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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

1



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
rg
y

Position

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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Cathode Anode

+

-

-

+

-

+

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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Anode

-

+
+

-

+

-

+

-

a b

c

d

e

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.





CHAPTER

2
Charge transport in
semiconducting polymers driven
by nuclear tunneling

Abstract

The current density-voltage (J −V ) characteristics of hole-only diodes based
on poly(2-methoxy, 5-(2’ ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV) were
measured at a wide temperature and field range. At high electric fields the temper-
ature dependence of the transport device vanishes, and all J −V sweeps converge
to a power law. Nuclear tunneling theory predicts a power law at high fields
that scales with the Kondo parameter. To model the J −V characteristics we have
performed Master Equation calculations to determine the dependence of charge
carrier mobility on electric field, charge carrier density, temperature and Kondo
parameter, using nuclear tunneling transfer rates. This chapter demonstrates
that nuclear tunneling, unlike other semi-classical models, provides a consistent
description of the charge transport for a large bias, temperature and carrier density
range.

N. J. van der Kaap, I. Katsouras, K. Asadi, P. W. M. Blom, L. J. A. Koster, and D. M. de Leeuw, Charge
transport in disordered semiconducting polymersdriven by nuclear tunneling Phys. Rev. B (2016) 93 140206.
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2.1 Introduction

As previously described in Sec. 1.2.1, charge tranport in organic semiconductors
is characterized by hopping. Baranowski et al. recently presented an overview of
theories developed to describe hopping transport in amorphous inorganic and organic
materials [79]. The frequency of a hopping transition ki j from an occupied site i to an
empty site j is typically described either by the Miller-Abrahams hopping rate (see
Eq. 1.3) or the Marcus rate (see Eq. 1.4) [16, 17]. In both these semi-classical approaches
the transition rate between the localized states is thermally activated.

From an experimental point of view, the validation of such charge transport
models is hindered by the fact that in organic diodes only a limited electric field and
temperature range can be accessed. Due to the strong temperature dependence of
the transport the device current decreases below the leakage current of the diode at
temperatures typically below 100–150 K. Furthermore, at electric fields higher than
30 MV m-1 electrical breakdown occurs. From a theoretical point of view the obtained
parametrization for the mobility is valid only in a limited parameter space [79].

At high charge carrier density the disorder present in conjugated polymers is
effectively suppressed. In recent experiments at high carrier densities using chem-
ically highly doped in-plane diodes and ferroelectric field-effect transistors it was
demonstrated that at low temperatures there is a finite conductivity [80–84]. This is in
strong contrast with the semi-classical approaches, where the conductivity is expected
to vanish when the temperature approaches absolute zero. The finite conductivity
at low temperatures originates from nuclear tunneling, which takes into account the
existence of absolute-zero ground-state oscillations that drive the tunneling of the
carrier between the initial and final state [85]. Based on this quantum mechanical
tunneling process Asadi et al. derived an analytical expression for the current density
in the absence of disorder [85]. The authors demonstrated that the renormalized
current-voltage characteristics of various polymers and devices at all temperatures
collapse on a single universal curve. The analytical description of charge transport
based on nuclear tunneling has been successfully applied for instance in studies of
isotope effects on charge transport [86], hopping dynamics [87], ‘band-like’ transport
[88], and transport parameters in organic semiconductors [89–91].

In another experiment, µ-sized organic diodes with very small areas were used
in combination with voltage pulses, which allows them to be biased at much higher
electric fields (400 MV m-1) than is possible for large area devices [92]. It was shown
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Figure 2.1: The charge carrier mobility dependence for three different hopping models. Miller-
Abrahams hopping and Marcus hopping both predict decreasing values for increas-
ing fields, while nuclear tunneling hopping (αK = 2) shows an increasing mobility.
The open symbols correspond to a charge density of 10−4a−3, while the closed
symbols represent data from 10−2a−3. On the x-axis, the electric field is divided by
the product of the lattice constant and the elementary charge. The inset represents
the electron transfer in a biased double quantum well. εi j is the difference between
the minima of the potential energy wells, λ is the reorganization energy and Hi j is
the tunnel splitting. The solid arrow indicates the semi-classical Marcus hopping

path while the dashed arrow represents nuclear tunneling. µ0 is given by ν0a2q
σ .

that the Miller-Abrahams based mobility model only describes the current voltage
characteristics at low voltages, but is inconsistent with the data in the high voltage
range [92]. At high voltages a power-law behavior was observed for the mobility as a
function of electric field that could not be reproduced by theory. In the semi-classical
approach of Miller-Abrahams at high electric fields, when all hops are down-hill, the
hopping rate is constant and the mobility decreases with increasing electric field (see
Fig. 2.1) [16]. For the Marcus theory the transition to the inverted region will lead to
mobility and current decrease at high electric field (see Fig. 2.1). Hence, both Marcus
theory and the Miller-Abrahams formalism predict dependences of the mobility
on electric field that are at variance with the experimentally observed behavior at
large bias voltages [17]. What is clearly missing is a model that explains the charge
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transport in disordered organic semiconductors over a wide range of temperatures,
carrier densities and electric field.

In this chapter, we use hopping rates based on nuclear tunneling to determine and
parameterize the dependence of mobility on temperature, electric field and charge
carrier density, and use the derived expressions to describe charge transport through
hole-only diodes based on poly(2-methoxy, 5-(2’ ethyl-hexyloxy)-p-phenylene viny-
lene) (MEH-PPV) at low charge carrier densities and high electric fields. We perform
numerical master-equation calculations that obtain a different charge carrier mobility
behavior of nuclear tunneling hopping rates at high electric fields compared to other
models (see Fig. 2.1). Together with the results of Asadi et al. for high carrier densities
[85], the excellent fits at a wide temperature- and field range in this paper demonstrate
that nuclear tunneling provides a uniform description of charge transport in organic
electronic devices.

In the nuclear tunneling process the shape of the potential is determined by the
coupling of the electronic charge to its nuclear environment. For the purely dissipative
case, as represented by semiconducting polymers, a compact rate has been derived in
the seminal work of Weiss et al. and Dorsey et al. [93, 94]. In the non-adiabatic limit,
this rate equation reduces to [85]:

k =
H 2

i j

ħ2ωc

( ħωc

2πkBT

)1−2αK
∣∣∣∣Γ(αT + i

εi j

2πkBT
)

∣∣∣∣2

×Γ(2αK)−1 exp(
εi j

2kBT
) (2.1)

where Hi j is the electronic coupling between initial and final state, εi j is the energy
difference between donor and acceptor states, αK is the Kondo-parameter describing
the coupling strength between charge and bath, ωc is the characteristic frequency of
the bath and Γ denotes the complex gamma function. When ħωc << kBT , Eq. 2.1 will
reduce to the Marcus expression.

2.2 Simulations

Given nuclear tunneling transfer rates, we determine and parameterize the depen-
dence of mobility on temperature T , electric field strength F and charge carrier density



2.2. Simulations 25

ρ. As the exact coupling between hop sites is unknown, Eq. 2.1 simplifies to:

ki j = ν0 exp(2αa + εi j

2kBT
)

∣∣∣Γ(αK + i
εi j

2πkBT )
∣∣∣2

Γ(2αK)
(2.2a)

ν0 = 1

ħ2ωc

( ħωc

2πkBT

)1−αK

(2.2b)

where α represents the inverse localization length assumed to be 10a−1 [12]. The
dependence of mobility on temperature T , electric field strength F and charge carrier
density ρ is determined by numerically solving the master equation [95]:∑

i 6= j
ki j pi (1−p j )−k j i p j (1−pi ) = 0, (2.3)

where ki j is the transfer rate from site i to site j , and where pi denotes the occupation
probability of site i . Subsequently, the master equation calculations are tabulated in an
interpolating table. This interpolating scheme is then implemented in a drift-diffusion
simulation to reproduce the experimental current voltage characteristics of disordered
organic diodes.

The simulation volume consists of a simple cubic lattice with periodic boundary
conditions and dimensions of at least 128×128×128, where each lattice point corre-
sponds to a hopping site. The average hopping distance a equals the lattice constant.
Each site has a specific energy level that contains contributions from both a Gaussian
distributed density of states with a standard deviation of σ, and an electric field of F

that is applied in the x-direction. The density of states is assumed to be uncorrelated,
which has been shown to describe semiconductor polymers better [14]. Moreover, for
large electric fields and concentrations, the impact of disorder disappears, and the
transport is not influenced by the shape of the density of states. Coulomb interactions
between charge carriers are neglected, as these should only become relevant for car-
rier densities exceeding 10−2a−3 [78]. Computational effort is reduced by limiting the
transitions to the 26 nearest neighbors. At high carrier densities, this results in a small
underestimate of the mobility that should not significantly affect our simulations
[96]. Figure 2.1 shows the field dependence of the charge carrier mobility for Miller-
Abrahams hopping rates, Marcus hopping rates, and nuclear tunneling hopping
rates that were calculated using the numerical simulation. For the semi-classical
Miller-Abrahams and Marcus hopping rates the mobility decreases with increasing
electric field. In contrast, the mobility based on nuclear tunneling shows a power-law
like increase at high electric fields.
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Figure 2.2: Dependence of mobility on temperature and carrier density for αK = 2 and F =
0.01σa−1q−1 V m-1. The lines are given by Eq. 2.4. µ0 is given by ν0a2q

σ . The inset
shows the electric field dependence of the mobility for two values of αK: for large
fields, the density dependence vanishes and the mobility is given by Eq. 2.5.

The calculations are performed for a wide range of parameters (σ = [0..10kB T ],
F = [0.01σa−1q−1..8σa−1q−1], ρ = [10−6a−3..10−1a−3] and αK = [2..6]). The temperature
and field dependence of the mobility for αK = 2 and F = 0.01σa−1q−1 is presented in
Fig. 2.2. The lines are fits to the mobility, following the universal mobility scaling
theory, as derived from percolation theory [97]:

µ(T ) = ν0 exp(−2αa −0.5σ2 +0.8σ)
|Γ(αK)|2
|Γ(2αK)| (2.4a)

µ(T,ρ) = µ(T )

ρa3 exp(EF(T,ρ)+0.5σ2) (2.4b)

where EF(T,ρ) equals the Fermi level for a certain temperature and carrier density.
The master equation results agree well with the percolation theory of Eq. 2.4, except
for charge carrier densities exceeding 10−2a−3. The good agreement indicates that
finite size effects do not occur for the range of parameters under consideration [73]. At
high electric fields, the density dependence disappears, and the mobilities approach a
power law that is given by:

µ(T,ρ,F ) = 2πν0 exp(−2αa)σ

F aΓ(2αK)

∣∣∣∣ F a

2πkBT

∣∣∣∣2αK−1

(2.5)
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Figure 2.3: Current voltage characteristics of MEH-PPV hole-only diodes with thicknesses of
40 nm, 80 nm and 115 nm measured at temperatures ranging from 175 K (pink sym-
bols) to 300 K (black symbols). The lines correspond to drift-diffusion simulations
based on a nuclear tunneling mobility model. All fits use the same values for αK, σ,
a and ν0.

The inset of Fig. 2.2 presents the mobility for different values of αK and ρa3, where
the lines correspond to Eq. 2.5. For clarity, mobilities for αK = 4 and αK = 2 have
been overlapped at low electric fields, by scaling the former with a constant. At high
electric fields, the mobility becomes independent of carrier density, and converges to
a power law that scales with αK. Furthermore, the onset of the field range at which
the mobility is described by Eq. 2.5 increases with increasing αK.

2.3 Methods

The hole-only diodes of Au/MEH-PPV/PEDOT:PSS were fabricated by our collabo-
rators, using the molecular junction test-bed, as previously described [92]. The area of
the devices was defined by means of openings with a diameter ranging from 1µm to
100µm in an insulating photoresist layer, by conventional UV lithography. The small
area of the diodes allows them to be biased at much higher voltages than what is
possible for large-area devices. The application of short voltage pulses further extends
the applied electric field range [92]. Furthermore, the diodes are defined in a matrix
of insulating photoresist, eliminating the problem of parasitic leakage. The current
density as a function of electric field for diodes with MEH-PPV layer thicknesses of
40 nm, 80 nm and 115 nm are presented in Fig. 2.3 [92]. The charge transport could be
measured over an electric field range of approximately 5 decades, from 0.01 MV m-1

up to 300 MV m-1, while the temperature was varied between 175 K and 300 K [92].
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This range is much larger than in typical devices, which makes the system suitable
for studying the charge transport dynamics in thin film devices. The data are plotted
for monopolar applied bias, but the transport characteristics were nearly symmetric
for negative and positive bias, showing that the highest occupied molecular orbital
(HOMO) of the MEH-PPV layer is well aligned with the Fermi level of the bottom
gold contact and the HOMO of the PEDOT:PSS top electrode.

2.4 Results / Discussion

The charge transport characteristics of space charge limited devices can be found
by solving the coupled continuity and Poisson equations [63]. These equations are
solved by a drift-diffusion simulation that contains a certain charge carrier mobility
model [18]. The mobility model allows our simulation to mimic the behavior of
disordered hopping transport in organic semiconductors. Although the mobility can
be described analytically at both low (Eq. 2.4) and high electric fields (Eq. 2.5), an
accurate description of the intermediate field range is lacking. Therefore, instead
of using an empirical relation that closely matches the master equation results, we
implement an interpolation scheme. The scheme is based on a linear interpolation
algorithm, and calculates the weighted average of the master equation results that are
close to the required F , ρ, αK and T . This approach avoids the introduction of fitting
errors.

