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CHAPTER

1
Introduction

1.1 Harvesting energy from sunlight

Solar energy is a good candidate for large scale energy harvesting. The radiative
power of all sunlight that is incident on the earth’s surface is more than enough to
fulfil our ever increasing need for energy. However, cheap, efficient and durable solar
cells are required before we can turn the sun into our main power supply.

Solar cells convert sunlight into electrical power. The fraction of solar power that
can be converted into electrical power depends on radiative limits, and on the type of
solar cell under consideration. In order to characterize the performance of different
types of solar cells, the power conversion efficiency (PCE) is used.

Typically, the current-voltage characteristics of a solar cell are similar to the curve
that is shown in Fig. 1.1. The obtained current at 0 V is called the short circuit current
ISC, while the voltage at which the current vanishes is referred to as the open circuit
voltage VOC. When the solar cell is operated at these voltages, no power is extracted.
If a bias between 0 V and VOC is applied, the device delivers power. This power
is given by the product of the bias and the current. The maximum power point
VMPP is defined as the bias for which the output power PMPP is maximal. The power
conversion efficiency is given by

η= PMPP

PL
, (1.1)

where PL is the total incident radiative power on the solar cell. Another well known
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2 Introduction

Figure 1.1: Typical current-voltage characteristics of a solar cell under illumination. The maxi-
mum power PMPP is given by the area of the small dotted rectangle. The fill factor
is given by the ratio between the large dotted rectangle (VOC × ISC) and the small
one.

solar cell parameter is the fill-factor F F :

F F = PMPP

VOC × ISC
. (1.2)

Ideally, both η and F F are equal to 100 %. In reality, however, solar cell perfor-
mance is limited by different mechanisms. The bandgap of a material corresponds
to the energy levels in a material that cannot be occupied by charge carriers. Work
by Shockley and Queisser has shown that the theoretical upper limit of the PCE for
single bandgap materials ranges between 0 % and 33 %, depending on the size of the
bandgap [1]. This occurs because photons with smaller energies than the bandgap
cannot be absorbed, whereas the excess energy of photons with a larger energy than
the bandgap is lost. Moreover, efficiency is lost by radiative recombination of photo-
carriers to produce the blackbody radiation that a solar cell emits at temperature T

.

1.2 Organic semiconductors

Although some work on organic semiconductors was done before 1977 [2–4], the
discovery of conductive polymers in 1977 is generally considered to be the start of
the research field. In that year, Shirakawa et al. showed a seven order increase in
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conductivity of polyacetylene (see Fig. 1.2) that was doped using chlorine, bromine or
iodine vapour [5]. In 2000, they were awarded the Nobel prize for chemistry for this
achievement. Meanwhile, organic semiconductors have been used to create solar cells
[6], light emitting diodes [7], and field effect transistors [8, 9]. The main benefits of
organic semiconductors over conventional semiconductors are the good mechanical
properties [10] and the possibility to fabricate devices from solution [11]. However,
efficient devices are required to render organic semiconductors economically viable
for real life applications. In order to achieve this, a good understanding of the physics
behind this class of materials is needed.

Conductive materials require a transport band that is partially filled with electrons.
If the band is empty, there are no electrons that can be transported; if the band is
completely filled, the available charges have no other location to move to. At 0 K,
intrinsic semiconductors have a filled valance band that is energetically close to the
empty conduction band. Thermal vibrations and incident photons are able to excite
the valance band electrons to the conduction band. This creates a negatively charged
free electron in the conduction band, and a positively charged free hole in the valance
band.

Figure 1.2: Polyacetylene contains alternating single and double bonds. This material was
shown to feature a large increase in conductivity when doped using using chlorine,
bromine or iodine vapour [5].

