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CHAPTER 1

INTRODUCTION TO ORGANIC
SOLAR CELLS

Summary

The increasing need for energy can be satisfied by harvesting energy directly from
sunlight; organic photovoltaics offer the possibility to do so in a cheap and sustainable
way. This chapter is an introduction to organic photovoltaics, with an overview of
the basic device physics. After discussing the experimental and simulation techniques
which were used for this work, an outline of the thesis is given.
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Chapter 1. Introduction to organic solar cells

1.1 Solar energy

Among the problems that modern day society is facing, the increasing need for energy
is certainly one of the most pressing. During all the industrial age, the production* of
energy has largely relied on the use of fossil fuels. Besides the environmental pollution
that is caused by burning fossil fuels, an important problem is that these sources of en-
ergy are non-renewable: by the end of this century, most of the fossil fuels will have run
out. [1] It is therefore necessary to radically change our energy production, switching to
renewable sources such as solar, wind and nuclear, which nowadays provides around
2% [2] of the total energy produced worldwide.

The world energy consumption per year amounted to 5.598 x 1020 J in 2012, [3] and it is
constantly increasing. Although this amount of energy seems enormous, it is just a small
fraction of the energy that every year reaches the Earth from the Sun, approximately
3.85 x 1024 J. Efficiently harvesting solar energy would meet all our needs for energy
practically forever, as the Sun will continue to burn for the next 5 billion years.

State-of-the-art technologies for harvesting solar energy are based on inorganic semi-
conductors and have a record power conversion efficiency beyond 45% [4], although the
efficiency of the commercially available solar cells for terrestrial use is around 20%. A
drawback of these technologies is the higher price if compared to the non-renewable
sources.

Organic photovoltaics (OPV) represent a valid alternative to the use of inorganic-
based modules, because of the potential for relative low-cost and ease of devices fabrica-
tion, [5] the possibility of producing flexible and light devices, [6,7] and the environmen-
tal sustainability. [8,9] Using organic thin films, power conversion efficiencies above 10%
have been achieved both in single layer and in tandem architecture. [10,11] Aiming at the
commercialization of OPV technologies capable to compete with conventional inorganic
solar cells, both the efficiency and the stability of OPV devices need to be improved. This
requires a thorough understanding of the fundamental processes that occurs in the OPV
devices.

1.2 Solar cell efficiency

Figure 1.1 represents a typical current-voltage (JV ) curve of a solar cell under illumina-
tion. The current density at zero bias is called short-circuit current (Jsc); the applied bias
at which the current density is zero is the open-circuit voltage (Voc). The power gener-
ated by the cell is given by the product of J and V in the fourth quadrant of the plot. Its
maximum value is reached at the maximum power point (MPP), at which the applied
bias is Vmax and the corresponding current density is Jmax. It is customary in the field of
photovoltaics to define the fill-factor FF as

*The terms “production” and “consumption” referred to energy are not physically correct. It is however
common language to use them, and so do I in the first paragraph of this thesis.
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1.3. Organic semiconductors

FF =
JmaxVmax

JscVoc
. (1.1)
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Figure 1.1: Current-voltage characteristic of a solar cell under illumination.

The power conversion efficiency (PCE) of the solar cell can be calculated using Jsc,
Voc and FF, according to

PCE =
JscVocFF

I
, (1.2)

where I is the incident light intensity. The power conversion efficiency has to be deter-
mined under standard test conditions (STC), which include the temperature of the cell
(25 ◦C), the light intensity (1 Sun, equal to 1000 W/m2) and the spectral distribution of
the light (air mass 1.5)*.

1.3 Organic semiconductors

Electrical conductivity in organic materials has been proved in the 1950s; [12,13] since
then, the research field of organic electronic has gone trough a rapid development. A
milestone paper was written 1977 by Shirakawa, MacDiarmid and Heeger. [14] Their
work, for which they were awarded of the Nobel prize in chemistry in 2000, demon-
strated the possibility of controlling the conductivity of conjugated polymers by doping.
Conjugated polymers have been used successfully to fabricate organic light emitting

*The air mass 1.5, or AM1.5, is the spectrum of sunlight after passing through 1.5 times the thickness of
Earth’s atmosphere
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Chapter 1. Introduction to organic solar cells

diodes (OLEDs) [15] and solar cells. [16] The field is however not limited to conjugated
polymers, and devices have been realized also with conducting small molecules. [17,18]

Whether they are polymers or small molecules, all organic semiconductors owe their
electrical properties to conjugated π-electrons. A conjugated organic system is made
by an alternation of single and double covalent bonds between carbon atoms (Figure
1.2). Single bonds are always strong σ-bonds, in which the two bonding electrons are
localized in the region between the nuclei of the two atoms that share them. Double
bonds contains a σ-bond and a weaker π-bond, in which electrons are more mobile. The
wave functions of π-electrons are delocalized and extend beyond the two atoms.

(a)

(b)

Figure 1.2: a) Chemical structures of polyacetylene, the simplest conjugated polymer; b)
schematic image of the formation of a double bond between two carbon atoms. The overlap of

two sp2 orbitals along the bond axis generate the σ-bond; the overlap of two p orbitals gives the
π-bond.

In conjugated systems, the π-bonds are close enough to each other, their wave func-
tions overlap and π-electrons are allowed to move along the conjugation path. The elec-
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1.4. Organic photovoltaic devices

tronic structure of the overlapping π-orbitals resembles the band structure of inorganic
semiconductors, in which two energy levels, the conduction and the valence band, are
separated by a region of forbidden energies. In conjugated systems, the two bands are
replaced by the delocalized bonding and antibonding π-orbitals, the former filled with
electrons (up to the highest occupied molecular orbital, HOMO), the latter empty (start-
ing from the lowest unoccupied molecular orbitals, LUMO), with an energy band-gap
separating the two. However, the concept of band conduction does not apply to organic
semiconductors: the delocalization of electronic states in organic semiconductors is only
within the molecules, and do not extend to the whole material. Due to the disordered
configuration of conjugated polymers and molecules, organic semiconductors are typi-
cally subject to energetic disorder, and the HOMO and LUMO levels are a distribution
of localized states.

1.4 Organic photovoltaic devices

A typical OPV device consists of a photoactive layer sandwiched between two elec-
trodes, one of which has to be transparent to allow the incoming light to reach the pho-
toactive layer. The absorption of light excites electrons into the LUMO of the absorber
material, creating strongly bound electron-hole pairs called excitons. The excitons have
to overcome their binding energy to dissociate; in the absence of a mechanism to disso-
ciate the excitons, they will spontaneously decay. Efficient photocurrent generation in
an organic device was first reported by Tang in 1986, [19] employing a vacuum-deposited
copper phthalocyanine (CuPc)/perylene derivative donor/acceptor bilayer device. The
difference in electronic affinities between these two materials creates an energy offset at
their interface, driving exciton dissociation.

Similar to this early device, many OPVs have an active layer which consist of two
materials, one electron donor and one electron acceptor (Figure 1.3). In most of the
state-of-the-art organic solar cells, the donor material is a conjugated polymer and the
acceptor material is a fullerene derivative. [20,21] Once the excitons are generated in the
absorber material, they need to reach the donor:acceptor interface to be dissociated. The
lifetime of excitons is finite, and so is their diffusion length, which is around 10 nm
in conjugated molecules. [22,23] If the donor:acceptor interface is too far from the point
where an exciton is generated, this exciton will decay before reaching the interface and
will not yield free charge carriers. The diffusion of excitons is a severe limit for the
performance of donor:acceptor bilayer. On one hand, the thickness of the photoactive
layer has to be around 100 nm to efficiently absorb light; on the other hand, in a bilayer
100 nm thick, only a small fraction of the excitons would be generated close enough to
the donor:acceptor interface. One solution to this problem has been provided in 1995
with the so-called bulk heterojunction (BHJ) solar cell. [24,25] The BHJ concept involves
the self-assembly of nanoscale heterojunctions by spontaneous phase separation of the
donor and the acceptor material. As a result of this self-assembly, charge-separating
heterojunctions are formed throughout the bulk of the material. [24]
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Chapter 1. Introduction to organic solar cells

Excitons that diffuse to the donor:acceptor interface can dissociate into free electrons
and holes. Connecting the device to an external circuit, the free charge carriers are then
transported to the contacts and extracted from the device, thus generating an electric
current. Negative and positive charges are present in the photoactive layer at the same
time; thus, there is a certain probability of having recombination of charges. Recombi-
nation represents a loss process for a photovoltaic device, because it reduces the number
of charge carriers that contribute to the photocurrent.

There are three fundamental processes that govern the operation of an OPV device:
the generation, the transport, and the recombination of charge carriers. The understand-
ing of the basic physical phenomena is crucial for the optimization of the performance
and the stability of the devices.
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(d)

Figure 1.3: Schematic working of an OPV device. a) absorption of light generates an exciton (1),
which eventually diffuses towards the donor:acceptor interface (2); b) the exciton is dissociated
via charge-transfer (3) and a bound electron-hole pair (charge transfer state, CT) may be formed;
c) a further dissociation step (4) yields free charge carriers; d) the carriers are transported to the

electrodes (5). The full circles represent an electron, the empty circles represent a hole. The anode
is the contact whose work function aligns with the HOMO level of the donor material.
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1.4. Organic photovoltaic devices

1.4.1 Generation of free charges

The overall generation rate of free charges, G, depends on the efficiency of the optical
absorption and on the efficiency of the dissociation of the photogenerated excitons into
free charges. The absorption can be modelled by taking into account the interference be-
tween the incoming light and the radiation reflected by the opaque electrode; [26] several
optical models involve the transfer matrix formalism. [27]

The dissociation of excitons has a fundamental importance on the charge generation
process. Nevertheless, the exact mechanism through which excitons dissociate into free
charges are not fully understood yet, and the subject is still highly debated. [28–30] The
formation of charge transfer states (CT) has been reported in several bulk heterojunc-
tions. [31] CT states are the result of the dissociation of excitons at the donor:acceptor
interface. The electron and hole forming a CT state are localized on the acceptor and
donor material, respectively, but they are still bound by Coulombic force; [32] further dis-
sociation of the CT states is needed to obtain free electrons and holes.

An electron-hole pair is defined to be dissociated once the distance between the
charges exceeds the capture radius, which is the distance at which the mutual Coulomb
attraction between the charges becomes negligible compared to the energetic disorder.
If the electron and hole generated from the same exciton do not overcome their coulom-
bic attraction, they recombine. This recombination process is referred to as geminate
recombination and it has been observed for both small molecule and polymer semicon-
ductors. [33,34] Also CT recombination has been demonstrated to be detrimental for the
overall efficiency of the device. [35,36]

1.4.2 Charge transport

Energetic and spatial disorder in organic semiconductors causes charge transport to oc-
cur via hopping between localized states (Figure 1.4). [37,38] This charge transport mech-
anism is characterized by lower electron and hole mobilities compared to the values that
are found for inorganic semiconductors. The mobility of the charge carriers is a measure
of their ability to move through the material in response to an electric field. When the
transport of charge is an hopping process, the mobility depends on the hopping rates.

Hopping rate expressions describe the rate at which a particle at site i will hop to
another site j, and depend on the spatial distance and the total site energy difference
between the initial and final sites. The most commonly used rate expression was derived
by Miller and Abrahams: [39]

νij = ν0 exp
(
−2αrij −

∆Eij + |∆Eij|
2kBT

)
, (1.3)

here ∆Eij contains the energy difference between to sites, kB is the Boltzmann constant,
T is the temperature, ν0 is the attempt to jump frequency, rij is the intersite distance
and α is the inverse delocalization length. The semi classical expression is based on sin-
gle phonon-assisted hopping, and was derived for describing charge hopping through
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Chapter 1. Introduction to organic solar cells

E
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Figure 1.4: Hopping through a disordered density of states. The energy distribution of the
density of states (DOS) is generally assumed to be a gaussian.

shallow trap states in crystalline semiconductors at low temperatures. Charge carrier
transport calculations that are based on this relations explain the dependence of temper-
ature, [40] charge carrier mobility on electric field and carrier density. [41] Another impor-
tant semi-classical approach was developed by Marcus: [42]

νij = ν0

√
π

4λkBT
exp

(
−2αrij −

(
∆Eij + λ

)2

4λkBT

)
. (1.4)

This expression assumes that the initial and final sites are located in a potential well,
separated by an energy barrier. The size of the energy barrier is provided by the reor-
ganization energy λ. The introduction of such barrier mimics the polaronic nature of
charge carriers in the organic semiconductors: charges distort their close surroundings
and are therefore located in a potential well. Charges hop from well to well, and have to
overcome the barrier in between.

Semi-classical approaches break down when T → 0 K: both Miller-Abrahams and
Marcus hopping predict that the charge carrier mobility decreases as a function of elec-
tric field and that the charge carrier mobility vanishes for temperatures close to 0K. [43]

Alternatively, quantum mechanical descriptions are able to deal with these situations.
An example of a quantum mechanical hopping rate expression is nuclear tunnelling
mediated hopping. [44] This hopping model assumes that the system always possesses
a ground state energy that drives the hopping process, even at 0K. This results in a
non-vanishing mobility for temperatures down to 0K. For increased temperatures, the
quantum mechanical expression reduces to the semi-classical Marcus expressions.

8



1.4. Organic photovoltaic devices

The first theoretical description of the charge carrier mobility in disordered organic
semiconductors was given by Bässler in 1993, by considering the charge transport pro-
cess as a Miller-Abrahams hopping in a gaussian DOS. [45] By means of Monte Carlo
simulations, Bässler proposed the following expression for the charge mobility:

µ = µ∞ exp

[
−
(

2σ

3kBT

)2
]
×

 exp
(

C[(σ/kBT)2 − Σ2]
√

F
)

; Σ ≥ 1.5

exp
(

C[(σ/kBT)2 − 2.252]
√

F
)

; Σ < 1.5
(1.5)

Here, µ∞ is the mobility in the limit T → ∞, σ is the variance of the gaussian DOS, C is a
constant dependent on the site spacing (typically 1− 2 nm in organic semiconductors),
Σ is the degree of positional disorder, and F is the electric field.

The mobility described by Bässler is dependent on the temperature and on the elec-
tric field. Later, it was discovered that the charge carrier density also influences the
mobility. [46] In 2005, Pasveer et al. provided a full description of the mobility in organic
diodes, including the effects of both charge density and electric field. [41]

For some donor:acceptor blends, the transport of either electrons or holes can be lim-
ited by charge trapping. A charge trap is a defect site within the forbidden energy gap
of the donor:acceptor blend. [47] Charge trapping is often a limitation for the transport
of electrons in conjugated polymers. [48] Analysing the trap-limited electron transport in
different conjugated polymer, Nicolai et al. found that all exhibit a common trap distribu-
tion, located at an energy of 3.6 eV below the vacuum level, [49] indicating that the trap
states have a common origin. Although the origin of the electron-trapping states is not
known, it is likely that they are due to chemical defects related to water or oxygen. [50,51]

Trapping of holes has been shown to be less significative, although recent studies pro-
vided experimental evidences for hole trapping in organic materials. [52,53]

1.4.3 Charge recombination

An important loss mechanism in organic solar cells is the non-geminate recombina-
tion of free charges. The process of bimolecular recombination has been first described
by Langevin for ions in a gas; [54] the rate of the bimolecular recombination depends
quadratically on the charge density and it is determined by the time required for elec-
trons and holes to diffuse towards each other. [55] The rate of bimolecular recombination
is given by

Rbimolecular = γ(np− n2
i ), (1.6)

where n and p are the density of electrons and holes respectively, ni is the intrinsic car-
rier concentration of electron and holes and γ is the bimolecular recombination coeffi-
cient. According to Langevin’s theory, the bimolecular recombination coefficient is given
by, [54]

9



Chapter 1. Introduction to organic solar cells

γL =
q
ε
(µn + µp). (1.7)

Here, q is the elementary charge, ε is the dielectric constant of the donor:acceptor blend,
and µn(p) the electron (hole) mobility. The subscript L in the recombination coeffi-
cient denotes that this is the bimolecular recombination coefficient that follows from
Langevin’s theory. However, in many organic solar cells a bimolecular recombination
rate significantly lower than the one predicted by Langevin’s expression has been re-
ported. [56–58] Langevin’s equation can still be used to describe bimolecular recombina-
tion in organic BHJs, but it is necessary to apply a prefactor γpre ≤ 1:

γ = γpreγL = γpre
q
ε

(
µn + µp

)
, (1.8)

with γ the total recombination strength.
If charge traps are present, an additional recombination channel is active, the descrip-

tion of which is given by the Shockley-Read-Hall (SRH) equation: [59,60]

RSRH =
CnCpNt

[Cn(n + ni) + Cp(p + pi)]
, (1.9)

where RSRH is the rate of trap-assisted recombination, Cn(p) is the capture coefficient
for electrons (holes), respectively, and Nt is the density of charge traps.

Furthermore, recombination losses due to surface recombination may have a signifi-
cant impact on the device performance. [61–64] Surface recombination is governed by the
presence of minority carriers at a contact. Electrons (holes) diffusing to the anode (cath-
ode) recombine with injected holes (electrons). Thus, the current at the electrodes is
related to the density of minority carriers: [62,65]

Jn(p) = qSn(p)[n(p)− n(p)eq], (1.10)

where Jn(p) is the electron (hole) current at the anode (cathode), Sn(p) is the surface re-
combination velocity, and n(p)eq is the equilibrium carrier density at the contact. In
many models, the surface recombination velocity is (implicitly) assumed to be infinite,
meaning that the densities of carriers at the contacts are equal to their equilibrium val-
ues. [66,67]

1.5 The influence of the morphology

The morphology of the interpenetrating network of donor and acceptor material in
BHJs is relevant to the processes of generation, transport and recombination of free
charges. [68–70] The length scale of the phase separation has to be smaller than the exciton
diffusion length, so that all the excitons have the possibility to reach the donor:acceptor
interface before decaying. Beside the capability of generating free charge carriers, no less
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important is the existence of pathways to extract these carriers from the device. [71,72] The
ideal network of donor and acceptor has to be bicontinuous, providing percolation path-
ways for both electrons and holes, generated in any point of the layer, to reach the elec-
trodes. Too fine a phase separation would hinder the transport of charges, slowing them
down on their way towards the electrodes and increasing the probability that charges
of opposite sign would meet each other and recombine. Also the composition [70,73,74]

and the crystallinity [75,76] of the donor and acceptor domains play an important role in
determining how easily the charge will be generated and transported.

Control over the morphology of the active layer can be achieved by varying the pro-
cessing conditions of the materials. [77] Organic photovoltaic devices are typically pro-
duced by solution-based processes, such as spin-casting, or vacuum-based deposition.
A vast number of publications qualitatively addresses the importance of the choice of
solvent, [78–80] co-solvent [77,81] and additives, [82] as well as the effect of post-fabrication
treatments, e.g. thermal [83] and solvent [84] annealing. Depending on the processing con-
ditions, the active layer can exhibit a morphology which varies between an extremely
finely dispersed mixture of donor and acceptor to a coarse phase-separated film.

