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1. Introduction

We discuss a variety of recent approaches to molecular modeling of bulk heterojunctions
(BHJs) in organic photovoltaics (OPV). These include quantum chemical calculations of the
electron donor and acceptor molecules (such as polythiophenes and fullerenes), molecular
simulations of their interactions in atomistic detail, mapping between different levels of
resolution, coarse—grained (CG) modeling of larger scale structure, as well as electrical
modeling. These calculations give a holistic view of these systems from local interactions
and structure up to morphology and phase behavior. We focus especially on the evolution
of the mesoscale morphology that is characteristic of BHJs. The simulations are compared to
experimental results, both structural and dynamic, wherever such results are available.

It turns out that CG models, which are clearly necessary to reach the length scales for
morphology development, can accurately capture the large scale structure of atomistic
systems in wide areas of the mixture phase diagram. They can also be used to study the
dynamic evolution of the microstructure of a BHJ in a system approaching the device scale.
On the other hand, atomistic simulations can lead to a geometrically based understanding of
local structure which is crucial for charge separation and transport.

Donor/acceptor mixtures for use in OPV devices have been the subject of intense investigation
for the past decade. Recent focus on polymer based solar cells has been accelerated by
excitement about mixtures of polythiophenes, specifically poly(3—hexylthiophene) (P3HT)
with fullerenes, specifically [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) (Padinger
et al., 2003; Sariciftci et al., 1992). The most interesting aspect of the P3HT/PCBM mixture
is that the power conversion efficiency (PCE) of OPVs resulting from this mixture can vary
by almost an order of magnitude (Ma et al., 2005b). This range of efficiency values comes
from variability in the hole mobility in the polymer (Mihailetchi et al., 2006), crystallinity of
the polymer (Erb et al., 2005), domain sizes (Hoppe & Sariciftci, 2006; Yang et al., 2005), and
absorbance of the polymer in the visible range (Al-Ibrahim et al., 2005; Zen et al., 2004) as a
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result of changes in processing conditions. In essence, the efficiency of the device is controlled
by the nanoscale morphology of the blend.

Since these initial studies of P3HT/PCBM morphology, there have been numerous articles
that show how morphology develops (Li et al., 2007) and how the morphology can be
controlled (Moulé & Meerholz, 2009). A large variety of techniques for measuring aspects
of morphology have been applied. X-ray crystallography techniques can observe crystal
packing in semicrystalline samples, but amorphous samples are not measurable (Chabinyc,
2008). NMR can give local (nearest neighbor) information, but does not extend to large
enough distances to resolve domain size (Nieuwendaal et al., 2010; Yang et al., 2006). Electron
microscopy can image domain sizes, but suffers from poor signal-to-noise due to very
little contrast between P3HT and PCBM (Andersson et al., 2009; Oosterhout et al., 2009;
van Bavel et al., 2010; 2008; Yang et al., 2005). Scanning probe techniques mostly give
information about the top surface, though some charge transport information can be derived
from specialized scanning probe techniques (Groves et al., 2010; Pingree et al., 2009; Reid
et al., 2008). The vertical segregation of materials can be determined non—destructively using
refraction techniques (including ellipsometry (Campoy-Quiles et al., 2008; Madsen et al.,
2011), X-ray (Andersen, 2009; Germack et al., 2010), and neutron scattering (Lee et al., 2010;
Mitchell et al., 2004)). Alternatively, the composition of exposed surfaces can be determined
using X-ray photoelectron spectroscopy (Xu et al., 2009). The interior composition of a mixed
donor/acceptor layer has also been determined by etching away material using an ion beam
and then measuring dynamic secondary ion mass spectrometry (SIMS) (Bjorstrom et al., 2005;
2007).

The measurement tools that materials science has to offer have been applied in abundance
to the determination of the device morphology. However, each measurement technique
has sample preparation requirements that can make it difficult to answer desired scientific
questions. For example, a transmission electron microscopy (TEM) sample must be removed
from the substrate, which requires that the morphology does not change during that sample
removal process. One problem that cannot be solved even with a combination of measurement
techniques is the determination of nano-scale information about the molecular arrangement
in amorphous domains. In fact, the only techniques that can provide complete molecular scale
information about amorphous organic domains are computational.

Computer simulations provide means to better understand the relationship between
microscopic details and macroscopic properties in solar cells. Most importantly, simulations
can be used to explain experimental observations and to elucidate mechanisms that cannot
be captured experimentally. In this chapter, it is intended to provide an overview of
relevant computational techniques along with advantages and limitations of these techniques
with regard to OPV materials, and summarize the research that has been performed to
provide insight into the molecular mechanisms in such materials. We also discuss the
continuum drift-diffusion model and kinetic Monte—Carlo models used to describe the
electric characteristics of OPV devices.

2. Modeling techniques

Computational modeling of soft matter in general and of OPV in particular is clearly not a
"one size fits all" problem. Even though the computational expense of detailed modeling
is continuously decreasing, it is still the limiting factor in addressing the size and time
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characteristics of device-scale systems. The most abundant molecular models — atomistic
united-atom models — have one (classical) interaction site for every non-hydrogen atom. If
one would like to model a seemingly small piece of OPV material with dimensions of (100
ym)3, it would have about 10! interaction sites in the system (1 nm? contains about 100
interaction sites). As the integration time—step in atomistic simulations is on the order of
1 fs for accuracy reasons, simulating for about a second would take at least 10% floating point
operations (flops), assuming only 10 floating point operations per particle per time—step. Even
with the most powerful computer in the world (Fujitsu K at Riken in Japan, which, with
just under 9,000 Tflops/s, tops the TOP 500 in June 2011) this would take about 10" s or
3 x 1010 years, which is roughly double the age of the universe. Obviously, this is completely
impossible. Routinely one can perform simulations with 10° interaction sites for about 10
time-steps. Therefore one must increase the size of the interaction site and of the time-step to
be able to model larger pieces of the system.

Presently, there is a range of modeling techniques that vary in terms of calculated system
details and time scale: from electronic structure calculations to coarse—grained methods.
These techniques are often used in tandem to obtain a broad understanding of the system.
Electronic structure methods provide the highest degree of accuracy, but are also the
most computationally intensive calculations. All electronic structure methods, such as
Hartree-Fock (HF) or Density—Functional Theory (DFT), mainly give an estimation to the
ground state energy of the system by solving the Schrodinger equation involving some
approximations. They also provide accurate structural information, various electronic
properties and reaction mechanisms. When used to model organic semiconductors there are a
number of limitations, which include the underestimation of the band gap and the inability to
accurately describe weak van der Waals forces. Also, due to the high resource requirements,
device scale modeling is not possible.

Molecular mechanics (MM) provides information on the structure of large molecules. It is
based on empirical force fields that are optimized to reproduce molecular potential energy
(PE) surfaces. These potentials are divided into two categories, bonded interactions (including
bond, angle and dihedral interactions, Epond + Eangle + Edinedral) and non-bonded interactions
(Eelectrostatic + Evaw)- Bonds and angles are usually described by harmonic potentials or
kept as a constant value as they just serve for keeping the local geometry correct. The
dihedral interaction on the other hand is crucial for describing chain conformations as these
interactions are typically comparable to the thermal energy. The non-bonded interactions
describe interactions between atoms not stemming from any bonding. There is a vast effort
being undertaken to constantly improve these potentials (so—called force-fields). We will
not go into detail here. The energies from all interactions are summed up to obtain the
intramolecular energy of the molecule: as a superposition of two-, three- and four-body
interactions (Leclere et al., 2003).

Energy minimization (EM) techniques provide a simple way to calculate the minimum energy
of a system. In a MM calculation, the PE of the system is essentially considered at 0 K.
Based on a hypothetical structure based on crystallographic data or another initial condition,
the total energy of the initial system is calculated as well as the gradient of the PE as a
function of position of each particle (which corresponds to the force). The total energy of
the system is minimized by allowing the particles to move in small steps to a lower energy
configuration. This motion may either be directly along the force (e.g. steepest descent EM
technique) or using other mathematical optimizers (e.g. conjugate gradient EM technique).
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The local energy minimum of the structure is found by making small steps towards the local
energy minimization. A global structural minimum can be obtained by varying the initial
configuration and re-minimizing for each one until a statistically relevant number of starting
points lead to a common deep structural minimum. The strength of MM calculations is that
they can be used to obtain increased molecular detail for systems for which a partial crystal
structure is available. For example, if the stacking distance between adjacent polymer chains
is known, MM/EM calculations could provide details on the location of the side chains or the
exact angle of backbones with respect to each other. EM calculations are meaningless without
a starting configuration that is very close to the ideal because locally rather than globally
minimized structures will be the result of the calculation. This means that non—crystaline
structures cannot normally be determined using EM.

Molecular dynamics (MD) calculations take kinetic energy (KE) into account and can provide
structural insight that is not predetermined from the initial configuration. The movement
of each particle is determined from the sum of the bonded and non-bonded forces from
surrounding atoms. In many cases (especially on the coarse—grained level) also partially
random forces are used to thermostat the system, leading to Brownian motion. Since
KE is determined by setting a temperature, the structures formed are not the lowest PE,
but an ensemble of all possible structures at a given temperature weighted to minimize
free energy. MD are often performed from an ordered starting point that results from
MM/EM calculations. MD generates (in the case of constant volume) a set of configurations
representing a canonical ensemble in correct time order, i.e. dynamic information is available.
The disadvantage of MD calculations is that equilibration (when the system only moves
within the correct ensemble) may require a long time, so due to limited computation speed
and resources, most systems must be kept small and one can only afford short equilibrations
(< 100ns).

MD is a step-wise process. At each time step, the forces on each atom are calculated. Then
the Hamiltonian equations of motions (which in the typical case of Cartesian co—ordinates are
mathematically the same as Newton’s equations) are integrated over each time-step. In most
simulations temperature and/or pressure is fixed. Thus, an algorithm called a thermostat
and/or barostat is needed to correct temperature/pressure and then the step is repeated. This
generates a time series of conformations representing the chosen statistical ensemble.

Most molecular simulations are performed using atomistic or semi-atomistic models. The
advantages are obvious: there is a unique and strong connection to the underlying chemistry
and the models are in many cases easily available (can be downloaded from various websites).
Atomistic models normally contain Lennard—Jones (L]) interactions between non-bonded
atoms in addition to a variety of bonded interactions. The most important bonded interaction
is the dihedral as the dihedral energies are in the range of thermal energy whereas all
other bonded interactions are much larger compared with kT. Quantum-chemistry is often
used to obtain the dihedral interaction parameters. As proper dihedral interactions must
be periodic with respect to 360°, a Fourier series is typically used to describe the dihedral
potential. Also, quantum—chemistry is often used to calculate partial charges, which are
needed for electrostatic interactions. Most other interactions are fit to empirical data as no
simple and unique theoretical technique is available. A large number of simulation packages
(e.g. Gromacs, Amber, LAMMPS, DL_POLY, Tinker etc) have been developed for this kind of
modeling and are either freely available or for only a nominal charge. For details the reader is
referred to a number of books on simulations (Allen & Tildesley, 1987; Frenkel & Smit, 1996).
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The macroscopic properties of semiconductors used in OPV active layers depend on a number
of factors. It is important to relate the chemical structure of the components of an active layer
to the overall behavior of the system. For OPV applications, it is of interest to study the
structural development of active layer mixtures on time and length scales that are relevant to
device studies in order to accurately aid in interpretation of experimental findings. However,
the computational limitations of atomistic simulations only allow for systems of the size of
a few nanometers to be studied. The length scale of interest is on the order of 5-10 nm for
the purposes of studying charge transport, and on the order of 100 nm for analyzing the
phase separation behavior of the active layer components. Coarse-graining is the process
of systematically grouping atoms from the atomistic model into "super-atoms." This reduces
the number of interactions and degrees of freedom in the system allowing for simulations to
be analyzed over longer length and time scales. For the simulation of P3HT /PCBM, our group
achieved a 100x increase in computational speed by using a coarse—-grained (CG) model,
which could be applied to photovoltaic device—scale systems (Huang et al., 2010).