Figure 2.3 shows the current voltage characteristics of MEH-PPV hole-only diodes,
for a range of temperatures between 175 K and 300 K. The lines correspond to drift-
diffusion simulations including the nuclear tunneling mobility model. All simulations
assume an a of 2.0 nm, a σ of 0.095 eV and αK of 3.0. Both contacts are Ohmic, and a
small amount of ionized p-type doping is added with a concentration of 1021 m-3. For
the low voltage range, the energetic disorder and hopping distance are comparable to
the values that are found using Miller-Abrahams mobilities [18]. For high voltages,
the measurements show that the temperature dependence in all devices disappears,
and that the currents are described by Eq. 2.5. The good agreement between the
experimental results and the simulation indicates that the devices satisfy space charge
limited theory. A deviation from the cubic thickness scaling is caused by the larger
charge carrier densities of thin devices [98]. Nuclear tunneling therefore, unlike
Miller-Abrahams and Marcus theory, can describe the experimental data throughout
the wide temperature and electric field range. All data are fitted with αK = 3.0, a value
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that is in very good agreement with experimentally obtained Kondo parameters for
organic semiconductors, ranging from 1.6 to 6.75 [85].

The coupling between the heat bath and the system are described by the spectral
density. For the Ohmic spectral density that is used in this work, the damping is fre-
quency independent up to the characteristic frequency ωc. For frequencies larger than
ωc, the coupling strength decays exponentially. The classical reorganization energy
associated with the bath, which is twice the polaron binding energy as schematically
indicated in the inset of Fig. 2.1, is given by λ= 2αKħωc. For a typical reorganization
energy of 0.6 eV, this leads to ωc = 0.1 eV. Equation 2.1 has been derived under the
condition that ħωc À kBT . For the low temperature FET measurements by Asadi
et al. [85], this assumption is indeed correct, but it fails for room temperature measure-
ments. This would lead to a saturation of the current at high electric fields, which has
not been observed. A possible explanation is an enhencement of the reorganization
energy for high electric fields [99, 100]. However, further investigation is required to
verify this assertion.

2.5 Conclusion

In conclusion, we performed Master Equation calculations to determine the depen-
dence of charge carrier mobility on electric field, charge carrier density, temperature
and Kondo parameter, using nuclear tunneling transfer rates. For high electric fields
nuclear tunneling theory predicts that the mobility is expected to converge to a
power law that scales with the Kondo parameter. We implemented these results in a
drift-diffusion simulation to describe the current voltage characteristics of MEH-PPV
small-area hole-only diodes. For large bias, the temperature dependence vanishes,
and all sweeps converge to a power law as predicted by nuclear tunneling. We
demonstrate that nuclear tunneling, unlike other semi-classical models, provides
a consistent description of the charge transport for a large bias, temperature and
carrier density range. The Kondo parameter that we extracted is comparable to previ-
ously determined values, suggesting that nuclear tunneling is a generic process that
describes charge transport in organic semiconductors.





CHAPTER

3
Massively parallel kinetic Monte
Carlo simulations

Abstract

In this chapter, a parallel lattice based Kinetic Monte Carlo simulation is de-
veloped that runs on a GPGPU board and includes Coulomb like particle-particle
interactions. The performance of this computationally expensive problem is
improved by modifying the interaction potential due to nearby particle moves,
instead of fully recalculating it. This modification is achieved by adding dipole
correction terms that represent the particle move. Exact evaluation of these terms
is guaranteed by representing all interactions as 32-bit floating numbers, where
only the integers between −222 and 222 are used. We validate our method by
modeling the charge transport in disordered organic semiconductors, including
Coulomb interactions between charges. Performance is mainly governed by the
particle density in the simulation volume, and improves for increasing densi-
ties. Our method allows calculations on large volumes including particle-particle
interactions, which is important in the field of organic semiconductors.

N. J. van der Kaap and L. J. A. Koster, Massively parallel kinetic Monte Carlo simulations of charge carrier
transport in organic semiconductors, J. Comput. Phys. 307 (2016) 321–332
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3.1 Introduction

Kinetic Monte Carlo (KMC) methods are widely used for simulating the time evolu-
tion and equilibrium behaviour of systems of particles. These methods have proven to
be valuable techniques for describing chemical reactions [101], physical systems [102,
103], layer growth [104–106] surface reactions [107–109], defect mobility [110, 111] and
biological networks [112, 113]. KMC models systems by calculating all possible transi-
tion rates that transform a system from one state into another, followed by randomly
picking one of these transitions for execution [114]. Depending on the system under
consideration, it may take billions of transitions before steady state is reached. This
computational burden is further exacerbated by the large simulation volumes that
are required to reduce measurement errors or by inclusion of particle-particle (p-p)
interactions. These interactions may for instance originate from Coulomb interaction
between charges [115] or elastic forces between other particles [116].

Various methods exist for reducing the extra workload due to these interactions.
One method is by applying the fast multi-pole method (FMM) [117], where distant
charges are clustered to decrease the number of interactions that need to be calculated
[118, 119]. A great benefit of this method is the existence of very precise error bounds
that allow for a custom choice between precision and speed. In the work of Van der
Holst et al. long range Coulomb interactions are calculated by solving the discrete
1D Poisson equation, which is much faster than calculating direct interactions [120].
Because the short range interactions are still calculated directly, they introduce a
method to prevent double counting of charges in the Poisson equation. For some types
of interaction, accurate estimations of the overall interaction potential can be made.
For simulations of hetero epitaxial growth, Schulze et al. determined an approximate,
easy to calculate, upper bound for the elastic energy of a certain configuration [116,
121]. This provides an upper limit for the transition rate to the corresponding state.
Once this transition is selected for execution, the real interaction is calculated, and a
rejection algorithm determines whether the transition is performed.

Instead of directly reducing the computational effort in calculating the interaction
potential, the simulation itself can also be adapted. In the next reaction method (NRM)
[74], transition rates are only updated when the corresponding particle moved. This
reduces the amount of interaction calculations dramatically, but the transition rates
become insensible for nearby particle movement. Another approach for increasing
performance is numerically solving an approximation of a master equation [95, 122].
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Because this type of simulation operates on particles densities rather than on explicit
particles, the interaction potential can be solved using a finite differences approach.
However, this type of simulation is not able to capture all physical detailed that can
be acquired using a KMC simulation.

An approach to accelerate KMC simulations of large systems is to perform the
calculations on parallel computers: the simulation volume is divided into multiple
sections that are each treated as a single simulation [123–126]. It is important that the
simulation time of all sections remains synchronized. This can either be achieved by
independently running all sections for a fixed period of time [124] or by equalizing all
transition rates by introducing null-transitions [125]. Particles that leave their section
are simulated in a ghost region, until a periodic synchronization event communicates
all particles to their corresponding segments [123]. Rigorous methods use a roll-back
procedure to restart the simulation at the time that the boundary transition was
received [126, 127]. Computationally less expensive non-rigorous algorithms deal
with these transitions periodically, introducing an error with respect to the serial
algorithm [124, 128].

One special type of parallel computer is the General Purpose GPU (GPGPU),
an interface that supports thousands of simultaneous threads. Previous work on
lattice based KMC algorithms that were implemented on a GPGPU used a similar
approach as the CPU version, but did not consider p-p interactions [128, 129]. The
work of Plimpton et al. was one of the first implementations of the parallel KMC
code on a GPGPU for simulating thin film growth, and used a similar method as
the parallel KMC algorithms discussed above [129]. Another example of GPGPU on
lattice based KMC is the simulation framework that was designed by Arampatzis
et al. [128]. In their general approach, they introduce an architecture that supports
simultaneous independent execution of segments for a short time span on different
processors. They also provide a thorough error analysis of the non-rigorous parallel
KMC algorithm. An example of a rigorous off-lattice KMC simulation is the work by
Andersson et al. [130]. They described a 2D system of hard disks that can move in free
space. During each iteration, all disks make a trial move. If the move is accepted by
the metropolis acceptance criterion, it is executed. Boundary conflicts are avoided by
rejecting trial moves that leave a cell. The boundaries of different regions are changed
periodically, to allow particle movement throughout the entire volume.

In this chapter, we study a method for implementing a parallel lattice KMC
simulation including long range p-p interactions that runs on a GPGPU. We use a
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synchronous method that is similar to the work by Martínez et al. [125]. Boundary
conflicts are solved non-rigorously by using a sublattice approach [131]. We use
this method because the inclusion of p-p interactions is computationally expensive,
and roll-back mechanisms decrease performance further. Typically, the bottleneck
in GPGPU is caused by copying CPU data back and forth to the GPU interface. We
prevent this by performing the entire procedure on a GPGPU interface.

As discussed above, proper inclusion of these interactions requires segment syn-
chronization after every iteration. In order to minimize simulation errors due to
incorrect values of the interactions potential, segments are synchronized after every
iteration. Although relatively long communication times between remote processors
may hinder this process in typical parallel computers, this is not the case for GPGPU
architectures. Still, full recalculation of the interaction potential after each iteration
is time consuming. Instead, the algorithm corrects the current potential by adding
dipole contributions for every nearby charge that hopped during the previous itera-
tion. Full updates of the interaction potential are only required for the grid points that
are related to charges that hopped during the last iteration. Accumulative rounding
errors that arise due to repetitive addition and subtraction are solve this by rounding
all interaction potentials to a uniformly spaced range of floating point numbers

Finally, we validate the simulation by modelling charge transport in organic
semiconductors [12]. Charge transport through these materials is characterized by
an effective mobility µ, that depends on the degree of disorder σ, temperature T , the
electric field F and the particle density n. We compared the results with and without
Coulomb interactions to numerically solving the corresponding master equation [95],
and investigated the performance of the algorithm.

3.2 Kinetic Monte Carlo simulation

The simulation is implemented on a cubic grid of sites, that contains N particles. Each
particle has transition rates to its six nearest neighbours. Other transitions are ignored,
because the rate expressions in Sec. 3.3 contain a term that decreases exponentially
with distance. To prevent multiple particles from occupying the same lattice site, rates
between occupied sites are set to zero.

The transition rates depend on the energy difference ∆εi j = ε j − εi between the
initial state i and final state j . Negative values of ∆εi j indicate a decrease in the
interaction potential energy of the particle and therefore result in higher transitions
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rates than positive values of ∆εi j . Effects that contribute to the interaction potential
are differences in static site energies, external fields and p-p interactions.

3.2.1 General algorithm

The simulation volume is divided into S spatial segments, where segment si contains
Ni particles {pi j | j = 0...Ni −1} with transition rates {wi j k |k = 0...5}. During one simu-
lation step, each segment randomly selects a transition wi with probability wi j k /Wi ,
where Wi =∑

j ,k wi j k . The dimensions of each segment are arbitrary, but for simplicity
we assume them to be cubic and of equal size. The reason for this is that we expect a
homogeneous particle concentration throughout the simulation volume, which results
in a constant number of particles in each segment. Moreover, by setting the segment
size to the maximum interaction distance, interacting particles are always in the same
segment or in an adjacent segment. For cases with inhomogeneous concentrations,
however, a custom distribution of variously sized segments is also possible.

Boundary conflicts are prevented by using a checker board approach with 8 colors
{ci |i = 0...7} [130, 131]. At the beginning of each iteration, a random sequence of these
colors is drawn. If transitions from segments with different ci result in a conflict, the
transition from the segment with lowest position of ci is rejected. Particles that leave
their segment are transferred to a new segment at the end of the KMC cycle.

After the simulation volume has been initialized by randomly placing particles
throughout the lattice, the KMC code is executed. The entire algorithm is executed on
the GPU, because copying large volumes of information back and forth between CPU
and GPU memory is computationally expensive. The flowchart of the simulation is
shown in Fig. 3.1. A CPU function repeatedly starts the main GPU function until a
preset amount of simulation time has passed. This GPU function performs a number
of KMC cycles, and has a separate thread i for each segment si . The sequence of
operations is as follows:

1. Calculate all wi and Wi . This is done by starting another GPU function that is
explained below.

2. Determine Wmax = max(Wi ) for all segments. This is done in the main GPU
function by a parallel reduction procedure of the S threads.

3. Randomly select transition wi with probability Wi
Wmax

or the null-transition with
probability Wmax−Wi

Wmax
. This is again done in the main function, where every

thread draws a random number r nd and rejects ri if r nd > Wi
Wmax
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Figure 3.1: Flowchart of a complete KMC iteration. The CPU monitors the simulation time,
and executes the GPU procedure until enough time has passed. The GPU procedure
performs a fixed number of KMC iterations during one call, in order to minimize
overhead that occurs due to communication between the CPU and GPU. First,
the transition rates in each segment are calculated parallelly. Next, all segment
selects either a transition, which is performed if it is no null-transition and has no
unsolvable boundary conflict. Finally, p-p interactions and simulation time are
updated.
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4. If the null-transition was not selected, mark the locations corresponding to the
transition. This procedure is performed in the main GPU function. If a location
has already been marked by another thread, a conflict occurred.

5. In case of a conflict, retrieve the position l in the color permutation of the color
that corresponds to the segment. The segment with the highest value of l gets
to execute its selected transitions. The other transitions are rejected. This action
is again performed in the main GPU function.

6. When the null-transition was not selected, perform the transition. This proce-
dure is performed by a separate GPU function that (i) updates the variables
containing the locations of the particle and its possible destinations, (ii) updates
the transition rates of the particle, (iii) resets the transition rate of particles that
are adjacent to the old particle position, and (iv) resets the transition rates of
adjacent particles to the new location to zero.