1.6 Fabrication and characterization of the devices

In this section the fabrication and characterization techniques used in this thesis are pre-
sented. First, we show the structure of the typical devices produced in our laboratory.
Then, we describe the steady-state characterization techniques employed for organic so-
lar cells and single carrier devices.

1.6.1 Solar cells

The typical structure of a BHJ solar cell is shown in Figure 1.5a.

I 

Top electrode 
Active layer 

PEDOT:PSS 
ITO 

Glass substrate 

(a) (b)

Figure 1.5: a) Typical structure of a conventional BHJ solar cell; b) the top view of the samples
produced in our lab.
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Chapter 1. Introduction to organic solar cells

The devices shown in this thesis are realized on 3 x 3 cm glass substrates with a
prepatterned indium tin oxide (ITO) layer. The substrates are thoroughly cleaned by
washing with detergent solution and ultrasonication in acetone and isopropyl alcohol,
followed by UV-ozone treatment. To reduce the roughness of the anode and improve the
work function, a thin layer of poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) is spin cast on the substrate. After removing all the water from the PE-
DOT:PSS layer through a short baking step, the substrates are transferred to inert atmo-
sphere, where the active layer is spin cast. Unless stated differently, the deposition of the
active layer occurs from a solution which contains both the donor and the acceptor. If an
annealing step is necessary, it is performed after the spin casting of the blend and before
the deposition of the top contact. The devices are finished by thermal evaporation of the
cathode, usually consisting of 1 nm of LiF and 100 nm of Al. The shadow mask used for
the evaporation of the cathode creates a pattern that overlap with the ITO bottom con-
tact, defining the active layer of the solar cells (Figure 1.5(b)). Each substrate contains
four device, with active areas in the range 10−5 − 10−4 m2.

1.6.2 Single carrier devices

To characterize the transport of holes and electrons, single carrier devices are fabricated
by sandwiching the active layer between selective contacts that suppress the injection
of either electrons or holes. To do so, contact materials with appropriate work function,
either close to the LUMO or to the HOMO of the organic layer, have to be employed.
The fabrication process is similar to the one described for solar cells. For single carrier
devices, the bottom contact is thermally evaporated on glass substrates. To reduce the
series resistance, the shadow masks used for single carrier devices define four small
active areas (10−6 m2). The typical structure for hole-only devices is Cr(1 nm)/Au(20
nm)/PEDOT:PSS/active layer/Pd(15 nm)/Au(80 nm). For electron-only devices, the
typical structure is Al(20 nm)/active layer/LiF(1 nm)/Al(100 nm).

1.6.3 Current-voltage characteristics

In order to measure the electrical characteristics of the devices, current-voltage measure-
ments are performed in nitrogen atmosphere using a computer controlled Keithley 2400
SourceMeter. The current density flowing through the device (J) is measured as a func-
tion of the applied bias V. Here, a positive V corresponds to positive biasing of the
anode. The obtained curve is the JV characteristic of the device. For single carrier de-
vices, the JV curves are recorded in dark, and the mobilities of the charge carriers are
determined using the space-charge limited current (SCLC) method, which is described
in Section 2.3.1.

For solar cells, the JV curves are measured both in dark and under illumination,
using a Steuernaugel SolarConstant 1200 metal halide lamp. The spectrum of the illumi-
nation source used for the measurement of the JV curve in light is not the same as the
AM1.5 spectrum; to accurately measure the efficiency of the device at 1 sun, the spectral
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1.7. Modelling of BHJ devices

response of the sample is measured using pulsed monochromatic illumination by means
of a chopped light beam and a SR830 lock-in amplifier. The spectrum of the lamp, the
AM1.5 spectrum and the spectral responses of the sample and of a reference Si diode are
used to calculate the mismatch factor. [85] Then, the solar simulator is set to 1 sun using
the reference Si diode. Details of the calibration procedure can be found in Ref. 85.

1.7 Modelling of BHJ devices

The performance of organic solar cells has increased rapidly in the past two
decades. [10,78,86,87] Developments are driven by design and engineering of new mate-
rials, but also by improving fabrication conditions and device structure. Stretching the
limits even further requires physical insight in the mechanisms involved in the device
operation. The joint effect of all processes makes it difficult to directly distinguish be-
tween separate effects. Numerical simulations allow to overcome these issues, because
the influence of different mechanisms can be studied independently. The ultimate goal
of simulations is to become predictive: predicting the performance of certain materials
or configurations, without even having to produce these first.

Simulations of charge transport in organic semiconductors originate from 1D drift-
diffusion calculations that were first introduced in the 1964 for describing charge trans-
port in inorganic semiconductors. [88] Solving systems of coupled non-linear equations
has become a fast and well understood method to obtain insight in the macroscopic de-
vice physics of semiconductor devices. The ease at which this type of simulation can be
implemented also made it attractive for modelling the transport in organic light emitting
diodes [89] and solar cells. [90] Many features that are specific to organic semiconductors
were added: mobility models that provide an improved description of the charge trans-
port, [41] exciton transport [91] and charge separation mechanisms. [90] For organic bulk
heterojunctions, 1D drift-diffusion simulations use an effective medium approach: the
effective medium is made up by the electron transporting level of the acceptor and the
hole transporting level of the donor. This allows for fast calculations, but neglects the
influence of morphology. On the contrary, 2D and 3D simulations contain a separate
donor and acceptor phase, enabling calculations to determine the influence of morphol-
ogy. [92] Although drift-diffusion simulations are capable to provide a good macroscopic
description of the device operation, some phenomena require a more fundamental ap-
proach. For instance, a description in terms of charge carrier densities is unable to prop-
erly include particle-particle interactions between separate charges, and to treat exciton
separation on a microscopic scale. As a solution, kinetic Monte Carlo simulations allow
3D treatment on molecular level. [45,93]

1.7.1 Details of drift-diffusion simulations

The band diagram of a donor:acceptor bulk heterojunction solar cell at short-circuit con-
ditions is shown in Figure 1.6. The excitons are dissociated into free charges thanks to the
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Chapter 1. Introduction to organic solar cells

energy offset between the LUMOs or between the HOMOs of the two materials. Once
free electrons and holes are present in the device, they move driven by the built-in and
the external electric field (drift) and by their concentration gradient (diffusion).

A widely used approach to the simulation of organic semiconductor devices consist
in considering the effects of both drift and diffusion on the transport of charges (drift-
diffusion simulations).

The electric field is obtained by solving the Poisson equation: [94]

∂2ψ(x)
∂x2 =

q
ε
[n(x)− p(x)] , (1.11)

where ψ is the electric potential. In our notation, x denotes the distance from the cathode.

E
n
er

g
y

 

Anode Cathode 

Figure 1.6: Band diagram of a bulk heterojunction solar cell at short-circuit conditions (for
simplicity, any band bending is ignored). The notation D and A refers to donor and acceptor

material, respectively.

From the conservation of charges, the continuity equations for the electrons and holes
in the steady state are derived: [94]

∂Jn(x)
∂x

= q (G− R) (1.12a)

∂Jp(x)
∂x

= −q (G− R) . (1.12b)

Here, Jn(p) is the electron (hole) current density, G and R are the rate of generation and re-
combination of free charges, respectively. By incorporating the drift and diffusion terms,
the expressions for the electron and hole current densities read [94]
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1.7. Modelling of BHJ devices

Jn = −qnµn
∂ψ(x)

∂x
+ qDn

∂n(x)
∂x

(1.13a)

Jp = −qpµp
∂ψ(x)

∂x
− qDp

∂p(x)
∂x

, (1.13b)

where Dn(p) are the carrier diffusion coefficients, which are related to the mobilities of
the two species through the classical or the generalized Einstein relation. [95–97]

Although the absorption of light, and hence the generation rate G, is generally not
uniform across the active layer, it has been shown that including an optical profile in the
modelling of the device does not, in general, significantly change the results for thickness
of the active layer lower than 300 nm. [98] Thus, a constant generation profile through the
active layer can be used if the profile is not available.

The system of Equations 1.11 − 1.13 has to be solved to calculate the total current
extracted from the device. To do so, it is necessary to introduce boundary conditions that
specify the carrier densities and the potential at both contacts. The boundary condition
on the potential is given by

q (V(L)−V(0) + V) = Wanode −Wcathode, (1.14)

where V(L) and V(0) are the potentials at the two electrodes, Wanode and Wcathode are
the work functions of the anode (x = L) and the cathode (x = 0), respectively. The
boundary conditions on the electron and hole densities at the contacts depends on the
type of contacts and on the surface recombination velocity. For ohmic contacts (no en-
ergy barrier for the injection of charges) and infinite surface recombination velocity, the
boundary conditions are given by

n(0) = p(L) = Ncv (1.15a)

n(L) = Ncv exp
(
−

Egap

kBT

)
(1.15b)

p(0) = Ncv exp
(
−

Egap

kBT

)
, (1.15c)

where Ncv is the effective density of states and Egap is the effective bandgap
(Egap = LUMOA − HOMOD).

The equations above are written in one dimension (1D); by solving them, it is implied
that the charges move only in the direction x, normal to the surface of the device. More-
over, the 1D approach treats the active layer as an effective blend, in which every node
can be at the same time donor and acceptor, thus neglecting the effect of the morphology
on the device performance.
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Chapter 1. Introduction to organic solar cells

In order to include the effects of the blend microstructure in drift-diffusion simu-
lations, one has to leave the 1D approach and add one or two more dimensions. The
morphology of the blend is simulated by means of a 2D or 3D grid, in which each node
represents either the donor or the acceptor phase, or, eventually, a mixed phase of the
two materials.

Furthermore, the number of excitons that yield free charges at the interface is calcu-
lated by solving the exciton diffusion equation

0 = −X(~r)
τ

+ Dx∇2X(~r) + g, (1.16)

where X(~r) is the exciton density in the position defined by the vector (~r), τ is the exciton
lifetime, Dx is the exciton diffusion constant and g is the generation rate of excitons. We
note that the exciton diffusion equation can be also solved for the 1D case, if a bilayer
device is considered. [99]

The numerical solution of the 2D or 3D equations involves the discretization of the
equations over 2D or 3D grids and requires a significantly larger computational effort.
At the price of longer simulation times than in the 1D case, the implementation of 2D
and 3D models can provide insight in the effect of the morphology on the device perfor-
mance.

1.8 Outline of this thesis

In the last years the efficiency of organic photovoltaics greatly improved, exceeding 10%.
At the same time, more stable materials and device architectures have been designed.
The commercialization of OPVs requires the simultaneous achievement of both the de-
sired characteristics, efficiency and stability. This thesis deals with the physics of organic
solar cells, aiming at providing insight into the mechanisms that limits the performance
and the stability of the devices.

The first part of this thesis regards the morphology - efficiency relation. In chapter 2
the electrical properties of the donor:acceptor system PDPP5T:[70]PCBM are experimen-
tally characterized. Depending on the processing conditions, this system can yield many
different morphologies, which are representative of a large number of BHJ devices. It is
thus an ideal system to study how the morphology influences the generation, trans-
port and recombination of charges. The experimental results are used in chapter 3 to
model the JV characteristics of PDPP5T:[70]PCBM devices with either homogeneous or
coarsely phase-separated morphology. For the latter case, a simple model is presented,
which describe the current extracted from the device as the sum of two contributions,
flowing in parallel through the active layer.

The ”parallel model” presented in chapter 3 is validated in chapter 4 by compar-
ing its results with those given by three dimensional (3D) drift-diffusion model. Both
the models are used to simulate the effect of large compositional heterogeneities on the
performance of BHJ solar cells.
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Chapter 5 introduces a figure of merit for the fill factor of bulk heterojunction so-
lar cells. Unlike Jsc and Voc, a clear understanding of what determines FF is still lacking,
making targeted improvement difficult. After quantifying the recombination and extrac-
tion rates of charge carriers, it is shown how the FF is dependent on the ratio of these two
quantities. The results of drift-diffusion simulations are compared with a large number
of experimental data, which include many different donor:acceptor combinations.

Finally, chapter 6 is dedicated to the stability of OPVs. In particular, the degradation
induced by UV light is treated in this chapter. Experimental work carried out on one
of the most promising blend in term of efficiency, PTB7:[70]PCBM, indicates that the
efficiency of this system rapidly decreases when the devices are exposed to UV light,
even in the absence of oxygen and water. Although the fullerene derivative [70]PCBM is
used as acceptor in many state-of-the art OPVs, it is shown here that it may give rise to
stability issues, e.g. when blended with PTB7, and therefore one of the goals in the design
of new donor materials has to be the compatibility with [70]PCBM under UV light.
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CHAPTER 2

CHARGE TRANSPORT AND
RECOMBINATION IN

PDPP5T:[70]PCBM SOLAR CELLS

Summary

The performance of organic bulk heterojunction solar cells is strongly dependent
on the donor/acceptor morphology. Morphological parameters, such as the ex-
tent and the composition of donor- and acceptor-rich domains, influence both the
charge generation and the charge transport throughout the active layer. The first
part of this thesis focuses on a polymer:fullerene system based on a small bandgap
diketopyrrolopyrrole-quinquethiophene alternating copolymer (PDPP5T) mixed with
[6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) that is capable of efficiencies
higher than 6%. By changing the processing conditions, the morphology can be varied
from a coarse separated morphology, with fullerene domains (blobs) embedded in a
polymer-rich matrix, to a completely mixed layer. The experimental characterization of
charge carrier transport and bimolecular recombination in PDPP5T:[70]PCBM blends
with different morphologies and fullerene concentrations is presented in this chapter.
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

2.1 Introduction

This chapter and the next focus on the performance of solar cells based on the blend
of a small band gap (Eg ≈ 1.46eV) diketopyrrolopyrrole-quinquethiophene alternat-
ing copolymer (PDPP5T) [1,2] with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM)
(Figure 2.1). We aim at establishing a relation between the morphology of the active layer
and the performance of the solar cell; PDPP5T is an excellent tool for achieving this goal,
because its blend with [70]PCBM can yield a wide range of morphologies, depending on
the processing conditions. [3]

Figure 2.1: Molecular structures of PDPP5T and [70]PCBM.

A PCE exceeding 6% can be achieved when the blend PDPP5T:[70]PCBM 1:2 wt. ra-
tio is spin cast from a chloroform (CF) solution with a 5 vol% of ortho-dichlorobenzene
(oDCB) as a co-solvent. [3] The presence of oDCB results in the deposition of an active
layer with a fine phase separation, ideal for efficient dissociation of excitons. A fine
phase separation can also be obtained without co-solvent, but only if the concentration
of [70]PCBM is kept below a certain threshold (around 28 vol%). Conversely, when the
blend PDPP5T:[70]PCBM 1:2 wt. ratio is spin cast from a chloroform solution, the exten-
sion of phase separation is greatly increased, the active layer now being composed by
domains of [70]PCBM dispersed in a matrix of polymer and fullerene. Thus, both a finely
dispersed donor-acceptor mixture and a phase-separated morphology, representative of
many polymer:fullerene systems, can be achieved with PDPP5T:[70]PCBM blends.

In a recent publication, Kouijzer et al. showed that the phase separation is due to
liquid-liquid demixing during film formation, and that the size of the domains and the
composition of the matrix depend on the drying time of the layer. [3] They also suggested
that the photocurrent of these devices consists of two contributions: one is rather inde-
pendent of the layer thickness; the other is linearly dependent on the reverse bias, and
the slope of this dependency increases when the thickness decreases.

We measure the electrical properties of PDPP5T:[70]PCBM blends. We perform
steady-state measurements of the mobility of electrons and holes and of the strength of
bimolecular recombination in blends with different concentration of fullerene and with
different morphologies. In this chapter, we report the results of our measurements. In
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2.2. PDPP5T:[70]PCBM solar cells: performance and morphology

the next, we will use the measured quantities to describe the JV characteristics of the
PDPP5T:[70]PCBM solar cells.

2.2 PDPP5T:[70]PCBM solar cells: performance and
morphology

Figure 2.2 shows the JV characteristics of the PDPP5T:[70]PCBM blends, spin cast from
chloroform solution or from chloroform/oDCB solution. The parameters of these solar
cells are listed in Table 2.1. Clearly, the device processed from a chloroform/oDCB (95:5
vol. ratio) solution is the most efficient. The other devices give a much lower Jsc, and for
the device with a low concentration of [70]PCBM in the active layer, the FF is also small.
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- 1 5 0

- 1 0 0

- 5 0

0

5 0

J [
A m

-2 ]

V  [ V ]

 4 : 1  i n  C F ,  1 3 0  n m
 1 : 2  i n  C F ,  1 1 0  n m
 1 : 2  i n  C F ,  2 6 0  n m
 1 : 2  i n  C F / o D C B ,  1 5 0  n m

Figure 2.2: JV curves of PDPP5T:[70]PCBM solar cells. The device with optimized active layer
(green curve) clearly outperforms the devices with non-optimal morphology (red and blue

curves) or donor:acceptor ratio (black curve).

We study the topography of the active layers by atomic force microscopy (AFM)
imaging of films cast on glass substrates. Figure 2.3 presents the AFM images; the
layer spin cast from a chloroform/oDCB solution presents the optimal morphology, a
finely dispersed mixture of polymer and fullerene which yields efficient charge separa-
tion and transport. A finely dispersed structure is also obtained without the addition of
co-solvent, provided that the blend does not contain enough [70]PCBM to form aggre-
gates. It is the case of the PDPP5T:[70]PCBM 4:1 wt. ratio blend. As shown in Section 2.3,
this blend exhibits poor electron transport properties, and this explains the loss in effi-
ciency if compared to the optimal device (see next chapter).
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

Table 2.1: Solar cell parameters of the JV curves reported in Figure 2.2.

PDP5T:[70]PCBM w/w ratio Solvent Thickness Jsc Voc FF PCE
nm [A m-2] [V] [-] [%]

4:1 CF 130 14.78 0.662 0.29 0.28
1:2 CF 110 39.71 0.622 0.57 1.41
1:2 CF 260 19.28 0.613 0.60 0.71
1:2 CF/oDCB 150 174.36 0.540 0.61 5.77

A different morphology characterizes the blends with high [70]PCBM load spin cast
from chloroform, which presents a coarse phase separation with fullerene blobs em-
bedded in a polymer-rich matrix. It is shown in Ref. 3 that the domains of [70]PCBM
are bigger if the drying time of the blend is longer. This is in agreement with our ex-
perimental observations: for the blends PDPP5T:[70]PCBM 1:2 wt. ratio, the size of the
fullerene blobs increases for films cast at a lower spin rate, which also implies a larger
thickness. The different extent of phase separation influences the performance of the
devices. The dissociation of excitons occurs at the polymer/fullerene interface, which is
reduced when the blob size is increased; therefore, the thicker device has a lower short
circuit current with respect to the thinner one. The difference in short circuit current is
not only due to the different extent of phase separation, but also to the different transport
properties of the polymer matrices of the two devices (see next chapter).