After this brief overview of the techniques we will now discuss a number of recent modeling
approaches using atomistic, CG, and continuum models.

3. Atomistic scale modeling

Organic photovoltaics are characterized by charge carrier mobility, which in turn defines their
device efficiency. In BH]J devices, the minimum requirement for high charge carrier mobility
is the presence of percolating pathways which enable the holes and electrons to reach the
electrodes producing a photocurrent. Thus, device performance is strongly dependent on
system morphology, both at the molecular level and over larger length scales.

There are a number of factors that can affect the morphology and their description hinges
not only on atomistic, but also on coarse-grained, descriptions. Morphology is critically
dependent on the underlying substrates, percolation, thickness of the thin film, and on the
processing and annealing methods and conditions. The latter is a significant challenge to
simulate, as basically in simulations we always try to approach equilibrium as close as
possible, but often in OPVs, equilibrium is neither attainable nor actually desired.

Atomistic level simulations play a critical role in elucidating detailed mechanisms at the
nano-scale level. Such calculations eventually can lead to systematic improvement of
performance of solar cells. Fullerene derivatives are important electron acceptors and have
been studied with different models in varying degrees of detail (Andersson et al., 2008; Arif
et al., 2007; Choudhury, 2006; Girifalco, 1992; Hagen et al., 1993; Kim & Tomanek, 1994; Qiao
et al., 2007; Wong-Ekkabut et al., 2008). Polythiophenes have only recently been studied by
computer simulations (Akaike et al., 2010; Botiz & Darling, 2009; Cheung et al., 2009a; Curco
& Aleman, 2007; Do et al., 2010; Gus'kova et al., 2009; Widge et al., 2007; 2008). We will
discuss below simulations of different organic semiconductor materials where we first discuss
fullerenes and thiophenes and then discuss a few other commonly used materials.

3.1 Modeling of fullerenes as electron acceptors

Buckminister fullerene and its derivatives are the most widely established and effective
electron acceptors in OPV. Their ability to accept electrons from commonly used donors,
such as photoexcited conjugated polymers, on a picosecond time scale and their high charge
mobility (Singh et al., 2007) make them appealing as electron acceptors. Since the first
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Fig. 1. Electron mobility for Cgy with different chain lengths at 300 K. The lines without the
points superimposed had the site energy differences calculated from a first-order
approximation to the site energy differences between the two hopping sites. The lines with
points superimposed, are the calculated mobilities when the site energy differences have
been forced to 0 meV (MacKenzie et al., 2010). Reprinted with permission from J. Chem.
Phys. 132, 064904, 2010. Copyright 2010 American Institute of Physics.

demonstration of polymer/fullerene solar cells (Sariciftci et al., 1993), there has been a
significant effort to improve their processability from solutions and to improve performance
by optimizing their morphology and energy levels (Troshin et al., 2009).

Molecular packing of the OPV active layer is greatly affected by the conformation of the side
groups for both small molecules and polymers. MacKenzie et al. (MacKenzie et al., 2010) have
studied the effect of charge mobility with different side chains on Cgy. MD has been performed
to generate a realistic material morphology for a series of four Cg derivatives. This series of
four Cg derivatives are formed by attaching a saturated hydrocarbon chain of lengths 0, 20,
40, and 80 carbons to the Cgp via a methano bridge. The addition of a side chain has been
found to disrupt the optimal packing of Cgg. Furthermore, Figure 1 shows how increasing the
hydrocarbon chain length reduces charge mobility. This may stem from the increased size of
the functional group, which pushes the Cgp molecules away from each other and decreases
the number of neighbors close enough to electronically interact. As a result, as the functional
group size increases, the overall transfer rate decreases thereby reducing the charge mobility
(MacKenzie et al., 2010).

The effect of temperature on a thin film of Cgp has been studied by performing a Monte-Carlo
calculation simulating the physical vapor deposition process (Kwiatkowski et al., 2009). The
calculations performed at 298, 523, and 748 K reveal morphologies that seem quite different:
crystalline regions are estimated to be around 2 nm, 4 nm, and 6 nm in length, respectively.
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Fig. 2. Structure of PCBM, illustrating the two dihedral angles ¢; and ¢, (Cheung & Troisi,
2010). Reprinted with permission from J. Phys. Chem. C 114, 20479-20488, 2010. Copyright
2010 American Chemical Society.

This follows the same trend as the experimental measurements (Chen. et al., 2001; Cheng
et al., 2003), even though the exact grain lengths are smaller than the measured values as it is
computationally too expensive to achieve device scale equilibration. However, the calculated
radial distribution function (RDF) for the three morphologies are quite similar to each other
and to the single crystal RDF (Kwiatkowski et al., 2009). This can be attributed to the fact that
Cgp is a rotationally symmetric molecule with isotropic intermolecular interactions (Girifalco,
1992). This indicates that these spheres can pack efficiently, that even in partially disordered
films the molecules are well connected to each other (Kwiatkowski et al., 2009), giving rise
to the observed high electron mobility of 8 x 107® m?/(Vs) in thin films of evaporated
Ceo (Haddon et al., 1995) .

One of the main advantages of OPVs is the ease of fabrication, due to their solution
processability.  Recently, it has been shown that a highly soluble derivative of Cgg,
phenyl-Cg;-butyric acid methyl ester (PCBM, Figure 2), performs better than Cg in solution
processed OPV devices (Yu et al., 1995). The addition of the functional side group renders
the acceptor more soluble and increased the acceptor strength, thus leading to a higher
open—circuit voltage (Vo) in the resulting device (Hummelen et al., 1995). PCBM has a high
electron mobility of 2 x 103 cm?/(Vs) at room temperature (Mihailetchi et al., 2003) and since
balanced hole and electron charge mobilities reduce space charge build—up and increase the
filling factor (FF) of devices, donor polymers with higher hole mobilities are desired for use
with PCBM. This functionalized fullerene is relatively inexpensive and it forms segregated
phases with many common donors to form mixed layers with ideal morphology (i.e., a grain
size separation on the order of the exciton diffusion length and a bicontinuous network
formed from the two components) (Ballantyne et al., 2010; Ma et al., 2005b; Thompson &
Frchet, 2008).

In order to properly understand the elementary processes in photovoltaics, a correct
description of the electron acceptor morphology is important. MD calculations (with the
all-atom OPLS force field parameters) performed at 300 K by Cheung et al. (Cheung &
Troisi, 2010) correctly predict the experimental low—temperature crystal structure (Rispens
et al., 2003) of PCBM (Figure 3), in which the electron hopping is facilitated by the molecular
arrangement. Figure 4 shows the RDFs between the fullerene centers of mass, the phenyl
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Fig. 3. PCBM system assembly at T = 300 K, showing only the fullerenes (top) and the side
chains (bottom). Layering of PCBM molecules in a zigzag pattern is evident (Cheung &
Troisi, 2010). Reprinted with permission from J. Phys. Chem. C 114, 20479-20488, 2010.
Copyright 2010 American Chemical Society.

ring centers of mass, and between the fullerenes and phenyl rings (Cheung & Troisi, 2010).
The fullerene—fullerene and fullerene-phenyl RDFs at 300 K, 400 K and 500 K suggest at
best a weak influence of temperature due to the rigid structure of the fullerene cage. For
the fullerene—fullerene RDF (Figure 4(a)) the peak is around 10.2 A, in agreement with
experiments (Xu et al., 1993) and previous simulation work carried out by MacKenzie et
al. (MacKenzie et al., 2010). The first shell in the phenyl-phenyl RDF is around 5 A (Figure
4(b)). This is significantly larger than the m-stacking distance in aromatic organic crystals
(r = 3.8 A), which suggests that the aromatic moiety in the PCBM side chain does not play a
major role in the charge transfer process (Cheung & Troisi, 2010). The tail of PCBM helps to
further stabilize the crystal, by the formation of weak hydrogen bonds between aromatic rings
and oxygen in addition to the van der Waals interactions (Ecija et al., 2007; Napoles-Duarte
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Fig. 4. RDFs for PCBM between, (a) Fullerene—fullerene (b) phenyl-phenyl (c)
fullerene—phenyl, at T = 300 K (solid line, black), T = 400 K (dotted line, red), and T = 500 K
(dashed line, green) (Cheung & Troisi, 2010). Reprinted with permission from J. Phys. Chem.
C 114, 20479-20488, 2010. Copyright 2010 American Chemical Society.

etal., 2009). Since only the fullerene cage in PCBM is likely to be involved in charge transport,
morphology related calculations may be used to describe the charge separation, transfer, and
recombination processes in OPV BH]J.

MD calculations have also been performed to examine the structural variation between PCBM
molecules. Figure 5 shows the dihedral angle distribution for the phenyl group and ester
group of the PCBM with respect to the fullerene. The probability distribution of ¢y, the
angle between the alkyl chain and phenyl ring, has two equally populated peaks at 90° and
270° (Figure 5(a)), indicating that the ring orients parallel to the fullerene surface to reduce
steric hinderance. The side group alkyl chain predominately adopts a trans conformation
(¢o = 180°). While at 300 K the population of the gauche conformations is around 15 %,
this increases to around 20 % percent at 500 K (Cheung & Troisi, 2010). This is in agreement
with crystallographic studies (Rispens et al., 2003). That is, this structure provides a good
representation of the solid-state PCBM system.

It is well-known that the PCE of a solar cell depends on V¢, which in turn is a function of
the energy gap between the highest occupied orbital (HOMO) in the donor and the lowest
unoccupied orbital (LUMO) in the acceptor. That is, increasing the LUMO in the acceptor
improves the device PCE (Kooistra et al., 2007). An effective approach to increase the donor
LUMO is to alter the fullerene cage by directly adding multiple substituents (Lenes et al.,
2008). On the other hand, this increases the structural disorder of the fullerenes. A DFT
study has been conducted (Frost et al., 2010) to study the balance between these two effects
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Fig. 5. Side chain dihedral angle distributions for (a) ¢; and (b) ¢». Solid line (black) denotes
T =300 K, dotted line (red) denotes T = 400 K, and dashed line (green) denotes

T =500 K (Cheung & Troisi, 2010). Reprinted with permission from J. Phys. Chem. C 114,
20479-20488, 2010. Copyright 2010 American Chemical Society.

on device performance (Lenes et al., 2009). The authors of that work calculated the energy
levels of all eight unique isomers of bis adduct of PCBM and ten representative isomers
of tris-PCBM (Djojo et al., 1999). Indeed, a generally lower range of LUMO energies was
calculated as a function of the isomers compared to mono-PCBM (Frost et al., 2010). Yet this
large range of energetic disorder, in accordance with cyclic voltammetry measurements of the
adducts and device current-voltage characteristics (Lenes et al., 2009), decreases the device FF
imposing an adverse effect on performance (Frost et al., 2010). It is suggested that designing
higher adduct fullerenes with shorter sidechains or hetero—adducts with distinct roles for
each of the sidegroups or manipulating energy levels, will lead to fullerene derivatives with
better performance as acceptors in solar cells without the need for expensive isolation of
isomers (Frost et al., 2010). In that sense, atomistic level calculations can provide insight into
the design and optimization of novel electron acceptors.