Most organic materials are insulators due to their large bandgap Egap. However,
conjugated polymers and conjugated small molecules are capable of conducting
electrons. These systems posses an alternating sequence of single and double covalent
bonds, as depicted for polyacetylene in Fig. 1.2. Both single and double bonds have
σ-bonds that keep the molecule together, whereas double bonds also feature a weaker
π-bond. While the electron of a σ-bond is localized between the carbon atoms, the
electron of a π-bond is delocalized over a much larger region in a pz-orbital. For
alternating single and double bonds, the pz orbitals will merge into many large
molecular orbitals, each extending over the conjugated backbone of the molecule.
This causes the pz electrons to be delocalized across the conjugated backbone of the
molecule.
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Each π-bond has a bonding and an anti-bonding molecular orbital, where the
bonding molecular orbital is energetically favourable. For a conjugated molecule,
the bonding and anti-bonding orbitals of the individual π-bonds are combined into
a bonding π-band and an anti-bonding π∗ band that are separated by an energetic
gap Egap. At 0 K, the bonding π-band is completely filled with electrons, while the
anti-binding π∗ band is empty. The highest molecular orbital of the π-band is called
the highest occupied molecular orbital (HOMO), whereas the the lowest molecular
orbital of the π∗-band is called the lowest unoccupied molecular orbital (LUMO).
Since the bandgap Egap is much smaller than the value than encountered in insulating
materials, electrons in the HOMO can be excited optically to the LUMO. Therefore,
materials built from conjugated molecules are semiconducting.

The positions of the energy levels depend strongly on the size of the conjugated sys-
tem, and on the variations in the molecular environment. The random nature of these
phenomena creates a distribution of HOMO and LUMO levels, rather than a well-
defined transport band. This effect is modelled by means of a Gaussian distributed
density of states (DOS), where the standard deviation σHOMO,LUMO represents the
degree of energetic disorder of a material.

1.2.1 Charge transport

-

E
n
e
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y
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Figure 1.3: Charge carriers (in this case an electron) ’hop’ between small delocalized segments
with a Gaussian distributed energy level.

Although electrons and holes are delocalized over the conjugated part of the
molecule, defects limit the delocalization length to several carbon bonds. Therefore,
organic semiconductors cannot be treated as a classical semiconductors with well
defined transport bands. Instead, charge carriers hop between small delocalized sites
by means of phonon activated hopping (see Fig. 1.3), which can be regarded as a
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quantum mechanical tunneling process [12]. Each hopping site has energy levels
that correspond to the local HOMO and LUMO of the material. These energies are
distributed Gaussianly with standard deviations of σHOMO,LUMO [13]. Typical values
for σHOMO and σLUMO range between 0.05 and 0.15 eV. For some systems, the energy
levels of adjacent hopping sites are found to be correlated, resulting in different
charge transport characteristics [14]. The delocalization length of each hopping site
is approximately 0.1 nm, whereas the distance between different hoping sites varies
between 1.0 and 2.0 nm. The positions of the hopping sites can be determined using
molecular dynamics calculations [15], but they are often assumed to be arranged in a
cubic grid [12].

Different models exist for the hopping rate of an electron at a hopping sites with
energy εi to a hopping site with energy ε j , where both sites are spatially separated by
distance a. The most commonly used model was developed by Miller and Abrahams
[16]. The semi classical expression is based on single-phonon assisted hopping, and
was derived for describing charge hopping through shallow trap states in crystalline
semiconductors at low temperatures:

νi j = ν0 exp

(
− (ε j −εi )+|(ε j −εi )|

2kBT

)
. (1.3)

Here, kB is the Boltzmann constant, T is the temperature, and ν0 is the attempt to hop
frequency.

Another hopping rate expression also includes polaronic effects, by means of a
reorganization energy λ:

νi j = ν0 exp

(
− ((ε j −εi )+λ)2

4λkBT

)
. (1.4)

This rate expression was developed by Marcus, who was awarded the Nobel prize
for chemistry in 1992 [16, 17].

There is no closed set of formula for describing the current-voltage characteristics
of an organic device in terms of hopping rate equations. Instead, computationally
expensive kinetic Monte Carlo (KMC) simulations and master equation (ME) calcu-
lations are required to obtain this information [12, 18]. Often, these calculations are
performed on a finite piece of volume with periodic boundary conditions, allowing
charge carrier mobilities to be extracted. Therefore, KMC and ME calculations pro-
vide insight in the dependence of the charge carrier mobility µ on the charge carrier
density ρ, the degree of energetic disorder σHOMO,LUMO and the electric field E . These
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calculations have been parameterized into closed relations for µ(σHOMO,LUMO,ρ,E)

that have been verified experimentally [18].

Alternatively, space charge limited theory can be used to decribe the current-
voltage characteristics in terms of µ [19]. Because organic semiconductors are sand-
wiched between two metallic electrodes, they operate according to the metal-insulator-
metal (MIM) model. According to this model, the upper limit for the current transport
is determined by the presence of space charge [20]. For an organic diode with selective
contacts that both match the LUMO (or HOMO) of the material, the current density J

obeys the Mott-Gurney equation [21]:

J = 9

8

εµ

L3 V 2, (1.5)

where ε is the relative permittivity, L the device thickness, and V the applied voltage.
Experimental values of the charge carrier mobility can be obtained using Eq. 1.5, or
by measuring field effect transistors.