It is interesting to know how much [70]PCBM can be dissolved into the polymer-
rich matrix. We perform atomic force microscopy imaging on blends with different
amount of [70]PCBM, keeping the concentration of polymer in solution fixed at 6 mg/ml
(Figure 2.4). The aggregation of the fullerene derivative into pure domains starts at
[70]PCBM concentration between 2 and 2.5 mg/ml. From this, we conclude that the
maximum [70]PCBM concentration in the mixed, polymer-rich phase is around 35% by
weight, which corresponds to 28 vol%*.

*assuming the density of PDPP5T equals 1 g/ml and the density of [70]PCBM equals 1.4 g/ml [4,5]
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2.2. PDPP5T:[70]PCBM solar cells: performance and morphology

Figure 2.3: AFM images of PDPP5T:[70]PCBM blends: a) 4:1 wt. ratio cast from chloroform; b) 1:2
wt. ratio cast from chloroform/oDCB; c) and d) 1:2 wt. ratio cast from chloroform, respectively

260 and 110 nm thick.

Figure 2.4: AFM images of PDPP5T:[70]PCBM blend cast from chloroform. The concentration of
PDPP5T in solution is 6 mg/ml, the concentration of [70]PCBM is a) 2 mg/ml and b) 2.5 mg/ml.
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

2.3 Charge transport

In this section we briefly describe the space charge limited current (SCLC) method,
which we use to measure the mobilities of holes and electrons in PDPP5T:[70]PCBM
blends. Then, we present the results of our measurements, showing in particular how
the mobilities are influenced by the amount of [70]PCBM in the blend.

2.3.1 Space charge limited current

When a layer of organic semiconductor is sandwiched between two selective contacts,
which can inject/extract either only electrons or only holes, and a bias is applied to
the contacts, the current flowing through the layer is limited by the build-up of space
charge. If at least one of the contacts is ohmic and the mobility of the charge carrier
flowing through the device is constant, the analytical expression for the current density
JSCL is given by [6]

JSCL =
9
8

εµ
V2

int
L3 , (2.1)

where ε is the dielectric constant of the material, µ is the mobility of the charge carrier,
L is the thickness of the semiconductor layer and Vint is the internal voltage drop across
the layer. Vint is given by the applied voltage Va corrected for the built-in voltage Vbi and
for the series resistance, according to

Vint = Va −Vbi −VRs. (2.2)

Here, VRs represents the voltage drop across the series resistance of the substrates.
For the single carrier devices presented in this thesis, the series resistance is around
10 - 15 Ω/square, while for the device fabricated on ITO substrates the series resistance
is in the range 30 - 40 Ω/square. The built-in voltage arises from the difference in work
function of the electrodes.

If the mobility of the charge carrier under investigation is not constant, Equation 2.1
is not valid. An example relevant to this thesis is the case in which the mobility is de-
pendent on the electric field. In previous works, this dependence has been described
empirically by [7]

µ = µ0 exp
(

γ
√

F
)

, (2.3)

where µ0 is the zero-field mobility, γ is the field activation factor, and F is the field
strength. The mobility may also depend on the charge carrier density, e.g. as described
in the work by Pasveer et al. [8]

Beside the analytical approach, the current flowing through a single carrier device
can be numerically calculated by means of drift-diffusion simulation. Here, we use a nu-
merical code [9] that incorporates the field-dependency of mobility in the form described
by Equation 2.3 and the density dependence as described in Ref. 8.
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2.3. Charge transport

The SCLC method is a suitable tool for the characterization of transport in solar cells,
because the experimental conditions (device structure, electric field, charge density) un-
der which SCLC measurements are performed are similar to the working conditions of
a BHJ device.

2.3.2 Charge transport in PDPP5T:[70]PCBM blends

We fabricate electron-only and hole-only devices according to the procedure described
in the Section 1.6. The JV characteristics of these devices are shown in Figure 2.5. The
applied voltage is corrected for the series resistance of the substrate (14 Ω/square for the
hole-only devices, 10 Ω/square for the electron-only devices). To investigate the effect of
the co-solvent on the transport of electrons, we measure the mobility both for the blends
spin cast from chloroform and for the ones spin cast from chloroform/oDCB. Figure 2.5
also reports numerical fit of the experimental data. [9] It was not necessary to include
the dependence of mobility on charge density, [8] because this effect is, in these blends,
largely overcome by the field dependence.
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Figure 2.5: JV curves of PDPP5T:[70]PCBM single carrier devices. a) PDPP5T:[70]PCBM 4:1
wt. ratio, spin cast from chloroform (thicknesses: hole-only 118 nm, electron-only 96 nm); b)

PDPP5T:[70]PCBM 1:2 wt. ratio spin cast from chloroform/oDCB (thicknesses: hole-only 179 nm,
electron-only 122 nm). Symbols: experimental data; solid lines: numerical fits.

The zero field mobilities and field activation factors of electrons and holes in the
PDPP5T:[70]PCBM blends analysed are extracted as fit parameters and are reported in
Figure 2.6 against the vol% of [70]PCBM in the blend.* In the range analysed the mobility
of holes is not dependent on the amount of [70]PCBM in the blend, and its value is sim-

*For reasons of brevity, we do not present in this thesis all the JV curves of the single carrier devices with
different [70]PCBM load.
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

ilar to the hole mobility in the pristine polymer (µ0p = 1.1x10-7 m2 V-1 s-1). The mobility
of electrons strongly depends on the concentration of [70]PCBM, because the electrons
travel through the fullerene molecules. We verify this by measuring the electron current
in the pristine polymer, which was significantly lower than the electron current in the
blend with the lowest [70]PCBM concentration (data not shown).
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Figure 2.6: Zero-field mobility (µ) and field activation factor (γ) of electrons and holes in
PDPP5T:[70]PCBM blends, as a function of [70]PCBM volume fraction (ϕ).

When the [70]PCBM load is reduced, the transport of electrons becomes more depen-
dent on the electric field. For the fit of the electron-only JV of the 1:2 blend (Figure 2.5b),
we used a field activation factor γ = 3x10−5m1/2V−1/2; for the 4:1 blend (Figure2.5a), it
was necessary to increase γ to 5.3x10−4m1/2V−1/2.

It should be noted that for the blends with low content of [70]PCBM the mobility of
holes is several order of magnitudes higher than the mobility of electrons; this unbal-
anced transport will lead to a build-up of space charge [10] for the solar cells fabricated
from these blends. This space charge effect makes it necessary to take into account the
generation profile of charge carriers through the active layer in order to model the bulk
heterojunction solar cells (see next chapter).

2.3.3 Thickness dependence of the electron mobility

To prove that the electron mobility in blends with low concentration of [70]PCBM is not
strongly dependent on the charge density, we plot the effective electron mobility versus
layer thickness for the PDPP5T:[70]PCBM blend with 19 vol.% of fullerene (Figure 2.7).
As our devices have ohmic contacts for electron injection, varying the thickness will
change the carrier density in the device: electrons diffuse into the active layer. [11] The
enhancement of carrier density due to diffusion from the contacts is important for small
thicknesses, the effect is smaller for very thick layers. Thus, if mobility depends on
charge density, it will increase in thin layers.
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2.3. Charge transport

The values of mobility are calculated by inverting the Equation 2.1 and using the ex-
perimental data from electron-only devices with different thicknesses. As can be seen,
the electron mobility is independent of layer thickness. It should be noted that the ex-
perimental values of mobility presented here are calculated with the inversion of Mott-
Gurney law, which considers a constant mobility. They cannot be directly compared
with the value of zero-field electron mobility presented in Figure 2.6 for the blend with
the same composition (which has been obtained by fitting the JV data using a field-
dependent mobility).

To illustrate the effect of a density-dependent mobility, we use the drift-diffusion
simulator together with a mobility that depends on the carrier density as described in
Ref. 8. Such a density dependence does indeed show up as a mobility (again calculated
by inverting the Mott-Gurney law) that depends on thickness. From the comparison
between experiment and simulation we conclude that the density dependence is not
important for the blends we are considering.
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Figure 2.7: Electron mobility for PDPP5T:[70]PCBM devices with 19 vol.% of [70]PCBM,

calculated for devices with different thickness by inverting Equation 2.1 for V = 0.5V. The dots
represent experimental data, the dashed line is obtained from the simulation of electron-only
devices with density dependent mobility. For the simulation, we use the mobility expression

given in Ref. 8, with σ = 0.073eV and a = 3.4nm.
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

2.4 Charge recombination

In this section, we describe the steady state method used to characterize the strength of
the bimolecular recombination in PDPP5T:[70]PCBM solar cells. The method relies on
the assumption that the bimolecular recombination is the only recombination pathway
active in this polymer:fullerene blend. Next, we present the bimolecular recombination
strength for blends with different morphologies.

2.4.1 Reduced Langevin recombination in organic solar cells

The recombination of photogenerated free charge carriers is one of the main limiting
factors for the power-conversion efficiency of organic solar cells. [12] In pristine organic
semiconductors, the recombination is bimolecular, and has a strength γL given by the
Langevin equation: [13]

γL =
q
ε

(
µn + µp

)
, (2.4)

where q is the elementary charge.
In organic solar cells, the strength of the bimolecular recombination is reduced

with respect to the classical Langevin expression. [14,15] Equation 2.4 can still be used
to describe bimolecular recombination in BHJs, but it is necessary to apply a prefactor
γpre ≤ 1:

γ = γpreγL = γpre
q
ε

(
µn + µp

)
, (2.5)

with γ the total recombination strength. It is therefore necessary to determine the
Langevin prefactor in order to model the JV characteristic of the devices.

Wetzelaer et al. [16] derived an expression for the Langevin prefactor which allows
to estimate it from simple, steady-state current voltage measurements. It is possible to
express the prefactor in terms of mobilities, according to

γpre =
16π

9
µnµp

µ2
eff −

(
µn + µp

)2 . (2.6)

The effective double carrier mobility µeff is obtained by fitting the dark current of the
solar cells with the same model used for the single carrier devices (Figure 2.8).

2.4.2 Recombination strength in PDPP5T:[70]PCBM blends

We measured µn, µp and µeff following the SCLC method described in Section 2.3.1. To
investigate the effect of the dimension of [70]PCBM aggregates on the strength of the
bimolecular recombination, single and double carrier devices with different thicknesses
have been made with the PDPP5T:[70]PCBM 1:2 wt. ratio blend from chloroform. Figure
2.9a presents the three mobilities measured for different thicknesses of the active layer.
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2.4. Charge recombination

Interpolation of these data allowed to calculate the Langevin prefactor and to plot it as a
function of the thickness, as shown in Figure 2.9b.

0 . 5 1 . 0 1 . 5

1 0 2

1 0 3

1 0 4
J [

A/m
2 ]

 2 6 0  n m
 1 5 0  n m
 1 1 0  n m

V i n t  [ V ]
Figure 2.8: Dark current of three solar cells made with the blend PDPP5T:[70]PCBM 1:2 wt. ratio

spin cast from chloroform. Symbols: experimental data; solid lines: numerical fits.
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Figure 2.9: a) Mobility of electrons and holes and b) Langevin prefactor of PDPP5T:[70]PCBM
blends spin cast from chloroform, as a function of the thickness of the active layer.
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Chapter 2. Charge transport and recombination in PDPP5T:[70]PCBM solar cells

Interestingly, the Langevin prefactor clearly follows a decreasing trend with increas-
ing thickness. We assigned this trend to the larger size of [70]PCBM blobs in thicker
devices, which reduces the interfacial area between donor and acceptor phase, where
bimolecular recombination occurs.

To validate this hypothesis, we determined the Langevin prefactor, with the same
procedure, for the PDPP5T:[70]PCBM 1:2 wt. ratio blend spun from chloroform/oDCB
solution. As highlighted in Section 2.2, the addition of oDCB as co-solvent yielded a
finely dispersed blend. In such a homogeneous film, there is a high probability for the
charges to recombine. From the JV characteristics of single and double carrier devices
made with this blend, the values of 2.7x10-7, 3.1x10-7 and 9.9x10-7 m2 V-1 s-1 have been
extracted for µp, µn and µeff respectively. Substituting this values in Equation 2.6 gave a
Langevin prefactor of 0.77 for this blend, which confirms the hypothesis that the relative
strength of the bimolecular recombination is higher for more finely dispersed systems.

2.5 Conclusion

To understand the performance of PDPP5T:[70]PCBM devices, we measured the mobil-
ity of charge carriers, the exciton generation rates and the strength of bimolecular recom-
bination in the active layer. We performed the measurements for different concentrations
of [70]PCBM and for different morphologies of the active layers.

A strong dependency of the electron mobility on the amount of [70]PCBM in the
blend was observed, while the mobility of hole is always high (µ0p ≈ 1.1x10-7 m2 V-1 s-1).
Furthermore, we observed an increasing dependency of the electron mobility on the
electric field when the concentration of fullerene in the blend is reduced.

The strength of the bimolecular recombination decreases when the phase-separation
of the blend is increased, because the bimolecular recombination occurs at the
donor:acceptor interface, which is larger for homogeneous blends. We proved this
by keeping the polymer:fullerene ratio constant and modifying the extent of phase-
separation by changing the drying conditions of the film; for films with smaller domain
size, the strength of the bimolecular recombination is closer to the value measured for
the homogeneous blend.

The data presented here will be used in the next chapter to model the JV characteris-
tics of PDPP5T:[70]PCBM solar cells.
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CHAPTER 3

MODELLING THE
JV CHARACTERISTICS OF

PDPP5T:[70]PCBM SOLAR CELLS

Summary

This chapter presents the simulation of the current-voltage characteristics of
PDPP5T:[70]PCBM solar cells with different active layer morphologies. The charge
transport and recombination data, presented in the previous chapter, are used here to
model the JV curve of the devices. Both devices with homogeneous active layers and
with coarse phase separation are modelled. In this chapter it is proven that it is possible
to use a 1D drift-diffusion model to simulate bulk heterojunction devices even when
the morphology of the active layer presents a considerable amount of phase separation.
The advantage of using a 1D approach lies in its simplicity if compared with 2D and
3D models, which makes the calculations fast. An interpretation of the experimental
data and an understanding of the physical phenomena which determine the device
performance can be achieved with the approach presented here.
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3.1 Introduction

The electrical properties of the PDPP5T:[70]PCBM blends presented in the previous
chapter will be used here to model the JV characteristics of the solar cells. For the ho-
mogeneous layers, it is shown how the performance of the device with low [70]PCBM
content is limited by the build-up of negative space charge (due to the large difference
between electron and hole mobilities) and by the electric field dependency of the mobil-
ity of electrons. We prove that these effects are not present in the homogeneous blends
containing a large amount of fullerene, in which the fine dispersion of donor and accep-
tor is guaranteed by the use of oDCB as a co-solvent. These latter devices are the best
performing ones.

For the device with phase-separated morphology, we quantify the two different con-
tributions to the total photocurrent of the devices, relating them to the morphological
features of the active layer. The simulation of the two contributions is carried out using
a 1D drift-diffusion model which consistently describes the JV characteristics of homo-
geneous polymer:fullerene solar cells taking into account generation and bimolecular
recombination of free charge carriers, charge transport and injection, and the effect of
the net carrier density on the electric field. [1] The sum of these contributions represents
the total photocurrent; its agreement with the experimental data allows us to have an
insight into the physics of BHJs, quantifying the effect of the presence of large [70]PCBM
domains on the device performance.

With this modelling approach, we show how the experimental data can be inter-
preted with the aid of 1D drift-diffusion model. Compared with 2D and 3D approaches,
1D modelling has the advantage of requiring less computational effort; it is therefore ap-
pealing to extend the possibility of using it, even for morphologies presenting a certain
extent of phase separation.

3.2 Drift-diffusion modelling

In this section we briefly introduce the 1D drift-diffusion model that we use in our work;
then, we present a simplified picture of the active layer of a bulk heterojunction solar
cell with coarse phase separation, based on AFM (Chapter 2) and transmission electron
microscopy (TEM) images. [2] Finally, we use this simplified scheme to identify two dif-
ferent contributions to the total photocurrent, each of which will be simulated with the
1D model.

3.2.1 1D drift-diffusion model

The operation of drift-diffusion modelling is described in Section 1.7. Briefly, 1D drift-
diffusion simulations can be implemented employing the metal-insulator-metal (MIM)
approach. This consists in treating the blend as one intrinsic semiconductor material
whose lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
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3.2. Drift-diffusion modelling

orbital (HOMO) energy levels correspond to the LUMO and HOMO levels of the ac-
ceptor and of the donor material, respectively. Based on this approach, a numerical
simulation code was developed, the details of which can be found in Ref. 1.

3.2.2 Morphology schematization

When PDPP5T:[70]PCBM devices are prepared without adding oDCB as co-solvent and
with a [70]PCBM concentration beyond a certain threshold (see Chapter 2), a coarse
phase separation in the active layer is obtained. In Figure 2.3c and d we present AFM
images of such active layers. Ref. 2 shows TEM images of PDPP5T:[70]PCBM devices
prepared using the same procedure; we assume that the morphology shown there is the
same of our active layers. [70]PCBM blobs appear as almost circular in the top view
of the films. From the TEM image of the cross sections, [2] it is clear that the blobs do
not extend over the entire thickness of the film, because a thin skin layer (∼ 5 nm) of
polymer-rich phase exists at the top and at the bottom. Regardless of the layer thickness,
the height of the [70]PCBM domains is larger than that of the matrix phase.

We approximate the morphology of the active layer as shown in Figure 3.1a. Simi-
lar representations of the morphology can be found in the literature [3,4] The [70]PCBM
blobs are represented as cylinders, all with the same radius and height, with the basis
parallel to the electrodes. As the topological AFM image indicates (see Chapter 2), the
thickness of the film is not uniform, but it is larger on top of the [70]PCBM aggregates.
We consider the thickness of the acceptor phase (TA) to be the value that we measured
with the profilometer. The total number of blobs is defined by the volume fraction of the
pure acceptor phase, that we calculate with the geometrical parameters listed in Table
3.1. At both electrodes a skin layer is incorporated. We verified that approximating the
shape of the blobs to cylinders does not affect the outcome of the model in a significant
way (see the next chapter).

The morphology is thus described with a few geometrical parameters: the thickness
of the mixed and of the acceptor phase (TM and TA, respectively), the radius of the blobs
R, the ratio between the surface of the cylinders and the total surface of the cell. We
extract all these parameters from the analysis of AFM and TEM images. Besides the
geometry, the composition of the two phases has to be defined. We assume that the blobs
are constituted by pure [70]PCBM. To calculate the concentration of [70]PCBM into the
mixed phase, the total volume of [70]PCBM present in the device is balanced: the sum of
the volume of [70]PCBM blobs and the volume of [70]PCBM dispersed into the matrix
has to be equal to the total volume of [70]PCBM into the active layer, which is known.
As expected, the calculated [70]PCBM concentration into the mixed phase is lower than
28 vol% and it is smaller for the device with larger blobs.
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Figure 3.1: Schematic representation of the morphology of PDPP5T:[70]PCBM blends spin cast
from chloroform (not to scale): a) top view and cross section. They grey area represents the

[70]PCBM blob and the white area represents the mixed phase. The meaning of the symbols is
explained in Table 3.1; (b) schematic representation of the regions giving rise to Jinterface (blue)

and Jmixed (green). The red region does not contribute to the total photocurrent.