3.2 Atomistic structure and dynamics of polythiophene semiconductors

The electrooptical properties of semiconducting conjugated polymer films depend critically
on molecular structure, doping, and morphology. Whereas the former two can be relatively
well controlled during synthesis, the latter is far from well controlled or understood
in experiments. Thus, accurate computer simulation models play an important role in
elucidating the phase behavior of polymers. They can determine the most likely structures
that a polymer will form and calculate the energetic price for assuming another structure.
They aid the interpretation of experimental data, because particle positions can be tracked
exactly during the course of a simulation.
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Fig. 6. Structure of P3HT, illustrating the atom type numbers used in a typical
force-field (Cheung et al., 2009b). Reprinted with permission from J. Phys. Chem. B 113,
9393-9401, 2009. Copyright 2009 American Chemical Society.

Poly(3-alkylthiophene)s [P3ATs] are an abundant class of polymer semiconductors. In
particular, the hexyl derivative poly(3-hexylthiophene), P3HT (Figure 6), has become one
of the most widely used electron donor materials in OPV. P3HT exhibits high charge
mobilities (Sandberg et al., 2002). The charge mobility in polymer semiconductors is strongly
dependent on the packing of polymer chains in P3HT films (Kline & McGehee, 2006; Li
et al., 2005). Low molecular weight (LMW) (Meille et al., 1997) P3HT exhibits a preferred
interdigitated structure, with the distance between the chains 3.8 A perpendicular to the rings
and 16 A parallel to the rings (Kline et al., 2007; Prosa et al., 1996, Yamamoto et al., 1998).
Radial distribution functions (RDFs), g(r), are a standard tool of quantitative structural
characterization. RDFs describe how the atomic density varies as a function of distance from
a reference atom. For a molecule containing several different atom types, partial RDFs can be
defined between any two atom types.

Cheung et al (Cheung et al., 2009b) have performed classical MD simulations at several
different temperatures to study the microstructure of P3HT, using a force field previously
employed in tetrathiophene calculations (Marcon & Raos, 2006; Marcon et al., 2006). This
study on LMW P3HT (20 monomers per chain, molecular weight around 6700 Da) with
an initially interdigitated configuration of three polymer layers depicts some important
characteristics of P3HT. RDFs between several atoms in the same layer of polymer are
illustrated in Figure 7. A common feature among all the RDFs is the peak at r = 4 A,
which corresponds to the separation between monomers on the same chain. As temperature
increases, it is expected that the interlayer lattice spacing will increase with the expansion of
the alkyl chain. This is clearly seen in Figure 7 (c), where the position of the first peak grows
with temperature. Such an increase in the interchain spacing with temperature is bound
to decrease the P3HT charge mobility, because the probability for charge transfer between
adjacent sites in the polymer matrix has an exponential dependence on distance. The sharp
peaks at short distances in Figure 7 (a) and (d) are due to the bonded neighbors of atom
types C; and Cg. Additionally, the widening of peaks with temperature (Figure 7 (c) and (d))
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Fig. 7. Atomic radial distribution functions (a) C;—Cj, (b) S11-S11, (c) C19—Cip, and (d) Co—Co.
In all cases, T = 100 K denoted by solid line (black), T = 200 K dotted line (red), T = 225K
dashed line (green), T = 250 K long dashed line (blue), T = 275 K dot-dashed line
(magenta), T = 300 K dot-double-dashed line (orange), and T = 350 K double-dot-dashed
line (violet). Successive curves are offset by 10 (a and b) or 5 (c and d) units along the y—-axis
for better representation. Reprinted with permission from J. Phys. Chem. B 113, 9393-9401,
2009. Copyright 2009 American Chemical Society.

represents a less well-defined molecular structure (increased disorder) at high temperatures
for LMW P3HT (Cheung et al., 2009b).

Furthermore, at low temperatures and high temperatures, the system density shows a roughly
linear decrease with temperature, with a distortion from linearity around 250 K between
two linear regions. This is accompanied by a peak in the molar heat capacity, Cp, and
isothermal compressibility, k7, (Figure 8) around the same region. These features signify a
conformational transition in the side chains, in accordance with X-ray measurements (Prosa
et al, 1992): at low temperatures the ring-tail dihedral angle is around 100°, but above
250 K, this distribution changes with two separate peaks around 100° and 260° (Cheung et al.,
2009b). The side—chain disorder directly affects the molecular packing, which influences the
morphology and charge mobility.
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Atomistic  molecular dynamics simulations of P3HT and poly(2,5-bis(3—-
tetradecyllthiophen—2-yl)thieno[3,2-b]thiophene) (PBTTT) at finite temperatures have
been compared to investigate the nanoscale structural properties that lead to the higher
measured hole mobility in PBTTT than in P3HT field—effect transistors (FET). Simulations
of the two polymer melts show that the structural properties in PBTTT facilitate both intra—
and inter—chain charge transport compared with P3HT, due to greater degree of planarity,
closer and more parallel stacking of the thiophene and thienothiophene rings, and possible
interdigitation of the dodecyl side chains. X-ray diffraction studies have shown that PBTTT
indeed forms interdigitated alkyl side chains (Brocorens et al., 2009; Kline et al., 2007).
Thus, the crucial role played by the bulky dodecyl side chain and thienothiophene ring,
respectively, in determining intra—chain and inter—chain structural order is clarified through
these simulations (Do et al., 2010).

In addition to determination of the interaction of a polymer with itself or with the fullerene,
MD modeling can address anisotropic interactions such as the interaction of the polymer
with a surface. For the most part, MD calculations of interactions between oligomers of
polymers with a surface have been performed starting from a crystalline polymer structure
that is then lowered onto the surface. MD simulations of thiophenes on surfaces have been
recently reviewed (Gus’kova et al., 2009). Modelling of P3HT on a ZnO with the specific
application of OPV devices was modelled by Saba et al. (2011) This group allowed a slab of
P3HT 12-mers interact with a ZnO (1010) surface at 2 K and determined that the structure
formed by the P3HT is face on to the ZnO and also that the P3HT crystal spacing increases to
lattice match to the ZnO. This article shows that surface properties can significantly influence
the structure of polymers. The results, however, would be more believable if MD modeling
had been performed at higher temperatures where the polymer had the opportunity to freely
rearrange.

It is clear that atomistic level calculations can accurately elucidate mechanistic details of the
polymer matrix morphology. Due to the direct access to the microscopic scale that atomistic
simulation affords, it can provide a vital link between molecular structure and charge mobility.
Atomistic simulations run much more quickly for small molecules than for polymers due to
the lower particle number and faster dynamics of the molecules near room temperature. There
is a large body of literature involving atomistic modeling of other organic and organometalic
compounds for evaporated photovoltaic devices. Discussion of this literature is beyond the
scope of this book chapter.

3.3 Some other materials used in OPVs

Scanning force microscope (SFM) measurements on asymmetrically substituted
poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4—phenylene vinylene] (OC;Cyp—PPV), also
known as MDMO-PPV, shows spiraling chains and no aggregation. Both atomistic scale
MD and Monte-Carlo calculations consistently portray this connected ring—forming structure
formation of MDMO-PPV (Figure 9) (Kemerink et al., 2003). The bending force present in
MDMO-PPV can be explained by an interaction, either attractive or repulsive, between the
aliphatic side chains of successive monomer units. These seemingly connected rings could
be due to the presence of a conformational or configurational defect. At such a defect, the
orientation of the side chain is flipped from one side of the polymer chain to the other, and
the bending direction is reversed (Kemerink et al., 2003). This molecular conformation and
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Fig. 8. (a) Density against temperature for P3HT (b) Molar heat capacity C, (black circles)
and isothermal compressibility x1 (red squares) against temperature (Cheung et al., 2009b).
Reprinted with permission from J. Phys. Chem. B 113, 9393-9401, 2009. Copyright 2009
American Chemical Society.

the weakly ordered stacking of the molecules, which result in a high disorder energy and
poor 7T — 77 interaction, might be the origin of the poor transport properties in MDMO-PPV.
The hole mobility of neat MDMO-PPV is around 5 x 10~7 ¢cm?/(Vs) (Blom et al., 1997;
Martens et al., 1999; Vissenberg & Blom, 1999), whereas neat PCBM has an electron mobility
that is 4000 times larger than that (Mihailetchi et al., 2003). Thus, charge transport in
a BHJ OPV with an active layer of a MDMO-PPV and PCBM blend is expected to be
strongly unbalanced. As the electrons do not neutralize the holes in the device, this results
in an augmentation of space-charges and a limited photocurrent. However, hole mobility
measurements in a blend of MDMO-PPV with an excess PCBM shows that hole mobility is
increased. When mixed with PCBM, the ring formation in MDMO-PPV is hindered due to
interactions between MDMO-PPV and PCBM (Figure 10). The change in morphology with
an enhanced number of percolating pathways results in improved charge-transfer properties
in the blend (Melzer et al., 2004).

Hexabezocoronene (HBC) is a well-known discotic liquid crystal which self-organizes to
form columns with strong 7r-orbital interactions between molecules within columns. Such
materials, often referred to as an alternative to thin films of organic semiconductors, possess
many characteristics that are important in solar cells (Funahashi, 2009): improved vertical
mobility, self-annealing and self-assembling characteristics that give rise to larger domains
thus reducing charge-trapping sites. ~Time-resolved microwave conductivity (TRMC)
measurements have shown that hole mobility in HBC is well above 0.1 cm?V~!s~! and
depends on side chains (van de Craats et al., 1999). Atomistic simulations (Andrienko et al.,
2006; Kirkpatrick et al., 2008; Marcon et al., 2008) performed on several HBC derivatives
with different types of side chains (Figure 11) illustrate the dependence of morphology on
semiconductor side chains. Alkyl side chains are generally added to polymers to improve
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Fig. 9. Simulation of the surface morphology of MDMO-PPV using a Monte Carlo model.
The inset illustrates the proposed side chain orientation. At a conformational defect (thick
arrow), the sense of spiralling (thin arrows) reverses, leading to a morphology of connected
rings (Kemerink et al., 2003). Reprinted with permission from Nano Lett. 3, 1191-1196, 2003.
Copyright 2003 American Chemical Society.