7. Increase simulation time with − ln(r nd)
Wmax

and calculate µ, where r nd ∈ (0.0,1.0].
This step is performed by only one thread, because the simulation time in all
segments is synchronized.

Calculating Wi and selecting wi is the most time consuming part of the simulation
(when p-p interactions are not taken into account). Optimizing this function is
important to improve the overall performance. A single GPU function for calculating
wi and Wi would require thousands of inter-communicating threads. Because our
hardware limits this number to 1024, the calculations are split in two levels, as shown
in Fig. 3.2.

The first level operates on sets {wi j k | j = 32l ...32l +31,k = 0...5} of 32 transitions,
where i refers to the segment and the maximum value of l = Ni−1

32 +1. For each of
these sets, the GPU kernel reduces the transitions to an intermediate sum of transition
rates Wi lk , and randomly selects a transition w ′

i lk . The kernel is run in blocks of 256
threads that can simultaneously operate on 8 sets. A large number of these blocks is
required to performs all calculations in the simulation volume. Before this procedure
is started, an array is build that assigns all sets to a block. A single set of transition
rates is processed by 32 parallel threads m ∈ {0...31} that perform the following tasks:

1. All threads load the interaction potentials and site energies from memory.

2. Thread m calculates transition rate ωm = (wi lk )m .



38 Massively parallel kinetic Monte Carlo simulations

96 intermediate transitions 

wij0         

w’ij0  

32

Wij0  

wij15         

w’ij15  

32

Wij15  

wi  & Wi 

 

Figure 3.2: Selecting rate wi and calculating ratesum Wi for block i is split in two levels. The
upper level reduces sets of 32 transition rates into intermediate transitions w ′

i j k with
rates Wi j k . The lower level selects one of the intermediate transitions and calculates
the total transition rate for block i . Both levels are executed by different GPU
kernels. For organic semiconductors, it is safe to assume a maximum occupation of
1 in 8 sites. This limits the number of entries at to second level to 96.

3. Each thread m determines the partial sum σm =∑m
i=0ωm by using a parallel scan

algorithm.

4. Set the sum of all rates W ′
i lk =σ31.

5. Given a random number ci ,0 ∈ [0.0,1.0), find m for which σm−1 ≤σ31 · ci ,0 <σm .
This selects the intermediate transition w ′

i lk = wi lm . Only one unique random
number is required for the first level calculations of the sets corresponding to
the same segment, because in the end only one transition will be selected.

The second level reduces the intermediate transitions and rates into a Wi and
wi . The total number of interactions per block is now reduced by a factor 32. When
segment of 16×16×16 nodes are used, there are 768 intermediate transitions left for
the entire simulation volume. For organic semiconductors, it is safe to assume that
the maximum occupancy of each segment is one in eight sides, reducing the number
of interactions to 96. The GPU kernel consists of S blocks of each 96 parallel threads
(m,k) ∈ {(0...15,0...5)} that perform the following tasks:

1. Each thread (m,k) loads w ′
i mk and determines the partial sum σ′

i mk =∑m
i=0 w ′

i mk

by using an efficient parallel scan algorithm.

2. Set the sum of all rates Wi =σ′
31.



3.2. Kinetic Monte Carlo simulation 39

3. Given a random number ci ,1 ∈ [0.0,1.0), determine (m,k) for which σ′
i (m−1)k ≤

σ31 · ci ,1 <σ′
i mk . This selects the transition wi = w ′

i mk .

3.2.2 Correctness

A sufficient condition for the convergence of a KMC simulation is detailed balance
[132]:

pi Ri j = p j R j i (3.1)

Here, pi is the probability that the system is in state i , and Ri j is the rate at which
the system transform to state j . Detailed balance is satisfied when the distribution
reaches its thermodynamic equilibrium. In our case, this should only occur when no
electric field is applied, as particles do not reach their equilibrium position otherwise.
For the Miller-Abrahams hopping rates that are used in Sec 3.3, the hop-rates depend
exponentially on the energy difference between the initial and final state. No matter
what sequence of states is traversed, a cyclic travel through a random number of states
will always result in a net energy difference of zero. The product of the hop-rates that
correspond to any cyclic interval will therefore always be equal to 1. This means that
Kolmogorov’s criterion is satisfied, [133] and that the simulation satisfies detailed
balance. The inclusion of p-p interactions does not change this principle, because the
overall energy level of a state is determined by the sum of the static energy level and
the interaction energies with surrounding particles. The energy level is characteristic
for the state, and a cyclic traversal through random states will always result in zero
energy difference. Under the condition that boundary conflicts are handled rigorously,
the work of Martínez et al. [125] shows that the same master equation is solved exactly
when using a parallel simulation with null-transitions.

Similar work by Martínez et al. [131] introduces a non-rigorous method to prevent
boundary conflicts, and gives a quantification of the error that is introduced by
this method compared to a simulation where conflicts are handled rigorously. The
analysis shows that the deviation from a serial simulation decreased with increasing
the segment size. Our approach deals with conflicts in a similar way, and will
therefore result in a similar error. The work in Sec. 3.3 is based on segments of 4096
sites. Although the number of particles is lower, the probability that a selected particle
is located next to the interface is identical. Therefore, the error in our simulation is
comparable to the case with 4096 particles per processor. This results in an error that
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deviates at most 0.5 % from the serial simulation (see figure 3 and 4 of [131]). This is
well within the error margins that are important for our applications.

3.2.3 Particle-Particle interactions

The interaction potential at location ~x due to p-p interactions for a particle at ~x j , in a
system of N particles located at ~xi is given by

Φ j (~x) = ∑
i 6= j

c j · ci

|~xi −~x|
, (3.2)

where ci is the sign of the particle charge. Calculating these interactions is a challeng-
ing task: the scaling with N 2 causes direct summation of the terms to be computa-
tionally expensive, even for a relatively low number of particles . A cutoff radius r

that ignores particles for which |~xi −~x| > r reduces the required amount of work, but
too small values of r affect the simulation outcome [77]. Our approach also employs
a cutoff radius, but further reduces computational work by updating Φ j (~x) after a
nearby particle moved, instead of by fully recalculating it.

Figure 3.3: The interaction potential at location x after the hole movement is obtained by
adding a dipole term to the previous value.

Figure 3.3 shows the principle of the approach. The change in interaction potential
of location X with positive c j , is given by a dipole that has a negative pole at the old
location and a positive pole at the new location. Although the locations with a gray
point still require a full recalculation using Eq. 3.2, the total number of calculations is
dramatically reduced. For each particle, the interaction potential must be calculated
at 7 different positions: the current location of the particle as well as its possible
destinations. When considering a single particle transition in a system of N interacting
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particles, a full update will thus require 7N 2 interaction calculations, whilst the dipole
update method requires only 9N calculations.

Although the dipole correction method is not new, it has not been applied yet in
parallel KMC simulations to the knowledge of the authors. The spatial ordering of
particles and the synchronized nature of our method are beneficial when implement-
ing a parallel version of this method. The segmentation in cubes with dimensions
of the cutoff radius allows fast communication of dipole terms to it’s interaction
particles. And the synchronize nature of the simulation causes multiple dipole terms
to be processed simultaneously, which is computationally favourable.

The interactions are included into the simulation as follows. The p-p interactions
are calculated after all particle movements have been executed. For segment i , the
following operations are performed (Fig. 3.4):

Figure 3.4: The stages for calculating the p-p interactions. (a) shows the dipole update stage:
all surrounding charge movements are gathered and translated into dipoles, these
are then added to the interaction potentials of all local charges. (b) shows the full
update stage of charges that were involved in a hop: the contribution of all local
charges to the interaction potential of locations that are related to the moved charge
is calculated.

1. Gather all movements from the surrounding segments. These are all the contri-
butions that are within the cut-off radius of the charges inside segment i .

2. Perform the dipole update: iterate through all particles of segment i , and add
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a dipole contribution for each of the gathered moves if it is within the cut-off
radius.

3. Perform the full update: iterate through the destination locations of all gath-
ered moves, and calculate the contribution of all particles in segment i to the
interaction potential moved charges.

Implementing this approach results in problems due to accumulative rounding
errors due to repetitive summation and addition of interaction potentials. These
rounding errors originate from the non-uniform interval between consecutive floating
point numbers. We resolve this issue by transforming all interaction terms to a subset
of the floating point numbers that does have uniform spacing. This results in exact
calculations, whilst maintaining fast floating point operations. The subset of choice is
the integer range of the floating point numbers: [−222,222]. Single precision floating
point number cannot fully represent integers outside this range, and rounding to the
set can be done using intrinsic operations. In order to obtain adequate precision, the
maximum possible interaction potential of a particle must map to 222. This maximum
interaction depends on the interaction distance, and the maximum expected particle
density. For the calculations done in the next section on segments of 16×16×16, a
cutoff radius of 16 lattice spacings is used. Assuming a maximum filling of 12.125 %
and r = 16a, the maximum expected interaction is 66.75, which results in a Unit in
Last Place of 7.96×10−6.

Even though the calculation of p-p interactions is accelerated by using our method,
further increasing the cutoff radius is computationally expensive. This issue can
be resolved by replacing the direct calculations of the most distant interactions by
modern approximative schemes like the FMM. A good candidate is the massively
parallel implementation by Lashuk et al. [119]. Because the impact of distant particle
movement on the interaction potential is minimal, the long range approximations
need to be updated occasionally. Although use of the FMM is a good replacement
for the direct calculation of very long interactions, nearby particles still require direct
evaluation.

3.3 Validation

We validate our method by modeling the transport of positively charged particles
(holes) in disordered organic semiconductors [134]. Charge transport is characterized
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Figure 3.5: Phonon activated hopping of positively charges holes through a Gaussian dis-
tributed density of states. An applied electric field causes the charge to move right.
The disordered nature of the density of state causes charge transport that changes
with temperature, charge carrier density and electric field.

by phonon assisted hopping of charges between localized sites (Fig. 3.5) [12]. Each
site i has a static, gaussianly distributed, on-site energy ε0,i with standard deviation
σ. We assume Miller-Abrahams hopping, because its results are well known from the
literature [16, 18, 135]. The hopping rate νi j for a hole from site i to site j is given by
Eq. 1.3:

νi j = ν0 exp

(
− (ε j −εi )+|(ε j −εi )|

2kBT

)
. (1.3)

where ν0 is a constant rate, αi j is the inverse localization length, ai j is the inter-site
distance, kB is the Boltzmann constant and T is the temperature of the system. For
site i , εi is given by

εi = ε0,i +qVz,i + q2

4πε0ε
Φi , (3.3)

where ε0 is the vacuum permittivity, ε is the relative dielectric constant, q is the
fundamental charge, Vz,i is the local electric potential due to an externally applied
electric field Fz in the z direction, and Φi is the local p-p interaction term. The
sequence of hopping events in the lattice can be translated into a hole mobility µp ,
according to

µp = ν0σ
n+−n−

Fz a ·N ·δt
. (3.4)

Here, n+ and n− are the number of charge hops in respectively the positive and
negative z direction, during the simulation time interval δt .

The behaviour of µp can be described in terms of the dimensionless degree of
disorder σ̂= σ

kBT , and the dimensionless electric field F̂ = qFz a
σ . Increasing disorder

results in larger energy differences between sites, reducing µp . Large electric fields
decrease the energy difference between adjacent sites, thus increasing µp .
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The simulations are performed on a cubic lattice with dimensions of 512a×512a×
128a and full periodic boundary condition. The segment size is set to 16×16×16

lattice sites. We use a maximum particle density of one particle per ten lattice sites,
this is much larger than the typical densities that are found in space charge limited
diodes (between one in 100 and 1,000,000 ). We are mainly interested in the behaviour
when including pp-interaction at large particle concentrations, because these are hard
to calculate in a serial version of the algorithm. As we will discuss later on, the current
configuration is not optimized for calculating situations with low particles density.

The hopdistance ai j is fixed to a and αi j is set to 10
a [18]. Energy levels are

randomly assigned to all sites, and holes are placed on the sites with the lowest
energy levels. For the Coulomb interactions, we employ a cutoff radius of 16a, as
this is adequate for particle densities down to 0.01 % [78]. Finally, a relative dielectric
constant of 4.0 is used, which is a common value for organic semiconductors. All
calculations were performed on a NVidia k20c board.
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Figure 3.6: Comparison of the field dependent mobility between our method (symbols) and
numerically solving the corresponding master equation (lines), for different values
of σ and a charge carrier concentration of 10−3. For increasing disorder and decreas-
ing field, the charge transport characteristics deteriorate fast because of increasing
energy differences between hop sites. A good agreement is found between the two
different methods. However, a deviation will arise for increasing charge carrier
concentrations, because site correlations are not taken into account properly in the
numerical solution of the master equation.
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First, the results of the simulation without p-p interactions are compared to
numerically solving the corresponding master equation [95]. This numerical solution
requires the same parameters, but uses a simulation volume of only 128a×128a×128a.
A charge density of 10−3a−3 is used to prevent artifacts due to site correlations [96].
Figure 3.6 shows µp versus Fz for different values of σ̂. The agreement between both
methods validates our approach. Moreover, the difference in simulation volume
indicates that finite size effects are not important for the selected density [136].
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Figure 3.7: Comparison of field dependent mobility with (squares) and without (no symbols)
Coulomb interactions, for a charge carrier concentration of 10−3. A small deviation
is observed between the two methods, that matches the difference that was found
in [78].