Table 3.1: Geometrical parameters for the schematized morphology of the devices made with
PDPP5T:[70]PCBM 1:2 wt. ratio from chloroform solution.

Symbol Description Units Thick Thin
device device

TA Thickness of the acceptor phase nm 260 110
TM Thickness of the mixed phase nm 200 80
R Radius of [70]PCBM blobs nm 220 186
s Thickness of the skin layers nm 5 5
%A Volume% of the acceptor phase % 47.56 44.39
CM Volume% of [70]PCBM in the matrix % 22 27
WI Inner width of the region giving rise to Jinterface nm 11 11
WO Outer width of the region giving rise to Jinterface nm 4.5 4.5
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3.2. Drift-diffusion modelling

3.2.3 Local contributions to the total photocurrent

Three different regions can be identified in the morphology depicted in Figure 3.1a. The
inner-most part of the fullerene blob is not contributing to the photocurrent of the device,
because the excitons that are there generated are not able to reach the donor/acceptor
interface before decaying. The region around the blob, and far from its interface, is
made of a mixture of polymer and fullerene; there the dissociation of excitons is efficient,
and free electrons and holes are generated. They have to be extracted from the device,
and their transport occurs entirely through the mixed phase. As shown in the previous
chapter, the transport of the electrons in the mixed phase is not efficient, and this limits
the current coming out from this region.

A third region exists in proximity of the interface of the fullerene blob, extending
a few nanometres inside (WI) and outside (WO). The excitons generated inside the
blob and within their diffusion distance from the interface can reach it and be disso-
ciated. This dissociation yields free charges in different phases: the electron stays on the
[70]PCBM molecules of the blobs, and travels through them towards the cathode; the
hole is transferred to the polymer and transported through the mixed phase. The disso-
ciation of the excitons generated close to the interface of the blob, but outside it, occurs
into the mixed phase. But in this case the generated free electron is close enough to the
[70]PCBM blob to diffuse towards it and then it is transported to the cathode through the
acceptor phase. Thus, the excitons generated in this third region, even though for differ-
ent reasons depending on where the generation took place, yields free carriers travelling
through different phases.

The three regions described above are graphically shown in Figure 3.1b. The free
holes generated at the bottom surface of the blobs, close to the anode, are easily ex-
tracted; the free electrons move vertically to the fullerene blobs and are then efficiently
transported to the cathode. Thus, the region at the bottom of the blobs is considered
to be part of the third region described above. The region at the top of the blobs is in-
stead not considered: the holes that are generated in that area should travel laterally for
a long distance along the top surface of the blobs, prior to be transported vertically to
the anode through the matrix. We assume that these holes recombine before performing
such a long lateral movement. The device can be described as the parallel connection of
the second and the third region: the total current is therefore given by the sum of two
separate contributions. We call Jmixed the current coming from the mixed-only region,
and Jinterface the one coming from the interfacial region. Thus,

Jtotal = Jmixed + Jinterface. (3.1)

Jmixed is the current that we would extract from a mixed-phase only solar cell with low
concentration of [70]PCBM. Jinterface is the current that we would get if the fullerene
blobs were so small and densely packed to have a 100% efficient exciton dissociation
and electron transport only through the acceptor phase. Both Jmixed and Jinterface can
be calculated using the 1D drift-diffusion code, because they represent the current of
devices in which the characteristic segregation length is much smaller than the thickness
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of the active layer. We use an optical model (Section 3.3) to calculate the profile of the
generation rate of excitons for the two regions giving rise to Jmixed and Jinterface. We
multiply these profiles for the volume fraction of the two regions and we use them as
input for the calculation of the JV characteristics.

3.3 Optical modelling

When bulk heterojunction solar cells are fabricated with the device structure described in
Section 1.6, the light comes into the device through the anode. It is therefore reasonable
to assume that most of the light is absorbed close to the anode, which means that most
of the charge carriers inside the active layer are generated close to the hole-collecting
electrode.

As reported in the previous chapter, if the blend contains a significant amount of
[70]PCBM the mobility of electrons matches the mobility of holes. If the charge transport
is balanced, the electrical modelling of the cell can be done approximating the generation
profile with a constant shape throughout the active layer; the same holds for systems
in which electrons are faster than holes. [5] But for systems in which the electrons are
significantly slower than the holes, as the blend PDPP5T:[70]PCBM 4:1 wt. ratio, it is
not possible to neglect the fact that most of the electrons have to travel for a bigger
distance than most of the holes in order to exit the device. For this blend, approximating
the generation profile with a constant shape would lead to an underestimation of the
recombination of charges within the active layer (see next Section).

The calculation of the optical profile of polymer solar cells is based on the transfer
matrix model. [6–8] To correctly simulate the propagation and absorption of light through
the stack of thin layers that compose the device, the reflectance of the top electrode
and the interference effects need to be considered. We use a numerical code [5] to cal-
culate the profile of exciton generation in the active layer of the solar cells made with the
PDPP5T:[70]PCBM blends, with different polymer/fullerene ratios. The input parame-
ters for this simulation are the thickness and the optical constants n and k of each layer
of the device. The value of n and k for the pristine [70]PCBM and the PDPP5T:[70]PCBM
blend 4:1 wt. ratio from chloroform are determined with variable angle ellipsometry on
films cast on silicon substrates, using a Woollam VASE ellipsometer. The optical con-
stants of the blends and the results of the simulation are shown in Figure 3.2. The 1D
drift-diffusion model that we use [1] considers the excitons to be dissociated with an effi-
ciency of unity. Therefore, the free charge generation profile used as input for the simu-
lation of the JV curves corresponds to the exciton generation profile calculated with the
transfer matrix approach.
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Figure 3.2: a) Optical constants n (full symbols) and k (empty symbols) for the pristine [70]PCBM
and for the blends PDPP5T:[70]PCBM 4:1 wt. ratio spin cast from chloroform and

PDPP5T:[70]PCBM 1:2 wt. ratio spin cast from chloroform/oDCB.

For the devices with coarse phase separation, we calculate two generation profiles:
one for the generation of excitons at the interface of the fullerene blobs (Ginterface), us-
ing the optical constants of pristine [70]PCBM; the other for the generation of excitons
into the mixed phase (Gmixed), using the optical constants of the PDPP5T:[70]PCBM 4:1
wt. ratio blend. These two profiles are used to determine how many excitons contribute
to each of the two currents that add up to give the total photocurrent.

3.4 Outcome of the simulations

We use the models described in Section 3.2.1 to fit the experimental JV characteristics of
the solar cells made with the PDPP5T:[70]PCBM blends. The solar cells with a homo-
geneous active layer are simulated directly with the 1D model; for the solar cells with
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a morphology characterized by a coarser phase separation, Equation 3.1 is used after
simulating the two contributions to the total current with the 1D model.

3.4.1 Homogeneous devices

Figure 3.3 shows the fits of the homogeneous devices. The input parameters used to
simulate the data with the 1D model are listed in Table 3.2.
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Figure 3.3: Experimental (symbols) and simulated (solid lines) JV curves for PDPP5T:[70]PCBM

solar cells 4:1 wt. ratio cast from chloroform and 1:2 wt. ratio cast from chloroform/oDCB. To
prove that the generation profile of charges has to be taken into account for the 4:1 blend, we

perform the calculations using the same parameters and a constant profile. The resulting JVs is
represented by a dashed line.

Table 3.2: Fit parameters for the simulation of the JV curves of the devices with homogeneous
active layer.

Parameter Units PDPP5T:[70]PCBM 4:1 PDPP5T:[70]PCBM 1:2
in CF in CF/oDCB

µn m2 V-1 s-1 6.8×10-12 3.0×10-7

γn m1/2V−1/2 4.5×10-4 0.5×10-4

µp m2 V-1 s-1 3.2×10-7 3.2×10-7

γp m1/2V−1/2 -4.8×10-4 -4.8×10-4

γpre - 1 0.77
G # m-3 s-1 9.7×1027 9.07×1027
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The large difference between the performance of the two devices is related to the
difference in electron mobility: as shown in Figure 2.6, upon increasing the amount of
[70]PCBM in the blend, an enhancement of the zero-field electron mobility is obtained.
The absolute values of the mobility with different [70]PCBM content, however, are not
enough to explain the shape of the JV characteristics obtained for the PDPP5T:[70]PCBM
4:1 wt. ratio solar cell. According to the space charge theory, [9] and considering the
electrons to be the slowest carriers, the maximum allowed photocurrent Jph would be: [10]

Jph =

(
9εµn

8

)1/4

(qG)3/4 V1/2
eff . (3.2)

Here, Veff is the effective applied voltage, given by V0 −V. V0 is the compensation volt-
age, at which Jph = 0; V is the applied voltage.

According to Equation 3.2, the photocurrent would follow a 1/2 power dependence
on the voltage, and the JV would have the shape of a parabola, with a FF around 42%. [9]

The outcome of our experiment is instead a straight JV characteristics in reverse bias,
with a FF around 29%.

The difference between theory and experiment is due to the electric field dependency
of the electron mobility. Consider a bulk heterojunction solar cell in which the pho-
togeneration of holes and electrons is uniform throughout the thickness of the active
layer. If the transport is unbalanced, electrons and holes will have different drift lengths
wn(p) = µn(p)τn(p)F, τn(p) being the charge carrier lifetime. If one or both the drift lengths
are smaller than the thickness L of the active layer, space charge will form. In the case of
PDPP5T:[70]PCBM system with low [70]PCBM content, wn � wp and wn < L: the elec-
trons accumulate in the active layer, modifying the internal electric field. This increases
in the region L1 close to the cathode, enhancing the extraction of electrons. A steady
state is reached when the extension of L1 is such to have an external electron current
which equals the external hole current. The length of the region in which space charge is
accumulated is given by the electron drift length. Most of the voltage drops in the active
layer occurs in the region L1, so that V1 ≈ V and the total photocurrent corresponds to
the photocurrent generated in the region L1:

Jph = qGL1. (3.3)

Goodman and Rose showed that the electrostatic limit for the build-up of space charge
is reached when the extracted photocurrent is equal to the space charge limited cur-
rent. [10] Assuming a Poole-Frenkel dependence on the electric field for the electron mo-
bility (Equation 2.3), the space charge limited current JSCL is approximated by [11]

JSCL =
9
8

εµo exp

(
0.891γ

√
Veff
L

)
,

V2
eff

L3 . (3.4)
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where γ is the field activation factor. Equating Jph and JSCL, the thickness of the region
in which the space charge is built up is found:

L1 =

(
9εµnV2

8qG

)1/4

exp

(
0.222γ

√
V
L

)
. (3.5)

Substituting this in Equation 3.3 yields the maximum electrostatically allowed photocur-
rent:

Jph =

(
9εµn

8

)1/4
exp

(
0.222γ

√
V
L

)
(qG)3/4 V1/2. (3.6)

For γ = 0, the photocurrent is the same derived for space charge limited photocurrent
with field-independent carrier mobility (Equation 3.2).

Equation 3.6 is more suitable to describe the experimental data. A comparison of the
photocurrent calculated using Equation 3.2 and 3.6 is shown in Figure 3.4. As discussed
in Section 3.3, the generation profile of charge carriers has to be included in order to
model the JV characteristics of the device; Equation 3.6 cannot therefore be used directly
to fit the experimental data.
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Figure 3.4: JV characteristics of a polymer:fullerene solar cell with space charge limited current,
calculated using Equation 3.6 with and without electric field dependency for the electron

mobility. The curves in the plot are obtained by subtracting Jph from the dark current. For both
the curves, the dark current is simulated with the parameters reported in Table 3.2 for the

PDPP5T:[70]PCBM device, setting G = 0.
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If the mobility of electrons gets close to the mobility of holes, the space charge limit
is eliminated and the JV characteristic becomes less field-dependent, giving a flat curve
in reverse bias. As a consequence of this, the device based on the PDPP5T:[70]PCBM 1:2
wt. ratio blend cast from chloroform/oDCB exhibits a great enhancement of efficiency if
compared to the homogeneous device with low [70]PCBM content.

3.4.2 Phase-separated devices

The addition of oDCB as a co-solvent to the blend PDPP5T:[70]PCBM 1:2 wt. ratio has
an effect on the morphology: with this amount of fullerene in the blend and without
co-solvent, a phase-separated morphology (Figure 2.3c and d) is obtained.

The fits of the phase-separated blends are displayed in Figure 3.5, and the parameters
are listed in Table 3.3.
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Figure 3.5: Experimental and simulated J-V curves for PDPP5T:[70]PCBM solar cells:
(a) 1:2 wt. ratio cast from chloroform, 260 nm thick; (b) 1:2 wt. ratio cast from chloroform, 110 nm

thick.

For both devices, before simulating the two contributions Jmixed and Jinterface, we need
to determine which exciton generation rates have to be used as input for the two sim-
ulations. First, the profiles of exciton generation for the mixed and the acceptor phase
are calculated with a transfer matrix approach. For the mixed and the acceptor phase,
we use the optical constants of the blend PDPP5T:[70]PCBM 4:1 wt. ratio and of pris-
tine [70]PCBM, respectively. The exciton generation profiles are then multiplied by the
volume fraction of the two regions from where Jmixed and Jinterface come. The volume
fractions depend on the geometrical parameters utilized to mimic the morphology and
on the width of the region around the interface of the blobs, inside and outside (WI and
WO). These latter values represent fit parameters; remarkably, for both the devices the
same values of WI and WO were used to fit the experimental data, i. e. WI = 11 nm and
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Table 3.3: Fit parameters for the simulation of the JV curves of the devices with coarse phase
separation in the active layer.

Parameter Units Thick device Thin device
Jmixed

µn m2 V-1 s-1 5.4×10-12 9.8×10-12

γn m1/2V−1/2 1.1×10-4 2.9×10-4

µp m2 V-1 s-1 3.2×10-7 3.2×10-7

γp m1/2V−1/2 -4.8×10-4 -4.8×10-4

γpre - 1 1
G # m-3 s-1 3.12×1027 7.14×1027

Jblob
µn m2 V-1 s-1 2.0×10-7 2.0×10-7

γn m1/2V−1/2 0.5×10-4 0.5×10-4

µp m2 V-1 s-1 3.2×10-7 3.2×10-7

γp m1/2V−1/2 -4.8×10-4 -4.8×10-4

γpre - 0.05 0.1
G # m-3 s-1 6.18×1026 2.11×1027

WO = 4.5 nm. The asymmetry of this region around the interface is due to the different
physical phenomena occurring inside and outside the blob. Inside, the excitons, neutral
species, are diffusing towards the interface, where they are dissociated. Outside, the dis-
sociation of excitons in the mixed phase precedes the lateral motion of electrons towards
the acceptor phase.

For both phase-separated active layers, most of the current at the maximum power
point (around 0.53 V) comes from the blob interfaces. Also at short circuit conditions,
Jinterface represents more than 70% of the total current. This means that in forward bias
most of the free charges generated far from the blobs are not extracted from the device,
and undergo bimolecular recombination. Jmixed becomes important in the high reverse
bias region, in which the electric field favours the vertical movement of electrons to-
wards their collecting electrode. In the active layer with smaller blobs, more fullerene is
dispersed into the polymer matrix. The mobility of electrons is thus high if compared to
the electron mobility in the mixed phase of the other device. This causes a shift of the
crossing point between Jmixed and Jinterface towards smaller reverse bias, because a less
strong field is required for the vertical transport of electrons to take place into the mixed
phase.

It should be noted that the relative importance of the two currents is dependent on
material properties and on the morphology. For the devices presented here, most of
the photocurrent in forward bias comes from the interfacial region between the blobs
and the matrix. The same conclusion arises from local photocurrent analysis performed
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by Pingree et al. on polymer:fullerene systems with similar morphology through pho-
toconductive AFM (pc-AFM). [12] Other pc-AFM data show instead local variations of
photocurrent which are not correlated with the blob presence and with extends on much
longer lengthscales than the size of the fullerene aggregates. [13,14] We therefore assume
that analysing other systems with the parallel approach would yield different results.

The parameters in Tables 3.1 and 3.3 also explain why Jsc and FF of the thicker de-
vice are lower than the current of the thinner device. Beside having a lower extent of
donor:acceptor interface, which translates into a less efficient dissociation of excitons
(i. e. a lower G), the thicker device has also a lower concentration of [70]PCBM in the
mixed phase. This means that the electron mobility in the mixed phase of the thicker de-
vice is lower than in the mixed phase of the thinner device. Hence, Jmixed is more steep
for the thicker device, resulting in a lower FF. These results are in agreement with what
reported by Kouijzer et al. , who proposed that the change of [70]PCBM concentration in
the matrix causes a change in the shape of the JV curve. [2]

3.5 Conclusion

The efficiency of the solar cell made with the blend PDPP5T:[70]PCBM 4:1 wt. ratio is
strongly limited by i) the poor electron mobility, giving rise to space charge, and ii) the
dependency of µn on the electric field, further reducing FF. These limits are not present in
the device made of PDPP5T:[70]PCBM 1:2 wt. ratio spin cast from a chloroform/oDCB
solutions. These two devices have homogeneous active layers, in which the polymer
and the fullerene are mixed with a segregation length smaller than the diffusion length
of excitons and much smaller than the thickness of the devices. Thus, it is possible to
simulate the JV characteristics of the devices directly, using the 1D code.