Fig. 10. (a) The molecular conformation of neat MDMO-PPV (b) The molecular conformation
of a mixture of MDMO-PPV and PCBM (Melzer et al., 2004). Reprinted with permission
from Adv. Func. Mater. 14, 865-870, 2004. Copyright 2004 Wiley.

solubility and reduce the melting point. However, this increases the distance between separate
polymer chains, resulting in lower charge mobility. As shown by both experiments and
simulations, linear side chains show maximum packing order, while packing is significantly
reduced for branched side chains. Consequently, long linear side chains show higher charge
mobility than HBC with bulky side chains. Thus, whether it be a crystalline material or smectic
liquid crystalline phase, the higher the degree of order, the higher the charge mobility of the
material.

4. Coarse—grained modeling

A wide variety of different techniques for coarse-graining, especially for polymeric systems,
have been developed (Baschnagel et al., 2000; Faller, 2004). The common main theme is
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Fig. 11. Structure of the HBC derivatives: R=Cyg, C12, C14, C16, C19—6, PhCyp. Only R=Cy,
Cj0—6 and PhCy; are shown in this figure. Reprinted with permission from J. Chem. Phys.
125, 124902, 2006. Copyright 2006 American Institute of Physics

to circumvent the problems associated with the small time and length scales in atomistic
simulations by coarsening the model and decreasing the number of degrees of freedom. These
mesoscale or CG models must conserve the chemical nature of the atomistic model. The
interactions that describe the polymer properties can be determined for the coarse-grained
system from a microscale reference simulation using, e.g., the Iterative Boltzmann Inversion
(IBI) method (Reith et al., 2003). One groups atoms appropriately into "super-atoms" or
CG beads using chemical intuition. The set of effective potentials to describe the structural
distributions of the CG polymer chain can then be generated from a set of correlation functions
obtained from a corresponding atomistic simulation. The IBI method is best described with
an example involving a non-bonded potential, Vj(r) (Faller, 2007; Reith et al., 2003). If we
restrict ourselves to pair potentials non-bonded interactions can be fully described by a radial
distribution function (RDF) which, describes how on average the particles in a system radially
pack around each other. This radial packing illustrates the correlation between the packing
of particles and the forces the particles exert on each other. Mathematically RDFs can be
calculated by choosing a reference molecule in a system and a series of concentric spheres
around it. RDFs are a measure of the number of sites in a sphere at distance r from the
reference center divided by the number in an ideal gas at the same density:

1 n(r)
8(r) = d 472 Ar

)

Here, g(r) is the RDF, n(r) is the average number of molecules in the shell which are counted
based on the position of the center of mass of the molecule, d is the overall density, and 42 Ar
is the volume of a spherical shell. The IBI aims to match the RDF from the coarse grained
model onto the atomistic RDF by iteratively altering the CG potentials. In order to obtain an
accurate reproduction of structural details in the CG model, it is important to determine the
proper set of potentials.

CG r
8; ()) @)

Viza(r) = Vi(r) + kgTIn ( )
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This equation defines the iterations, where, V;,1(r) and V;(r) are the potential energies at the
i+ 1™ and i iteration steps, respectively. The RDF of the coarse grained model at the it step
is described by giCG (r) and is calibrated against the target atomistic RDF, g/ (). A reasonable
initial guess for Vj(r) is first required. The potential of mean force, F(r), based on the atomistic
simulation will usually sulffice:

F(r) = —kgTIng"(r) @)

The iteration continues until the difference in the RDFs between the CG and the target is below
a pre—defined tolerance. This method can be applied to any set of interactions by replacing
the radial distribution function by the appropriate probability distribution and the potential
by the correct interaction correlation. In dense systems, the interaction distributions are
interdependent; thus, one cannot determine each potential separately. Instead, one normally
performs the iteration on one of the potentials constant while keeping the rest constant. There
must, in the end, be a readjustment of potentials after all are individually iterated. The speed
at which this iterative process converges relies on the order in which one optimizes the set of
potentials; it is better to start with potentials that are least affected by changes to the rest of
the set (Huang et al., 2010; Sun & Faller, 2006; Sun et al., 2008).

4.1 Polymetr/fullerene coarse-graining

Our group recently published the first systematic CG-MD model of OPV relevant
compounds (Huang et al., 2010; 2011), namely P3HT and the simplest fullerene, C¢y. CG
simulations allow an increase in system size that could reasonably be simulated using a
computer cluster to about 25 x 25 x 25nm3 (compared to about 6 x 6 x 6nm3 atomistically).
This larger volume allows the formation of morphological features approaching what is
expected in a device. The larger volume also allows simulation of polymers with a molecular
weight approaching typical experimental systems (9-18 kDa) (Brinkmann & Rannou, 2007;
Schilinsky et al., 2005; Zen et al., 2004). In a follow up study, we simulated random mixtures of
P3HT and Cg that were equilibrated at high temperatures and cooled down to temperatures
at which Cgp formed clusters. The coarse-grained model replicated many thermodynamic
features that were physically expected. Cgp did not form large clusters in low MW P3HT but
did so with higher MW P3HT. Also, Cg did not form clusters until its concentration in P3HT
reached a certain threshold (Fig. 12)(Huang et al., 2011).

For the first time a system approaching the size needed for domain formation was studied.
The simulations clearly were able to demonstrate that fullerene forms disordered clusters as
expected. But now the shape and size distribution of such clusters can be measured. It also
turned out that the polymer conformations were much more heterogeneous than expected. In
particular, the heterogeneity (e.g. in gyration radius and anisotropy) was found to vary with
chain length.

5. Electrical modeling

Given a model for the BHJ morphology and its dependence on material properties
and processing conditions, a theoretical understanding of the relationship between the
morphology and charge—carrier and exciton transport is needed in order to predict the
morphology dependence of device characteristics. A truly accurate theoretical description
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Fig. 12. (a) Snapshots of configurations from atomistic and coarse—grained simulations of
small systems with P3HT:Cgg = 1.85:1 w/w with Nmono = 12 at 550 K and 1 atm (Huang
etal., 2010). A single molecule of each type is highlighted. (b) C¢p aggregation in a simulation
containing P3HT:Cgg = 1.27:1 w/w with Nmono = 48. The largest Cq cluster is highlighted in
blue and all other particles in the system are shown as dots (Huang et al., 2011). Reprinted
with permission from J. Chem. Theor. Comp. 6, 527-537, 2010 and Fluid Phase Equilib. 302,
21-25, 2011. Copyright 2010 American Chemical Society and 2011 Elsevier, respectively.

of charge—carrier and exciton transport must inherently be multi-scale in nature, because it
must account for the anisotropic transport in conjugated polymers on the molecular scale (e.g.
higher intra- versus inter-chain charge mobility), exciton dissociation and diffusion between
electron donor and acceptor domains on the 10 nm scale, and charge—carrier transport within
donor and acceptor domains on the 100 nm scale.

5.1 Continuum drift-diffusion models

The modeling of the electrical characteristics of OPVs has been heavily influenced by the more
developed field of inorganic semiconductor physics. One common approach to device—scale
electrical modeling of organic solar cells that has been translated almost directly from
inorganic semiconductor field is the continuum drift-diffusion model (Sze & Ng, 2006). This
approach involves solving the continuity equations for the electron and hole densities, n and

p:

on 1
5 =5V JutD-R, @
ap 1

assuming that the electron and hole current densities, J,; and ], consist of a drift term that is
proportional to the gradient of the electrical potential ¢ and a diffusion term proportional to
the gradient of the carrier densities,

Jn = —enpy - Vip+eDy, - Vn, (6)
Jp = —eppp -V —eDy - Vp. 7)

Here ¢ is the elementary charge, D is the charge—carrier generation rate (which is equal to
the exciton dissociation rate for organic solar cells), R is the recombination rate, p, and p
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are the electron and hole mobilities respectively, and D; and D, are the electron and hole
diffusion coefficients. Typically, the mobilities and diffusion coefficients are assumed to obey
the Einstein relation, Dy, = kgTpn,p/e. In general, the mobilities and diffusion coefficients in
anisotropic materials such as conjugated polymers are tensors, but they have been assumed
to be scalars in most theoretical treatments. The drift-diffusion model is completed by the
Poisson equation relating the electrostatic potential to the charge—carrier densities,

— V- (eVy)=e(p—n), 8)

where € is the dielectric permittivity of the medium.

In contrast to inorganic semiconductor devices, in which light absorption produces free charge
carriers directly, electrical modeling of organic photovoltaics must take into account the
dynamics of (singlet) excitons and their finite probability of dissociating into free carriers.
Some calculations have avoided explicit consideration of exciton dynamics by taking the
charge—carrier generation rate to be a (constant) parameter that is chosen to fit device electrical
characteristics (Maturova et al., 2009a;b). In the framework of the drift-diffusion model, the
time evolution of the exciton density x is given by

%:%V(kBTyx-Vx)—FG—Rd—D—F}IR, )
where p, is the exciton mobility, G the exciton generation rate, and R4 the exciton decay
rate, which is usually assumed to have the form Ry = x/Ty, where 7y is the exciton
lifetime. The factor of 1/4 in front of the charge—carrier recombination rate in Equation 9
accounts for the fact that only a fraction of charge—carrier pairs recombine to form singlet
excitons (Buxton & Clarke, 2006; Shah & Ganesan, 2009). The recombination rate of free
charge carriers is generally assumed to be of the bimolecular Langevin form, R = vnp,
where v = e (jip + jn) /€, while the exciton dissociation rate D is often given by the Onsager
theory of electrolytic dissociation (Onsager, 1934), generalized to account for electric field
dependence by (Braun, 1984). More sophisticated approaches to the drift-diffusion model
have also been employed, accounting for phenomena such as trapped charges (Hwang et al.,
2009) and various forms of the density of states (MacKenzie et al., 2011).

The exciton generation rate G is equal to the dissipation rate of optical power and is
thus proportional to the absorbed light intensity. Some drift-diffusion calculations of BHJ
solar cells have assumed an exponential attenuation of the light intensity in the active
layer with attenuation rate proportional to the absorption coefficient (Buxton & Clarke,
2006; Shah & Ganesan, 2009), while others have used a more sophisticated optical transfer
matrix approach (Moulé & Meerholz, 2007; Pettersson et al., 1999) to account for interference
effects between ingoing and outcoming light waves (Kotlarski et al., 2008; Nam et al., 2010).
Interference results in significant variations in the light intensity in thin-film devices for layer
thicknesses on the order of the wavelength of light. Some calculations have simply assumed a
constant generation rate within the active layer (Koster et al., 2005; Maturova et al., 2009a;b).
While this may seem a drastic approximation, assuming a constant generation rate or using
the optical transfer matrix method with the same total generation rate has been shown to
make little difference to the the electrical characteristics of MDMO-PPV:PCBM BH]J solar
cells (Kotlarski et al., 2008).
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To solve the drift-diffusion equations, boundary conditions at the electrode interfaces for
the electrical potential and charge—carrier densities (or current densities) must be specified,
which in general depend on the applied voltage, electrode work functions, and electron donor
and acceptor HOMO and LUMO levels (Koster et al., 2005; Shah & Ganesan, 2009). For
charge transfer at internal interfaces between donor and acceptor domains, a transfer rate
that depends exponentially on the energy difference between the donor and acceptor HOMO
levels (for hole transport) or LUMO levels (for electron transport) is often assumed (Ruhstaller
et al., 2001). Device characteristics are generally calculated under steady-state conditions, in
which the time derivatives on the left-hand sides of Equations 4, 5, and 9 are set to zero.

