as given by the Miller-Abrahams, Marcus, and
Levich-Jortner theories. The hopping prefactor is chosen to be 1 sec−1 for all rates. The
reorganization energy of the Marcus rate is chosen to be 0.2 eV, which is a typical value.
In the case of the Levich-Jortner rate, we have chosen λcl = 0.05 eV for the classical
contribution to the reorganization energy, S = 0.75 for the electron-phonon coupling
constant, and ω = 0.2 eV for the energy of the high-energy vibrational mode, which are
also typical values.

ods. So far, coarse-graining has been mainly employed to model donor-acceptor
blends forming bulk heterojunctions used in organic photovoltaics 2–4 , but the first
applications to morphology modeling of organic semiconductors used in OLEDs
have appeared .
• Levich-Jortner rates. In this thesis, the ab initio charge-transport modeling
has been based on Marcus hopping rates, where the vibrational modes that couple
to the charge are treated classically. This is a reasonable approximation when
the energy of these vibrational modes is small compared to the thermal energy
kB T . However, the energy of the vibrational modes can often be larger than
kB T and then the vibrational sublevels of each electronic state should be taken
into account quantum-mechanically. This is done in Levich-Jortner theory 5 . This
theory is based on a quantum-mechanical treatment of the vibronic transitions,
i.e., simultaneous electronic and vibrational transitions, involved in the charge
transfer. The rate following from Levich-Jortner theory is
2
Jij
ωij =
~