A different approach is necessary to model the JV curves of the devices with coarse
phase separation in the active layer. Spin casting of the blend PDPP5T:[70]PCBM from
a chloroform solution yields an active layer with large fullerene domains dispersed into
a polymer-rich matrix. Both the size of the domains and the composition of the ma-
trix vary with the evaporation time. The total current extracted from these devices is
modelled as the sum of two contribution: one, due to charge carriers travelling entirely
through the mixed phase, is space charge limited, because the mobility of electrons in the
mixed phase is several order of magnitudes smaller than the mobility of holes; the other,
coming from the region close to the interface of the blobs, is the result of a balanced
transport (holes carried by the mixed phase, electrons travelling through the acceptor
phase). In order to calculate the two contributions, we estimated how many excitons
are generated close to the interface, and how many are lost for not being able to reach
it (the excitons generated inside the blobs and too far from the interface). Remarkably,
a reduction of the Langevin recombination strength is observed in case of coarse phase
separation (Chapter 2); therefore, we model the contribution of current from the mixed
phase with a recombination prefactor equal to unity, and we reduce it to model the con-
tribution of the interfacial region.
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Interestingly, at the maximum power point of the device most of the total current
turns out to come from the interfacial region, even though most of the excitons generated
into the active layer contribute to the other current. Only at high reverse bias did the
contribution of the mixed phase become predominant; nevertheless, its presence is also
important in forward bias, since it determines the shape of the curve, and hence the fill
factor of the solar cell. PDPP5T:[70]PCBM blends yield a wide range of morphologies,
from finely dispersions to coarse phase-separated films. These morphologies can be
controlled by varying the processing conditions, and are the same kind of morphology
already observed in many other polymer:fullerene systems. Therefore, the model that
we have here presented is potentially applicable to other systems.
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CHAPTER 4

VALIDATION OF THE
PARALLEL MODEL

Summary

The power conversion efficiency of solar cells based on a conjugated polymer
(donor) and a fullerene derivative (acceptor) is very sensitive to the morphology of
the active layer. One detrimental feature, which is often encountered in non-optimal
morphologies, is the occurrence of fullerene blobs in a finely-mixed matrix containing
both donor and acceptor material. In this chapter, the effects of such fullerene blobs
are studied in detail with a three-dimensional drift-diffusion model. The influence of
blob size and shape, and matrix composition are quantified. The total current flowing
out of the solar cell can be split up in a part which comes from the interfacial region
between the acceptor phase and the mixed phase, and a part that stems from the mixed
phase itself. Depending on the bias voltage and the morphology, one or the other
contribution is dominant. It is shown how both contributions can be computed with a
simple one-dimensional drift-diffusion simulator.
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4.1 Introduction

It is widely known that the morphology of the active layer is one of the main factors
that determine the efficiency of BHJs. [1–3] The length scale of the separation between the
donor and the acceptor material is relevant to the processes of generation and transport
of free charges. [4–6] Also the composition [6–8] and the crystallinity [9,10] of the donor and
acceptor domains, and the existence of percolation pathways to extract the photogener-
ated charges [11,12] play an important role.

Many studies have addressed the possibilities of controlling the morphology by
means of the processing conditions. For solution-based processing such as spin-coating,
doctor blading, slot dye coating or inkjet printing it has been shown that the goal of
optimizing the morphology has to be pursued since the preparation of the solution, by
choosing the proper solvent, [13–15] co-solvents, [16,17] and additives. [18] The deposition
process [19,20] and the post-deposition treatments, e.g. thermal [21] or solvent [22] anneal-
ing, define the final morphology of the active layer.

It would be greatly beneficial for the optimization of BHJs to develop accurate mod-
els to predict the morphology based on properties of the materials and processing condi-
tions. Furthermore, a model to accurately relate the morphology of the active layer and
the efficiency of the device [23–27] is essential to orient the optimization process towards
the best-performing morphology.

Depending on the processing conditions, the deposition of polymer:fullerene blends
can result in an homogeneous, finely dispersed mixture of polymer and fullerene, or in
a phase separated system with large (hundreds of nm), rather pure domains of fullerene
embedded into a polymer-rich matrix, similar to the morphology depicted in Figure 4.1.
This has been observed for many polymer:fullerene systems; [6,13,28–31] it is therefore
interesting to understand how the phase separation in these blends affects the perfor-
mance.

x 

y 

z 

Figure 4.1: Schematic representation of a typical fullerene blob embedded in a polymer-rich
matrix. The electrodes are parallel to the y− z plane.

In the previous chapters we analysed PDPP5T:[70]PCBM blends, showing how it is
possible to use a one-dimensional (1D) drift-diffusion model [32] to simulate the JV char-
acteristics of such PDPP5T:[70]PCBM blends, either homogeneous or phase separated.
For the latter case, we treated the total current as the sum of two parallel contributions,
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coming from different areas of the active layer. From now on in this chapter, this ap-
proach will be referred to as “parallel model”.

Here we present a three-dimensional (3D) drift-diffusion model and use it to study
the influence of large compositional inhomogeneities on efficiency. This model includes
the solution of the exciton diffusion equation in three dimensions; the effects of space
charge, generation and recombination of free charge carriers, and injection and extrac-
tion at the electrodes. We present the results of our simulations for a large number of
morphologies, showing the effect of morphological features on the efficiency of the de-
vice. In particular, we discuss the impact of varying the size of the acceptor domains
and the composition of the donor-rich matrix surrounding them. Additionally, the in-
fluence of the presence of a thin, donor-rich skin layer at the top and at the bottom of
the acceptor domains is investigated. The simulations are done by varying only one pa-
rameter for each one; in this way, we are able to disentangle the effects of the different
morphological features.

According to the 3D results, the device performance is mostly affected by the com-
position of the mixed phase; this is in agreement with the simulation performed with
the parallel model, which highlights that the dominant component of the total current
comes from this phase. This conclusion is not a general rule; the relative importance
of the mixed phase depends on the morphology, and we also show situations in which
the total current is dominated by the charges flowing at the interfacial region between
acceptor and mixed phase.

The 3D simulation of the JV curves of BHJs requires a longer time if compared with
the 1D parallel model; in return, it enables simulation of systems presenting coarse phase
separation and it gives a detailed picture of the physical processes occurring in the active
layer. The agreement of the 3D model and the parallel model indicates that the latter can
be also used to describe a certain number of systems with phase-separated morphology.

4.2 Modelling approach

In this section we discuss the choice of the material parameters that we use in the simu-
lations. We then briefly introduce the two models that we compare in this chapter: the
3D drift-diffusion model and the parallel model.

4.2.1 Materials parameters

Drift-diffusion modelling of the JV characteristics of organic solar cells, either 3D and
1D, is performed by using one set of materials parameters. The energy difference be-
tween the lowest unoccupied molecular orbital of the acceptor material (LUMOA) and
the highest occupied molecular orbital of the donor material (HOMOD) is set to 1.1 eV;
for the relative dielectric constant εr, a typical value of 3 is used. The exciton diffusion
length inside the pure acceptor domains is assumed to be 20 nm. We note that light
absorption by fullerene derivatives and subsequent hole transport to a donor polymer
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can significantly contribute to the current generation in organic solar cells. [33] In general,
most of the incident light is absorbed by the donor polymer. Nevertheless, our simula-
tions assume the two materials to absorb the same fraction of the incident light; in this
way, when the overall composition of the blend changes the overall absorption is not
modified, and we can study the effect of morphological features excluding modification
to the JV curves due to different excitons generation rates.

The charge transport parameters are based on the experimental data presented in
Chapter 2 for PDPP5T:[70]PCBM blends. The transport of electrons and holes in these
blends is dominated by the electric-field dependency of the mobility; Figure 2.6 presents
the mobilities of electrons and holes as a function of the volume fraction of acceptor (ϕ)
in the blend. The electron mobility strongly depends on the acceptor concentration, the
electrons being transported by the acceptor molecules; hole transport occurs through
the donor and its efficiency its rather unaffected by the presence of the acceptor at these
donor/acceptor ratios. Our model considers the bimolecular recombination to be the
only recombination mechanism of free charges active in the device. The bimolecular
recombination of free charges in materials with low mobility is often described with
the Langevin recombination rate [34], although a reduction of the bimolecular recombi-
nation strength given by Langevin has been often observed in polymer:fullerene sys-
tems. [35,36] This deviation can be included into the drift-diffusion model by using a pref-
actor γpre < 1 for the recombination rate. We keep the prefactor equal to unity for the 3D
simulation; a reduction of the bimolecular recombination strength is needed to correctly
simulate the interfacial component of the current with the parallel model (see Section
4.3.2).

The parameters presented above may be different for specific donor/acceptor com-
binations; however, our conclusions do not depend on this particular choice of values.

4.2.2 Three-dimensional numerical model

The morphologies that we consider feature a mixed phase consisting of intimately mixed
donor and acceptor material and a pure acceptor phase. Light is absorbed in both phases.
Excitons in the mixed phases are assumed to yield free charge carriers with unity quan-
tum efficiency. The excitons in the pure acceptor phase undergo diffusion and may either
decay or be quenched at an interface with the mixed phase (yielding free charge carriers)
or with the electrodes. Exciton quenching at the electrodes does not yield free carriers
and is a loss process. To calculate how many excitons yield free carriers at the interface
between the acceptor and the mixed, we solve the exciton diffusion equation [25]

0 = −X(~r)
τ

+ Dx∇2X(~r) + g, (4.1)

where X is the exciton density, τ is the exciton lifetime, Dx is the exciton diffusion con-
stant, and g is the volume generation rate of excitons. For simplicity, g is taken uniform
across the layer. At all quenching interfaces we require X be zero. Free charge carriers
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are generated at a rate equal to

GA = GD = Dx
X

(δx)2 , (4.2)

where δx is the grid spacing. The current continuity equations read [25]

div~Jn = q (G− R) (4.3a)

div~Jp = −q (G− R) , (4.3b)

where ~Jn(p) is the electron (hole) current density. The bimolecular recombination rate R
is given by

R = γnp, (4.4)

where γ is the Langevin recombination rate constant given by

γ =
q
ε

(
µn + µp

)
. (4.5)

The flow of charge carriers is governed by the drift-diffusion equations. [37] In the
mixed phase, both electrons and holes are present and we have for electrons

Jp = −qnµn∇V + qDn∇n (4.6)

and for holes
Jp = −qpµp∇V − qDp∇p (4.7)

We assume that the Einstein relation between mobility and diffusivity Dn,p holds. [? ? ]

The electron and hole mobility are functions of the local donor/acceptor ratio according
to Figure 2.6. In the pure acceptor phase, only electrons are considered. The electrostatic
potential is solved from the Poisson equation;

∇2V =
q
ε
(n− p) . (4.8)

The boundary condition on the potential is given by

q (VL −V0 + Va) = Wanode −Wcathode, (4.9)

where VL and V0 are the potentials at either electrode, Va is the applied voltage, and
Wanode and Wcathode are the anode and cathode work function, respectively.

The boundary condition on the electron (hole) density at the electrodes is given by [25]

n(p) = Ncv exp
(
−

φA(D)

Vt

)
, (4.10)

where φA(D) is the barrier between the LUMO (HOMO) of the acceptor (donor) and the
electrode and Ncv is the effective density of states. First, Equation 4.1 is solved to yield
the exciton density and corresponding generation rate of free charge carriers. Then, an
iterative approach is used to solve the system of Equation 4.2−4.10 self-consistently. [37]
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4.2.3 1D model and parallel approach

The JV characteristics of organic bulk heterojunctions with homogeneous morphology
can be modelled with a 1D drift-diffusion approach. We use a model that describes the
active layer as one effective medium, by considering the LUMO of the acceptor material
and the HOMO of the donor as the valence and conduction band of an effective semicon-
ductor sandwiched between two electrodes. The model takes into account generation,
recombination and transport of charge carriers, as well as the effect of space charge on
the electric field. A detailed description of the model is given in Ref. 32.

This 1D approach can be used to consistently describe the JV curves of homogeneous
blend, in which the segregation length is much smaller than the device thickness. In
this chapter we show how it is possible to apply it also to model bulk heterojunctions
characterized by a coarse phase separation. For active layers with morphology similar to
the one shown in Figure 4.1, with large, almost circular and rather pure acceptor domains
dispersed into a donor-rich phase, it is reported in Chapter 3 that the total current can
be described as the sum of two separate contributions:

Jtot = Jmixed + Jinterface (4.11)

where Jmixed is the contribution from the mixed phase far from the acceptor domains
and Jinterface is the contribution from the region surrounding the blob/matrix interface.
The areas from which the two contributions come are depicted in Figure 3.1b. For a
description of the local contribution to the total photocurrent, see Section 3.2.3.

If skin layers of donor-rich phase are present at the electrodes, their contribution
has to be taken into account. The skin layer at the anode, below the acceptor blobs,
is included in the calculation of Jinterface, together with the lateral region of width WO.
The holes generated in this skin layer can reach the anode, while the electrons moves
vertically to the blob and are transported to the cathode. As we show below, the situation
is different in a skin layer at the cathode: here, most of the holes would have to travel
laterally along the blob surface for a long distance (typical blob diameters are in the order
of magnitude of hundreds of nm) to be then transported to the anode through the mixed
phase; since such a long lateral movement is unlikely to take place, we assume that the
charges generated in the skin layer at the cathode does not contribute to Jinterface.

In the previous chapter the parallel model was used to simulate the experimental
JV curves measured for PDPP5T:[70]PCBM solar cells with coarse phase separation.
Here we employ it to fit the data generated by the 3D simulation. We use the same
parameters that we employ as input for the 3D code: thickness of the sample and of the
skin layers, size of the acceptor domains, acceptor concentration in the mixed phase are
therefore fixed, leaving WO as the only fit parameter. It has to be noted that in the previ-
ous chapter the model had one parameter WI , which represented the width of the region
inside the blobs that contributes to Jmixed. WI is not needed in this chapter: the excitons
generated inside the blobs and contributing to the generation of free charges are taken
into account by solving 3D exciton diffusion equation. Furthermore, due to the compu-
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tational limits of the 3D model, the thickness of the mixed phase has to be equal to the
thickness of the acceptor phase (TM = TA = L).

4.3 Outcome of the simulations

In this section the results of the simulations performed with the 3D model and with the
parallel approach are presented and discussed.

4.3.1 3D calculations

We analyse the influence of phase segregation, skin layers, matrix composition and size
of the pure domains on the performance of the device. The morphological features of the
devices simulated in this chapter are listed in Table 4.1. It should be noted that all the
simulations have been done considering the case of pure acceptor domains embedded
into a donor-rich mixed phase. The outcomes would be similar in the situation of pure
donor phase in acceptor-rich matrix, which for reason of brevity we do not discuss here.

Table 4.1: Parameters for the simulation of the JV curves of the devices presented in this chapter.
Simulation Figure L D Sa Sc ϕmixed Va

[nm] [nm] [nm] [nm]
1 4.2 140 0 0 0 0.25 0
2 4.2, 4.4-4.9 140 300 0 0 0.25 0.40
3 4.2 140 0 0 0 0.55 0
4 4.3 140 300a 4 4 0.25 0.27
5 4.3 140 300a 4 4 0.25 0.30
6 4.3 140 300a 4 4 0.25 0.32
7 4.3, 4.4 140 300 4 4 0.25 0.38
8 4.4 140 300 4 0 0.25 0.39
9 4.4 140 300 0 4 0.25 0.39

10 4.5 140 300 0 0 0.25b 0.40
11 4.5 140 300 0 0 0.25c 0.40
12 4.6 140 300 0 0 0.20 0.40
13 4.6 140 300 0 0 0.30 0.40
14 4.7 140 240 0 0 0.25 0.26
15 4.7, 4.9 140 180 0 0 0.25 0.14
16 4.8 70 300 0 0 0.25 0.40
17 4.8 280 300 0 0 0.25 0.40
18 4.9 140 180 0 0 0.25 0.44

a) Not cylindrical blobs: the maximum diameter is indicated.
b) Depletion: 10 nm with ϕmixed = 0.20 around the blobs.
c) Enrichment: 10 nm with ϕmixed = 0.30 around the blobs.
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Phase segregation

Figure 4.2 presents the simulated JV characteristics of three solar cells which differ in
acceptor concentration and in morphology. Two of them have the same acceptor content
(55 vol.%) and are characterized by different amount of phase separation. The third one
has a lower amount of acceptor (25 vol.%) and an homogeneous morphology. The latter
device is the one with the lowest efficiency: its performance is strongly limited by the low
electron mobility that characterizes the blend with such a low acceptor concentration (see
Figure 2.6). Furthermore, the electric field dependency of the electron mobility reduces
the fill factor of the solar cell to a value around 33%, lower than the theoretical value of
42% predicted by Mihailetchi et al. [38] for space-charge limited photocurrent (see Section
3.4.1).

- 1 . 0 - 0 . 5 0 . 0 0 . 5- 1 5 0

- 1 2 0

- 9 0

- 6 0

- 3 0

0

 

 

 � � =  0 . 2 5
 �  =  0 . 5 5 ,  b l o b s
 �  =  0 . 5 5 ,  h o m o g e n e o u s

J [
A m

-2 ]

V  [ V ]
Figure 4.2: Simulated JV curves for different overall acceptor concentration ϕ and for different
extent of phase segregation. The device with coarse phase separation has cylindrical blobs with

D = 300 nm embedded in a mixed phase with ϕmixed = 0.25. In this plot are displayed
Simulation 1 (black squares), 2 (red circles) and 3 (blue triangles).

The addition of more acceptor to a homogeneous blend greatly enhances the effi-
ciency; the device with 55 vol.% of acceptor and homogeneous morphology presents
a six-fold enhancement of the PCE if compared with the device with 25 vol.% accep-
tor. The reasons for this considerable improvement are the increase of electron mobility
and the reduction of its field dependency upon increasing the acceptor volume fraction
(Figure 2.6). However, the beneficial effect of having more acceptor in the blend is lost
if the acceptor molecules aggregate in large domains. The curve shown in Figure 4.2
for coarse phase segregation represents the JV of a device with cylindrical acceptor do-
mains with diameter D = 300 nm. In this case, not all the photogenerated excitons are
quenched: the excitons generated at a large distance from the acceptor/donor interface
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cannot reach it to be dissociated and are lost. By solving the exciton diffusion equation
in 3D, we obtain a 65% exciton quenching efficiency; this partly explains the reduction
of short circuit current with respect to the homogeneous blend with the same acceptor
content. The low content of acceptor in the matrix (ϕmixed) surrounding the blobs fur-
ther reduces the current and the fill factor due to space charge effect and electric field
dependency, as discussed above.

Blob shape

The JV curve shown in Figure 4.2 for the case of phase separation has been calculated
for cylindrical blobs. In real devices the acceptor aggregates do not have such a perfect
shape; in general their lateral surface is curved, a typical blob shape is the one displayed
in Figure 4.1. We investigate the effect of the shape of the blobs by means of the 3D
model. We draw the acceptor domains volume using the equation(

2x
L

)m
+
( y

R

)2
+
( z

R

)2
≤ 1, (4.12)

where L is the sample thickness, R is the radius of the blobs at their largest horizontal
cross-section, and x, y and z are the vertical and the horizontal coordinates, respectively.
The shape of the volume depends on the value of the exponent m. An ellipsoid is ob-
tained for m = 2; we also run the simulation for m = 3 and m = 4, and we compare the
results with the simulation of the case of cylindrical blobs. 4 nm of donor-rich skin layers
(with the same composition of the mixed phase) are added at the two contacts, for every
morphology. From the results plotted in Figure 4.3 it appears that the shape of the blobs
does not play a significant role; only a slight reduction of the photocurrent is observed
going from the ellipsoid blobs to the cylinders, due to a reduction of the exciton quench-
ing efficiency. Moreover, if the blob has a curved lateral surface, the effect of the skin
layer at the cathode is slightly modified (see next Section). To disentangle the effect of
the shape from the effect of blob size and distribution, we simulate from now on only
cylindrical blobs. This also greatly simplifies the calculations both for the 3D and for the
parallel model.
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Figure 4.3: Simulated JV curves for different shapes of the acceptor domains. The shapes have
been drawn using Equation 4.12 for m = 2, 3 and 4 and are shown in the inset. Cylindrical blobs
have also been simulated. In this plot are displayed Simulation 4 (black squares), 5 (red circles),

6 (green triangles) and 7 (blue diamonds).