The parameters used in the drift-diffusion model, such as the charge—carrier mobilities,
exciton lifetime, dielectric permittivity, electrode work functions, and donor and acceptor
HOMO and LUMO levels, are generally taken from experimental measurements of the
pure donor, acceptor, and electrode materials. These properties are therefore assumed to
be isotropic and spatially invariant, except that differences between the values in donor
and acceptor domains are sometimes taken into account. In some cases spatial variation of
the carrier mobility is introduced in the form of a Poole-Frenkel electric field dependence,

Hn,p = Hon,p €XP (, /E/ EOn,p> , where E = [V is the magnitude of the electric field and pgy,,

and Epj, p are constants (Buxton & Clarke, 2006).

In the simplest examples of drift—diffusion modeling of BH]J solar cells, the structure of
the BHJ has been ignored entirely and the active layer has been assumed to be completely
uniform (Hwang et al., 2009; Koster et al., 2005; Sievers et al., 2006). In this case, the model
simplifies considerably, with the electric field and charge carrier densities depending only
on one spatial dimension. Such models can be useful for understanding the dependence of
device characteristics on parameters such as the active layer thickness, injection barriers, and
carrier mobilities. However, they completely ignore the sensitivity of device characteristics to
the BHJ morphology, which is demonstrated by the strong dependence of solar cell efficiency
on processing conditions for the same donor/acceptor blend ratios (Saunders & Turner, 2008).
The BHJ morphology has been accounted for in some drift-diffusion calculations (Figure 13)
by assuming a regular two-dimensional array of interdigitated donor and acceptor domains
characterized by a domain width or widths (Maturova et al., 2009a;b; Nam et al., 2010).
The material properties within the domains in these calculations have been taken to be
uniform. These models allow the dependence of the device characteristics on the level of
phase separation in the BH]J to be determined but they assume a BH] morphology rather than
determining it from some structural model.

Within the framework of drift-diffusion models, some calculations have accounted for
the effect of material properties and thermodynamic conditions on the heterojunction
morphology formed and the consequences for electrical characteristics. Buxton et. al. (Buxton
& Clarke, 2006) used a Flory-Huggins Cahn-Hilliard model to determine the morphology of
an active layer consisting of a donor-acceptor block copolymer under various conditions and
a two-dimensional drift-diffusion model as described above to calculate device properties.
Adding another level of complexity (Shah & Ganesan, 2009), used self-consistent field theory
(SCFT) to calculate the morphology of a donor—acceptor rod—coil block copolymer, accounting
for the orientational anisotropy of the rods and the resulting charge mobility anisotropy. With
this model, they found a significant interplay of domain size and anisotropy in optimizing
device characteristics.
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Fig. 13. Low field current—voltage characteristics of BH]J solar cells with different length
scales of phase separation. Letters and numbers in the legend refer to solvent [toluene (t) or
chlorobenzene (cb)] and spin—casting speed (in rpm), respectively. The symbols are the
experimental data, and the lines were calculated using the parameters employed in the
numerical modeling. The inset shows the sample layout for the numerical model. Each slab
has a thickness d and repeats with a dimension L where L; and L, represent the width of the
donor and acceptor slabs, respectively (Maturovd et al., 2009b). Reprinted with permission
from Nano Lett. 9, 3032-3037, 2009. Copyright 2009 American Chemical Society.

The structural models of Buxton & Clarke (2006) and Shah & Ganesan (2009) assumed generic
material properties rather than considering specific realistic systems. They were also restricted
to BHJs consisting of block copolymers, for which the equilibrium morphologies, which are
readily obtained by methods such as SCFT, consist of phase-separated donor and acceptor
domains. For typical BHJs consisting of donor and acceptor materials that are not chemically
bonded and for which the equilibrium morphology is two completely phase-separated donor
and acceptor domains (i.e. a bilayer), such approaches are less suitable. In these cases, an
accurate means for calculating non-equilibrium morphologies is required. Non-equilibrium
continuum field theories of polymer mixtures or polymer/fullerene mixtures are not well
developed, although progress has been made on this front (Ceniceros et al., 2009).

Molecular dynamics simulations, such as those described above for atomistic and
coarse-grained models, provide a well-established means for obtaining non—equilibrium
morphologies. In particular, coarse-grained simulations like those described in the previous
sections provide a means of obtaining non-equilibrium BHJ morphologies on length scales
close to the device scale. Continuum drift-diffusion models of charge—carrier and exciton
cannot, however, be directly combined with BHJ morphologies from molecular simulations to
study the morphology dependence of device characteristics. The next section describes how
molecular dynamics models can be used to describe charge—carrier and exciton transport.
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5.2 Kinetic Monte Carlo models

At the other extreme to continuum drift-diffusion modeling, charge—carrier transport has
been studied on the atomic scale using quantum chemical calculations and time-dependent
perturbation theory (Brédas et al., 2004; Cheung & Troisi, 2008; Coropceanu et al., 2007).
Such calculations are computationally intensive and are generally restricted to systems on
the nanometer scale and therefore cannot be used to study transport between donor-acceptor
domains on the 10 nm scale, let alone device—scale transport. Vukmirovic et. al. (Vukmirovi¢ &
Wang, 2008; 2009) have developed a multi-scale ab initio method of simulating charge—carrier
transport that provides a systematic means of combining density functional calculations of
small-scale local structural motifs to obtain the electronic structure and charge—transport
properties of organic semiconductors up to the 100 nm length scale. But this method has
only been applied to studying pure materials so far.

The equations of time-dependent perturbation theory can be simplified in the case of
weak electronic coupling between donor and acceptor sites. In the limit of weak
electron—phonon coupling and low temperature, the charge-transfer rate can be described
by the Miller—-Abrahams formalism (Coropceanu et al., 2007), in which the hopping rate from

site i to j is
27 _E-E A A
kij = vexp (——U) x { P ( ks T ) Bj > Ei , (10)
ao 1, E] < E;

where v is the attempt-to-escape frequency, 4¢ the localization radius, r;; is the hopping
distance, and E; and E; are the energies of sites i and j respectively. In the limit of strong
electron—phonon coupling and high temperature, the charge-transfer rate can be described by
Marcus theory (Coropceanu et al., 2007; Nelson et al., 2009),

P
Kij = 57\ hepT &

where | is the electronic coupling between initial and final states (which depends, among
other things, on the hopping distance r;;), A is the reorganisation energy, and AG is the
difference in free energy between the initial and final states, which is often assumed to be
equal to the difference in energy (E; — E;). In the weak—coupling limit, exciton transport can
be described by Forster resonant energy transfer (FRET) between sites, which, in its simplest
form, gives an exciton transfer rate that is inversely proportional to the sixth power of the
hopping distance ;; and decays exponentially with the energy difference (E; — E;) between
the sites (Watkins et al., 2005). The parameters in the transport equations can be estimated
from quantum chemical calculations or experimental measurements (Coropceanu et al., 2007;
Nelson et al., 2009; Westenhoff et al., 2006; 2005).

Such models of exciton and charge—carrier hopping between discrete sites have been used
to study exciton and charge-carrier dynamics in BHJs, which can be simulated with a
kinetic Monte Carlo algorithm (Frost et al., 2006; Groves et al., 2009; Meng et al., 2010;
2011; Watkins et al., 2005). These models can account for the molecular nature of the active
layer, the morphology of the BHJ, and the anisotropy of exciton and charge transport in a
straightforward fashion. However, all implementations of such models so far (Frost et al.,
2006; Groves et al., 2009; Meng et al., 2010; 2011; Watkins et al., 2005) have treated the

(AG + 1)
4AkgT

, (11)
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dependence of the BH] morphology on material properties and thermodynamic conditions
in an approximate, albeit physically motivated, fashion: electron donor and acceptor sites
were assumed to occupy sites on a cubic lattice and their interactions tuned to produce
varying levels of phase separation after donor and acceptor sites were moved according
to a Monte Carlo algorithm. Groves et. al used a kinetic Monte Carlo model in a cubic
lattice to coarsen a random mixture of donor and acceptor sites into extended domains by
allowing high energy interfacial sites to “exchange” position with lower energy sites. Once
the coarsened morphology was generated, a drift—diffusion model was used to electrically
model the device. When energetic disorder of isolated or smaller domains/sites was used to
reduce charge mobility locally, the effects of local morphology on electrical properties could
be modelled (Groves et al., 2009). Charge mobility was shown to be the most important
determinant of efficiency using this model.

Recently, the Marcus charge-hopping model has been coupled with morphologies
obtained from molecular dynamics or Monte Carlo simulations of more realistic
molecular models to study charge transport in various physical pure materials, including
hexabezocoronene (Kirkpatrick et al.,, 2007) and fullerenes (Kwiatkowski et al., 2009;
MacKenzie et al., 2010; Nelson et al., 2009). But so far, such hopping models have not
been combined with realistic structural models of electron donor/acceptor mixtures to study
exciton and charge—carrier transport in BHJs. The atomistic and coarse-grained structural
models described in the previous sections are amenable to such a treatment. By back-mapping
the coarse-grained simulation configurations on to an atomistic description (Baschnagel
et al., 2000) and estimating exciton and charge transport parameters from quantum chemical
calculations of small atomistic systems as functions of relevant structural parameters,
molecular-scale exciton and charge—carrier transport over an entire coarse-grained system
can be studied. Such a strategy could be used to develop a multi-scale model of exciton and
charge—carrier transport that accurately accounts for the BHJ morphology and its relationship
to electrical characteristics from the molecular level up to the device scale.

6. Conclusions

It is obvious that the realistic description of OPVs is a true multi-scale problem. Therefore,
the question of which technique is the best to describe the system is meaningless. We need
all of them and much work needs to be done to combine them in a meaningful manner. We
will always need to identify the right time and length scale for any given problem and then
select the model to describe it, never the other way round. It may be tempting to take a
model that has been validated in other contexts and just apply it. But we always have to make
sure that it contains the right physics and chemistry and that it can realistically describe the
relevant aspects of the system. This chapter has clearly been constrained to a small number
of problems. But it should have given the reader a flavor of what is possible and how to
approach modeling organic photovoltaics in a meaningful manner.

7. References

Akaike, K., Kanai, K., Ouchi, Y. & Seki, K. (2010). Impact of ground-state charge transfer
and polarization energy change on energy band offsets at donor/acceptor interface
in organic photovoltaics, Advanced Functional Materials 20(5): 715-721.



52 Third Generation Photovoltaics

Al-Ibrahim, M., Ambacher, O., Sensfuss, S. & Gobsch, G. (2005). Effects of
solvent and annealing on the improved performance of solar cells based on
poly(3-hexylthiophene): Fullerene, Applied Physics Letters 86(20): 201120.

Allen, M. P. & Tildesley, D. J. (1987). Computer Simulation of Liquids, Clarendon Press, Oxford.