Next, we consider the effect of p-p interactions on the field dependence of µp . The
range of parameters comprises of typical values that are hard to address using serial
KMC: low Fz , high σ̂ and high densities. Figure 3.7 contains the field dependence of
the mobility for different values of σ̂, with (blue lines) and without (red lines) taking
into account Coulomb interactions. The results for µp including Coulomb interactions
deviate slightly from the values without coulomb interactions: µp reduces for low Fz

and increases for high Fz . This matches the calculations of van der Holst [78] and is
contributed to the formation of an unidirectional potential barrier around each charge.
At low fields, this barrier reduces the hopping rates to all adjacent sites, which leads
to a slight decrease in mobility. At high fields, more and more charge hops are down
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in energy, causing the mobility to approach the values without coulomb interactions.

Although the effects of coulombic interactions on the mobility are small, including
the interactions is crucial for a good understanding of organic light emitting diodes
and solar cells. In general, the materials in these devices possess a low relative
dielectric constant (between 3.0 and 4.0). Therefore, electrons and holes have a
large attractive force on each other, and a proper description of generation and
recombination processes requires the inclusion of these interactions [137].

3.4 Performance
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Figure 3.8: Number of iterations that are executed per second. The circles correspond to the case
including p-p interactions, whereas the square symbols represent results without
p-p interactions. For low concentrations, the simulation is limited by the relatively
low serial performance of the GPU. Although 3,000 iterations are performed each
second, only a few charges will hop during every iteration. The kink that can be
seen at 10−5 (including p-p interactions) and at 10−3 (excluding p-p interactions)
correspond to the regime where the simulation is not limited by the GPU overhead
anymore.

We benchmark the simulation by determining the number of KMC iterations
per second as a function of the average charge concentration in the device. The
same simulation configuration with segments of 16×16×16 nodes is used as in the
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validation part. Figure 3.8 shows the number of iterations per second for different
particle densities, both including and excluding p-p interactions.

At low densities, the number of iterations per second is limited by the overhead
that occurs because the algorithm is run on a GPU. This effect is even worse for
the case including p-p interactions, because additional GPU functions have to be
executed. Insufficient calculations can be done in parallel to compensate for the
relatively low serial speed of the GPU. Under these conditions, a CPU algorithm will
outperform our GPU algorithm. This changes as the charge concentration is increased.
The number of iterations per seconds drops, indicating that more time is spent on
performing actual calculations. As more calculations are performed in parallel, the
GPU is used more efficiently.

For the case without p-p interactions, the turning point occurs around a concen-
tration of 10−3a−3. At this point, calculating transition rates and selecting transitions
becomes the bottleneck of the simulation. The efficiency at which these calculation
are now executed is higher than when they are performed serially. For increasing
concentrations, this effect becomes stronger, and a GPU is preferred over a CPU.

For the case including p-p interactions, the turning point will occur much earlier,
at a concentration of 10−5a−3. The bottleneck is caused by the calculation of p-p
interactions. Given a fast parallel method for determining the interaction, this means
that performing KMC simulations including long range interactions in parallel is
more beneficial compared to KMC simulations without these interactions. Moreover,
a fast implementation of the p-p interactions is crucial, and the implementation of
very fast routines for the transition rates becomes less important.

We also looked at the parallel efficiency that is obtained for different charge
concentrations. Figure 3.9 contains the parallel efficiency versus N for σ̂= 0.01 and
Fz = 0.1. This figure shows the parallel efficiency for the case without p-p interactions.
The impact is that p-p interactions should be limited, because it will only modify the
interaction potentials slightly. Therefore, we only show the parallel efficiency for the
case without p-p interactions. This efficiency is defined as the average fraction of
segments where transitions are carried out during each KMC iteration. Because this
number is related to the probability that a null-transition is executed, it will depend
on the deviation of the overall transition rates of all segments. Since the transition
rates of charges should be independent of the segment, the deviation in overall rate
is expected to decrease for increasing concentrations. This explains why the parallel
efficiency increases with particle density.



48 Massively parallel kinetic Monte Carlo simulations

10-5 10-4 10-3 10-2 10-1
10-3

10-2

10-1

100

 

 

P
a
ra

lle
l 
e
ff
ic

ie
n
c
y

Concentration [a-3]

Figure 3.9: The parallel efficiency of the simulation for different particle concentrations. The
deviation from the average of the overall transition rate of each segment decreases
with increases particle concentration. Therefore, the chance of selecting the null-
transition reduces, and the parallel efficiency increases.

Initially, the parallel efficiency is found to increase linearly, this occurs because not
all segments contain charge yet. At concentrations above 2 ·10−4, all segments contain
at least one charge on average, and the scaling becomes sub-linear. The maximum
efficiency that we reach occurs at a concentration of 10−1, where 7 out of 10 segments
perform transitions simultaneous.

Parallel efficiency is also influenced by σ and Fz . Increasing σ will cause more
disorder in the overall transition rates of segments, which results in relatively larger
maximum. This increases the chance of selecting null-transitions in other segments.
For large Fz , the transition rates in the field direction and against the field direction
will become more similar. This will cause smaller deviations in the overall transition
rates of the segments, resulting in higher parallel efficiencies.

Because the parallel efficiency increases with charge density, and the serial effi-
ciency decreases, an optimum exists where the simulation performs best. The overall
efficiency is defined as the product between the parallel efficiency and the number of
sequences, and represents the total number of charge moves per second. Figure 3.10
contains the normalized overall efficiency of the simulation, both for the cases includ-
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Figure 3.10: The normalized overall efficiency of the parallel KMC simulation. The triangles
shows results for the case excluding p-p interactions and the squares represent
the case including p-p interactions. The simulation is optimized for particle
concentrations around 10−2a−3. Increasing the segment size will shift this point to
the left, because the parallel efficiency will increase for lower concentrations.

ing and excluding p-p interactions. The case including p-p interactions uses the same
parallel efficiencies as the case without p-p interactions.

For the current configuration with segments of 16×16×16 nodes, the efficiency
shows a maximum at carrier densities of 10−2a−3, regardless of the presence of
Coulomb interactions. This indicates that the current configuration is optimized
for relatively high particle concentrations. For applications involving lower particle
concentrations, the simulation can be improved by increasing the segment size.

The procedures for calculating transition rates and p-p interactions operate on
groups of 32 particles simultaneously. When the occupation level of segments be-
comes too low, these calculations are not performed in parallel anymore. Given that
the cutoff radius remains equal, larger segments prevent this issue, because the num-
ber of particles per segment increases. Also, larger segments reduce the number of
segments that is required to span the simulation volume: this lowers execution times.
Finally, using more particles per segment will also increase the parallel efficiency,
because the overall transition rates of the segments will increase.

Our method can be further improved by dynamically segmenting the simulation
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volume, such that an optimal occupancy of all segments is ensured. In an optimal
segmentation, the overall transition rates of all segments are equal, leading to a paral-
lel efficiencies close to 100 %. Alternatively, segments can be setup to contain equal
amounts of particles. This can also be beneficial for implementing approximative
schemes like FMM that calculate the interaction potentials. These improvements also
allow efficient simulation of volumes with non-homogeneous particle distributions,
for instance in organic solar cells or light emitting diodes.

3.5 Conclusion

We have developed a parallel, time synchronous, lattice based Kinetic Monte Carlo
simulation that includes particle-particle interactions and runs on a GPGPU board.
Determining transition rates and selecting transitions for execution was done using
fast GPU methods, where an eight color checker board prevents boundary conflicts.
Boundary transitions were propagated after each iteration, providing a good descrip-
tion of particle-particle interactions. The modifications of the interaction potential due
to nearby particle moves were taken into account by adding dipole correction terms,
thereby reducing the required number of operations. Exact evaluation of the interac-
tions obtained by representing all interaction terms as 32-bit floating numbers, where
only the integer range between −222 and 222 was used. We have validated our method
by modeling the charge transport in disordered organic semiconductors including
coulomb interactions between charges. The results were in good agreement with
values obtained from numerically solving an approximation of the corresponding
master equation. Performance is mainly governed by the density of particles in the
simulation volume. For low densities, the limited amount of parallel work was unable
to gain from the massively parallel architecture. Performance improved for large
densities, both due to better use of the architecture and to increased parallel efficiency.
The method allows calculations on large volumes, which is crucial in the field of
organic photovoltaics. Moreover, the fast evaluation of particle-particle interactions
allows simulations with high particle concentration. Further improvement may be
obtained by using a dynamic segmentation algorithm that optimized the parallel
efficiency, and accelerates the calculation of transition rates and p-p interactions. But
we leave this addition for future work.



CHAPTER

4
Charge carrier thermalization in
organic diodes

Abstract

Charge carrier mobilities of organic semiconductors are often characterized
using steady-state measurements of space charge limited diodes. These measure-
ments assume that charge carriers are in a steady-state equilibrium. In reality,
however, energetically hot carriers are introduces by photo-excitation and injection
into highly energetic sites from the electrodes. These carriers perturb the equilib-
rium density of occupied states, and therefore change the overall charge transport
properties. In this chapter, we look into the effect of energetically hot carriers on
the charge transport in organic semiconductors using steady state kinetic Monte
Carlo simulations. For injected hot carriers in a typical organic semiconductor,
rapid energetic relaxation occurs in the order of tens of nanoseconds, which is
much faster than the typical transit time of a charge carrier throught the device.
Furthermore, we investigate the impact of photo-generated carriers on the steady-
state mobility. For a typical organic voltaic material, an increase in mobility of a
factor of 1.1 is found. Therefore, we conclude that the impact of energetically hot
carriers on normal device operation is limited.
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4.1 Introduction

As already explained in Sec. 1.2.1 and Sec. 2.1, charge transport in organic semicon-
ductors is based on phonon mediated hopping or nuclear tunneling of charge carriers
between localized segments of the conjugated molecule [134]. The energetic distribu-
tion of the localized segments is characteristic for the material under investigation,
and is often translated into a gaussian density of states (DOS) with a standard devi-
ation of σ [120]. In thermal equilibrium and for vanishing charge densities, charge
carriers will on average reside at the equilibrium level of σ2

kb T below the center of the
DOS, where kb is the Bolzmann constant and T is the temperature [120]. For finite
charge concentrations and no electric field, the particles will arrange according to
the Fermi-Dirac distribution. In the presence of an electric field, this distribution is
perturbed slightly [138]. Although some charges will reside in high energetic states,
this concentration is constant and relatively low. Transient techniques like time-of-
flight experiments have shown that charge transport is prone to dispersion: carriers in
highly energetic states move faster than carriers that are located at low energetic sites
[12]. These experiments are supported by kinetic Monte Carlo (KMC) simulations of
particles that hop through a cubic lattice [139]. Nevertheless, charge transport in real
materials is often characterized by steady-state mobilities. These mobilities include
dispersion effects as long as charges are in an energetic steady-state equilibrium, but
fail once carriers do not obey the equilibrium distribution. Experimentally, these
mobilities can be obtained by analysis of space charge limited currents (SCLC) in
diodes consisting of an organic layer that is sandwiched between two electrodes [19].
The current density J in this type of device is limited by an accumulation of space
charge, and is given by Eq. 1.5 [21]:

J = 9

8

εµ

L3 V 2, (1.5)

where µ is the mobility, L the device thickness, and V the applied voltage. Because
J is proportional to µ, the mobility can be determined from the current density.
Experiments also replicate the accompanying thickness scaling of the mobility, which
supports the validity of using steady state mobilities in organic semiconductors [140].
The mobilities found from SCLC analysis have also been applied successfully to
organic photovoltaics (OPV). Mihailetchi et al. showed a clear correlation between
the mobility and the power conversion efficiency of solar cells [141]; Proctor et al.
found that high fill factors can only be achieved for steady state electron and hole
mobilities exceeding 10−8 m2 V-1 s-1 [142]; and Barthesaghi et al. showed that the fill
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Figure 4.1: (a) Energetic cascade allows fast carrier extraction compared to equilibrium level
hopping. (b) Injection from metallic electrode into gaussian density of states. The
electron hops from the electrode work function to an available site in the semicon-
ductor. The charge is likely to move to a site just below the dashed line: both the
hopping rates and the number of available states at this level are high.

factor depends directly on the steady state mobilities [143]. Moreover, drift-diffusion
simulations accurately describe the charge transport characteristics in organic light
emitting diodes, single carrier diodes and transistors [52, 61, 144]. This indicates that
steady-state mobilities are definitely related to the operation of these devices.

Recently, it was proposed that charge extraction in organic photovoltaic devices
is governed by thermalization of photo-generated highly energetic (hot) carriers
[145]. After dissociation, the steady-state distribution is perturbed since an increased
amount of charge resides in high energetic states, allowing fast cascaded transport of
hot carriers towards the extracting electrodes (Fig. 4.1a). This process enhences the
overall charge transport. Immediately after dissociation, the mobility is large, but
it decays towards a steady-state value once the energetic steady-state distribution
is restored. These results agree with the work of Bässler on energetic relaxation
in time of flight measurements of disordered semiconductors, which predicts that
relaxation times scale exponentially with the level of disorder [12]. Because the
energetic relaxation times are much longer than the average transit time of photo-
generated carriers to the respective electrode, these carriers will never reach the
transport regime that is described by the equilibrium mobility [145]. This raises
the question why the analysis of SCLC data still appears to work, what is really
measured in such an experiment, and what the influence of thermal relaxation on
charge transport is in sandwiched devices.
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In this chapter, we perform KMC calculations on charge transport in sandwiched
single carrier diodes, where the work function of the metallic electrodes aligns with
the center of the DOS. Although this type of device does not contain photo-generated
carriers, the energetic steady-state distribution of charges is perturbed by introducing
high-energetic charges that are injected from the electrodes. Figure 4.1b shows the
energy diagram of the interface between a disordered material and a metal that
aligns with the center of the density of states. Injection rates into all sites below the
center of the DOS can all be considered to be high. Because the number of available
states just below the center of the density of states is much larger than the number
of states around the equilibrium level, most injected carriers will end up here, and
are thus considered to be hot. Therefore, this approach allows relaxation effects to
be investigated under operational conditions. Furthermore, hot carrier injection is
artificially increased in the KMC simulation by enhancing the injection rates into high
energetic locations. This exaggerates the effect of hot carrier relaxation of injected
charges. For both situations, we determine the relation between initial energy level of
carriers after injection, and the transit time of charges through the device, as well as
the energetic relaxation length of individual particles.