Skin layers

It has been observed experimentally that thin skin layers of mixed phase are often
present at the top and at the bottom of the pure domains. [15,39] We analyse the influ-
ence of this layers on the overall device efficiency. Using a 3D model it is possible to
include a thin layer of mixed phase at each of the two contacts. The simulations shown
in Figure 4.4 present the effect of 4-nm thick skin layers at the anode, at the cathode or at
both contacts. The acceptor concentration in the skin layer is the same as in the rest of the
matrix (25 vol.%). The skin layer at the anode is beneficial for the device performance: its
presence enhances the photogenerated current, because it increases the donor:acceptor
interface and more excitons can be dissociated. This yields free charges in the skin layer
at the anode: the holes are easily collected by the close-by electrode, and the electrons
move vertically to the blob and are subsequently transported to the cathode. The pres-
ence of a skin layer at the cathode does not give the same effect. Also in this case more
excitons are quenched due to a larger donor/acceptor interface. But the holes generated
in this thin layer cannot travel through the pure acceptor blob to reach the anode; they
should instead move laterally along the surface of the blob and then vertically through
the mixed phase. However, the lateral dimension of the blobs is so large that holes un-
dergo bimolecular recombination before reaching the edge of the blobs, and are lost.
Therefore, the skin layer at the cathode does not contribute to the photocurrent. In case
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of non-cylindrical blobs (Figure 4.3), some of the holes generated in the skin layer at the
cathode are able to reach the anode and the current is slightly enhanced.

- 1 . 0 - 0 . 5 0 . 0 0 . 5
- 5 0

- 4 0

- 3 0

- 2 0

- 1 0

0

 S a  =  0 ,  S c  =  0
 S a  =  4  n m ,  S c  =  4  n m
 S a  =  4  n m ,  S c  =  0
 S a  =  0 ,  S c  =  4  n m

 

 

J [
A m

-2 ]

V  [ V ]
Figure 4.4: Simulated JV curves for devices with and without skin layers at the two electrodes.

The symbols represent the 3D simulations, the solid lines are calculated with the parallel model.
In this plot are displayed Simulation 2 (black squares), 7 (red circles), 8 (green triangles) and

9 (blue diamonds).

Interestingly, our results do not show any detrimental effect of the skin layer at the
cathode. One may argue that a donor-rich layer at the cathode might hinder the extrac-
tion of electrons; it has been shown instead by Lyons et al. [40] that the photocurrent is
minimally affected as long as the electron transporting material is present in the skin
layer above a certain concentration threshold (15 vol.%). Our results, obtained for skin
layer with 25 vol.% acceptor concentration, are fully in agreement their predictions.

Having outlined the effect of the skin layers on the photogenerated current, we can
exclude them for the other simulations and focus on the importance of the composition
of the mixed phase and on the dimension and the number density of the pure acceptor
domains.

Depletion/enrichment close to the blobs

Up to now, we have shown the results obtained for systems presenting a homogeneous
matrix. When pure domains of acceptor are formed, it is possible that the acceptor con-
centration in the surrounding matrix will not be constant: there may be either an increase
in acceptor concentration moving towards the pure phase, or a depletion region in which
the acceptor concentration is lower than in the rest of the matrix. We simulate these two
cases by adding a thin region (10 nm) around the blobs with a concentration of acceptor
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slightly higher (30 vol.%) or slightly lower (20 vol.%) than in the mixed phase far from
the blobs (25 vol.%). The results of these simulations are in Figure 4.5. The short circuit
current increases to a certain extent by adding more acceptor around the blobs. This is
due to the fact that an higher concentration of acceptor facilitates the lateral movement
of electrons from the mixed phase towards the acceptor phase, through which they are
efficiently transported to the cathode.
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Figure 4.5: Simulated JV curves for devices with different acceptor concentration in the mixed

phase in the proximity of the blobs. The symbols represent the 3D simulations, the solid lines are
calculated with the parallel model. The homogeneous matrix has ϕmixed = 0.25; 10 nm with

ϕmixed = 0.20 and ϕmixed = 0.30 are added around the blobs in the case of depletion and
enrichment, respectively. In this plot are displayed Simulation 2 (black squares), 10 (red circles),

and 11 (green triangles).

Matrix composition

We verify the impact of the overall active layer composition by keeping the size of the
acceptor domains constant (D = 300 nm) and modifying the acceptor concentration in
the mixed phase. Figure 4.6 shows the simulated JV curves for three different com-
positions of the mixed phase. It is evident how important is the effect of the acceptor
concentration in the matrix on the device performance: increasing it from 20 vol.% to
30 vol.% results in more than a factor of 2 enhancement of the short circuit current. This
improvement is partly explained by the more efficient lateral transport of electrons to-
wards the blobs through the matrix with more acceptor. But, as shown in the previous
sub-section, this gives only a modest increase of the photocurrent. The main cause of
the increased performance is the large enhancement of the electron mobility when the
acceptor concentration in the matrix is increased from 20 vol.% to 30 vol.% (Figure 2.6),
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which reduces the effect of space charge in the current flowing vertically through the
mixed phase.
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Figure 4.6: Simulated JV curves for devices with different acceptor concentration in the mixed

phase. The symbols represent the 3D simulations, the solid lines are calculated with the parallel
model. In this plot are displayed Simulation 2 (black squares), 12 (red circles), and 13 (green

triangles).

Blob size

We simulate devices with constant matrix composition (25 vol.% acceptor) and differ-
ent blob diameters, from 180 to 300 nm. The corresponding JV curves are reported in
Figure 4.7. The impact of the blob size on the efficiency is relatively low: only a slight
reduction of the short-circuit current density (Jsc) and increase in fill-factor (FF) are ob-
served upon increasing the diameter of the blobs. The reduction in the current is as-
signed to a less efficient exciton quenching in the pure phases; the FF enhancement is
due to the fact that a larger fraction of the current is transported through the interfacial
region (see next Section).

Remarkably, both Figures 4.6 and 4.7 represent the effect of the overall composition
of the active layer. In Figure 4.6 it is shown how an increase of the overall acceptor
volume fraction from 52% to 58% (corresponding to 20 vol.% and 30 vol.% of acceptor in
the matrix, respectively) almost doubles the PCE of the cell. For the JV curves presented
in Figure 4.7 the increase in acceptor volume fraction is even bigger: from 35.8% in case
of D = 180 nm to 55% in case of D = 300 nm. This does not translate into the same effect
on the performance of the cell: the PCE is almost unaffected, and it rather diminishes,
though in a modest amount, for higher volume fractions of acceptor. The explanation of
this different effect of the overall composition will be clarified in Section 4.3.2.
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Figure 4.7: Simulated JV curves for devices with different diameters of the pure acceptor

domains. The symbols represent the 3D simulations, the solid lines are calculated with the
parallel model. In this plot are displayed Simulation 2 (black squares), 14 (red circles), and 15

(green triangles).

Thickness of the active layer

Figure 4.8 presents the JV curves for simulated devices with different thickness of the
active layer. The size and shape of the blobs and the composition of the matrix are the
same for the three simulations. In the mixed phase of the thickest device negative space
charge is built up which strongly limits the current coming from this phase. For the
thinnest device, the current in reverse bias is not space charge limited but saturates at its
maximum value qGL.

Number of blobs

Lastly, we consider the effect of blob density. Keeping the diameter of the blobs constant
(D = 180 nm), we modify the distance between them. By doing so, the volume fractions
of acceptor and mixed phase are changed. The simulated JV curves are reported in Fig-
ure 4.9. When the blobs are closer to each other, and the volume fraction of acceptor
phase is larger, the fraction of current transported in the interfacial region between ac-
ceptor and mixed phase is increased and this translates into an enhancement of the fill
factor, due to the good electron transport that characterizes the current flowing in this
region.

The density of the pure acceptor domains mainly influences the shape of the JV char-
acteristic, and hence the fill factor. A small effect is visible for Jsc: the simulated device
with higher blob density has a lower exciton quenching efficiency, which gives a lower
current. It should be noted that this does not depend on the quenching efficiency of
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4.3. Outcome of the simulations

the pure phase: the blobs have, in both simulations, the same shape and size, and the
fraction of excitons generated into the acceptor phase and able to reach the interface is
the same. The difference in the overall quenching efficiency is solely due to the different
volume fractions of pure acceptor phase.
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Figure 4.8: Simulated JV curves for devices with different thicknesses. The symbols represent the

3D simulations, the solid lines are calculated with the parallel model. In this plot are displayed
Simulation 2 (black squares), 16 (red circles), and 17 (green triangles).
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Figure 4.9: Simulated JV curves for devices with different number densities of the acceptor blobs.
The volume fraction of the acceptor pure phase is a) 0.14 (Simulation 15) and b) 0.44 (Simulation

18) The symbols represent the 3D simulations, the solid lines are calculated with the parallel
model.
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4.3.2 Parallel model

We reproduce the JV curves simulated with the 3D model using the parallel approach
described in Section 4.2.3. The results are represented as solid lines in Figure 4.4−4.9.
The good agreement between the two models for all the simulated cases confirms the
possibility to apply the 1D parallel approach to simulate the JV characteristics of devices
with coarse phase separation. A further validation of the parallel model is obtained by
calculating the two components Jmixed and Jinterface with the 3D model. We perform this
calculation for Simulation 2. Jmixed,3D is calculated as the contribution to the total current
of points far away from the acceptor blob. Jinterface,3D is taken as the contribution of the
all points within the blue region of Figure 3.1b, that is, the outer part of the blob and
the region around it (WO) in which the electrons move laterally towards the blob. The
single contributions to the total current calculated with the 3D and with the 1D model
for Simulation 2 are compared in Figure 4.10. The 3D results agree very well with those
obtained with the parallel model.
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Figure 4.10: Simulated JV curves for the total current and the two separated components
calculated with the 3D (symbols) and with the parallel (lines) models. This plot displays

Simulation 2.

As written in Section 4.2.1, the strength of the bimolecular recombination is reduced
for the simulation of Jinterface. This reduction is necessary to compare the results of the
parallel approach to the ones of the 3D model. This latter method uses Equation 4.4 and
4.5 to calculate the recombination rate. As the recombination occurs in the mixed phase,
the values of hole and electron mobilities in this phase are used by the 3D code. But
when we simulate Jinterface with the 1D approach, we use the significantly higher value
of the electron mobility in the blobs. This would lead to an increased rate of bimolecular
recombination; in order to correct for this, we reduce the strength of the bimolecular
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4.3. Outcome of the simulations

recombination by applying a prefactor γpre ≤ 1 to Equation 4.5. We determine γpre by
fitting the open circuit voltage, since it is known that this parameters is largely affected
by the recombination rate. [41] For every simulation performed with the parallel model,
the value of the prefactor expressing the reduction of the bimolecular recombination
strength for Jinterface is γpre = 0.1.

The parallel model has one fit parameter, WO, which is the width of the region around
the blobs in which the electrons move laterally towards them. This parameter partly
determines the distribution of the total current between Jinterface and Jmixed. The values of
WO used for every simulation are reported in Table 4.1. As expected, WO is larger when
the concentration of acceptor in the matrix is increased, because a larger volume fraction
of acceptor means higher electron mobility, and thus the lateral movements of electrons
towards the blobs is facilitated. It is interesting to observe that the extent of the lateral
transport of electrons in the mixed phase does not only depend on the composition of the
matrix, but also on the size of the blobs: WO is reduced for smaller acceptor domains.
We have simulated JV curves with even larger blobs than the one reported in Figure
4.7 (data not shown) and fit them with the parallel model. Figure 4.11 represents the
fit parameter WO as a function of the blob diameter. Beyond a certain size of the pure
acceptor domains, WO saturates at a value of 12 nm. We assign the reduction of WO
for small blob diameters to the increased density of electrons in smaller blobs, which
reduces their capacity to accept further electrons from the surrounding matrix.
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Figure 4.11: The fit parameter WO as a function of the blob diameter. For all these simulations,
the blobs are cylindrical, ϕmixed = 0.25 and no skin layers are included.

Figure 4.9a and b represent the fits of the 3D simulated points for different blob den-
sity. In addition, in these plots are shown the two parallel components, Jinterface and
Jmixed. The parallel approach explains the difference in fill-factor when devices with dif-
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ferent blob density are compared: it is evident that increasing the density of the domains
enhances the fraction of current transported through the interfacial region, where the
electron mobility is high. The fill factor is higher for Jinterface, which is characterized by
a balanced transport of charges. It is therefore predictable an enhancement of FF when
Jinterface dominates the total current.

Qualitatively, increasing the concentration of acceptor in the mixed phase or decreas-
ing the size of the acceptor blobs have the same effects on the JV characteristics, namely
an increase in Jsc and a reduction of FF. We observed the same trends in experimental
JV curves from PDPP5T:[70]PCBM devices in the previous chapter. However, in the
experimental data the size of the blobs and the composition of the matrix have been var-
ied at the same time; in this work instead we disentangle the effects of each of this two
morphological features. We are thus able to see how important to the performance of the
device each one of them is. Our results indicate that a small variation of the overall of the
acceptor concentration in the matrix has a bigger impact than the larger variation pro-
duced by the change in blob size. The different roles played by the changing the overall
composition of the blend through modification of the matrix composition (Figure 4.6) or
the blob size (Figure 4.7) depends on which of the two contributions, Jinterface and Jmixed,
is dominant. The values of Jinterface and Jmixed at short circuit current for each simulation
are listed in Table 4.2, together with the fraction of the total current that they represent
(%interface and %mixed, respectively). In most of the cases presented here, Jmixed is the
dominant component of the total current, and this explains why varying the composi-
tion of the mixed phase is more effective than varying the blob size. We suppose that the
relative importance of the two features would change in the case of dominant Jinterface.

Splitting the total current into two components makes it easier to explain the results
observed for devices with different thickness, which stem from the different transport
properties that characterizes Jinterface and Jmixed. The latter current is strongly limited by
space charge, due to the large difference between the mobilities of electrons and holes.
When the film is thin, the space charge effect is reduced and the current saturates at the
value qGL; G is given by the total excitons quenching efficiency, calculated by the solu-
tion of the 3D excitons diffusion equation. For the 280 nm thick devices (see Figure 4.8),
Jmixed is so limited by the build-up of space charge that most of the current comes from
the interfacial region. At intermediate thickness, both the currents contribute to Jtotal and
the effect of space charge in the matrix becomes evident in reverse bias, where Jmixed
dominates.
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Table 4.2: Parallel model results: values of the parameter W0 used to fit the 3D data and of
Jinterface and Jmixed at short circuit.

Simulation WO Jsc,interface Jsc,mixed %inter f ace %mixed
[nm] [A m-2] [A m-2]

1 0 0 24.29 0 100
2 12 8.36 13.78 37.8 62.2
3 0 0 98.17 0 100
7 12 10.50 14.12 42.6 57.4
8 12 10.76 13.78 43.8 56.2
9 12 8.12 14.12 36.5 63.5

10 9 6.23 14.22 30.5 69.5
11 16 11.32 13.17 46.2 53.8
12 9 6.21 14.52 30.0 70.0
13 15 10.55 36.41 22.5 77.5
14 10 5.78 23.86 19.5 80.5
15 8 3.67 21.44 14.6 85.4
16 12 4.02 15.49 20.6 79.4
17 12 16.13 12.62 56.1 43.9
18 8 11.25 12.32 47.7 52.3

4.4 Conclusion

We presented a 3D drift-diffusion model that can consistently simulate the JV char-
acteristics of organic BHJs, including the diffusion and quenching of excitons, the ef-
fects of space charge, the recombination and generation of charge carriers and the injec-
tion/extraction of carriers at the contacts. With this model we studied the effects that
the occurrence of large domains of pure acceptor material has on the efficiency of the de-
vices. We treated each morphological feature, such as the size and shape of the domains,
the composition of the mixed phase, the presence of skin layers, independently from the
others. Thus, we have been able to disentangle the effect of different aspects of the active
layer on the efficiency of the device.

The formation of large acceptor domains is detrimental for the efficiency for two rea-
sons: it reduces the exciton quenching efficiency and it deprives the surrounding mixed
phase of acceptor molecules. As a consequence of the low concentration of acceptor in
the mixed phase the transport of electron in this phase is not efficient and the photocur-
rent becomes space-charge limited. We demonstrated how the addition of acceptor to the
matrix, keeping the size of the pure domains constant, has a strong beneficial effect on
the efficiency. The reduction of the size of the domains, enhancing the exciton quench-
ing efficiency, has also a beneficial impact on the performance of the device, though less
evident.
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We included in our model the presence of skin layers of donor-rich phase at either
electrode. A skin layer at the anode enhances the extracted photocurrent, because it
reduces the exciton quenching at the anode and increase the number of photogenerated
charges at the donor/acceptor interface. A skin layer at the cathode does not have such
an effect: the free holes generated in this layer are not able to be collected at the anode,
because the distance that they should travel laterally along the acceptor domain is too
large (hundreds of nm) and they are lost via recombination process. Thus, no effect was
observed when a skin layer was added at the cathode.

We defined two components for the total current, one coming from the interfacial re-
gion between the acceptor phase and the mixed phase, the other coming from the mixed
phase. Both the contributions can be simulated with a 1D drift-diffusion numerical code,
and them summed to give the total current. This “parallel approach” is based on the
lateral movement of electrons in the mixed phase towards the acceptor domains, to be
subsequently transported to the cathode. The extent of the lateral movement of electrons
depends on the composition of the matrix and on the size of the acceptor domains, and
defines which of the two currents dominates. We used the parallel model to fit the data
generated by the 3D simulations. In most cases, the current from the mixed phase has
been observed to be the dominant component. This explains why the composition of the
matrix has the strongest impact on the efficiency of the devices.

The 3D model is a powerful tool that can give a detailed understanding of the physics
occurring in the active layer, and a hint on how to optimize the morphology of the active
layer. Splitting the current in two components and applying the 1D parallel approach
facilitates the interpretation of experimental data, by identifying which region of the
active layer dominates the performance of the devices.

74



References chapter 4

References

[1] S. van Bavel, S. Veenstra, J. Loos, Macromol. Rapid Commun. 2010, 31, 1835.

[2] M. A. Ruderer, P. Müller-Buschbaum, Soft Matter 2011, 7, 5482.

[3] F. Liu, Y. Gu, J. W. Jung, W. H. Jo, T. P. Russel, J. Polym. Sci. Part B 2012, 50, 1018.

[4] M. Dante, A. Garcia, T.-Q. Nguyen, J. Phys. Chem. C 2009, 113, 1596.