Andersen, P. D.; Skarhgj, J. C.; Andreassen J. W, Krebs E. C. (2009). Investigation of optical
spacer layers from solution based precursors for polymer solar cells using x-ray
reflectometry., Optical Materials 31: 1007-1012.

Andersson, B. V., Herland, A., Masich, S. & Ingands, O. (2009). Imaging of the
3d nanostructure of a polymer solar cell by electron tomography, Nano Letters
9(2): 853-855.

Andersson, B. V., Persson, N. K. & Inganas, O. (2008). Comparative study of organic thin film
tandem solar cells in alternative geometries, Journal of Applied Physics 104(12): 124508.

Andrienko, D., Marcon, V. & Kremer, K. (2006). Atomistic simulation of structure and
dynamics of columnar phases of hexabenzocoronene derivatives, Journal of Chemical
Physics 125(12): 124902.

Arif, M., Yun, M., Gangopadhyay, S., Ghosh, K., Fadiga, L., Galbrecht, F,, Scherf, U. & Guha, S.
(2007). Polyfluorene as a model system for space-charge-limited conduction, Physical
Review B 75(19) 195202.

Ballantyne, A. M., Ferenczi, T. A. M., Campoy-Quiles, M., Clarke, T. M., Maurano, A., Wong,
K. H., Zhang, W., Stingelin-Stutzmann, N., Kim, J.-S., Bradley, D. D. C., Durrant,
J. R., McCulloch, I., Heeney, M. & Nelson, J. (2010). Understanding the influence
of morphology on poly(3-hexylselenothiophene):PCBM solar cells, Macromolecules
43:1169-1174.

Baschnagel, J., Binder, K., Doruker, P, Gusev, A. A, Hahn, O., Kremer, K., Mattice,
W. L., Miiller-Plathe, F., Murat, M., Paul, W., Santos, S., Suter, U. W. & Tries, V.
(2000). Bridging the gap between atomistic and coarse-grained models of polymers:
Status and perspectives, Advances in Polymer Science: Viscoelasticity, Atomistic Models,
Statistical Chemistry, Vol. 152 of Advances in Polymer Science, Springer, pp. 41-156.

Bjorstrom, C. M., Bernasik, A., Rysz, ., Budkowski, A., Nilsson, S., Svensson, M., Andersson,
M. R., Magnusson, K. O. & Moons, E. (2005). Multilayer formation in spin—coated
thin films of low-bandgap polyfluorene : PCBM blends, Journal of Physics — Condensed
Matter 17(50): L529-L534.

Bjorstrom, C. M., Nilsson, S., Bernasik, A., Budkowski, A., Andersson, M., Magnusson, K. O.
& Moons, E. (2007). Vertical phase separation in spin-coated films of a low bandgap
polyfluorene/pcbm blend - effects of specific substrate interaction, Applied Surface
Science 253(8): 3906-3912.

Blom, P. W. M., de Jong, M. ]. M. & van Munster, M. G. (1997). Electric—field and temperature
dependence of the hole mobility in poly(p—phenylene) vinylene, Physical Review B
55(2): R656.

Botiz, I. & Darling, S. B. (2009). Self-assembly of poly(3-hexylthiophene)-block-polylactide
block copolymer and subsequent incorporation of electron acceptor material,
Macromolecules 42(21): 8211-8217.

Braun, C. L. (1984). Electric-field assisted dissociation of charge-transfer states as a
mechanism of photocarrier production, Journal of Chemical Physics 80(9): 4157—-4161.



Multi-Scale Modeling of Bulk Heterojunctions for Organic Photovoltaic Applications 53

Brédas, ]. L., Beljonne, D., Coropceanu, V. & Cornil, J. (2004). Charge-transfer and
energy-transfer processes in pi-conjugated oligomers and polymers: A molecular
picture, Chem. Rev. 104(11): 4971-5003.

Brinkmann, M. & Rannou, P. (2007). Effect of molecular weight on the structure and
morphology of oriented thin films of regioregular poly(3-hexylthiophene) grown by
directional epitaxial solidification, Advanced Functional Materials 17(1): 101-108.

Brocorens, P, Vooren, A. V., Chabinyc, M. L., Toney, M. E, Shkunov, M., Heeney, M.,
McCulloch, I., Cornil, J. & Lazzoroni, R. (2009). Advanced Materials 21(1193-1198).

Buxton, G. A. & Clarke, N. (2006). Predicting structure and property relations in polymeric
photovoltaic devices, Physical Review B 74(8): 085207.

Campoy—Quiles, M., Ferenczi, T., Agostinelli, T., Etchegoin, P. G., Kim, Y., Anthopoulos, T. D.,
Stavrinou, P. N., Bradley, D. D. C. & Nelson, J. (2008). Morphology evolution via
self-organization and lateral and vertical diffusion in polymer:fullerene solar cell
blends, Nature Materials 7(2): 158-164.

Ceniceros, H. D., Fredrickson, G. H. & Mohler, G. O. (2009). Coupled flow—polymer dynamics
via statistical field theory: Modeling and computation, Journal of Computational
Physics 228(5): 1624-1638.

Chabinyc, M. L. (2008). X-ray scattering from films of semiconducting polymers, Polymer
Reviews 48(3): 463—492.

Chen, R.S,, Lin, Y.]., Su, Y. C. & Chiu, K. C. (2001). Surface morphology of C-60 polycrystalline
films from physical vapor deposition Thin Solid Films 396: 103-108.

Cheng, W. R,, Tang, S. J., Su, Y. C, Lin, Y. J. & Chiu, K. C. (2003). Effects of substrate
temperature on the growth of C40 polycrystalline films by physical vapor deposition,
Journal of Crystal Growth 247: 401-407.

Cheung, D. L., McMahon, D. P. & Troisi, A. (2009a). Computational study of the structure
and charge-transfer parameters in low-molecular-mass P3HT, Journal of Physical
Chemistry B 113(28): 9393-9401.

Cheung, D. L., McMahon, D. P. & Troisi, A. (2009b). Computational study of the structure
and charge-transfer parameters in low-molecular-mass P3HT, Journal of Physical
Chemistry B 113: 9393-9401.

Cheung, D. L. & Troisi, A. (2008). Modelling charge transport in organic semiconductors:
from quantum dynamics to soft matter, Physical Chemistry Chemical Physics
10(39): 5941-5952.

Cheung, D. L. & Troisi, A. (2010). Theoretical study of the organic photovoltaic electron
acceptor PCBM: Morphology, electronic structure, and charge localization, Journal
of Physical Chemistry C 114: 20479-20488.

Choudhury, N. (2006). A molecular dynamics simulation study of buckyballs in water:
Atomistic versus coarse-grained models of C-60, Journal of Chemical Physics
125(3): 034502.

Coropceanu, V., Cornil, J., da Silva, D. A., Olivier, Y., Silbey, R. & Brédas, J. L. (2007). Charge
transport in organic semiconductors, Chemical Reviews 107(4): 926-952.

Curco, D. & Aleman, C. (2007). Computational tool to model the packing of polycyclic chains:
Structural analysis of amorphous polythiophene, Journal of Computational Chemistry
28(10): 1743-1749.

Djojo, E, Hirsch, A. & Grimme, S. (1999). European Journal of Organic Chemistry 1999: 113027.



54 Third Generation Photovoltaics

Do, K., Huang, D. M., Faller, R. & Moulé, A.J. (2010). A comparative MD study of the local
structure of polymer semiconductors P3HT and PBTTT, Physical Chemistry Chemical
Physics 12: 14735-14739.

Ecija, D., Otero, R., Sanchez, L., Gallego, J. M., Wang, Y., Alcami, M., Martin, F,, Martin, N.
& Miranda, R. (2007). Crossover site-selectivity in the adsorption of the fullerene
derivative PCBM on Au(111), Angewandte Chemie International Edition 46: 7874.

Erb, T., Zhokhavets, U., Gobsch, G., Raleva, S., Stuhn, B., Schilinsky, P., Waldauf, C.
& Brabec, C. J. (2005). Correlation between structural and optical properties
of composite polymer/fullerene films for organic solar cells, Advanced Functional
Materials 15(7): 1193-1196.

Faller, R. (2004). Automatic coarse graining of polymers, Polymer 45(11): 3869-3876.

Faller, R. (2007). Reviews in Computational Chemistry, Vol. 23, Wilwy-VCH, chapter 4:
Coarse-Grain Modeling of Polymers, pp. 233-262.

Frenkel, D. & Smit, B. (1996). Understanding Molecular Simulation: From Basic Algorithms to
Applications, Academic Press, San Diego, CA.

Frost, J. M., Cheynis, F.,, Tuladhar, S. M. & Nelson, J. (2006). Influence of polymer-blend
morphology on charge transport and photocurrent generation in donor-acceptor
polymer blends, Nano Letters 6(8): 1674-1681.

Frost, J. M., Faist, M. A. & Nelson, J. (2010). Energetic disorder in higher fullerene adducts: A
quantum chemical and voltammetric study, Advanced Materials 22: 4881.

Funahashi, M. (2009). Development of Liquid—Crystalline Semiconductors with High
Carrier Mobilities and Their Application to Thin—film Transistors, Polymer Journal
41(6): 459-469.

Germack, D. S., Chan, C. K,, Kline, R. ], Fischer, D. A., Gundlach, D. J., Toney, M. E, Richter,
L. J. & DeLongchamp, D. M. (2010). Interfacial segregation in polymer/fullerene
blend films for photovoltaic devices, Macromolecules 43(8): 3828-3836.

Girifalco, L. A. (1992). Molecular properties of C-60 in the gas and solid-phases, Journal of
Physical Chemistry 96: 858-861.

Groves, C., Koster, L. J. A. & Greenham, N. C. (2009). The effect of morphology upon mobility:
Implications for bulk heterojunction solar cells with nonuniform blend morphology,
Journal of Applied Physics 105(9): 094510.

Groves, C., Reid, O. G. & Ginger, D. S. (2010). Heterogeneity in polymer solar cells: Local
morphology and performance in organic photovoltaics studied with scanning probe
microscopy, Accounts of Chemical Research 43(5): 612-620.

Gus'kova, O. A. Khalatur, P. G. & Khokhlov, A. R. (2009). Self-assembled
polythiophene-based nanostructures: Numerical studies, Macromolecular Theory and
Simulation 18: 219-246.

Haddon, R. C,, Perel, A. S., Morris, R. C., Palstra, T. T. M., Hebard, A. F. & Fleming, R. M.
(1995). Cgp thin film transistors, Applied Physics Letters 67(1): 121-123.

Hagen, M. H. ]., Meijer, E. J., Mooij, G. C. A. M., Frenkel, D. & Lekkerkerker, H. N. W. (1993).
Does C-60 have a liquid-phase, Nature 365: 425-426.

Hoppe, H. & Sariciftci, N. S. (2006). Morphology of polymer/fullerene bulk heterojunction
solar cells, Journal of Materials Chemistry 16(1): 45-61.

Huang, D. M., Faller, R., Do, K. & Moulé, A. ]. (2010). Coarse-grained computer simulations
of polymer/fullerene bulk heterojunctions for organic photovoltaic applications,
Journal of Chemical Theory and Computation 6(2): 526-537.