The above description assumes a perfectly clean organic semiconducting material.
In practice, however, many defects and impurities are present. These imperfections
may introduce electronic states called electron traps that lie far below the LUMO.
Likewise, hole traps are electronic states that are located far above the HOMO of the
material. The hopping rate from a normal hopping site to a trap state is very high.
Once trapped, a charge is very unlikely to escape the deep energetic well. Although
it cannot participate in the charge transport anymore, the charge does contribute to
the overall amount of space charge in the active layer of a device. The presence of
trap states lowers the overall amount of mobile carriers in organic devices, and will
therefore reduce the charge transport characteristics.

1.3 Organic solar cells

The performance of organic solar cells has increased rapidly in the past two decades
[22–25]. Developments are driven not only by design and engineering of new ma-
terials [23–28], but also by improving fabrication conditions and device structure
[24, 29, 30]. To date, the most efficient organic solar cells have a PCE of 11.5 % [31]:
approximately one third of the maximally achievable value according to Sec. 1.2.
Stretching the limits of these cells even further, requires physical insight in the pro-
cesses involved in the device operation. Experimental investigation of these processes
is complicated, since it is hard to disentangle the contributions due to different effects.
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Numerical simulations allow us to overcome these issues, because more detailed
information is available (for example the charge carrier distribution in a device), and
calculations do not suffer from experimental variations.

Cathode Anode

-

+

-

+

+

-

Figure 1.4: A semiconducting layer sandwiched between two electrodes with different work
function. The work function of the left electrode matches the LUMO of the organic
semiconductor, while the right electrode lines up with the HOMO. Charge transport
of photo-generated carriers to the respective electrode is aided by the build-in field.

Consider a solar cell with an organic semiconducting active layer (donor) that
has a band gap energy Egap, and is sandwiched between two metallic electrodes (see
Fig. 1.4). The work function of the left electrode (cathode) aligns with the LUMO
level of the material, while the right electrode (anode) matches the HOMO of the
semiconductor. Both electrodes are connected by a metal wire, to obtain short-circuit
conditions with the build-in electric field. In these conditions, the photo-generated
current is maximum (see Fig. 1.1). Ideally, the absorption of a photon results in a free
electron in the LUMO, and a free hole in the HOMO of the organic semiconductor.
Next, the electric field drives the free electrons to the cathode and free holes to the
anode, resulting in a photo current.

The low relative permittivity of organic semiconductors and the strong localization
of charge carriers results in exciton formation after photon absorption, rather than the
release of free charge carriers [32]. In order to overcome the exciton binding energy, a
hetero junction interface with an electron accepting semiconductor (acceptor) is used
that features a lower LUMO level than the organic semiconductor (see Fig. 1.5) [33].
Once excitons reach the interface, the electron is transfered to the LUMO of the accep-
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Figure 1.5: Excitons are more easily separated at a hetero junction. However, some of the VOC
is lost.

tor material, whereas the hole remains in the HOMO of the donor. Although both
charges are in a different material, they are still bound by the Coulombic interactions
[34]. From this intermediate charge transfer (CT) state, the electron and hole can either
recombine germinatively, or separate into free charges [35]. Once separated, electrons
and holes are transported to their corresponding electrode through the accepter and
donor regions of the device respectively.

Due to the low exciton diffusion length in organic semiconductors, excitons that
are located more than 10 nm away from the interface will always decay to the ground
state [36]. Typically, interpenetrated networks of donor and acceptor materials are
used in order to improve the performance [6]. Although these networks are highly
random, they have been used in all record efficiency organic solar cells since 1995 [22–
25]. The acceptor material in these bulk hetero junction (BHJ) solar cells is typically
a fullerene derivative, due to its high electron mobility and the absence of electron
traps.

The random nature of the BHJ solar cell makes it hard to describe the physics
of these devices exactly. Alternatively, the effective medium approach models the
BHJ as a single material, where each location represents both a donor and acceptor
site [37]. This allows for the same configuration as in Fig. 1.4, but where all LUMO
parameters are related to the acceptor, and all HOMO parameters to the donor.
This approach allows the most important processes in the device operation to be
investigated separately. These processes are charge transport (as already discussed in
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Sec. 1.2), charge carrier generation, and bimolecular charge carrier recombination.