We also study the impact of photo-generated carriers on bulk transport, since
these carriers introduce a perturbation of the energetic steady-state distribution as
well. This is done by simulating a bulk region of the material, where relaxed charge
carriers are periodically re-excitated to a high energy level. After discussing the
impact of injected hot carriers, we also study the influence of photo-generated hot
carriers on the steady-state charge carrier mobility in the bulk region of the material.
Because the steady-state charge carrier mobility depends on the carrier concentration,
the carrier densities need to be fixed. Bimolecular recombination and charge injection
and extraction violate this property in real devices. Therefore, a fully periodic KMC
simulation volume and only one type of carrier are used. We compare the obtained
mobilities with the steady-state mobilities in thermal equilibrium, and determine the
origin of the difference.

4.2 Methods

The drift-diffusion calculations in this chapter are based on the method that wase
described in Sec. 1.4.1. The drift-diffusion simulation uses Fermi-Dirac statistics
including a gaussian density of states and the generalized Einstein relation [146].
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The dependence of mobility on electric field, disorder and disorder is given by an
interpolation table that contains results from periodic KMC simulations including
short-range Coulomb interactions.

The KMC calulations in this chapter are based on the massively parallel algorthm
that was developed in chapter 3. Both the hopping rates according to Eq. 1.3 (Miller-
Abrahams hopping rates) and Eq. 1.4 (Marcus hopping rates) are implemented. For
the calculations of the short range Coulomb interactions, a cylindrically shaped cutoff
region is used, with a height that equals the device thickness, and a radius of 16 lattice
spacings in the x y-plane. For a hop distance of 1.5 nm, this results in a radius of 24
nm, and is reasonably large [77]. For each charge within the cutoff radius, three image
charges are taken into account: the first image on each side of the electrodes, and
the second image on the side of the electrode that is closest to the location where the
interaction is calculated. This guarantees that the electric field is always perpendicular
to the closest contact, and that the potential due to close range interactions is zero at
that contact.

The electrodes are treated as ideal metal contacts with a fixed work function.
Injection from the electrodes into the closest hopping sites of the semiconductor is
done in a similar way as normal charge hopping, where the work function of the
metallic electrode is used as a site energy. The same is done for charge extraction. In
order to increase the impact of hot carrier injection on charge transport, the injection
rates into highly energetic sites is artificially increased for some of the calculations as
indicated.

For the calculations on the impact of photo-generated hot carriers, a KMC simula-
tion with full periodic boundary conditions is used. The dimensions of this simulation
are set to 256×256×256 nodes, and a spherical cutoff region with a radius of 16 lattice
spacings is used for the electrostatic interactions. After the initial placement of a
fixed number of charges, the simulation is started for a specified generation rate G of
photo-generated charge carriers. Every G−1(256a)3 seconds, the carrier that covered
the most distance in the electric field direct is replaced by a randomly introduced
charge. This mimics the extraction of the carrier that was most likely to leave the
device, and is necessary in order to keep the overall charge concentration constant.
The simulation is run until the mobility converges to an equilibrium value. After
equilibrium has been reached, the energy levels of all new hot carriers are traced to
obtain insight in the relaxation dynamics.

In order to acquire a realistic set of simulation parameters, a hole-only diode was
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Figure 4.2: Fits to experimental current voltage characteristics of a P3HT hole-only diode (blue
triangles). The black line shows the fit using the drift-diffusion simulation. The red
dots show the fit using a KMC simulation with Miller-Abrahams hopping rates and
the green dots show the KMC fit using Marcus hopping rates.

fabricated and measured. First, a 40 nm thick layer of PEDOT:PSS, a water-based sus-
pension of poly(3,4-ethylenedioxythiophene) stabilized with poly(4-styrenesulphonic
acid), was spincast on a glass substrate patterned with indium tin oxide. On top of
the PEDOT:PSS, a 100 nm thick layer of poly(3-hexylthiophene-2,5-diyl) (P3HT) was
deposited by spincoating from a 15 mg/ml solution in chlorobenzene. The device was
finished by thermally evaporating a molybdenum(VI) oxide electrode with a thickness
of 10 nm, capped by 100 nm of aluminum. Next, the current-voltage characteristics of
the device were measured using a Keithley 2400 sourcemeter.

4.3 Results/Discussion

The operation of the KMC simulation is confirmed by modeling the charge transport
through the P3HT hole-only diode without injection barriers and with a thickness
of 100 nm. The experimental data are reproduced by both the 1D drift-diffusion
simulation and the KMC simulations. In order to do so, a device with an energetic
disorder σ of 0.10 eV and ohmic injection is modeled at a temperature of 295 K. The
hopping distance equals 1.5 nm and ν0 is set to 9×1010 s-1 and 2.7×1011 s-1 for Miller-
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Abrahams rates and Marcus rates respectively. For the simulations including Marcus
rates, a reorganization energy of 0.25 eV is used, which is a common value in OPV [75].
The resulting current-voltage characteristics are shown in Fig. 4.2. The simulation
results give a unique fit to the experimental results, and the adopted parameters are
physically realistic. During the remaining calculations, we will therefore use the same
parameter set.

First, calculations on the injection of hot carriers are discussed. The energetic
distribution of carriers that are close to the injection electrode is calculated for both
the normal and enhanced injection approaches. Figure 4.3 shows the results of the
calculations that were performed using Miller-Abrahams hopping rates. The symbol
lines represent the energetic distribution of charges at the indicated distance from
the electrode, whereas the shaded regions correspond to the equilibrium Fermi-Dirac
distribution for the same carrier density. For non-vanishing electric fields, charges will
distribute according to a an adapted Fermi-Dirac distribution that uses an increased
effective temperature [138]. In the work by Cottaar et al., an accurate parameterization
for this effect was developed [147]. For the relatively small fields that are used in the
calculations (0.3σ(qa)−1), the parameterization is almost identical to the Fermi-Dirac
distribution. This justifies the comparison of the Monte Carlo calculations with the
values obtained from the Fermi-Dirac distribution.

For the case of regular injection, all carriers are distributed according to the
Fermi-Dirac distribution. This indicates that relaxation occurs very fast and does
not influence charge transport. When enhanced hot carrier injection is included, an
increased concentration of high energetic carriers is observed close to the injecting
electrode. Although the difference with the theoretical distribution is large at first, it
vanishes after only a few nanometers in to the device: at a distance of 6 nm from the
electrode, all charges are in thermal equilibrium.

Next, the dynamics of hot carriers are investigated. To determine whether these
charges traverse the device faster than other charges do, the transit time between
injection and extraction of all injected carriers is tracked for an applied bias of 2 V.
Analysis of the data shows no correlation between the energy level after injection and
the transit time or the number of required hops for reaching the opposite contact. This
indicates that hot carriers have the same transit time as ordinary carriers, and that
energetic relaxation of injected hot carriers is unlikely to play a major role in SCLC
devices.

Although no correlation is found for the energy level after injection, a relation
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Figure 4.3: Energetic distribution of charges at the indicated distance from the injecting elec-
trode, for regular injection (A) and artificially increased injection of hot carriers
(B). The lines show the extracted distribution from the simulation, while the filled
curves are predicted theoretically by the Fermi-Dirac distribution. In figure (b), it
can clearly be seen that the energetic distribution of charge carriers is perturbed.
However, this deviation from Fermi-Dirac statistics has already diminished after
6nm into the device.

does exist between the transit time and the path averaged energy level of each carrier.
This value is obtained by averaging all energy levels that a particles visited between
injection and extraction. Figure 4.4 contains the plots of the path averaged energy
level versus transit time and required number of hops. It shows a reduced number of
required hops and a lower transit time for particles with a high averaged path energy.
This confirms that high energy levels help charge transport. This can be explained
by the larger number of available hop sites with a comparable energy level, and the
reduced number of available sites with a low site energy.

A test was performed to verify that no correlation exists between the path averaged
energy level and to the energy level after injection. Furthermore, Fig. 4.5 contains
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Figure 4.4: Correlation between the path averaged energy of a particle, the required number of
hops, and the required transit time. Calculations were performed for both Miller-
Abrahams hopping (a) and Marcus hopping (b) expressions. Colors indicate the
number of events. These plots show that the average energy level of a charge during
its transit is important for the transit time and number of hops. This illustrates the
dispersive nature of the charge transport in disordered materials. No correlation
was found between the energy level after injection and the required number of
hops, this is an indication that carrier thermalization is not important for the overall
charge transport.

the distribution of path averaged energy levels for all extracted charges, both for
the simulations with and without enhanced hot carrier injection. It shows that the
averaged path energy is distributed equally, regardless of the presence of enhanced
hot carriers. This proves that the path averaged energy level is independent of the
energy level after injection.

To obtain more insight in the energetic decay of individual charges, the energetic
trajectory of individual carriers is followed. The first 60 hops of each hot carrier are
followed while recording the energy level and time of occurrence. These data are
then averaged over approximately 3,000 hot carriers. The results of these calculations
are shown in Fig. 4.6, both for Miller-Abrahams and Marcus hop rates. Particles loose
most of their energy in the first few hops, but show a gradual decrease afterwards.
The time required to reach the equilibrium level reaches between 5 and 10 ns, which
corresponds to approximately 70 hopping events. This is between one and three
orders of magnitude faster than the complete transit time through the device. As with
the relaxation times in periodic systems, we expect this number to drop for increasing
disorder [12]. However, commonly used values for the disorder in P3HT range
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Figure 4.5: Distribution of the path averaged energy levels for Miller-Abrahams (a) and Marcus
(b) hopping expressions. The black lines correspond to regular injection, while
the red lines correspond to artificially increased injection of hot carriers. Highly
energetic charges are more mobile, reflecting the effect of dispersion. However, there
is no difference between the cases with normal injection and increased injection.
This indicates that injected hot carriers do not have an increased path averaged
level.

between 0.071 eV and 0.12 eV [145, 148]. Therefore, the deviation is expected to be
limited. In time delayed collection field (TDCF) experiments, which also include hot
carrier effects [149], the first few nanoseconds cannot be fitted using a drift-diffusion
simulation. As this timescale agrees with the relaxation time that we obtained, this
effects may be attributed to carrier relaxation. This would also imply that relaxation
is fast, and that hot carriers play no role in this type of experiment. The distribution
of the z-coordinate of an injected hot carrier after 60 hops provides more evidence for
the fast relaxation of these carriers. The inset of figure 4.6 shows that most carriers are
still around 5 nm from the injecting electrode. No charges have reached the extracting
electrode, although they are almost fully relaxed at this point.

From the calculations so far, it can be concluded that hot carrier injection from
the electrodes is not relevant for the charge transport in organic SCL devices. Drift-
diffusion calculations including steady-state mobilities from master equation simula-
tions give a very close fit to KMC calculations of the same device [18]. If hot-carrier
relaxation was not negligible, the KMC simulation should give much higher values
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Figure 4.6: Energetic relaxation of injected hot carriers for Miller-Abrahams (black) and Marcus
(red) lines. The relaxation time at 5 ns takes on average 70 hops. Inset: distribution of
the z coordinate of injected hot carriers after 60 hop events, using Miller-Abrahams
(black line) and Marcus (red line) hopping. This indicates that hot carriers do not
travel in a straight line after injection, and do not gain from cascaded transport.

for the current density, because the drift-diffusion simulations do not include carrier
dispersion. This outcome was further supported by the fast relaxation of charge
carriers near the injecting electrode: within a few nanometers, charges behave accord-
ing to the Fermi-Dirac distribution again. Furthermore, hot carriers loose most of
their energy within the first 70 hops, and traverse 5 hopping sites in the electric field
direction during this period. Finally, no relations could be found between the energy
level after injection and the overall transit time of particles. Instead, a trend was
found between the transit time and the path averaged energy level of each particle,
were the path averaged energy level is unrelated to the charge carrier being hot or
not.

As a next step, we performed calculations on the impact of photo-generated hot
carriers on the steady-state charge carrier mobility. The work by Melianas et al. in-
cludes calculations that were performed on a double carrier device including injection,
extraction, generation and recombination of electrons and holes [145]. Moreover, all
charge carriers were randomly initialized at the start of the simulation. However,
photovoltaic devices usually operate at steady-state conditions under continuous
illumination, with the presence of background charges that are in thermal equilibrium.
This may change the relaxation dynamics of hot carriers, and lead to different charge
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Figure 4.7: Distribution of charge carriers for different generation rates. For increasing gen-
eration rates, the number of highly energetic charges increases. The energetic
steady-state distribution is not given by Fermi-Dirac statistics anymore, and the
steady-state charge carrier mobility starts to increase.

transport characteristics. The steady-state charge transport characteristics were calcu-
lated by a fully periodic, single carrier KMC simulation. Every 1.8 or 18 ns, the carrier
that covered the largest distance is reset to a random position, which corresponds
to generation rates of 1028 m-3 s-1 or 1027 m-3 s-1 (approximately the illumination in-
tensity of 1 Sun) for the simulation volume of 5.7× 10−20 m3. Because there is no
significant difference between the results with Miller-Abrahams and Marcus hopping
rates in the previous calculations, we only perform the following calculations for
Miller-Abrahams hopping rates. The dimensionless electric field is set to 0.1, which
corresponds to voltage of 0.7 V for a 100 nm device. This is a typical operating voltage
for photovoltaic devices.