Multi-Scale Modeling of Bulk Heterojunctions for Organic Photovoltaic Applications 55

Huang, D. M., Moulé, A.]. & Faller, R. (2011). Characterization of polymer—fullerene mixtures
for organic photovoltaics by systematically coarse-grained molecular simulations,
Fluid Phase Equilibria 302(21-25).

Hummelen, J. C., Knight, B. W., LePeq, F. & Wudl, E. (1995). Preparation and characterization
of fulleroid and methanofullerene derivatives, Journal of Organic Chemistry 60(3): 532.

Hwang, I., McNeill, C. R. & Greenham, N. C. (2009). Drift-diffusion modeling of photocurrent
transients in bulk heterojunction solar cells, Journal of Applied Physics 106(9): 094506.

Kemerink, M., van Duren, J. K. J., Jonkheijm, P, Pasveer, W. E, Koenraad, P. M., Janssen, R.
A.]., Salemink, H. W. M. & Wolter, J. H. (2003). Relating substitution to single-chain
conformation and aggregation in poly(p-phenylene vinylene) films, Nano Letters
3(9): 1191-1196.

Kim, S. G. & Tomének, D. (1994). Melting the fullerenes: A molecular dynamics study, Physical
Review Letters 72(15): 2418.

Kirkpatrick, J., Marcon, V., Kremer, K., Nelson, ]J. & Andrienko, D. (2008). Columnar
mesophases of hexabenzocoronene derivatives. II. charge carrier mobility, Journal Of
Chemical Physics 129: 094506.

Kirkpatrick, J., Marcon, V., Nelson, J., Kremer, K. & Andrienko, D. (2007). Charge mobility
of discotic mesophases: A multiscale quantum and classical study, Physical Review
Letters 98(22): 227402.

Kline, R. J., DeLongchamp, D. M., Fischer, D. A, Lin, E. K., Richter, L. J., Chabinyc, M. K.,
Toney, M. F., Heeney, M. & McCulloch, I. (2007). Macromolecules 40: 7960-7965.

Kline, R. J. & McGehee, M. D. (2006). Morphology and charge transport in conjugated
polymers, Journal of Macromolecular Science, Part C: Polymer Reviews 46: 27.

Kooistra, F. B., Knol, J., Kastenberg, F, andW. J. H. Verhees, L. M. P,, Kroon, J. M., &
Hummelen, J. C. (2007). Increasing the open circuit voltage of bulk-heterojunction
solar cells by raising the LUMO level of the acceptor, Org. Lett. 9(4): 551-554.

Koster, L. J. A., Smits, E. C. P., Mihailetchi, V. D. & Blom, P. W. M. (2005). Device model
for the operation of polymer/fullerene bulk heterojunction solar cells, Phys. Rev. B
72(8): 085205.

Kotlarski, J. D., Blom, P. W. M., Koster, L. J. A., Lenes, M. & Slooff, L. H. (2008). Combined
optical and electrical modeling of polymer : fullerene bulk heterojunction solar cells,
J. Appl. Phys. 103(8): 084502.

Kwiatkowski, J. J., Frost, J. M. & Nelson, ]. (2009). The effect of morphology on electron
field-effect mobility in disordered C60 thin films, Nano Letters 9(3): 1085-1090.

Leclere, P., Hennebicq, E., Calderone, A., Brocorens, P., Grimsdale, A. C., Miillen, K., Brédas,
J. L. & Lazzaroni, R. (2003). Supramolecular organization in block copolymers
containing a conjugated segment: a joint AFM/molecular modeling study, Progress
in Polymer Science 28: 55-81.

Lee, K. H., Schwenn, P. E., Smith, A. R. G., Cavaye, H., Shaw, P. E., James, M., Krueger, K. B.,
Gentle, I. R., Meredith, P. & Burn, P. L. (2010). Morphology of all-solution-processed
"bilayer” organic solar cells, Advanced Materials 23: 766-770.

Lenes, M., Shelton, S. W, Sieval, A. B., Kronholm, D. F,, Hummelen, J. C. & Blom., P. W. (2009).
Electron Trapping in Higher Adduct Fullerene-Based Solar Cells Advanced Functional
Materials 19(18): 3002-3007.



56 Third Generation Photovoltaics

Lenes, M., Wetzelaer, G.-]. A. H., Kooistra, F. B., Veenstra, S. C., Hummelen, J. C. &
Blom, P. W. M. (2008). Fullerene bisadducts for enhanced open-circuit voltages and
efficiencies in polymer solar cells, Advanced Materials 20: 2116-2119.

Li, G, Shrotriya, V., Huang, J., Yao, Y., Moriarty, T., Emery, K. & Yang, Y. (2005). High-efficiency
solution processable polymer photovoltaic cells by self-organization of polymer
blends, Nature Materials 4: 864.

Li, G., Shrotriya, V., Yao, Y., Huang, J. S. & Yang, Y. (2007). Manipulating regioregular
poly(3-hexylthiophene):  [6,6]-phenyl-c-61-butyric acid methyl ester blends -
route towards high efficiency polymer solar cells, Journal of Materials Chemistry
17(30): 3126-3140.

Ma, W, Yang, C., Gong, X., Lee, K. & Heeger, A. ]. (2005b). Thermally stable, efficient polymer
solar cells with nanoscale controle of the interpenetrating network morphology,
Advanced Functional Materials 15: 1617-1622.

MacKenzie, R. C. I, Frost, ]. M. & Nelson, J. (2010). A numerical study of mobility in thin films
of fullerene derivatives, Journal Of Chemical Physics 132(6): 064904.

MacKenzie, R. C. I, Kirchartz, T., Dibb, G. E A. & Nelson, J. (2011). Modeling
nongeminate recombination in P3HT:PCBM solar cells, Journal of Physical Chemistry
C 115(19): 9806-9813.

Madsen, M. V., Sylvester-Hvid, K. O., Dastmalchi, B., Hingerl, K., Norrman, K., Tromholt,
T., Manceau, M., Angmo, D. & Krebs, E. C. (2011). Ellipsometry as a nondestructive
depth profiling tool for roll-to-roll manufactured flexible solar cells, Journal of Physical
Chemistry C 115: 10817-10822.

Marcon, V. & Raos, G. (2006). Free energies of molecular crystal surfaces by computer
simulation: Application to tetrathiophene, Journal of the American Chemical Society
128: 1408-1409.

Marcon, V., Raos, G., Campione, M. & Sassella, A. (2006). Incommensurate epitaxy
of tetrathiophene on potassium hydrogen phthalate: Insights from molecular
simulation, Crystal Growth & Design 6: 1826-1832.

Marcon, V., Vehoff, T., Kirkpatrick, J., Jeong, C., Yoon, D. Y., Kremer, K. & Andrienko,
D. (2008). Columnar mesophases of hexabenzocoronene derivatives. I. phase
transitions, Journal of Chemical Physics 129(9): 094505.

Martens, H. C. F,, Brom, H. B. & Blom, P. W. M. (1999). Frequency-dependent electrical
response of holes in poly(p-phenylene vinylene), Physical Review B 60(12): R8489.

Maturovd, K., Kemerink, M., Wienk, M. M., Charrier, D. S. H. & Janssen, R. A. J.
(2009).  Scanning Kelvin probe microscopy on bulk heterojunction polymer
blendsmicroscopy on bulk heterojunction polymer blends, Advanced Functional
Materials 19(9): 1379-1386.

Maturovda, K., van Bavel, S. S., Wienk, M. M., Janssen, R. A. J. & Kemerink, M. (2009).
Morphological device model for organic bulk heterojunction solar cells, Nano Letters
9(8): 3032-3037.

Meille, S. V., Romita, V., Caronna, T., Lovinger, A. ., Catellani, M. & Belobrzeckaja, L. (1997).
Macromolecules 30: 7898-7905.

Melzer, C., Koop, E. J.,, Mahailetchi, V. D. & Blom, P. W. M. (2004). Hole transport
in poly(phenylene vinylene)/methanofullerene bulk-heterojunction solar cells,
Advanced Functional Materials 14(9): 865-870.



Multi-Scale Modeling of Bulk Heterojunctions for Organic Photovoltaic Applications 57

Meng, L., Shang, Y., Li, Q., Li, Y., Zhan, X., Shuai, Z., Kimber, R. G. E. & Walker, A. B. (2010).
Dynamic Monte Carlo simulation for highly efficient polymer blend photovoltaics,
Journal of Physical Chemistry B 114(1): 36—-41.

Meng, L., Wang, D., Li, Q., Yi, Y., Brédas, ] .-L. & Shuai, Z. (2011). An improved dynamic monte
carlo model coupled with poisson equation to simulate the performance of organic
photovoltaic devices, Journal of Chemical Physics 134(12): 124102.

Mihailetchi, V. D., can Duren, J. K. J., Blom, P. W. M., Hummelen, J. C., Janssen, R. A. J., Kroon,
J. M., Rispens, M. T., Verhees, W. J. H. & Wienk, M. M. (2003). Electron transport in a
methanofullerene, Advanced Functional Materials 13(1): 43-46.

Mihailetchi, V. D., Xie, H. X., de Boer, B., Koster, L. J. A. & Blom, P. W. M. (2006). Charge
transport and photocurrent generation in poly (3-hexylthiophene): Methanofullerene
bulk-heterojunction solar cells, Advanced Functional Materials 16(5): 699-708.

Mitchell, W. J., Burn, P. L., Thomas, R. K., Fragneto, G., Markham, J. P. J. & Samuel, I. D. W.
(2004). Relating the physical structure and optical properties of conjugated polymers
using neutron reflectivity in combination with photoluminescence spectroscopy,
Journal of Applied Physics 95(5): 2391-2396.

Moulé, A. J. & Meerholz, K. (2009). Morphology control in solution—processed
bulk-heterojunction  solar cell mixtures, Advanced Functional Materials
19(9999): 3028-3036.

Moulé, A. J. & Meerholz, K. (2007). Minimizing optical losses in bulk heterojunction polymer
solar cells, Applied Physics B 86(4): 771-777.

Nam, Y. M., Hubh, J. & Ho Jo, W. (2010). Optimization of thickness and morphology of active
layer for high performance of bulk-heterojunction organic solar cells, Solar Energy
Materials & Solar Cells 94(6): 1118-1124.

Napoles-Duarte, J. M., Lopez-Sandoval, R., Gorbatchev, A. Y., Reyes—Reyes, M. & Carroll,
D. L. (2009). Encapsulation of the fullerene derivative [6,6]-phenyl-c61-butyric acid
methyl ester inside micellar structures, J. Phys. Chem. C 113: 13677.

Nelson, J., Kwiatkowski, J. J., Kirkpatrick, J. & Frost, J. M. (2009). Modeling charge transport
in organic photovoltaic materials, Acc. Chem. Res. 42(11): 1768-1778.

Nieuwendaal, R. C., Snyder, C. R, Kline, R. J.,, Lin, E. K., VanderHart, D. L. &
DeLongchamp, D. M. (2010). Measuring the extent of phase separation in
poly-3-hexylthiophene /phenyl-c-61-butyric acid methyl ester photovoltaic blends
with h-1 spin diffusion nmr spectroscopy, Chemistry of Materials 22(9): 2930-2936.