1.3.1 Free charge carrier generation

The generation of excitons, and the dissociation of excitons into free carriers at the
donor acceptor interface is a crucial process in BHJ solar cells. The generation of
excitons depends strongly on the design of the solar cells: interference between
different device layers and plasmonic effects have been reported to increase the
concentration of excitons in certain regions of the device [38]. A geminate pair is
defined to be separated once the distance between the charges exceeds the value for
which the mutual Coulomb attraction between the charges is negligible compared
to the energetic disorder and temperature. If a geminate pair does not separate, the
Coulomb attraction will eventually cause the charges to recombine geminatively.

A model for the overall generation rate of free charge carriers G should include
both of these effects. The absorption can be modelled by the transfer matrix formalism
[39]. For the dissociation of excitons several mechanisms have been proposed. A
model for charge generation at organic donor:acceptor interfaces was provided by
Braun by adapting Onsager’s analytic model for ionic separation in weak electrolytes
[40, 41]. Nevertheless, there is still discussion on the exact mechanism governing free
charge carrier generation [42, 43], and the use of a uniform generation rate is still
common.

1.3.2 Bimolecular charge carrier recombination

In state-of-the-art organic solar cells, the generation of excitons and their separation
into charge carriers is highly efficient: high internal quantum efficiencies indicate
that geminate recombination losses are relatively low [44]. Therefore, bimolecular
recombination becomes a major loss mechanism, and a proper understanding of
this type of recombination is required. The most important types of bimolecular
recombination are shown in Fig. 1.6: bimolecular recombination, Shockley-Read-Hall
recombination, and surface recombination.

Bimolecular recombination

Bimolecular recombination describes direct recombination of free electrons and holes.
The corresponding recombination rate RB was first derived by Langevin et al. for
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Figure 1.6: An overview of the bimolecular recombination mechanisms that are common
in organic semiconductors: bimolecular recombination (a), Shockley-Read-Hall
recombination of trapped electrons (b) and holes (c), minority surface recombination
(d), and majority surface recombination (e).

recombination in ion gasses [45], and is given by:

RB = q(µn +µp )

ε
(np −n2

i ). (1.6)

Here, µn and µp are the charge carrier mobilities for the electrons and holes re-
spectively, q is the elementary charge, n is the electron concentration, p is the hole
concentration, and ni = NC exp(− EG

2kBT ) is the intrinsic electron concentration. For
BHJ solar cells, however, reduced recombination rates are common [46, 47]. This is
modeled by introducing the relative recombination strength γ as a factor in front of
Eq. 1.6. Typically, the value of γ ranges from 10−4 for high performance solar cells to 1

for solar cells with fast recombination dynamics.

Direct recombination has also been investigated using numerical simulations. The
first KMC studies on recombination focused on light production in organic light
emitting diodes [48]. The recombination of electrons and holes in the pristine material
was described as a function of the binding energy between electrons and holes. For
large binding energies, recombination according to the bimolecular theory was found.
For decreasing energies, the recombination efficiency was found to reduce fast. In
another study, the impact of recombination in 3D volumes was investigated for
varying thickness [49]. When the thickness approaches 0 nm, the transport becomes
two dimensional. In this case, the recombination rate for low densities and is much
lower than the value obtained from Langevin theory. This paper therefore proves the
added value of 3D KMC calculations over 2D KMC simulations.
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Shockley-Read-Hall recombination

Shockley-Read-Hall recombination concerns trap assisted recombination between
either a free electron and a trapped hole, or a trapped electron and a free hole [50,
51]. This type of recombination is common to organic light emitting diodes, since
the LUMO is often located above the electron trap level for organic semiconductors
[52]. For BHJ solar cells with fullerene acceptors, this type of electron trap is not
relevant. Although low concentrations of hole-traps are encountered in some donor
materials, the amount of trap sites is typically too low to influence the charge transport
dynamics.

The trap assisted recombination rate for a trap density Nt is given by:

RSRH = CnCp Nt

Cn(n +ni )+Cp (p +pi )
. (1.7)

Here, Cn(p) is the capture coefficient for electrons (holes).