r



X Sn
π
(∆E + λcl + n~ω)2
exp(−S) exp −
.
kB T λcl n n!
4kB T λcl

(6.1)
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Here, n is an index labeling the quantum-mechanically treated vibrational quanta
with average frequency ω, and S is the electron-phonon coupling constant. Furthermore, λcl is the "classical" contribution to the reorganization energy, which
is due the low-energy vibrations that are still treated as classical harmonic oscillators, as in Marcus theory. Typically, these vibrations are associated with the
reorganization of the environment surrounding the two molecules between which
the charge-transfer takes place. The intramolecular vibrations typically have high
frequencies and hence are treated quantum-mechanically. We note that in the
high-temperature limit, Equation (6.1) reduces to Equation (1.4) for the Marcus hopping rate. The effect of the quantum-mechanically treated vibrations on
the hopping probability can be clearly observed in Figure 6.1, where the LevichJortner rate is shown along with the Miller-Abrahams and Marcus rates for typical
parameter values. It is also clearly seen in this figure that from these tree rates,
only the Marcus rate is "symmetric", decreasing for ∆E < −λ within the so-called
"inverted regime". This is not the case for the Levich-Jortner rate, which means
that microscopic modeling results based on this rate will differ from the results
presented in this thesis. It may be seen from Figure 6.1 that for positive values of
∆E the difference between the Levich-Jortner and Marcus rates is not very large.
In the limit of small electric fields, it follows from percolation theory that the
critical hops are those upward in energy, so that the use of the Marcus rate may
still be reasonable. For increasing electric field, however, an increasing amount of
hops will have (strongly) negative values of ∆E, so that the use of the Marcus
rate becomes questionable. How accurate the use of the Marcus rate precisely is
in the different regions of parameters space is a question to be addressed in future
research.
• Dynamic disorder. In systems such as organic crystals based on molecules with
intrinsically high transfer integrals, the charge-carrier mobility can be increased
by eliminating static disorder caused by chemical impurities and crystal defects.
However, it is believed that in very pure crystals, the wavefunction delocalization is
still limited by thermally induced intermolecular motions leading to fluctuations
in the transfer integrals, known as dynamic disorder 6 . It has been found that
dynamic disorder is an important limiting factor for charge transport in several
high-mobility organic semiconductors. Therefore, it is necessary to reduce dynamic
disorder in order to improve the performance of these materials. In a recent study 7 ,
two possibilities have been proposed to achieve this reduction. One possibility
is to use materials that have an intrinsically low electron-phonon coupling. In
this case, the transfer integrals are not significantly affected by intermolecular
motions. One example is rubrene, for which the high charge-carrier mobilities
in pure single crystals can be explained by the extremely weak electron-phonon
coupling. The other possibility to reduce dynamic disorder is to increase the
force constants between the molecules, in order to limit the amplitude of the
intermolecular motions. At room temperature, the intermolecular motions can
lead to a modulation of the transfer integrals that is comparable to size of the
transfer integrals itself 8 . Such a modulation leads to a significant reduction of the
mobility, especially if these motions have a low frequency, since charge-transfer
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integrals that happen to be small at a certain instant in time will act as bottlenecks
in the charge transport. In organic crystals, large force constants are present in the
π-π stacking direction of the molecules due to the numerous van der Waals and
π-π interactions, limiting motions in this direction. By contrast, large-amplitude
intermolecular motions affecting charge transport are found along the long axis of
the π-conjugated core of the molecules. This is because intermolecular interactions
in this direction are too weak to limit these motions. In ref. 7, it is shown that such
"sliding motions" can be suppressed by substituting side chains along the long axis
of the molecules, which introduce large force constants. This approach is proposed
as a molecular design strategy to limit dynamic disorder, thus improving the chargecarrier mobility of organic crystals. In this thesis, we studied charge transport
in amorphous small-molecule semiconductors, considering only static disorder.
Because of their amorphous nature, in these semiconductors the molecules are
not stacked along a specific direction, which could mean that the sliding motions
are less important than in organic crystals. On the other hand, the molecules do
not have long side chains to suppress such motions. We therefore cannot rule out
at present that dynamic disorder also plays a role in these semiconductors. In
particular, the temperature dependence of the charge-carrier mobility could be
weaker, since the effect of dynamic disorder is to suppress charge transport with
increasing temperature. Therefore, we believe that the role of dynamic disorder
in amorphous semiconductors should be investigated in future research.
• Higher-order superexchange. In the last part of this thesis, we studied the
effect of superexchange on the charge-carrier mobility. Superexchange contributions to the transfer integrals extend the range of possible hops, resulting in an
enhancement of the dependence of the mobility on the electric field. The superexchange couplings considered by us were based on first order perturbation theory,
involving the indirect coupling between states located on two molecules via a
virtual state on a third molecule. Higher-order superexchange couplings involving
more than three molecules were not included. Such higher-order couplings will
individually decrease in magnitude with increasing order. However, they will introduce couplings between molecules separated by a large distance and therefore
might change the percolation pathways for charge transport, in a comparable way
as in variable-range hopping 9 . Moreover, they could further enhance the electric
field-dependence of the charge-carrier mobility. We therefore think that the role
of higher-order superexchange couplings should be investigated.
• Superexchange involving multiple virtual states. In this thesis, superexchange contributions were determined by only considering virtual states similar to
the initial and final states. However, superexchange contributions to the transfer
integrals can also involve different virtual states. We think that superexchange
contributions due to multiple virtual states on the same bridge molecule could be
important, provided that the energy difference between these states is small compared to the disorder strength. The effect of superexchange via multiple virtual
states should be studied in future research.
• Cross-correlations. In this thesis, we only considered correlations between the
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transfer integrals and the intermolecular distances. However, possible correlations
between the transfer integrals and the local arrangement of molecules and between the transfer integrals and the on-site energies have been neglected. It is
not clear at present if such cross-correlations are important. The investigation
of cross-correlations will be very difficult, but should nevertheless be addressed
in future research. We already found that the pair correlation function is not
reproduced by our isotropic stochastic approach (see insets of Figures 4.2), because of the anisotropy of the molecules. An approach taking into account the
cross-correlations should first be able to correctly describe the pair correlation
function. Our colleagues at KIT are presently developing a stochastic morphology
generation approach that is applicable to anisotropic molecules. In a next step,
correlations between local molecular arrangements and transfer integrals or on-site
energies can be addressed.