[5] J. Guo, H. Ohkita, H. Benten, S. Ito, J. Am. Chem. Soc. 2010, 132, 6154.

[6] B. A. Collins, Z. Li, J. R. Tumbleston, E. Gann, C. R. McNeill, H. Ade, Adv. Energy
Mater. 2013, 3, 65.

[7] C. R. McNeill, B. Watts, L. Thomsen, W. J. Belcher, N. C. Greenham, P. C. Dastoor,
Nano Lett. 2006, 6, 1202.

[8] B. A. Collins, E. Gann, L. Guignard, X. He, C. R. McNeill, H. Ade, J. Phys. Chem. Lett.
textbf2010, 1, 3160.

[9] W. C. Tsoi, S. J. Spencer, L. Yang, A. M. Ballantyne, P. G. Nicholson, A. Turnbull,
A. G. Shard, C. E. Murphy, D. D. C. Bradley , J. Nelson, J. S. Kim, Macromol. 2011,
44, 2944.

[10] M. J. Im, S. Y. Son, B. J. Moon, G. Y. Lee, J. H. Kim, Organic Electron. 2013, 14, 3046.

[11] J. A. Bartelt , Z. M. Beiley, E. T. Hoke, W. R. Mateker, J. D. Douglas, B. A. Collins,
J. R. Tumbleston, K. R. Graham, A. Amassian, H. Ade, J. M. J. Fréchet, M. F. Toney,
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CHAPTER 5

A FIGURE OF MERIT FOR THE
FILL FACTOR

Summary

Among the parameters that characterize a solar cell and define its power-conversion
efficiency, the fill factor is the least well understood, making targeted improvements
difficult. In this chapter the competition between charge extraction and recombination
is quantified by using a single parameter θ, and we demonstrate that this parameter is
directly related to the fill factor of many different bulk heterojunction solar cells. This
finding is supported by experimental measurements on 15 different donor:acceptor
combinations, as well as by drift-diffusion simulations of organic solar cells in which
charge-carrier mobilities, recombination rate, light intensity, energy levels and active-
layer thickness are all varied over wide ranges to reproduce typical experimental
conditions. The results unify the fill factors of several very different donor:acceptor
combinations and give insight into why fill factors change so much with thickness, light
intensity and materials properties. To achieve fill factors larger than 0.8 requires further
improvements in charge transport while reducing recombination.
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5.1 Introduction

As explained in Chapter 1, three parameters are usually considered to characterize a
solar cell: the open circuit voltage (Voc), the short circuit current (Jsc) and the fill factor
(FF), defined as

FF =
JMPPVMPP

JscVoc
(5.1)

where JMPP and VMPP are the current density and voltage at the maximum power point
(MPP), respectively (Figure 5.1).
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Figure 5.1: JV characteristic of a solar cell under illumination. The fill factor represents the ratio
of the areas of the red and blue squares.

Over recent years, a good understanding of the physical phenomena governing
Jsc

[1,2] and Voc
[3–5] has been achieved, while a similar understanding is lacking for the FF.

If the generation of charges varies significantly between open-circuit and short-circuit
conditions, then this will influence the FF. Such field-dependent generation of charge
carriers has been shown to be the main determinant in some donor/acceptor combina-
tions. [6,7] In most of the high-efficiency OPV systems, geminate recombination is greatly
reduced and bimolecular recombination is the main mechanism for charge recombina-
tion. [8] It is then the competition between recombination and extraction of charges that
principally determines the dependence of the photocurrent on bias, and hence the FF. [9]

Some authors combined transport and recombination by treating the problem in terms
of the mobility-lifetime product. [10,11]

Whether the recombination is dominant over the extraction or vice versa depends on
a complex interplay between the effects of thickness, [10,12] charge transport, [13,14] recom-
bination strength [9,15] and light intensity. [16] Although many publications in the litera-
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ture relate the differences in FF between different solar cells to one parameter, such as
the thickness [10,12] or the light intensity, [16] it has been recently shown that one has to
consider all the dynamic processes in the device [17] to understand changes in FF. A com-
plete and systematic understanding of the interplay of all the factors mentioned above,
which may translate into significant improvements of the FF and hence of the power-
conversion efficiency, is still lacking.

In this chapter we focus on the FFs of a large number of solar cells, using both sim-
ulations by means of drift-diffusion modelling [18] and experimental data. The simula-
tions are performed by varying the charge-carrier mobilities, recombination rate, light
intensity, energy levels and active-layer thickness over a wide range, to reproduce typ-
ical experimental conditions. Experimental data are collected from a wide variety of
donor:acceptor combinations, including systems that exhibit a weak field dependency
in the photogeneration of charges. Both simulated and experimental devices have ohmic
contacts, as it is the case for the most efficient organic solar cells. For each combination,
we measure charge-carrier mobilities and bimolecular recombination rates using a com-
bination of steady state and transient techniques, and we use these quantities to estimate
the recombination and extraction times. In addition, we include experimental data taken
from the literature, for devices based on polymer:fullerene [12,19] and small-molecule [13]

systems.
We introduce a dimensionless parameter θ that quantifies the ratio of the recombi-

nation and extraction rates. This single parameter unifies the effects of charge-carrier
mobilities, recombination rate, light intensity and thickness. When all the FFs of the so-
lar cells studied are plotted versus θ, the data collapse onto one universal curve, showing
that the parameter θ is suitable to quantify the competition between recombination and
extraction of free charges. Our results unify the FFs of 15 very different donor:acceptor
combinations and help explain why FFs change so much with thickness, light inten-
sity and materials properties, which opens up the possibility of targeted improvement.
We show that to achieve FFs of over 0.8, further improvements in charge transport are
needed while reducing recombination.

5.2 Drift-diffusion model and material parameters

Organic solar cells are generally based on the combination of two materials, one electron
donor and one electron acceptor. The bulk heterojunction (BHJ) solar cell can be consid-
ered as one effective semiconductor medium, whose valence and conduction bands are
represented by the higher occupied molecular orbital of the donor (HOMOD) and by the
lowest unoccupied molecular orbital of the acceptor (LUMOA), respectively. This effec-
tive medium is sandwiched between two metal electrodes. The charges photogenerated
inside the active layer on absorption of photons move driven by the external electric field
(drift) and by their concentration gradient (diffusion). The drift and diffusion of charges
can be described by a model, presented in detail in Ref. 18, which includes generation
and recombination of free charge carriers, as well as the effect that the possible build-up
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of space charge has on the electric field. The generation of free charges is assumed to be
field-independent. In spite of its simplicity, the monodimensional drift-diffusion model
is a powerful tool to treat BHJ systems and it has been used by many groups in the past
to properly describe the JV curves of real devices. [20–22]

We perform monodimensional drift-diffusion modelling of the JV curves of organic
solar cells by using a set of parameters that are representative of a vast class of BHJs in
different operating conditions. The ranges used for these parameters are listed in Table
5.1. As the light-absorbing materials used in OPVs are typically strongly absorbing, the
active layers can be relatively thin. A range of 60− 260 nm is chosen in the simulations.
The effective bangap Egap, given by the difference between LUMOA and HOMOD, varies
somewhat between solar cell materials; hence, this parameter is also varied. The contacts
are assumed to be ohmic, that is, there are no energy barriers for the injection and extrac-
tion of electrons and holes at the cathode and anode, respectively. In the simulations, the
carriers at the contact are assumed to be in thermal equilibrium with the electrodes, [18]

which implies infinitely strong surface recombination of the minority carriers.

Table 5.1: Parameters used in the drift-diffusion simulations.

Symbol Description Range
L Thickness 60− 260 nm
Egap Effective bandgap 1.0− 1.3 eV
µp Hole mobility 1× 10−10 − 1× 10−7 m2V-1s-1

µn Electron mobility 1× 10−10 − 1× 10−7 m2V-1s-1

γpre Recombination prefactor 1× 10−3 − 1
G Generation rate of free charges 1× 1025 − 1× 1028 m-3s-1

The mobilities of electrons and holes characterize the charge transport. For simplicity,
we assume the mobilities to be not dependent on the electric field and on the charge den-
sity. Our simulations consider bimolecular recombination as the main loss mechanism
of free charges. The strength of bimolecular recombination is given by

γ = γprekL, (5.2)

where γpre is a dimensionless reduction prefactor and kL is the classical Langevin recom-
bination coefficient [23]

kL =
q

ε0εR

(
µn + µp

)
, (5.3)

in which ε0 is the vacuum dielectric constant, εR is the relative dielectric constant of the
blend, q is the elementary charge, and µn and µp are the electron and hole mobilities, re-
spectively (see Table 5.1). As there is no experimental evidence of organic solar cells with
a recombination strength higher than what follows from Equation 5.3, we consider the
Langevin expression as an upper limit for the bimolecular recombination strength. The
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reduction of the classical Langevin recombination rate in BHJs has been observed ex-
perimentally in some polymer:fullerene, [24] polymer:polymer [25,26] and small-molecule
solar cells; [27] typical values for the reduction prefactor γpre are between 1 and 1× 10−3.

The generation rate of free charges G is proportional to light intensity; we vary G
to simulate solar cells under different illumination conditions, from 1025 to 1028 m-3 s-1,
roughly corresponding to 10−3 − 1 sun intensity.

5.3 Donor and acceptor materials

Experimental data from BHJ solar cells are based on the combination of a variety of
donor and acceptor materials, fabricated in different laboratories and characterized by
different techniques (see Methods section). To avoid losses due to the series resistance
of the contacts, [28] devices with small active area (0.01 − 0.04 cm2) are fabricated. To
draw conclusions that are valid for a large class of OPVs, three families of BHJs are
considered: polymer:fullerene, polymer:polymer and small-molecule solar cells. The
chemical structures of the materials are shown in Figure 5.2.

5.3.1 Polymer:fullerene solar cells

The polymers used in this study are poly(3-hexylthiophene) (P3HT), [29] diketopy-
rrolopyrrolequinquethiophene alternating copolymer (PDPP5T) [30] and polythieno[3,4-
b]-thiophene-co-benzodithiophene (PTB7). [31] These polymers are mixed with
[6,6]-phenyl-C71-butyric acid methyl esther ([70]PCBM). Devices based on these
polymer:fullerene systems are fabricated and characterized following the procedures
described in Section 1.6.

In addition, we include experimental data from the literature. These in-
clude a well-known system, poly(2-methoxy-5-(30,70-dimethyl octyloxy)-p-phenylene
vinylene) (MDMO-PPV) blended with [6,6]-phenyl-C61-butyric acid methyl esther
(PCBM), [12] and a more recent series of donor-acceptor copolymers in which the
electron donor benzodithiophene (BnDT) is alternated with the electron acceptor 2-
alkylbenzo[d][1,2,3]triazole or its fluorinated analogue and blended with PCBM. The
data are taken from a recent paper, in which Li et al. compared the performance of BnDT-
(X)TAZ:PCBM systems with different content of fluorinated groups. [19]

5.3.2 Polymer:polymer solar cells

We consider the mixture of the donor polymers P3HT and poly[3-(4-
octylphenyl)thiophene] (POPT) [32,33] with the acceptor poly([N,N0-bis(2-octyldodecyl)-
naphtalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithiophene))
(P(NDI2OD-T2)), which is also referred to as N2200 [34] and its perylene-based
analogue (P(PDI2OD-T2)). [35]
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5.3.3 Small molecule solar cells

We include data from the literature regarding 2,5-di-(2-ethylhexyl)-3,6-bis-(500-n-
hexyl-[2,20,50,200]terthiophen-5-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (mono-DPP) and
4,7-bis2-[2,5-bis(2-ethylhexyl)-3-(5-hexyl-2,20:50,200-terthiophene-500-yl)-pyrrolo[3,4-
c]pyrrolo-1,4-dione-6-yl]-thiophene-5-yl-2,1,3-benzothiadiazole (bis-DPP) blended with
[70]PCBM. [13]

Figure 5.2: Chemical structures of the materials considered in this chapter.
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5.4 Recombination and extraction rates

First, we present an approximate treatment of recombination and extraction of charge
carriers from an organic solar cell. Next, numerical simulations are used to show that
this treatment, although approximate, can explain the different FFs.

For simplicity, we consider a solar cell with uniform absorption across the active layer
and constant electron and hole mobility; it has been shown that including an optical
profile in the modelling of the device does not significantly change the results for active
layer thinner than 300 nm. [36] As one cannot give a single value for the voltage at the
MPP, we consider short-circuit conditions instead. On average, electrons have to travel
half the active layer thickness (L), to reach the cathode. Thus, their extraction rate kex
can be approximated as

kex =
2µnVint

L2 , (5.4)

where Vint is the internal voltage, related to the LUMO level of the acceptor and the
HOMO level of the donor by

Vint =
LUMOA − HOMOD

q
− 0.4V, (5.5)

where we subtract 0.4 V to account for band bending. [37] In case these levels are not
known, Vint is approximated by the Voc at 1 sun intensity.

As can be seen in Figure 6b of Ref. 18, most of the bimolecular recombination occurs
near the electrodes; there, the density of one of the two charge carriers is large due to
the presence of the ohmic contact and this results in a high probability for charges of op-
posite sign to meet each other and recombine. This is also the case in the simulations in
this study, which assumes the contacts to be ohmic. Near the cathode, for example, the
electron density due to the presence of the contact overwhelms the density of photogen-
erated electrons. The density of holes, on the other hand, is much lower and stems from
the rate at which they are generated and extracted. Because of this, the density of holes
is very small at the cathode and increases with increased distance from the cathode. If
holes are generated at a volume rate G and flow towards the anode at a speed µpV/L,
then the hole density close to the cathode is approximately

p(x) =
GLx

µpVint
, (5.6)

where x is the distance from the cathode. If recombination is very strong, Equation 5.6
will overestimate the density of holes. The average density of holes at the cathode side
of the layer (0 ≤ x ≤ L/2) equals

pav =
GL2

4µpVint
. (5.7)
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To verify whether this equation holds, we perform numerical simulations and we plot
the density of holes at the cathode-side of the active layer against GL2

µpVint
. (Figure 5.3). The

average hole density calculated with Equation 5.7 overlaps with the simulated density,
proving the validity of the equation.
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Figure 5.3: Simulated density of holes at the cathode-side of the active layer as a function of
GL2

µpVint
. The solid line is calculated with Equation 5.7.

The number of recombination events per volume and time is given by

R = γpn = krecn. (5.8)

Thus, the recombination rate krec of electrons with holes near the cathode equals

krec = γpav =
γGL2

4µpVint
, (5.9)

where pav is given by Equation 5.7. Owing to the symmetry of electrons and holes,
a similar reasoning applies to recombination at the anode. The ratio of extraction-to-
recombination, θ, is defined as

θ =
γGL4

µnµpV2
int

∝
krec

kex
. (5.10)

Thus, two solar cells with similar θ are expected to have similarly large recombination
losses. Our hypothesis is that the competition between recombination and extraction of
charges, as quantified by θ, governs the FF of organic solar cells.

86



5.5. Results of the numerical simulations

5.5 Results of the numerical simulations

To obtain a full picture of the factors determining the FF, we simulate JV characteristics
with a large range of FFs. The values of the parameters used for the simulations are
varied, within the interval specified in Table 5.1, to obtain a uniform distribution of log(θ)
over the range θ = 10−6 − 103. We get a set of resulting JV characteristics with FFs that
spans from 0.25 to 0.87.

The FFs of the simulated JV curves are plotted against θ in Figure 5.4. Remarkably,
the simulated FFs follow a clear pattern when plotted against θ; for lower recombina-
tion/extraction ratios, the highest values of FF are achieved; an exponential decrease of
the FF is observed when the recombination losses become more important; and a plateau
at low FF values is reached when the recombination rate is significantly higher than the
extraction rate. This finding makes it possible to predict the effect of simultaneously
changing multiple parameters on the FF.

1 0 - 5 1 0 - 3 1 0 - 1 1 0 1 1 0 3

0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8

 

 

FF

�

Figure 5.4: Simulated FF−θ points. Each point represents the fill factor of a solar cell for which
the JV is numerically calculated with a 1D drift-diffusion model. [18] For each point, θ is

calculated with Equation 5.10.

5.5.1 Surface recombination and carrier density at the contacts

The data presented in Figure 5.4 are calculated under the assumption that the carriers
are in thermal equilibrium with the electrodes, [18] In the case of thermal equilibrium at
the contacts, it is assumed that the electron and hole density at the cathode (x = 0) are
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equal to

n(0) = Ncv (5.11a)

p(0) = Ncv exp
(
−

Egap

kBT

)
, (5.11b)

where Ncv is the density of available states. [18] The simulations presented above are per-
formed for Ncv = 2.5× 1025 m-3. At the anode the densities are given by

n(L) = Ncv exp
(
−

Egap

kBT

)
(5.12a)

p(L) = Ncv. (5.12b)

These boundary conditions implicitly assume infinitely strong surface recombination
of the minority carriers. In the case of near-zero surface recombination, the boundary
conditions on p(0) and n(L) are replaced by the requirement that the hole and electron
current densities are zero at cathode and anode, respectively. This is done by assuming

Jn(p) = qSn(p)
(
n(p)− n(p)eq

)
(5.13)

where Sn(p) is the surface recombination velocity and n(p)eq is the equilibrium electron
(hole) density. [17] Near-zero recombination velocity in the simulations is achieved by
setting Sn(p) = 10−4 m s-1. We verify that using near-zero surface recombination veloc-
ities for the electrons (holes) near the anode (cathode) yields virtually the same results
for FF versus θ (Figure 5.5a). We also check that our results are not influenced by the
exact carrier densities at the contacts by running simulations with Ncv = 3× 1026 m-3

(Figure 5.5b).

5.6 Experimental results

The parameter θ depends on the properties of the materials and of the devices. Experi-
mentally, it is possible to achieve solar cells with θ spanning a wide range by producing
devices based on different blends, by varying the processing conditions, or by measuring
the same device in different conditions of temperature and incident light. In particular,
θ can be made to change over orders of magnitude by changing the intensity of the inci-
dent light. Furthermore, the thickness of the active layer can be varied to investigate the
behaviour of the same blend over a range of θ.

To determine θ, it is necessary to know the mobilities of holes and electrons. The
charge transport in PDPP5T:[70]PCBM and PTB7:[70]PCBM blends is characterized by
measuring the JV characteristics of single carrier devices (Figure 5.6 and 2.5). The cur-
rent in such devices is limited by space charge and is directly proportional to the mo-
bility. The mobility is determined by fitting. In addition to the mobilities, the strength

88



5.6. Experimental results

1 0 - 5 1 0 - 3 1 0 - 1 1 0 1 1 0 3

0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8

 

 
FF

�

(a)

1 0 - 5 1 0 - 3 1 0 - 1 1 0 1 1 0 3

0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8

 

 

FF

�

(b)

Figure 5.5: a) The effect of finite surface recombination (red symbols, Sn(p) = 10−4 m s-1) and
infinite surface recombination (black symbols); b) Resulting fill factors for Ncv = 2.5× 1025 m-3

(black) and Ncv = 3× 1026 m-3 (red).

of the bimolecular recombination γ has to be measured. For PDPP5T:[70]PCBM and
PTB7:[70]PCBM blends, we use a method proposed by Wetzelaer et al., [38] which consists
of determining γpre from the steady-state characterization of single- and double-carrier
devices (Figure 5.7), by the relation expressed in Equation 2.6. Next, we calculate γ using
Equation 5.2 and 5.3.