Surface recombination

Surface recombination describes the extraction of free charge carriers at the electrodes
of a device. The surface recombination rate is defined by

Rn(p)
s = Sn(p)(n(p)−n(p)eq), (1.8)

where Sn(p) is the surface recombination velocity for electrons (holes), and n(p)eq is
the equilibrium concentration for the respective type of charge carrier. The value of
Sn and Sp depends on the type of contact: for majority carriers (Sn at the cathode and
Sp at the anode) it should be high, in order to facilitate fast charge extraction; while
for minority carriers (Sp at the cathode and Sn at the anode) it should be low, in order
to prevent charge extraction at the wrong contact.

Wagenpfahl et al. have studied the effect of varying both types of surface recom-
bination velocity on FF, short circuit current, open-circuit voltage and PCE [53]. For
minority surface recombination velocities below 1 m s-1, slightly increased values of
the fill-factor, short-circuit current and open-circuit voltage are found. For majority
surface recombination velocities below 0.01 m s-1, solar cell performance deteriorates
fast. Work by Kirchartz et al. has shown that solar cell performance will decrease
for increasing mobilities, when the minority surface recombination velocity is high
[54]. They conclude that reducing the surface recombination velocity is crucial for
improving BHJ performance, and they also give an upper limit for this velocity of
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7×103 m s-1. In another publication by Wagenpfahl et al., the s-shaped current voltage
characteristics in organic BHJ solar cells are attributed to a large reduction in the
majority recombination velocity [55]. However, Tress et al. were able to reproduce
s-shaped curves without changing the surface recombination velocity, by just changed
the work functions [56]. Würfel et al. investigated the minority carrier recombination
of holes at the cathode in an EL experiment [57]. They have shown an increase in the
extraction current of holes at the cathode, when the injection barrier for electrodes
is increased. This effect is attributed to the reduced bimolecular recombination rate
between holes and injected electrons. Moreover, they were able to obtain an s-shaped
current-voltage characteristic, without using reduced majority surface recombination
velocities. Therefore, there is no direct method for detecting surface recombination
velocities in organic BHJ solar cells.

1.4 Numerical simulations of charge transport

Stretching the limits of organic solar cells requires physical insight in the mechanisms
involved in the device operation. The operation of OPV devices is a complex interplay
between the generation, transport, extraction and recombination of charge carriers.
Although analytical modeling can be used to investigate some effects (for instance
band bending in single-carrier diodes [58]), including processes like generation and
recombination is difficult. Numerical simulations allow us to overcome these issues
because the influences of the different mechanisms can be studied independently. Dif-
ferent numerical methods are available, mostly depending on the minimum required
length scale and the available amount of computer power.

On the molecular level, density functional theory and molecular dynamics simula-
tions can be used to determine the HOMO and LUMO levels and the wave function
overlap between localized regions of π-conjugated molecules. This data can then
be transformed into a system of hopping site, where each site corresponds to a de-
localized region including energy levels that are related to the HOMO and LUMO
levels. These systems serve as the input for KMC and ME simulations that model the
charge transport by letting charge carriers hop between the delocalized sites using
equation 1.3 or 1.4. KMC calculations result in the current-voltage characteristics
of organic devices directly, but can also be used to obtain charge carrier mobilities.
Finally, the charge carrier mobilities are implemented in a drift-diffusion method,
which combines the individual processes of generation, transport, recombination and
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extraction.
Although KMC simulations allow for a highly detailed description of the charge

transport process, the choice between a drift-diffusion simulations and a KMC sim-
ulation depends on the goal of the application. For instance, KMC simulations are
computationally expensive, making them unsuitable for fitting experimental results.
Also, simulating space charge limited current is tricky using KMC simulations, since
the electrostatic boundary conditions cannot be implemented exactly. On the other
hand, drift-diffusion simulations operate on charge carrier densities, complicating
the implementation of processes involving individual particles.

1.4.1 Drift-Diffusion simulations

Drift-diffusion simulations of organic semiconducting devices originate from calcula-
tions that were first performed in 1964 for describing charge transport characteristics
of inorganic semiconductors [59]. The simplicity of this type of simulation has also
made it attractive for modelling the transport in organic (light emitting) diodes [60],
solar cells [37], and field effect transistors [61]. Moreover, the inorganic version was
extended with features for providing improved descriptions of the charge transport
[18], exciton (strongly bound electron-hole pair) transport and charge separation
mechanisms [37, 62]. For organic bulk hetero junctions, 1D drift-diffusion simulations
are an effective medium approach: all locations acts as a donor and acceptor site
simultaneously. This approach permits fast calculations, but neglects the influence
of morphology. However, these effects can be included by tuning the device param-
eters that are sensitive to changes of the morphology. Although multidimensional
drift-diffusion simulations are possible, this work will only discuss the 1D version.