6.2.2

Extensions, applications, and future developments

The work of this thesis led to a predictive multiscale model of charge transport in
organic semiconductors. Although improvements are possible, as discussed above,
we now have a tool that allows to link the molecular properties of an organic
semiconductor to the measurable electrical response of real devices. Specifically, our
model can be used to predict the electrical characteristics of single-carrier devices
based on one organic layer. Although we focused on the study of charge transport
in pure organic semiconductors, the approach of this thesis can also be followed
to study charge or exciton transport in more complex systems, such as host-guest
systems.
For example, in recent work by Symalla et al. 10 , a multiscale modeling approach
similar to that employed in this thesis has been used to study the effect of superexchange on hole transport in two host-guest systems commonly used in OLED
emission layers: α-NPD:Ir(MDQ)2 (acac), that is α-NPD doped with the red-emitting
dye bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate) iridium(III)), and TCTAIr(ppy)3 , that is TCTA doped with the green-emitting dye tris([2-phenylpyridinatoC2,N] iridium(III)]). In these systems, the guest molecules trap charges, which
strongly influences the charge-carrier mobility. In particular, the mobility reaches a
minimum as a function of guest concentration at a specific concentration. This concentration signifies a cross-over between a low-concentration regime, where the trapping of charge carriers by the guest impedes transport, and the high-concentration
regime, where charge transport is dominated by direct guest-guest hopping.
The study of ref. 10 focuses on superexchange coupling between pairs of guest
molecules via higher energy states on "bridging" host molecules. It is found that in
the host-guest systems analyzed, superexchange results in an increase of the hole
mobility up to one order of magnitude. Also, the minimum in the hole mobility
as a function of guest concentration is shifted to lower concentration, because superexchange provides an alternative mechanism for guest-guest hopping. The work
demonstrates that the importance of superexchange depends on the trap depth,
which is the energy difference between the average hole energy of the host and
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that of the guest molecules. In particular, the results show that superexchange is
especially relevant for host-guest systems characterized by a trap depth larger than
0.3-0.4 eV. Therefore, superexchange could also play an important role in exciton
transport in the systems studied in ref. 10, as the dyes have triplet energies that
are about 0.3-0.4 eV lower than the triplet energies of the host. To investigate this,
the modeling described in this thesis and in ref. 10 should be extended to include
exciton transport.
In future work, the multiscale modeling workflow developed in this thesis should
be extended to the modeling of all relevant electronic processes occurring in OLEDs.
This will require the simultaneous description of electron and hole transport as
well as their recombination to form excitons. A master equation approach that
can simultaneously treat electron transport, hole transport, and recombination, is
currently being developed in our group. However, a complete modeling of OLEDs
should also include exciton dynamics and exciton quenching. The 3D kinetic Monte
Carlo method will probably be the most suitable simulation method for complete
multiscale modeling of OLEDs.
Apart from the simultaneous modeling of all relevant electronic processes, a predictive multiscale OLED model will also require modeling of the layer structure of
the OLED stack. We note that this poses a challenge regarding the microscopic
description of the interfaces between different organic layers and between the electrodes and the organic layers. Although ab initio studies of metal-organic interfaces
can be found in literature 11,12 , we are not aware of relevant studies addressing the
modeling of interfaces between amorphous organic semiconductors. Therefore, we
also propose this as an extension of the multiscale approach.
To conclude, this thesis has made a first important step towards the multiscale
modeling of organic devices by focusing on charge transport in such devices. In
doing so, several interesting and fundamental questions were encountered, suggesting
fruitful directions for future research in the field of organic electronics. We hope that
this thesis will inspire new young researchers to bring this important field forward.
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Appendix A

Electric field dependence of the
charge carrier mobility
The parameters reported in Table 5.2 were obtained by fits to the charge carrier
mobility µ(T, c, F ) following from numerically exact master-equation calculations.
For α-NPD, TCTA and Spiro-DPVBi the fits (lines) to the numerical results (symbols) are shown in Figures A.1, A.2 and A.3, respectively. For each material, results
are given for both electrons and holes in the cases where neither spatial energy
correlations nor superexchange is included ("No Corr. no SX"), only correlations
included ("Corr."), and both correlations and superexchange included ("Corr. and
SX"). Numerical results were obtained in the range 2 ≤ σ̂ ≤ 6 and for a dimensionless
carrier concentration c = 10−6 . In each case, the fit is based on the parametrization
scheme given by Equations (4.2) and (4.3). The fits were obtained with a least
square procedure taking into account only mobilities calculated for F ≤ σ/ea, which
is the electric field range typical of real applications. For all fits, the parameter B
of Equation (4.3) was optimized for a fixed value A = 0.30.
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Figure A.1: Dependence of µ on the electric field F at a dimensionless carrier concentration c = 10−6 for 2 ≤ σ̂ ≤ 6 in α-NPD. Symbols: master-equation results. Curves:
parametrization Equations (4.2) and (4.3) with A = 0.30 (see Table 5.2 for the other parameters). Results are given for electrons and holes in the cases with neither spatial energy
correlations nor superexchange included ("No Corr. no SX"), only correlations included
("Corr."), and both correlations and superexchange included ("Corr. and SX").
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Figure A.2: Same as Figure A.1, but for TCTA.
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Figure A.3: Same as Figure A.1, but for spiro-DPVBi.