Onsager, L. (1934). Initial recombination of ions, Physical Review 54: 554-557.

Oosterhout, S. D., Wienk, M. M., van Bavel, S. S., Thiedmann, R., Koster, L. ]. A., Gilot, J., Loos,
J., Schmidt, V. & Janssen, R. A. J. (2009). The effect of three-dimensional morphology
on the efficiency of hybrid polymer solar cells, Nature Materials 8(10): 818-824.

Padinger, F,, Rittberger, R. S. & Sariciftci, N. S. (2003). Effects of postproduction treatment on
plastic solar cells, Advanced Functional Materials 13(1): 85-88.

Pettersson, L. A. A., Roman, L. S. & Ingands, O. (1999). Modeling photocurrent action
spectra of photovoltaic devices based on organic thin films, Journal of Applied Physics
86(1): 487-496.

Pingree, L. S. C.,, Reid, O. G. & Ginger, D. S. (2009). Imaging the evolution of
nanoscale photocurrent collection and transport networks during annealing of
polythiophene/fullerene solar cells, Nano Letters 9(8): 2946-2952.



58 Third Generation Photovoltaics

Prosa, T. J.,, Winokur, M. J. & McCullough, R. D. (1996). Evidence of a novel Side chain
structure in regioregular poly(J-alkyl thiophenes), Macromolecules 29: 3654-3656.

Prosa, T. J., Winokur, M. J., Moulton, J., Smith, P. & Heeger, A. J. (1992). X-Ray structural
studies of poly (3-alkylthiophenes) — An example of an inverse comb, Macromolecules
25: 4364-4372.

Qiao, R, Roberts, A. P., Mount, A. S., Klaine, S. J. & Ke, P. C. (2007). Translocation of C-60 and
its derivatives across a lipid bilayer, Nano Letters 7: 614-619.

Reid, O. G., Munechika, K. & Ginger, D. S. (2008). Space charge limited current measurements
on conjugated polymer films using conductive atomic force microscopy, Nano Letters
8(6): 1602-1609.

Reith, D., Piitz, M. & Miiller-Plathe, F. (2003).  Deriving effective meso-scale coarse
graining potentials from atomistic simulations, Journal of Computational Chemistry
24(13): 1624-1636.

Rispens, M. T., Meetsma, A., Rittberger, R., Brabec, C. J., Sariciftci, N. S. & Hummelen, J. C.
(2003). Influence of the solvent on the crystal structure of PCBM and the efficiency of
MDMO-PPV:PCBM ‘plastic” solar cells, Chemical Communications 17: 2116-2118.

Rubhstaller, B., Carter, S. A., Barth, S., Riel, H., Riess, W. & Scott, J. C. (2001). Transient and
steady-state behavior of space charges in multilayer organic light-emitting diodes,
Journal of Applied Physics 89(8): 4575-4586.

Saba, M. L., Melis, C., Colombo, L., Malloci, G. & Mattoni, A. (2011). Polymer crystallinity and
transport properties at the poly(3-hexylthiophene)/zinc oxide interface, | Phys Chem
C 115(19): 9651-9655.

Sandberg, H. G. O., Frey, G. L., Shkunov, M. N., Sirringhaus, H., Friend, R. H., Nielsen,
M. M. & Kumpf, C. (2002). Ultrathin regioregular poly(3-hexyl thiophene) field-effect
transistors, Langmuir 18: 10176-10182.

Sariciftci, N. S., Braun, D., Zhang, C., Srdanov, V. 1., Heeger, A. J., Stucky, G. & Wud],
F. (1993). Semiconducting polymer-buckminsterfullerene heterojunctions: Diodes,
hotodiodes, and photovoltaic cells, Applied Physics Letters 62(6): 585.

Sariciftci, N. S., Smilowitz, L., Heeger, A. J. & Wudl, F. (1992). Photoinduced electron-transfer
from a conducting polymer to buckminsterfullerene, Science 258(5087): 1474-1476.

Saunders, B. R. & Turner, M. L. (2008). Nanoparticle-polymer photovoltaic cells, Advances in
Colloid and Interface Science 138(1): 1-23.

Schilinsky, P., Asawapirom, U., Scherf, U., Biele, M. & Brabec, C. J. (2005). Influence
of the molecular weight of poly(3-hexylthiophene) on the performance of bulk
heterojunction solar cells, Chemistry of Materials 17(8): 2175-2180.

Shah, M. & Ganesan, V. (2009). Correlations between morphologies and photovoltaic
properties of rodal.Scoil block copolymers, Macromolecules 43(1): 543-552.

Sievers, D. W., Shrotriya, V. & Yang, Y. (2006). Modeling optical effects and thickness
dependent current in polymer bulk-heterojunction solar cells, |. Appl. Phys.
100(11): 114509.

Singh, T. B., Sariciftci, N. S., Yang, H., Yang, L., Plochberger, B. & Sitter, H. (2007). Correlation
of crystalline and structural properties of c60 thin films grown at various temperature
with charge carrier mobility, Applied Physics Letters 90: 213512.

Sun, Q. & Faller, R. (2006). Systematic coarse-graining of a polymer blend: Polyisoprene and
polystyrene, Journal of Chemical Theory and Computation 2(3): 607-615.



Multi-Scale Modeling of Bulk Heterojunctions for Organic Photovoltaic Applications 59

Sun, Q., Ghosh, J. & Faller, R. (2008). Coarse—Graining of Condensed Phase and Biomolecular
Systems, Chapman and Hall/CRC Press, Taylor and Francis Group, Chapter 6.
State Point Dependence and Transferability of Potentials in Systematic Structural
Coarse—-Graining, pp. 69-82.

Sze, S. M. & Ng, K. K. (2006). Physics of semiconductor devices, 3rd edn, Wiley—Interscience,
Hoboken.

Thompson, B. C. & Frchet, ]. M. ]. (2008). Polymer—fullerene composite solar cells, Angewandte
Chemie International Edition 47: 58-77.

Troshin, P. A., Hoppe, H., Renz, ., Egginger, M., Mayorova, J. Y., Goryachev, A. E., Peregudov,
A. S., Lyubovskaya, R. N., Gobsch, G., Sariciftci, N. S. & Razumov, V. E. (2009).
Material solubility—photovoltaic performance relationship in the design of novel
fullerene derivatives for bulk heterojunction solar cells, Advanced Functional Materials
19: 779-788.

van Bavel, S. S., Barenklau, M., de With, G., Hoppe, H. & Loos, J. (2010). P3HT/PCBM
bulk heterojunction solar cells: Impact of blend composition and 3D morphology
on device performance, Advanced Functional Materials 20(9): 1458-1463.

van Bavel, S. S., Sourty, E., With, G. d. & Loos, ]. (2008). Three—dimensional nanoscale
organization of bulk heterojunction polymer solar cells, Nano Letters 9(2): 507-513.

van de Craats, A. M., Warman, J. M., Fechtenkotter, A., Brand, J. D., Harbison, M. A.
& Miillen, K. (1999). Record charge carrier mobility in a room-temperature
discotic liquid—crystalline derivative of hexabenzocoronene, Advanced Materials
11(17): 1469-1472.

Vissenberg, M. & Blom, P. W. (1999). Transient hole transport in poly(-p-phenylene vinylene)
leds, Synthetic Metals 102: 1053-1054.

Vukmirovi¢, N. & Wang, L.-W. (2008). Charge patching method for electronic structure of
organic systems, Journal of Chemical Physics 128(12): 121102.

Vukmirovi¢, N. & Wang, L.-W. (2009). Charge carrier motion in disordered conjugated
polymers: A multiscale ab initio study, Nano Letters 9(12): 3996—-4000.

Watkins, P. K., Walker, A. B. & Verschoor, G. L. B. (2005). Dynamical Monte Carlo modelling of
organic solar cells: The dependence of internal quantum efficiency on morphology,
Nano Lett. 5(9): 1814-1818.

Westenhoff, S., Beenken, W. ]J. D., Yartsev, A. & Greenham, N. C. (2006). Conformational
disorder of conjugated polymers, Journal of Chemical Physics 125(15): 154903.
Westenhotff, S., Daniel, C., Friend, R. H., Silva, C., Sundstrom, V. & Yartsev, A. (2005). Exciton
migration in a polythiophene: Probing the spatial and energy domain by line-dipole

Forster-type energy transfer, Journal of Chemical Physics 122(9): 094903.

Widge, A. S., Matsuoka, Y. & Kurnikova, M. (2007). = Computational modeling of
poly(alkylthiophene) conductive polymer insertion into phospholipid bilayers,
Langmuir 23: 10672-10681.

Widge, A. S., Matsuoka, Y. & Kurnikova, M. (2008). Development and initial testing of
an empirical forcefield for simulation of poly(alkylthiophenes), Journal of Molecular
Graphics and Modelling 27: 34—44.

Wong-Ekkabut, J., Baoukina, S., Triampo, W., Tang, I. M., Tieleman, D. P. & Monticelli,
L. (2008). Computer simulation study of fullerene translocation through lipid
membranes, Nature Nanotechnology 3: 363-368.



60 Third Generation Photovoltaics

Xu, H., Chen, D. M. & Creager, W. N. (1993). Double domain solid Cgg on Si (111) 7 x 7, Physical
Review Letters 70(12): 1850.

Xu, Z., Chen, L. M., Yang, G. W,, Huang, C. H., Hou, J. H,, Wu, Y,, Li, G, Hsu, C. S. & Yang,
Y. (2009). Vertical phase separation in poly(3-hexylthiophene): Fullerene derivative
blends and its advantage for inverted structure solar cells, Advanced Functional
Materials 19(8): 1227-1234.

Yamamoto, T., Komarudin, D., Arai, M., Lee, B.-L., Suganuma, H., Asakawa, N., Inoue,
Y., Kubota, K., Sasaki, S., Fukuda, T. & Matsuda, H. (1998). ]. Am. Chem. Soc.
120: 2047-2058.

Yang, C. Y., Hu, J. G. & Heeger, A.J. (2006). Molecular structure and dynamics at the interfaces
within bulk heterojunction materials for solar cells, Journal of the American Chemical
Society 128(36): 12007-12013.

Yang, X. N., Loos, J., Veenstra, S. C., Verhees, W. ]. H., Wienk, M. M., Kroon, J. M., Michels, M.
A.]. & Janssen, R. A.]. (2005). Nanoscale morphology of high—performance polymer
solar cells, Nano Letters 5(4): 579-583.

Yu, G., Gao, J.,, Hummelen, J. C., Wudl, E. & Heeger, A. ]J. (1995). Polymer photovoltaic
cells: Enhanced efficiencies via a network of internal donor-acceptor heterojunctions,
Science 270(5243): 1789-1791.

Zen, A., Pflaum, J., Hirschmann, S., Zhuang, W., Jaiser, F., Asawapirom, U., Rabe, J. P,
Scherf, U. & Neher, D. (2004). Effect of molecular weight and annealing of poly
(8-hexylthiophene)s on the performance of organic field—effect transistors, Advanced
Functional Materials 14(8): 757-764.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