Drift-diffusion simulations are based on numerically solving the coupled Poisson
equation

∂2V

∂x2 = q

ε
(n(x)−p(x)), (1.9)

and the continuity equations [63]

∂

∂x
Jn(x) = q(G(x)−R(x)) (1.10a)

∂

∂x
Jp (x) =−q(G(x)−R(x)) (1.10b)

Here, V (x) is the electrostatic potential at distance x from the left electrode, n(x)

the electron density, p(x) the hole density. For the continuity equations, Jn(x) is
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the electron current density at location x, Jp (x) the hole current density, R(x) the
recombination rate, and G(x) the generation rate. The recombination rate is given by
a sum of different bulk recombination mechanisms from Eq. 1.6 and Eq. 1.7, while
G(x) depends on the generation profile throughout the device [64].

The charge carrier densities n(x) and p(x) depend on the density of states under
consideration. For a given density of states, Fn(ηn(x)) is the Fermi-Dirac integral that
equals n(x) for the electrochemical potential ηn(x), at location x. The electrochemical
potentials are given by

ηn = V (x)−φn(x)

kBT
(1.11a)

ηp = φp (x)−V (x)

kBT
, (1.11b)

where φn(x) and φp (x) are the quasi Fermi levels for electrons and holes respectively.
The current densities are given by the drift diffusion equation:

Jn(x) =−qµn(x)n(x)∇V (x)+qDn∇n(x) =−µn(x)n(x)∇φn(x) (1.12a)

Jp (x) =−qµp (x)p(x)∇V (x)−qDp∇p(x) =µp (x)p(x)∇φp (x) (1.12b)

Here, µn(x) and µp (x) are the charge carrier mobilities for electrons and holes, and
Dn(x) and Dp (x) are the diffusion constants for electrons and holes respectively.
The equations are discretized for use on a 1D spatial grid, where each node has a
certain electric potential Vi , and electrochemical potentials ηn

i and η
p
i for electrons

and holes respectively. It is possible to substitute Eq. 1.12 directly in the continuity
equation, but solving the resulting system is mathematically challenging. Instead, we
use a Scharfetter-Gummel approach that decouples the Poisson equation from the
continuity equations [65].

A crucial detail in this approach is relation between the current density J n(p)
j

between nodes j and j + 1, ηn(p)
j ,ηn(p)

j+1 , V j and V j+1. For the parabolic density of

states in inorganic semiconductors, J n(p)
j is given by a direct equation. However, for

the Gaussian density of states in organic semiconductors, an alternative approach
is required to obtain J n(p)

j . Instead of using a direct formula, J n(p)
j is obtained by

numerically solving (for electrons) [65]:

1 =
∫ η j+1

η j

F (η)dη

J n
j /J0 +F (η)δV

, (1.13)

where J0 is a constant given by µkBT /∆x, and δV = q(V j+1 −V j )/(kBT ) [66] . Here, ∆x

is the spacing between the grid points.
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After initializing the simulation, each iteration starts by solving Eq. 1.9. Next,
Eq. 1.13 is solved and the resulting values are used for solving Eq. 1.10a and Eq. 1.10b
sequentially. This process is repeated until the current densities between all grid
nodes have converged. The Poisson equation and the continuity equation are both
linear first order equations, and can be expressed in terms of tridiagonal matrices.
This allows for a fast solution using Gaussian elimination.

The boundary conditions for Eq. 1.9 depend on the injection barriers and the
built-in voltage of the device [63]. The boundary conditions for Eq. 1.10a and Eq. 1.10b
are given by Eq. 1.8, as discussed in section 1.3.2. The dependence of charge carrier
mobility on electric field, charge carrier density, temperature, and disorder is typically
implemented using a parameterization of master equation or KMC calculations [18].

1.4.2 Kinetic Monte Carlo simulations

Kinetic Monte Carlo simulations predict the charge transport in disordered systems
by simulating the individual behaviour of its particles. The disordered material is
represented by a spatial grid, where each node is a hopping site for localized electrons,
holes and excitons. A static energy level is assigned to each node, that represents the
local LUMO or HOMO level of the materials. Most simulations use a cubic grid and
Gaussian distributed site energies. These configurations have been able to predict
many of the charge transport phenomena in organic semiconductors [12, 13, 18, 49].
Alternatively, material specific values can be used for the locations and site energies
by performing molecular dynamics and quantum chemistry calculations respectively
[15, 67].