Summary
Multiscale modeling of charge transport in organic devices: from molecule
to device
The realization of devices based on organic semiconductors has resulted in a new
field in technology called “organic electronics”, which holds great promises of low
production costs and unique properties when compared to traditional inorganic electronics. A particularly promising class of devices are organic light-emitting devices
(OLEDs). OLED displays are increasingly used in smart phones and OLED televisions are presently entering the market. OLEDs emitting white light are candidates
for future lighting applications with unique and appealing features like homogeneous
brightness over a large emitting area, mechanical flexibility, and low power consumption. Despite their success, large research and development efforts are still needed to
improve the energy efficiency, color rendering, and stability of OLEDs. Crucial in this
respect is a complete understanding at the molecular scale of the electronic processes
that are responsible for their performance. To this end, a fully predictive multiscale
OLED model is needed. This model, which should be based on ab initio calculations,
would take the device structure and used materials as input and provide the light
emission profile, spectrum, efficiency, and current-voltage characteristics as output.
This model would also help to identify and quantify degradation mechanisms, by
providing complete information about all types of electronic processes occurring at
every location in the device that could lead to material damage. The main goal of
this thesis is to make the first step towards such a complete predictive OLED model.
In this first step, the focus is on charge transport in organic electronic devices.
The charge transport in the disordered organic semiconductors used in these devices
differs completely from that in their conventional crystalline inorganic counterparts.
Instead of delocalizing and forming energy bands, charge carriers in these semiconductors are localized by the disorder to specific sites. The energy levels of these sites
form a distribution that is often described by a Gaussian function with a width characterizing the disorder strength. Conduction occurs by thermally assisted tunneling
— hopping — of charges between sites. The rate of these hops is determined by the
overlap of the wave functions and the energy difference between the initial and final
states. The resulting models have been successfully used to describe the current
density-voltage characteristics of single-carrier devices, where the disorder strength,
as well as a hopping distance and hopping rate prefactor were treated as empirical
fit parameters. In fully predictive modeling, these parameters should follow from
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the ab initio microscopically calculated disordered morphology, the distribution of
energy levels, the reorganization energies, and the charge transfer integrals of the
used organic semiconductor. This thesis treats, for the first time, systematic chargetransport modeling based on such ab initio microscopic calculations, all the way
from the molecular to the device level.
Because of the percolative charge transport, the current density in disordered
semiconductors has a filamentary character, where only above a certain characteristic
length scale charge transport can be considered as homogeneous. In the first part
of the thesis, the problem of finding this characteristic length scale is addressed. To
this end, the conductances of simulation boxes of varying size with different disorder
realizations are determined by solving the steady-state master equation for the
charge-carrier occupational probabilities of the hopping sites within the boxes. The
characteristic length scale is then found as the box size at which fluctuations in the
conductance for different disorder realizations are as large as the average conductance
itself. Different types of hopping (Miller-Abrahams and Marcus), lattices (simple
cubic and face-centered cubic), and disorder (uncorrelated and dipole-correlated)
are considered. For uncorrelated and dipole-correlated disorder we find a universal,
power-law and non-power-law dependence, respectively, of the relative conductance
fluctuations on the box size. Data obtained at different temperatures collapse onto a
master curve upon scaling with the characteristic length scale, which has a power-law
temperature dependence. For realistic disorder strengths and hopping distances the
characteristic length scale at room temperature is a few nanometers in the case of
uncorrelated disorder, while for correlated disorder it can be as large as 100 nm.
In the second part of thesis, an ab initio mobility model for hole transport
in the important hole-transporting organic semiconductors α-NPD and TCTA is
developed. The model starts from ab initio microscopic calculations of a small
simulation box representing the semiconductor, with a morphology obtained from
Monte Carlo simulations, and hole transfer integrals, energies and reorganization
energies calculated by density functional theory. A stochastic approach is used to
expand the morphology to simulation boxes with a size much larger than the above
discussed characteristic length scale for charge transport. The stochastic approach
is tuned to reproduce the nearest-neighbor distance distribution function, which is
especially relevant for the hopping transport. A distribution of transfer integrals for
the expanded morphology is stochastically generated in such a way that it closely
follows the microscopically calculated distribution. Since α-NPD and TCTA are
found to have weak spatial energy correlations, uncorrelated Gaussian disorder is
assumed. Next, for sufficiently large boxes with stochastically expanded morphologies
and generated transfer integrals, master equation calculations are performed to
determine the hole mobility function. Finally, in the case of α-NPD, this mobility
function is used in one-dimensional drift-diffusion simulations to model the currentvoltage characteristics of hole-only devices. The experimental curves can be well
reproduced by the modeling by only slightly decreasing the ab initio calculated value
of the disorder strength.
In the third part of the thesis the focus is on two effects thus far neglected:
weak spatial energy correlations and superexchange. Superexchange is the indirect
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electronic coupling between two molecules via a virtual state on a third intermediate
molecule, giving rise to long-range hops. We quantify the effects of weak spatial
energy correlation and superexchange on the mobility function of electrons and
holes in α-NPD, TCTA, and the important blue fluorescent emitter spiro-DPVBi.
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