The simulation is run until the mobility reaches a steady state value. Figure 4.7
contains the energetic distributions of all charge carriers that are present in the layer,
for a typical charge density that is found in OPV (3.1× 10−5a−3). The periodical
introduction of hot charge carriers causes a slight increase in the charge density
at high energies. This graph shows the relatively low amount of hot carriers with
respect to relaxed carriers. Unlike in the calculations of Melianas et al. only one hot
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Figure 4.8: Origin of the current flow through the simulation volume, for different generation
rates. It can be seen that charge transport at high energy levels is slightly enhenced
when generation is present. Inset: mobility enhancement as a function of charge
carrier density, for generation rates of 1027 s-1 m-3 and 1028 s-1 m-3.

carrier is introduced every 1.8 or 18 ns, which reduces the number of hot carriers
in the system considerably. Because the number of hot carriers remains equal for
different background concentrations, the ratio between hot and relaxed carriers will
only decrease for increasing charge concentrations.

Figure 4.8 contains the energetic distribution of the mobility with and without
generation, for a charge density of 3.1×10−5a−3. This graph shows the energy levels
of charge carriers that contribute most to the overall transport. The energetic dis-
tributions are equal for both methods, which implies that the initial decay through
to top of the DOS does not contribute much to the overall current. Moreover, the
overall charge transport is mostly determined by charges at an energy level of 0.12 eV
below the center of the DOS. Therefore, carrier relaxation to deep energetic sites only
forms a small fraction of the overall current. This suggests that carrier relaxation
only contributes to the charge transport down to the energy levels where charges still
contribute to the mobility.

The inset of Fig. 4.8 contains the ratio of the steady state mobilities including
and excluding the generation mechanism. An increased mobility is found for low
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densities, while this effect vanishes for higher densities. This occurs do to the reduced
ratio of hot carriers for increasing background concentrations. Under the operational
conditions of an OPV device, the steady-state mobility is enhanced by a factor 1.1. For
a ten times higher generation rate, the difference becomes a factor 1.2. Although this
demonstrates the presence of a mobility increase due to photo-generated carriers, this
increase is limited to less than one order of magnitude. This also explains why SCLC
analyses is still a good method for analyzing OPV devices: the error in experimentally
measuring the charge carrier mobility is much smaller than the enhancement due to
hot carrier relaxation.

4.4 Conclusion

In conclusion, we investigated the impact of a perturbation of the energetic steady-
state distribution of charge carriers on charge transport. This perturbation was either
introduced by injection or by re-excitation of high energetic (hot) charge carriers.
The thermal relaxation of injected hot carriers is found to play a limited role in the
operation of single carrier space charge limited devices, for the parameters studied.
Hot carriers equilibrate within 5 to 10 ns after injection. During this time, they only
traverse a distance of 5 nm in the electric field direction. Increased numbers are
expected for increasing disorder, but the studied parameters are already close to the
maximum encountered disorder value of 0.12 eV. Although correlations exist between
the transit time, the path averaged energy of charges, and the required number of
hops to traverse the device, no relations exist with respect to the initial energy of hot
carriers after injection.

Carrier relaxation in bulk material was assessed by a fully periodic KMC simula-
tion, where the location and energy level of charge carriers is randomly reset after
fixed intervals. This procedure introduces a deviation from the equilibrium density of
states, and increases the number of highly mobile charges. The calculations provide
steady-state values for the mobility of devices under continuous illumination. Most
of the current flow originates from charge carriers that are located 0.12 eV below
the center of the DOS. This implies that carrier relaxation to the deep equilibrium
level does not add a large contribution to the overall charge carrier mobility. Under
operational conditions, a slightly enhanced steady-state mobility is found that is a
factor of 1.1 higher than the steady-state mobility in thermal equilibrium.

Although the presence of hot carrier increases the charge transport characteristics,
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the enhencement is limited by the relatively low ratio of hot carriers with respect
to relaxed charge carriers. The impact of thermal relaxation reduces further when
the concentration of background charges is increased, or when the generation rate is
decreased. Finally, these results explain why the steady-state mobilities that are found
from space charge limited current analysis provide valuable insight in the device
characteristics of OPV devices.



CHAPTER

5
Surface versus bulk
recombination in state-of-the-art
OPV

Abstract

Non-geminate recombination is an important loss mechanism in state-of-the-
art organic photovoltaic devices. However, surface recombination and bimolecular
recombination are not yet well understood. Therefore, we investigate the interplay
between these recombination pathways, by performing drift-diffusion simula-
tions of organic solar cells. First, we make an analytical approximation for the
lower limit of surface recombination in organic solar cells. Next, our simulations
show that the effect of surface recombination is only notable when bimolecular
recombination is weak. For devices with excellent charge transport characteristics,
the effect of reducing surface recombination is compensated by an increase in
bimolecular recombination. The use of charge carrier blocking layers prevents
surface recombination, and reduces bulk recombination near the electrodes when
the bimolecular recombination rate is high. We conclude that reducing surface
recombination velocities may slightly reduce recombination losses in state-of-the
art organic solar cells, but the effect is limited.

N. J. van der Kaap and L. J. A. Koster, Surface versus bulk recombination instate-of-the-art organic bulk
heterojunction solar cells, Submitted

67



68 Surface versus bulk recombination in state-of-the-art OPV

5.1 Introduction

Previous theoretical work on surface recombination has mainly focused on changes in
open circuit voltage VOC, short circuit current ISC and PCE when varying the surface
recombination velocities and extraction barriers, while keeping all other parameters
constant [53–55]. However, bimolecular recombination and surface recombination
cannot be investigated separately. For instance, adjusting bimolecular recombination
parameters such as device thickness, mobility or relative recombination strength
results in different carrier densities in the device, changing surface recombination as
well. This makes it difficult to interpret the present theoretical results for real devices
with a wide variety of device parameters. Moreover, experimental determination of
the surface recombination dynamics at metallic electrodes is currently not possible,
making it unclear to what extent real devices are limited by surface recombination.
The only experimental method for adjusting the surface recombination dynamics is
the addition of electron- and hole blocking layers that prevent carriers from being ex-
tracted at the wrong contact [150, 151]. Although the addition of these blocking layers
has resulted in improved PCE’s, their operating mechanism is not fully understood
yet. Our work is motivated by the current view on the operation of charge carrier
blocking layers: preventing minority charge carrier extraction at the electrodes. In
order to determine how much state-of-the-art OPV devices can benefit from reducing
surface recombination velocities, a more detailed study is required into the interplay
between the different recombination pathways and the operation mechanism.

In this chapter, we study the interplay between surface recombination and bimolec-
ular recombination. This process is complicated by the lack of experimental methods
for separating the contributions due to bulk and surface recombination. Therefore, we
use numerical drift-diffusion simulations to investigate this subject theoretically. Since
state-of-the-art devices contain ohmic contacts that do not limit transport, majority
surface recombination is very fast, and does not limit device performance. Therefore,
we only include the effect of varying minority surface recombination velocities.

First, we use space charge limited theory to derive a lower limit of the minority
surface recombination velocity in BHJ solar cells. Next, we perform numerical drift-
diffusion simulations to investigate the interplay between bulk recombination and
surface recombination in state-of-the-art BHJ solar cells. In order to generalize these
results, we compare drift-diffusion simulations of a large number of solar cells that
each have different parameters [37]. Then, we discuss the operating mechanism of
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Parameter Value
εr 4.0
Nc 2.5×1026 m-3

T 300 K
Eg 1.2 eV

Generation rate 1028 m-3 s-1

Thickness 100 nm

Table 5.1: Common parameters for the drift-diffusion simulation.

charge blocking layers, and their effect on surface recombination and bimolecular
recombination. Even though the addition of charge blocking layers improves the
performance of BHJ solar cells, we find that this enhancement is not caused by a
reduction in surface recombination. Finally, we conclude that the impact of surface
recombination on the performance of state-of-the-art BHJ solar cells is limited.

5.2 Methods

The charge transport characteristics of organic BHJ solar cells are obtained from a
numerical drift-diffusion simulation [63]. This simulation solves the coupled Poisson
and continuity equations, and calculates the current voltage characteristics under
illuminated conditions [37]. The model assumes mobilities that are independent of
electric field and charge carrier density. For the boundary conditions, Ohmic contacts
are assumed with infinite majority surface recombination velocities, and variable
minority surface recombination velocities according to Eq. 1.8. Here, S = Sn = Sp refers
to the minority surface recombination velocity that is equal for holes at the cathode
and electrons at the anode. Bimolecular recombination is included using Eq. 1.6. A
bisection method is used to determine the maximum power point of each device. The
constant device parameters are listed in table 5.1.

5.3 Results and discussion

The values of Sn and Sp are hard to determine experimentally, since the interplay
between surface recombination and bimolecular recombination cannot be disentan-
gled. Whereas a theoretical upper limit for Sn and Sp was found by Kirchartz et al., a
lower limit is not available to date [54]. However, the similarity between single-carrier
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diodes and OPV devices can be used to derive a lower limit for the minority surface
recombination velocities. Typically, single-carrier diodes feature an Ohmic inject-
ing contact, and a non-Ohmic extracting contact. Thus, the extraction of electrons
(holes) at the non-injecting electrode of a single-carrier electron (hole) only diode
is analogous to the extraction of electrons (holes) at the anode (cathode) of a BHJ
solar cell. Given this similarity, space charge limited theory can be used to develop a
simple approximation for the minority surface recombination velocity. Although this
approach is only valid in the space charge limited region when the bias V >VOC, it
should give a rough lower limit for the magnitude of Sn or Sp .

For an electron-only diode, the current density is given by the Mott-Gurney
expression [20]:

J = 9

8

εµn

L3 V 2, (1.5)

where µn is the electron mobility, ε the dielectric constant, and L is the device thickness.
The electron density at a distance x from the cathode is given by 3

4ε
V

qL3/2 x−0.5 [20].
According to space charge limited theory, the electron density at the anode equals
nl = 3

4
εV
qL2 . Given that the current at the extracting electrode is given by J = qSn(nl −ni )

, the surface recombination velocity equals Sn = J
q(nl−ni ) . Substituting the values of J

and nl from space charge limited theory and neglecting ni , Sn becomes

Sn = 3µnV

2L
. (5.1)

For a typical organic solar cell at 1 V above the built-in voltage, this results in a lower
limit of S that is close to 1 m s-1. This falls well within the limit that was obtained
by Kirchartz et al. [54], and is close to the region where a decrease in S improves
performance [53]. Another feature is that S is not constant, but depends on µn : surface
recombination velocities will thus increase for high performance devices with large
mobilities.

In order to determine the effect of surface recombination on the performance
of organic BHJ solar cells, we first investigate the impact of varying the surface re-
combination velocity on the current-voltage characteristics. Figure 5.1 shows the
recombination losses in a typical BHJ solar cell as a function of bias for different
surface recombination velocities S. These losses are divided into a bimolecular recom-
bination current density JB(V ) (dotted line), and the surface recombination current
densities JS(V ) (solid lines). Because the bimolecular recombination current densities
for different S are almost equal, only the values for S =∞ms-1 are shown. For this
plot, µe = µh = 10−6 m2 V-1 s-1, γ = 10−3, generation rate G = 1028 m-3 s-1. The total
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Figure 5.1: Surface recombination current density for different Sn,p (solid lines), compared to
the bimolecular recombination current density (dotted line). For high Sn,p , surface
recombination will limit both VOC and the short circuit current density JSC. For
decreasing Sn,p , bimolecular recombination becomes the limiting factor for the VOC,
while even lower values of Sn,p are required to make bimolecular recombination
the limiting processes for to JSC.

photocurrent density is given by JPh = JSC− JB(V )− JS(V ). For each S, the figure shows
JS(V ) and JB(V ): the mechanism with the larger value is the major loss mechanism
at V . When S is large, JS(V ) > JB(V ), and both the open-circuit voltage and the short-
circuit current are limited by surface recombination. For decreasing S, JS(V ) will first
cross JB(V ) at high V , thus increasing the open-circuit voltage and making bimolec-
ular recombination the limiting recombination mechanism. A further decrease of S

improves the short-circuit current, until JS(V ) lies completely below JB(V ).

This result explains the correlation between S, the open-circuit voltage, and the
short-circuit current that was found by Wagenpfahl et al. [53]. However, the impact
of surface recombination depends strongly on the bimolecular recombination dy-
namics: for larger values of γ, JB will shift upwards, decreasing the effect of surface
recombination. Likewise, different mobilities lead to changes in both JB and JS. These
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Figure 5.2: Bimolecular recombination strength γ versus the surface recombination velocity
S at which both mechanisms are responsible for an equal amount of loss in pho-
togenerated current at the maximum power point. The lines correspond to equal
electron and hole mobilities with a value that is indicated in the legend. The region
above each line represents the combination of S and γ where surface recombination
is dominant, while each combination under the line corresponds to the situation
where bimolecular recombination is dominant.

observations agree with the findings of Würfel et al. that surface recombination be-
comes more pronounced when the impact of bimolecular recombination reduces
[57].