The type of boundary condition determines the applications of the KMC simu-
lation. Two types of boundary conditions can be distinguished. The first type has
periodic boundary conditions in all directions: charges that leave the device are
reintroduced on the opposite side of the volume. This type of boundary condition
is used for investigating bulk effects like recombination and charge transport [12,
49]. The second type contains metallic contacts from which carriers can be injected
or extracted [68]. This type allows simulation of full devices to be simulated, for
example light emitting diodes and solar cells [69, 70].

Although KMC simulations are used for many purposes, they can all be seen as a
collection of a countable number of states. For the case of organic semiconductors,
each state corresponds to a particular distribution of particles over all available
hopping sites. Hopping events can be regarded as transitions that drives the system
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from one state to another. The hopping rates in Eq. 1.3 and Eq. 1.4 give the occurrence
rate of each transition as a function of the difference in potential energy before and
after the transition. Kinetic Monte Carlo simulations determine the time evolution of
the system by starting in one state, and repeatedly performing transitions that each
take a certain amount of time [71].

First, the system is set up in an initial state. This might be done in different
ways: for transient photo absorption techniques, excitons are randomly generated
throughout the layer; for time of flight studies, charge carriers are initialized in a slab
of the device; for charge carrier transport calculations, charge carriers are generated in
their equilibrium position. Next, all transition rates are calculated. The rate s of each
possible transition is given by a hopping expression, and the sum of all transition
rates from a single state gives the overall transition rate S of that state. Because the
time since the previous event is independent of the time of the next event, hopping
can be seen as a Poisson process [72]. Therefore, the lifetime of the current state can be
found by drawing an exponentially distributed random number with the overall rate
S. Given a uniformly distributed random number r between 0 and 1, this becomes:

τnext = logr

S
(1.14)

Choosing which transition occurs is done by defining an interval between 0 and S,
where each transition is assigned a subinterval with a width of s. Next, a uniformly
distributed random number between 0 and S hits one of the intervals and determines
that the corresponding transition will occur.

In general, the process of selecting and performing transitions is repeated many
times during one simulation instance. Current densities and charge carrier mobilities
are obtained by counting the number of charges that move in the applied field
direction within a given time frame. The stopping criteria depend on the application
of the simulation. For time of flight and transient photo absorption, the simulation
may continue until all charges have reached an electrode or have recombined. For
charge carrier mobility or full device calculations, the process may continue until the
mobility or current density has stabilized or has reached a steady-state value.

Performing KMC simulations is generally time consuming: performing the mil-
lions of transitions that are required for a single run is computationally very de-
manding. Moreover, for charge carrier concentrations n < 0.01NC and high degrees of
disorder (for low temperatures or a wide density of states), larger simulation volumes
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are required in order to obtain statistically relevant results [73]. Therefore, a fast
implementation is crucial for obtaining useful results.

Different strategies exist for reducing the computational effort. The first reaction
method calculates the individual waiting time for each possible transition and stores
these in a queue [74]. The transition with the shortest waiting time is executed first.
After performing a transition, all new transitions are added to the queue. All other
rates are reused. This approach reduces work because only a few hopping rates need
to be recalculated after each move. A disadvantage is that changes in the interaction
potential due to nearby charge hops are not taken into account, although this does
not seem to be an important process at the low charge concentrations in OPV [75].
Alternatively, simulations can be parallelized. This subject will be treated further in
chapter 3.

One of the most critical parts in KMC simulations in OPV is the implementation
of Coulomb interactions between the charge carriers. The low relative permittivity
causes the interaction potential between charges to be relatively large compared to
most other semiconductors. This influences both the charge transport and the re-
combination rates [32]. A proper description of the operation of a solar cell therefore
requires the implementation of Coulomb interactions. Including these interactions
is computationally expensive: the number of interaction calculations scales quadrat-
ically with the number of charges in the system. Moreover, the transition rates of
nearby particles need to be updated when a charge has moved.