In order to determine the impact of different γ, S and µ, the following drift-
diffusion calculations determine the dominant recombination mechanism for every
combination of S and γ. As for the previous calculations, these calculations were
performed for equal electron and hole mobilities µ. For each configuration, Fig. 5.2
shows γ as a function of the value of S for which bimolecular and surface recombina-
tion losses are equally strong. These calculations were performed at the maximum
power point VMPP, since solar cells are typically operated at that bias.

In Fig 5.2, the area above each line indicates all combinations of S and γ for which
surface recombination is dominant, while the region under each line represents the
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Figure 5.3: The percentage of photogenerated current at the maximum power point that is lost
by bimolecular recombination (solid lines) and surface recombination (dotted lines)
in case of infinite surface recombination velocities. Equal charge carrier mobilities
for electrons and holes are assumed of 10−6 m2 V-1 s-1 (black lines), 10−8 m2 V-1 s-1

(blue lines) and 10−10 m2 V-1 s-1 (red lines).

region where bimolecular recombination is stronger. For varying mobilities and low
γ, S scales linearly with µ, since equation 1.6 contains a linear dependence on the
sum of the electron and hole mobility. When γ is low, there is a linear dependence
between γ and S, this is because JS and JB scale linearly with S and γ respectively.
This dependence becomes superlinear for increasing γ. As γ is increased further, S

will rise to infinity since the contribution due to surface recombination is maximal.
The value of γ of this transition decreases for smaller mobilities. This can be explained
by the the difference in FF between both cases. When operated at the maximum
power point, devices with a high FF feature less recombination losses than devices
with a low FF. For increasing mobilities, FF will also increase [143]. Since minority
surface recombination does not change at infinite surface recombination velocities,
bimolecular recombination in devices with a high mobility is lower than in devices
with low mobilities. Therefore, the required value of γ that matches the given amount
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of surface recombination is larger than for a device with low mobilities.
Given that state-of-the-art devices possess values of γ that are close to 10−3, and

values of Sn,p that are close to 1 m s-1, surface recombination does not become the
dominant recombination pathway. When assuming the upper limit of 103 m s-1 that
was found by Kirchartz et al. [54], surface recombination will only become dominant
for equal electron and hole mobilities higher than 10−7 m2 V-1 s-1. However, most real
devices have asymmetric mobilities. Asymmetric charge carrier mobilities result in
a slightly lower bimolecular recombination rate at low γ, and a small reduction of
VOC compared to the symmetric case. Therefore, the curves in Fig. 5.3 are shifted to
the left for these devices. Compared to the symmetric case, the impact of surface
recombination is reduced.

When γ reaches values that are smaller than 10−3, surface recombination becomes
the dominant loss mechanism for devices with state-of-the-art charge carrier mo-
bilities. Figure 5.3 shows the relative photo current loss of infinitely fast surface
recombination and bimolecular recombination for devices with different mobilities,
as a function of γ. The maximum loss due to surface recombination decreases with
increasing charge carrier mobility, since the charge carrier densities are reduced. Simi-
lar to Fig. 5.2, the cross-over point between surface recombination and bimolecular
recombination shifts to higher γ for increasing mobilities. Although the relative
impact of surface recombination increases for larger mobilities, the absolute loss in
performance is reduced.

Whereas the previous calculations focused on the interplay between bimolecu-
lar and surface recombination in devices with symmetric mobilities, the following
calculation generalizes these results to a broader class of devices. This is done by
performing drift-diffusion calculations for a large number of devices with different
values for mobility, band gap, γ, S, device thicknesses, and illumination intensities. In
order to characterize the recombination dynamics, each calculation stores the losses
due to surface recombination and bimolecular recombination at the maximum power
point. These results are then compared to the ratio θ between the extraction rate and
the recombination rate of the device [143]:

θ = γGL4

µnµpV 2
int

∝ krec

kex
. (5.2)

Here, krec is the recombination rate, kex is the extraction rate, G is the generation rate,
L is the device thickness and Vint is the internal voltage of the device. Previously,
Barthesaghi et al. have shown that a correlation exists between θ and FF [143]. Since
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Figure 5.4: Recombination losses at the maximum power point due to surface recombina-
tion and bimolecular recombination for a wide range of device parameters. For
S =∞m s-1, losses due to bimolecular recombination vanish at low θ, while surface
recombination losses converge to an upper limit. For very low S, surface recombi-
nation losses vanish (not shown), and bimolecular losses increases to obtain the
fundamental limit for devices with excellent charge transport characteristics [152].

FF is related to the recombination losses at the maximum power point, it makes θ a
good parameter to compare the recombination rates of different devices. The range of
all parameters is shown in Table 5.2.

Figure 5.4 shows the fractional recombination losses due to bimolecular and sur-
face recombination at the maximum power point of 1,600 devices for S =∞m s-1 and
10−10 m s-1. For S =∞m s-1 and large θ, bimolecular recombination is the dominating
recombination process. When reducing θ by increasing the mobilities or decreas-
ing γ, the contribution due to bimolecular recombination decreases, while surface
recombination increases. For θ < 10−6, surface recombination is responsible for all
recombination in the device. At S = 10−10 m s-1, the fractional loss due to surface re-
combination become negligibly low. For large values of θ, bimolecular recombination
follows the same pattern for S =∞m s-1. However, once θ decreases, the fractional



76 Surface versus bulk recombination in state-of-the-art OPV

Parameter Value
Eg 1.2 eV
µn 10−8 . . . 10−4 m2 V s-1

µp 10−8 . . . 10−4 m2 V s-1

γ 10−5.5 . . . 1
Generation rate 1027 . . . 1028 m-3 s-1

Thickness 60 . . . 260 nm

Table 5.2: The range of parameters for the drift-diffusion simulations of figure 5.4.

losses due to bimolecular recombination do not drop below 3%. Although surface
recombination is the major loss mechanism when S is large, reducing S results in a
shift of surface recombination to bimolecular recombination. This loss arises because
of a fundamental limit when charge transport is excellent [152]. Therefore, efforts for
reducing S will only result in limited improvements.

Experimentally, the only method for adjusting surface recombination dynamics is
by adding and tuning charge carrier blocking layers between the extracting contact
and the active layer. These methods have shown to increase the device performance
of organic OPV by preventing electrons from reaching the anode, and holes from
reaching the cathode of the device [150, 151]. However, the performance increase of
> 50% that was found is much larger than the calculations of Wagenpfahl et al. [53].
This suggests that an additional loss process is reduced as well, and that the impact
of surface recombination is limited.

The explanation for this behavior is that charge barrier blocking layers also influ-
ence the bulk recombination characteristics. To illustrate this, Fig 5.5 shows the charge
carrier densities and the bimolecular recombination rate as a function of position, for
a BHJ solar cell. The solar cell has equivalent constant mobilities of 10−8 m2V-1s-1,
and γ= 10−1. Here, the solid lines represent the case including charge carrier blocking
layers, whereas the dotted lines show the case without blocking layers. The charge
carrier mobilities of the blocking layers is equal to that of the active layer, resulting in
equivalent distributions of the majority charge carrier densities. It can be seen that
the blocking layers prevent minority carriers from reaching the electrodes, thereby
reducing the bimolecular recombination rate in the vicinity of the electrodes.

The extent of this effect depends on the characteristics of both the blocking layers
and the active layer. For example, different values of γ result in different majority
carrier densities near the electrodes, changing the recombination dynamics in this
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Figure 5.5: Simulated charge carrier distribution of electrons (blue) and holes (red), including
(dotted) and excluding (solid) charge blocking layers. The position of the charge
blocking layers is indicated by the gray regions. For the case including charge
carrier blocking layers, the minority carrier densities disappear near the electrodes.
The distribution of the bimolecular recombination rate is shown in by the black
lines. For the case including charge blocking layer, the recombination rate vanishes
in the gray region.

region. This effect is shown in Fig. 5.6, which visualizes the origin of the bimolecular
recombination rate, for solar cells at their maximum power point, for γ values of 10−3,
10−2 and 10−1. Although these cells do not contain any blocking layers, introducing
these layers prevents recombination in the gray regions. The increased values of
γ result in a lower charge carrier densities in the center of the device, whereas the
charge carrier densities near the electrodes remain unchanged due to charge carrier
injection. Therefore, large values of γ result in increased bimolecular recombination
rates near the electrodes. Hence, charge carrier blocking layers are more efficient for
solar cells with large values of γ.

The following calculations show the effect of varying the blocking layer thickness
on the device performance of BHJ solar cells. Figure 5.7 contains the current-voltage
characteristics of a solar cell with similar device parameters, but different blocking
layers. The solar cell has symmetric charge carrier mobilities of 1.0×10−7 m2 V-1 s-1,
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Figure 5.6: Simulated distribution of the bimolecular recombination rate in a 100 nm solar
cell with electron and hole mobilities of 10−8 m2 V-1 s-1. The distributions are
normalized to the overall recombination rate. The lines correspond to different
values of the relative recombination strength: 10−1 (black line), 10−2 (red line) and
10−3 (blue line).

Ohmic contacts, an active layer thickness of 60 nm, features a recombination strength
of 1, and the generation rate is set to 1028m-3s-1. For the blocking layer between the
cathode (anode) and the active layer, the same LUMO (HOMO) level is assumed, and
a barrier is introduced between the HOMO (LUMO) levels to prevent hole (electron)
injection from the active layer into the blocking layer. The charge carrier mobilities
of the charge blocking layers are equal to 10−7 m2 V-1 s-1. The blue, red and black
lines correspond to solar cells with varying blocking layer thickness. The pink line
represents a similar solar cell with blocking layers of 1 nm, but has a γ-value of
10−3. The device without blocking layers is a reference device that is subject to both
bimolecular and surface recombination. For the device with 1 nm blocking layers, the
presence of blocking layers just prevents the extraction of minority carriers at both
electrodes. This increases both VOC and JSC slightly, but does not lead to a significant
performance enhancement. Finally, the device with 20 nm blocking layers performs
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Figure 5.7: The current-voltage characteristics of four solar cells under illumination of
1028 m-3 s-1. The blue line represents a solar cell without charge carrier block-
ing layers, the red line is a similar device including 1 nm blocking layers on both
sides of the active layer, and the black line corresponds to a device including 20 nm
thick blocking layers. The pink line corresponds to device with blocking layers of
1 nm, and a value for γ of 10−3.

significantly better than the other two devices: it does not only prevent surface
recombination, but it also prevents bimolecular recombination near the electrodes.

The additional increase in efficiency can only be obtained when the recombination
dynamics of the active layer are poor. This is confirmed by the device that has 1 nm
blocking layers, but features a low value of γ (Fig 5.7, pink line). This device obtains a
comparable value of JSC as the device with 20 nm blocking layers and a high value of
γ. Therefore, including charge blocking layers will only aid the device performance
when bulk recombination dynamics are fast. Moreover, adding charge blocking layers
may introduce other issues that limit device performance, such as injection barriers
for majority charge carriers, changes in generation profile, and fabrication issues.
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5.4 Conclusions

In conclusion, we have performed various calculations to characterize the interplay
between bimolecular recombination and surface recombination. First, an approxi-
mation for the minority surface recombination velocity in OPV devices was derived
using space charge limited theory. Although this derivation was done for single-
carrier diodes, the obtained values (≈ 1 m s-1) are well in line with previous estimates
of the recombination velocity. According to our approximation, the surface recom-
bination velocity depends on the charge carrier mobility, which means that surface
recombination is more pronounced in high performance devices.

Next, we showed the physical mechanism behind the performance enhancement
when the minority surface recombination is reduced. Lowering this parameter will
first lead to larger values of VOC, while a further decrease results in higher pho-
tocurrents. However, the overall impact of reduced surface recombination velocities
depends strongly on the bimolecular recombination strength γ. This was shown by
determining the recombination parameters for which surface recombination becomes
dominant. For a typical charge carrier mobility of 1.0× 10−8 m2 V-1 s-1, γ must be
equal or smaller than 10−3 in order for surface recombination to become important.
For decreasing mobilities and reduced surface recombination velocities, γ must be
reduced even further.

Bimolecular recombination can only vanish completely when surface recombina-
tion is present: there should always be a recombination pathway in order to satisfy
the fundamental limit for the current-voltage characteristics when charge transport is
excellent. Finally, we have looked into the characteristics of charge blocking layers.
Whereas these devices indeed prevent surface recombination, the effects are limited.
However, the application of these blocking layers can further improve the device
efficiency when recombination dynamics near the electrodes are very fast. This effect
reduces when the value of γ decreases below 1.0.

For state-of-the-art organic solar cells, surface recombination is responsible for a
limited amount of recombination loss. Reducing the surface recombination velocity
will only result in efficiency improvements when the charge carrier mobilities and γ

are sufficiently low. Finally, the application of charge blocking layers prevents surface
recombination, but a further performance increase is unlikely since γ is typically too
low in the active layer.
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Summary

Solar energy is good candidate for large scale energy harvesting. The radiative power
of all sunlight that is incident on the earth surface is more than enough to fulfil our
ever increasing need for energy. 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. There is a growing need for cheap, efficient and durable solar cells that
can convert sunlight into electrical power. Organic solar cells provide a low-weight
solution that features good mechanical properties, and promising power conversion
efficiencies. However, the efficiency of organic solar cells needs to be further improved
to make the technology economically viable.

The performance of organic solar cells depends on the efficiency of the individual
subprocesses that range from phonon absorption to charge carrier extraction at the
electrodes. These processes include absorption of photons and the formation of
excitons; separation of excitons into free electrons and holes; transport of the free
electrons to the cathode, and free holes to the anode; and finally charge extraction at
the electrodes. In order to improve the performance, a proper understanding of all
individual processes is required. Although many work has already been done in this
field, some details are still missing. This thesis focuses on some of these details that
are related to charge transport and charge carrier recombination.