The number of interactions is typically reduced by introducing a cut-off radius
for the interactions: only the Coulomb interactions of nearby particles are taken into
account [76]. Different studies have been done for determining the required cut-off
radius. Casalegno et al. showed that using a cutoff, even for values as large as 16 nm,
overestimates the carrier densities and underestimates the device performance of
solar cells [77]. A study on the charge carrier transport in volumes with full periodic
boundary conditions showed that the charge carrier mobility is only affected for high
carrier concentrations and low electric fields [78]. Another approach for accelerating
the calculations is to change the algorithm. Chapter 3 introduces an alternative
method for determining the Coulomb interactions: instead of fully recalculating all
interactions after a nearby charge move, the interaction potentials of other charges
can be corrected by adding a dipole contribution associated with the move.
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1.5 Outline of this thesis

Although the performance of organic solar cells has vastly improved over the past 20
years, many details of their operation are not fully understood yet. Studying these
details is complicated by the disordered nature of the BHJ solar cell, and the large
number of intertwined processes. Computer simulations provide a method to disen-
tangle the separate processes, allowing each process to be investigated individually.
This thesis discusses drift-diffusion simulations and KMC simulations of processes
that are important for the charge transport in organic solar cells.

Phonon activated hopping is typically described using Eq. 1.3 or Eq. 1.4. However,
experiments have shown that these theories cannot explain the charge transport
characteristics for temperatures close to 0 K. Moreover, the existence of the Marcus
inverted region that is experienced with Eq. 1.4 has never been observed in the
current voltage characteristics of organic diodes. In chapter 2, an alternative hopping
rate equation is investigated that is based on nuclear tunneling. Whereas nuclear
tunneling has already been shown to reproduce the experimental behavior around
0 K, the model has not been applied to thin film devices yet. ME calculations are
performed to determine the dependence of charge carrier mobility on degree of
energetic disorder, electric field, and charge carrier density. The resulting mobilities
are then implemented in a drift-diffusion simulation that is used to fit experimental
thin film hole-only diodes. Nuclear tunneling hopping rates are found to give an
improved description of the data compared to Miller-Abrahams hopping and Marcus
theory, since no saturation or inversion of the mobility is observed for high electric
fields.

In recent years, bimolecular recombination and Shockley-Read-Hall recombination
in organic solar cells have been investigated thoroughly. Although some research was
performed on surface recombination, the interaction between bulk and interfacial
recombination is rather unexplored. Chapter 5 disuses the relation between minority
surface recombination and bimolecular recombination by means of drift-diffusion
simulations. First, space charge limited theory is used to develop a new lower limit for
the surface recombination velocity. Next, drift-diffusion calculations are performed
to determine the governing recombination mechanism for different combinations
of the surface recombination velocity and the bimolecular recombination strength.
Investigation of the simulated current-voltage characteristics of a large number of
solar cells with different configurations learns that surface recombination will only
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become dominant when bimolecular recombination is very weak. In these cases, a
reduction in surface recombination velocity will immediately result in an increase of
bimolecular recombination, since the radiative limit for the fill factor would otherwise
be breached. Finally, this chapter shows that the operating mechanism of charge
carrier blocking layers between the active layer of a device and its electrodes, is likely
to not to reduce surface recombination, but to prevent bimolecular recombination
near the electrodes.

Kinetic Monte Carlo simulations allow a more detailed investigation of the pro-
cesses that are involved in the operation of organic solar cells. Typically, the computa-
tional bottle neck in this type of calculations is to determine the coulomb interaction
between the individual particles. In chapter 3, a KMC simulation including these
particle-particle interaction is implemented om a computer graphics board. The mas-
sively parallel interface allows rapid determination of all interactions, and a specially
designed algorithm prevents rounding errors in the interaction potentials. Finally, the
algorithm is benchmarked and validated, by simulating charge transport in organic
semiconductors.

The relation between steady-state charge carrier mobility, energetic disorder,
charge carrier density, and electric field is only valid when the distribution of charge
carriers is in steady-state conditions. Highly excited ’hot’ carriers that are introduced
by photo-excitation or injection result in a deviation from this distribution, rendering
steady-state mobilities invalid. Chapter 4 uses KMC simulations for determining the
impact of hot carriers on the steady-state charge carrier mobility. First, the effect
of injected hot-carriers on the energetic distribution is investigated. It is found that
charge carrier reach the equilibrium distribution within a distance of 15ṅm from the
injecting contact. Next, the impact of photo-excited charge carriers is determined in
the bulk of a device. Charge carriers are periodically re-excited to a high energy level,
and the effect on the resulting charge carrier mobility is calculated. A slight deviation
from the steady-state charge carrier mobility is found, but it is limited to less than
one order of magnitude.