Unlike inorganic semiconductors, charge carrier transport in organic semicon-
ductors occurs by phonon activated hopping through a disordered density of states.
Therefore, there is no closed set of equations that describes the charge transport
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dynamics in these materials. Instead, kinetic Monte Carlo methods model a large
number of charge carriers that are allowed to move through a disordered density of
states, by means of phonon activated hopping. Typically, the rate equations of this
hopping mechanism are given by Miller-Abrahams or Marcus theory. Although these
equations reproduce the experimental results at low electric field, they fail at high
bias. Moreover, both theories predict that conductivity disappears at temperatures
close to 0 K, whereas experiments show that conductivity becomes finite in this range.

Alternatively, nuclear tunneling hopping can be used to model charge transport
in organic semiconductors. This model assumes that charge transport is driven by
ground-state oscillations, and previous work on field effect transistors has shown
that this results in finite conductivities at low temperatures. Chapter 2 of this thesis
extends the discussion of nuclear tunneling hopping to orthogonal thin film diodes.
In this chapter, current-voltage measurements of hole-only MEH-PPV diodes are
reproduced using a numerical drift-diffusion simulation that includes charge carrier
mobilities based on nuclear tunneling hopping. Even though the active layer thick-
ness and the experimental bias are varied over a wide range, the charge transport
parameters that are required to fit the data are found to be equal is all cases. This
proves that nuclear tunneling hopping is able to explain the charge transport in
MEH-PPV hole-only diodes.

Kinetic Monte Carlo methods are computationally expensive due to the large
number of iterations that are required before a physically relevant result is obtained.
Moreover, including detailed mechanisms such as particle-particle interactions re-
duces the performance of these methods even further. Chapter 3 of this thesis dis-
cusses a massively parallel approach to increase the performance of the kinetic Monte
Carlo algorithm. The method is implemented on a computer graphics board, which
features several thousand parallel threads. This approach allows larger systems to be
simulated in the same amount of time, reducing the impact of disorder. Furthermore,
the simulation includes a rapid algorithm for calculating the Coulomb interactions
between individual charges, and features a method that prevents rounding errors.

In chapter 4, the massively parallel kinetic Monte Carlo simulation from chapter 3
is used to investigate charge carrier thermalization in organic solar cells. Photo
generated and injected charge carriers are likely to be introduced in highly energetic
sites of the density of states. These charges are more mobile than charges in the bottom
of the density of states, since they are surrounded by free sites with comparable energy
levels. Because these charges are more mobile than thermally relaxed carriers, they
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may govern the charge carrier transport characteristics of organic solar cells and
diodes. Since this would render space charge limited current analysis invalid, it is
important to understand the implications of hot carrier thermalization. The chapter
investigates the thermalization effect of both injected and photo generated carriers.
For injected hot carriers, it is found that carriers reach their energetic equilibrium
position within 12 nm from the injecting electrode. The effect of thermalization on the
operation of organic diodes is therefore negligible. For photo generated hot carriers,
the impact of thermalization depends on the generation rate of charge carriers. Only
when this rate exceeds the values that are accounted in state-of-the-art solar cells, is a
small deviation from space charge limited transport observed. The chapter concludes
that the impact of charge carrier thermalization is negligible for steady-state operation
of organic devices.

Chapter 5 treats the charge carrier recombination of holes at the cathode and
electrons at the anode. Since this recombination pathway counteracts the beneficial
current flow in the a cell, the process is regarded as a loss mechanism. This type of re-
combination is hard to investigate experimentally, because it cannot be distinguished
from bimolecular recombination. However, numerical drift-diffusion simulations
allow surface recombination to be investigated theoretically. The governing param-
eter for this recombination rate is the surface recombination velocity. The chapter
first discusses the lower and upper limits of parameter. Next, the relation between
surface recombination and bimolecular recombination is investigated. It is found that
surface recombination will only become important once the amount of bimolecular
recombination is highly reduced. Furthermore, the drift-diffusion simulations of a
large number of organic solar cells are studied. This analysis shows that once surface
recombination becomes the dominant loss mechanism, reducing the surface recombi-
nation velocity leads to an an increase in bimolecular recombination again. Finally,
performance enhancements in organic solar cells that include charge blocking layers
are attributed to a reduction of bimolecular recombination, rather than a reduction of
surface recombination.





Samenvatting

Zonne-energie is een goede kandidaat voor de grootschalige opwekking van ener-
gie. Het opgetelde vermogen van al het zonlicht dat de aarde bereikt is vele malen
groter dan de wereldwijde vraag naar energie. Het gedeelte van dit zonlicht dat
daadwerkelijk kan worden omgezet in elektrisch vermogen is zowel afhankelijk
van thermodynamische limieten, als van het type zonnecel. Er is daarom een grote
behoefte aan goedkope, efficiënte en duurzame zonnecellen die zonlicht kunnen
omzetten naar elektrisch vermogen. Organische zonnecellen hebben een laag ge-
wicht, beschikken over goede mechanische eigenschappen en hebben bovendien het
vooruitzicht op voldoende hoge efficiënties in de toekomst. Er dient echter nog veel
werk te worden verzet voordat de efficiënties van deze cellen hoog genoeg zijn om de
technologie economisch haalbaar te maken.

De efficiëntie van een organische zonnecel is afhankelijk van de werking van
alle losse stappen in het opwekkingsproces. Deze losse stappen zijn de omzetting
van fotonen in excitonen, de scheiding van excitonen in een vrij elektron en gat,
het transport van de elektronen naar de kathode en van gaten naar de anode en de
uiteindelijke extractie van deze ladingen aan de elektrodes. Het verbeteren van de
efficiëntie van organische zonnecellen vereist een goed begrip van al deze individuele
stappen. Hoewel hier al veel werk aan gedaan is, mist er vooralsnog een aantal details.
In dit proefschrift worden enkele van deze details besproken die van invloed zijn op
de transport- en recombinatie-eigenschappen van elektronen en gaten.

In tegenstelling tot anorganische halfgeleiders verloopt ladingstransport in or-
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ganische halfgeleiders middels een fonon geactiveerd hop-proces, waarbij ladingen
door een wanordelijke toestandsdichtheid bewegen. Er is daarom geen gesloten
verzameling vergelijkingen die de dynamiek van het ladingstranport beschrijft. In
plaats daarvan worden kinetische Monte Carlo methodes gebruikt, waarin een groot
aantal ladingen wordt gesimuleerd die zich door de wanordelijke toestandsdicht-
heid verplaatsen middels het eerder genoemde hop-proces. Doorgaans wordt het
hop-proces hierbij beschreven met een vergelijking die volgt uit de Miller-Abrahams
theorie of de theorie van Marcus. Hoewel beide theoriën succesvol zijn gebleken in
het beschrijven van resultaten bij lage aangelegde elektrische velden, falen ze voor
hoge aangelegde elektrische velden. Bovendien voorspellen beide theoriën dat de ge-
leidbaarheid verdwijnt bij temperaturen nabij 0 K, terwijl experimenten het tegendeel
aantonen.

Het ladingstransport in organische halfgeleiders kan ook worden beschreven
middels een nucleair tunnel-proces. Dit proces neemt aan dat ladingstransport
wordt aangedreven door grondtoestand-oscillaties, die niet verdwijnen bij zeer lage
temperaturen. In eerder werk is dit proces succesvol toegepast om de experimentele
resultaten van veld effect transistoren bij lage temperaturen te verklaren. Hoofdstuk 2
van dit proefschrift breidt de discussie over het nucleaire tunnel-proces uit naar
gestapelde dunne-laags diodes. Hierbij worden de experimentele stroom-spannings
karakteristieken van verschillende diodes gereproduceerd met een drift-diffusie
simulatie. Hoewel de dikte van de actieve laag en de spanning over de elektrodes over
een groot bereik worden gevarieerd, blijven de bijbehorende transporteigenschappen
van de drift-diffusie simulatie bij nucleair tunnellen constant, terwijl dit bij Miller-
Abrahams en Marcus theorie niet het geval is. Dit bewijst dat het nucleaire tunnel-
proces in staat is om het ladingstransport in MEH-PPV onder alle omstandigheden te
beschrijven.

Kinetische Monte Carlo algoritmes vergen veel rekenkracht door het grote aantal
iteraties dat is vereist voordat fysisch relevante informatie kan worden geëxtraheerd.
Daarbij wordt dit probleem verergerd door het toevoegen van gedetailleerde eigen-
schappen zoals interacties tussen losse deeltjes. Hoofdstuk 3 van dit proefschrift
beschrijft een nieuwe parallelle aanpak voor dit type algoritme, waarbij het gehele
algoritme wordt uitgevoerd op een grafische kaart. Deze aanpak maakt het mogelijk
om grote simulaties in kortere tijd uit te voeren, wat statistisch gezien zinvollere data
oplevert. Bovendien maakt het algoritme gebruik van een snelle methode om de
Coulomb interacties tussen elektronen en gaten op een snellere manier uit te rekenen,
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zonder dat afrondfouten optreden.

In hoofdstuk 4 wordt de parallelle implementatie van het kinetische Monte Carlo
algoritme uit hoofstuk 3 gebruikt om de energetische relaxatie van ladingsdragers
te onderzoeken. Het is goed mogelijk dat hoog energetische ’hete’ ladingsdragers
in de actieve laag van een organische zonnecel terechtkomen door fotonexcitatie of
door injectie vanuit de elektrodes. Deze ladingen zijn mobieler dan gerelaxeerde
ladingen die zich in de bodem van de toestandsdichtheid bevinden, aangezien ze zijn
omringt door vrije transportlocaties met vergelijkbare energieniveaus. Het is daarom
mogelijk dat hete ladingen het ladingstransport in organische zonnecellen en diodes
domineren. Omdat dit betekent dat de stroom in dit geval niet meer beschreven
kan worden met behulp van de theorie voor ruimteladingsbegrensde stromen, is
het belangrijk om de implicaties van energetische relaxatie goed te begrijpen. In dit
hoofdstuk worden zowel de effecten van geinjecteerde als fotongeinduceerde hete
ladingsdragers onderzocht. Geinjecteerde hete ladingen bereiken een energetische
evenwichtspositie binnen 12 nm van het injecterende contact. De invloed van dit
type hete ladingsdrager is daarom beperkt. Voor fotongeinduceerde hete ladings-
dragers is de impact afhankelijk van de hoeveelheid gegenereerde ladingsdragers
per seconde. Alleen wanneer deze hoeveelheid groter wordt dan de waarde voor
moderne zonnecellen, is een kleine afwijking ten opzichte van de ruimteladingsbe-
grensde stroom merkbaar. Hoofdstuk 4 concludeert dan ook dat de invloed van hete
ladingsdragers op het ladingstransport onder operationele condities in organische
zonnecellen verwaarloosbaar is.

Hoofdstuk 5 behandelt oppervlakterecombinatie van elektronen bij de anode en
gaten bij de anode. Aangezien dit recombinatieproces de gewenste uitgangsstroom
tegenwerkt, kan dit proces worden gezien als een verliesmechanisme. Experimenteel
onderzoek naar dit type recombinatie is moelijk, omdat er geen onderscheid gemaakt
kan worden met bimoleculaire recombinatie. Met behulp van numerieke drift-diffusie
simulaties is het echter mogelijk om deze twee vormen van recombinatie theoretisch
te scheiden. De voornaamste parameter voor oppervlakterecombinatie is de opper-
vlakterecombinatiesnelheid. Aangezien er geen experimentele waarden bekend zijn
voor deze parameter, behandelt het hoofdstuk eerst de theoretische onder- en bo-
venlimieten van deze parameter. Vervolgens wordt de relatie tussen bimoleculaire
recombinatie en oppervlakterecombinatie onderzocht. Hierbij wordt gevonden dat
oppervlakterecombinatie alleen een belangrijke rol speelt wanneer de hoeveelheid
bimoleculaire recombinatie zeer laag is. Daarnaast worden de drift-diffusie simulaties
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van een groot aantal verschillende zonnecellen bestudeerd. Deze analyse laat zien
dat wanneer oppervlakterecombinatie dominant wordt, het verminderen van de
oppervlakterecombinatiesnelheid leidt tot een toename van bimoleculaire recombi-
natie. Tenslotte worden de prestatieverbeteringen in organische zonnecellen door
ladingsblokkerende lagen verklaard door een afname van bimoleculaire recombinatie,
in plaats van een afname in oppervlakterecombinatie.



Dankwoord

Het is fantastisch om na een traject van vier jaar eindelijk door mijn eigen proefschrift
te kunnen bladeren. Dat alles in die periode niet zonder slag of stoot ging maakt
dit gevoel eigenlijk alleen nog maar beter. Hoewel mijn naam op de voorkant van
dit boekje prijkt, zijn het een aantal mensen die op verschillende manieren hebben
geholpen bij de totstandkoming van dit werk. Daarom wil ik deze mensen op de
laatste pagina’s van mijn proefschrift dan ook persoonlijk bedanken.

Allereerst wil ik mijn eerste promotor Maria bedanken dat ik mijn promotie
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tijdens mijn eerste jaar en voor de leuke tijd in de FOM-focus groep in Groningen. De
meeste dank gaat echter uit naar mijn copromotor Jan Anton. Hoewel ik je geduld op
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je toonde en je goede ideeen hebben mij tijdens de moeilijke momententen geholpen
om gemotiveerd te blijven. Daarnaast wil ik de leden van de leescommisie bedanken:
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