Recombination rates and carrier mobilities in P3HT:[70]PCBM and in poly-
mer:polymer systems are measured by the use of time-delayed collection field (TDCF)
measurements. [17] In TDCF, charge carriers are photogenerated with a short laser pulse
under constant pre-bias conditions and subsequently extracted with a constant high re-
verse voltage, which is applied after a defined delay time. The bimolecular recombina-
tion coefficients γ are obtained by applying an iterative calculation of the charges that
are collected after varying delay times with respect to the charge that has been extracted
during the pre-bias. [7,17] Charge-carrier mobilities can be determined from extrapolat-
ing the photocurrent decay or by fitting the whole current transients that are recorded
in TDCF measurements by means of numerical drift-diffusion simulations [7,17,26](see
Figure 5.8 and 5.9). All TDCF experiments have been carried out by our collaborators
in Potsdam University.

The values of γ for MDMO-PPV:PCBM, [12] PBnDT-(X)TAZ, [19] mono-
DPP:[70]PCBM and bis-DPP:[70]PCBM [13] are taken from the literature. Table 5.2
contains µn, µp and γ for all the systems analysed.
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Figure 5.6: JV curves of single carrier devices: a) PDPP5T:[70]PCBM 1:2 wt. ratio; b)
PDPP5T:[70]PCBM 1:1 wt. ratio; c) PDPP5T:[70]PCBM 2:1 wt. ratio; d) PTB7:[70]PCBM 1:1.5

wt. ratio from CB solution; e) PTB7:[70]PCBM 1:1.5 wt. ratio from oDCB solution; f)
PTB7:[70]PCBM 1:1.5 wt. ratio from CB/DIO solution. Symbols represent experimental data,
corrected for the series resistance of the substrates (10 Ω/square for the electron-only devices,

14 Ω/square for the hole-only devices) and for the built-in voltage. Solid lines represent fit of the
experimental data, performed for space charge limited current with a Poole-Frenkel dependency

for the mobility on the electric field. [39]
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Figure 5.7: JV curves in dark for: a) PDPP5T:[70]PCBM solar cells; b) PTB7:[70]PCBM solar cells.
Symbols represent experimental data, solid lines represent fit of the experimental data.
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Figure 5.8: TDCF transients of the polymer:polymer devices: a) P3HT:P(NDI2OD-T2);
b) P3HT:P(PDI2OD-T2); c) POPT:P(NDI2OD-T2); d) POPT:P(PDI2OD-T2). The symbols represent

experimental data, the solid lines represent fits with a numerical transient drift-diffusion
simulation. [7,17,26]
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Figure 5.9: Delay dependent total (Qtot, black squares), collection (Qcoll, red full circles) and
pre-charge (Qpre, red empty circles) for: a) P3HT:P(PDI2OD-T2); b) POPT:P(NDI2OD-T2);

c) POPT:P(PDI2OD-T2). A pre-bias close to the maximum power point of each solar cell has been
applied. The dashed lines represent the fits of Qcoll from which the bimolecular recombination

coefficient γ is extracted (see Ref. 7, 26 and 17 for the details).
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Table 5.2: Materials parameters for all the donor:acceptor systems considered in this chapter.

# Material µn µn γ Vint
[m2V-1s-1] [m2V-1s-1] [m3s-1] [V]

1 P3HT:[70]PCBM as cast 1.7× 10−8 1.0× 10−10 1.1× 10−17 0.580
2 P3HT:[70]PCBM annealed 1.8× 10−7 4.0× 10−8 1.1× 10−18 0.580
3 PDPP5T:[70]PCBM 2:1a 2.4× 10−11 1.2× 10−7 4.9× 10−17 0.583b

4 PDPP5T:[70]PCBM 1:1 (295 K) 1.1× 10−8 3.0× 10−7 7.3× 10−16 0.566b

5 PDPP5T:[70]PCBM 1:1 (255 K) 1.4× 10−9 9.5× 10−8 5.7× 10−17 0.624b

6 PDPP5T:[70]PCBM 1:1 (215 K) 9.2× 10−11 1.9× 10−8 3.6× 10−18 0.675b

7 PDPP5T:[70]PCBM 1:2 3.1× 10−7 2.9× 10−7 5.4× 10−16 0.556b

8 PTB7:[70]PCBM in CB 8.0× 10−8 5.4× 10−8 1.5× 10−16 0.757b

9 PTB7:[70]PCBM in oDCB 3.5× 10−8 3.0× 10−8 8.3× 10−18 0.740b

10 PTB7:[70]PCBM in CB/DIO 2.3× 10−8 1.3× 10−8 1.7× 10−18 0.735b

11 MDMO-PPV:PCBM [12] 2.0× 10−7 3.0× 10−8 6.0× 10−17 0.800
12 P3HT:P(NDI2OD-T2) (fast dried) 4.6× 10−7c 1.0× 10−7c 7.3× 10−18 0.500
13 P3HT:P(NDI2OD-T2) (slow dried) 3.8× 10−7c 2.5× 10−7c 6.6× 10−17 0.500
14 P3HT:P(PDI2OD-T2) 3.0× 10−7c 1.1× 10−7c 8.0× 10−18 0.480
15 POPT:P(NDI2OD-T2) 2.0× 10−7c 3.5× 10−8c 9.1× 10−19 0.480
16 POPT:P(PDI2OD-T2) 1.4× 10−7c 3.7× 10−8c 5.5× 10−18 0.440
17 PBnDt-(X)TAZ:PCBM (F00) [19]d 4.0× 10−7 1.7× 10−8 1.0× 10−17 0.731b

18 PBnDt-(X)TAZ:PCBM (F25) [19]d 4.0× 10−7 2.8× 10−8 1.0× 10−17 0.742b

19 PBnDt-(X)TAZ:PCBM (F50) [19]d 4.0× 10−7 5.6× 10−8 1.0× 10−17 0.764b

20 PBnDt-(X)TAZ:PCBM (F75) [19]d 4.0× 10−7 8.0× 10−8 1.0× 10−17 0.780b

21 PBnDt-(X)TAZ:PCBM (F100) [19]d 4.0× 10−7 1.2× 10−7 1.0× 10−17 0.797b

22 mono-DPP:[70]PCBM [13] 1.0× 10−7 2.0× 10−9 5.3× 10−17 0.750
23 bis-DPP:[70]PCBM [13] 1.5× 10−7 3.4× 10−8 2.6× 10−17 0.500
a) The ratio of PDPP5T:[70]PCBM is expressed in w/w.
b) The internal voltage for these systems is approximated by using the value for Voc measured at 1 sun.
c) For these systems, it is not known which mobility corresponds to which charge carrier. However, all our
equations are symmetric in electrons and holes; thus, we assumed that the electrons have the higher
mobility. This assumption does not affect our results.
d) Nomenclature for PBnDt-(X)TAZ:PCBM: the number after F indicates the molar ratio of FTAZ in (X)TAZ.
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For the PDPP5T:[70]PCBM and P3HT:[70]PCBM systems, θ is varied by chang-
ing the processing conditions and by measuring at different light intensities. For
PDPP5T:[70]PCBM blends, we obtain different values of electron mobility by changing
the concentration of fullerene derivative in the blend; the mobility of holes is rather in-
sensitive to the concentration of [70]PCBM in the range we investigated; thus, by chang-
ing the composition of these blends we move from a situation of balanced transport to a
large difference between the mobilities of the two carriers. For P3HT:[70]PCBM blends
as well, we analyse devices with both balanced and unbalanced charge transport, as the
mobility of holes in P3HT:[70]PCBM blends can be greatly enhanced by thermal anneal-
ing, leaving the electron mobility rather unchanged. [40] Moreover, a strong reduction of
the strength of the bimolecular recombination in P3HT:[70]PCBM blends is observed on
annealing.

For PTB7:[70]PCBM, different solvents have been used. When chlorobenzene is used
as a solvent, the deposition of the blend results in a layer with large-scale phase sep-
aration; employing ortho-dichlorobenzene (oDCB) or adding diiodooctane (DIO) as a
co-solvent reduces the length scale of space separation. [41] In addition to the difference
in the recombination strength when different solvents are used, the different morphol-
ogy of the active layer influences the generation rate of charges. In the device processed
by adding DIO as a co-solvent, the generation of charges has been shown to be field
independent, in contrast to the devices processed without co-solvent. [42]

The data series taken from the literature for MDMO-PPV:PCBM [12] and for PBnDt-
(X)TAZ:PCBM [19] were collected from different samples, all measured under illumina-
tion at 1 sun intensity. The MDMO-PPV:PCBM series compares devices with different
active layer thickness; [12] the PBnDt-(X)TAZ:PCBM data points regard devices in which
the polymer has a different degree of fluorination. As shown in ref. 19, the performance
of these blends is limited by the extraction of charges; increasing the fluorination en-
hances the mobility of holes, leaving generation and recombination rates unchanged.

For the P3HT:P(NDI2OD-T2), we have two different samples in which the deposition
of the active layer occurred under different conditions; for each, we present the results
of measurements performed when varying the illumination intensity. When the drying
speed is increased by heating the sample immediately after spin casting the blend, the
bimolecular recombination is reduced by one order of magnitude. [26] As the mobilities of
electrons and holes do not change significantly, this increase in FF on faster drying may
be due to the reduction of γ. The other data from polymer:polymer systems compare
the results obtained with two different acceptor polymers.

The literature data for the small-molecule systems mono-DPP:[70]PCBM and bis-
DPP:[70]PCBM [13] were taken from two devices whose FFs have been measured at dif-
ferent illumination intensities. The difference in FF between the two systems is mostly
given by the lower value of hole mobility that characterizes the mono-DPP system. [13]

For every experimental value of the FF obtained from the measurement of the
JV curves of the solar cells, θ is calculated according to Equation 5.10. For
P3HT:[70]PCBM blends, the generation rate of free charges is measured by means of
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TDCF. For all the other systems, G is calculated from the short circuit current,

G =
Jsc

qL
. (5.14)

For the internal voltage, we use Equation 5.5 for the donor:acceptor systems of which
the HOMO and LUMO levels are known. For the other systems, we approximate Vint by
using the value of Voc measured at 1 sun.

We then plot the experimental FF−θ curves for every device and compare it with the
simulated data in Figure 5.10. All the experimental data follow the same trend of the
simulated points; in general, lower θ results in higher FF. The rapid decrease of the FF
for values of θ in the range between 10−3 and 1 is confirmed by the experiments. This
agreement between experiments and simulations confirms that the dependency of the FF
on the ratio of the rates of recombination and extraction of free charges can be described
by using the parameter θ. In PTB7:[70]PCBM devices processed without co-solvent, in
MDMO-PPV:PCBM and in mono-DPP:[70]PCBM devices (empty dots in Figure 5.10),
the generation of charges is field dependent. [12,13,42] However, this field dependency of
the generation appears to have little influence on our results; thus, for these systems
as well, the FF is determined by the competition between extraction and non-geminate
recombination as quantified by θ.
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Figure 5.10: FF versus θ for the simulated (small, grey symbols) and the experimental data (large,
coloured symbols). The empty symbols represent systems for which the generation of charges

has been shown to be field-dependent. The meaning of the numbers in the legend is explained in
Table 5.2.
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5.7 Discussion

The overall dependency of FF on θ is clearly visible in Figure 5.4 and 5.10, which demon-
strate, both theoretically and experimentally, that the ratio of the recombination and ex-
traction rates of free charges determines the FF. This finding can be used to predict the
effect of changing multiple parameters simultaneously. By contrast, when the FFs of
the simulated JV curves are plotted against any of the individual parameters listed in
Table 5.1, scattered clouds of points are obtained (Figure 5.11). Clearly, these individual
parameters can not be used to predict the FF of organic solar cells.
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Figure 5.11: Dependency of the fill factor on: a) γpre; b) µp; c) µn; d) L; e) G; f) Vint. The symbols
represent the same simulated data plotted against θ in Figure 5.4.

Having expressed the ratio of the recombination and extraction rates as in
Equation 5.10, we can explain why FFs change significantly with light intensity, thick-
ness and material properties. On varying the light intensity, the extraction rate of charges
is not modified, while the recombination rate changes according to Equation 5.9. At low
intensities, the density of charges in the active layer is low and the recombination is
slow. Therefore, a decrease of θ is achieved when the light intensity is reduced, keep-
ing the other parameters constant. As shown in Figure 5.4 and 5.10, moving towards
lower θ is beneficial for the FF. This general pattern is valid for all the data measured
near 1 sun intensity, over a range of θ that spans six orders of magnitude (from 10−3 to
103). The 1:2 wt. ratio blend of PDPP5T:[70]PCBM (combination 7 in Figure 5.10) does
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not represent an exception; the experimental data for this blend measured close to 1 sun
follows the simulated trend. However, this blend shows a deviation from the expected
behaviour at low light intensity. We speculate that this deviation is due to the presence
of another recombination pathway, such as trap-assisted recombination, which becomes
important at low light intensities.

Increasing the thickness enhances the absorption of light, consequently increasing
the charge density and the recombination rate. At the same time, if the active layer gets
thicker the extraction of charges becomes slower, as they need more time to leave the
active layer. For this reason, θ increases with increasing L, resulting in lower FFs.

The internal voltage has an influence on both extraction and recombination rates.
The extraction of charges is faster if these move in a stronger electric field; thus, increas-
ing Vint reduces the extraction rate and at the same time a larger Vint lowers the carrier
density at the contacts (Equation 5.7), making the recombination rate smaller.

The reduction prefactor γpre for the recombination strength acts only on the recombi-
nation rate, leaving the extraction rate unchanged. In general, a reduction of θ, and hence
an improvement of FF, is observed when γpre is reduced, keeping the other parameters
constant.

Finally, the mobilities of electrons and holes affect both krec and kex. Increasing
the mobilities enhances the strength of the bimolecular recombination γ, expressed in
Equation 5.2. However, faster charge carriers imply a faster extraction of charges and a
lower charge density near the contact. Thus, the overall effect of increasing the mobilities
of holes and electrons is a reduction of θ.

Our result and the comparison of all the experimental data presented in this study
with the simulated data support the generality of our conclusion: whether θ is varied
by changing the thickness of the active layer, the combination of donor and acceptor
materials, the solvent or the measurement conditions, the ratio of extraction and recom-
bination times appears to be strongly related to the FF. The generality of our finding
is further supported by the fact that experimental data have been collected using both
steady-state and transient techniques, and from very different organic solar cells. For
polymer:fullerene, polymer:polymer and small-molecule devices, the underlying fac-
tors that govern FF appear to be the same. We note that Figure 5.4 and 5.10 represent
the upper limit for the FF; a reduction of FF may be observed if the photogeneration
of charges is strongly dependent on the electric field [6,43,44] or, in case of poor electri-
cal contacts, on the electrodes. [45] However, both these limiting factors are in general
not present in most efficient donor:acceptor systems. We also note that implementing a
near-zero surface recombination velocity in our model does not significantly modify the
resulting FF versus θ.

It is not uncommon that when trying to improve the efficiency of organic solar cells
by tuning the processing or replacing one of the constituent materials, the transport and
recombination change in non-trivial ways. For example, when comparing combination
13 with combination 15, the recombination rate decreases while the charge transport de-
teriorates. A priori, it is not clear whether this would result in a decrease or increase of
the FF. The resulting values of θ (7.6× 10−2 and 3.5× 10−3 for combination 13 and 15,
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respectively) indicate that the reduction of the recombination rate outweighs the deteri-
oration of charge transport in this case. Based on Figure 5.4, relatively small changes in
θ are expected to significantly change FF. Indeed, the FF improved from 0.43 to 0.63.

Recently, Proctor et al. have proposed that to get FFs of 0.65 or higher, the mobilities
should be at least 10−7 m2V-1 s-1. [14] From our findings, a general guideline for the tar-
geted improvement of the FF of organic solar cells can be defined. Aiming to obtain FF
of 0.8 or higher, a device with θ smaller than 10−4 has to be achieved (see Figure 5.4).
Figure 5.11b and c suggest that such high FFs could be achieved at relatively low mobil-
ities. However, these graphs contains data for the whole range of parameters as listed in
Table 5.1, including low light intensities and thin active layers. For a typical device at 1
sun illumination, we assume L = 100 nm, G = 1028 m-3 s-1 and Vint = 1 V, which leaves
the ratio γ/(µnµp) as the only determinant for θ, and hence for the FF. From Equation
5.10, it follows that for such a device it would be necessary to improve the transport and
recombination properties of the blend so that γ/(µnµp) < 10−4 V2 s m-1. For example,
if the mobilities are 10−7 m2 V-1 s-1, γ should be smaller than 10−18 m3 s-1, which is
equivalent to γpre < 8× 10−4, to get an FF of at least 0.8. This highlights the importance
of controlling recombination besides improving charge transport. It should be noted
that extreme differences between electron and hole mobility should be avoided even if
θ < 10−4, as this leads to the build-up of space charge. [46]

5.8 Conclusion

We have shown that the competition between charge recombination and extraction,
which governs the FF in the whole range of 0.26−0.74, can be quantified by the pa-
rameter θ, which is the ratio of the rates of recombination and extraction of free charges.
We have shown a relationship between FF and θ, which is valid for a large number of
donor:acceptor combinations, under the assumption of ohmic contacts. Our conclusion
is supported by experimental data collected from polymer:fullerene, polymer:polymer
and small-molecule devices, which we characterized with steady-state and transient ex-
traction techniques. The field dependence of the charge generation in some of the sys-
tems that we considered does not have a significant effect on the results. Further evi-
dence for the clear relationship between FF and θ comes from drift-diffusion simulations
of organic solar cells performing varying charge-carrier mobilities, recombination rate,
light intensity, energy levels and active-layer thickness over a wide range. The results
presented here provide new insights into the physical phenomena governing the FF of
organic solar cells and help explain why the FFs change significantly with material prop-
erties, light intensity and thickness. The relationship between FF and θ shown by this
work offers an approach for targeted improvements of FF. In particular, this relationship
can be used to rationalize the effect on FF of simultaneously changing multiple parame-
ters. In addition, we indicated in which way recombination and transport properties of a
blend should be modified for a device with given thickness, generation rate and internal
voltage, to optimize its FF.
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CHAPTER 6

UV-INDUCED DEGRADATION
OF PTB7:[70]PCBM SOLAR

CELLS

Summary

The degradation of organic photovoltaics (OPV) compared to conventional inor-
ganic technologies is one of the critical issues that have to be solved in order to make
OPV a competitive commercial technology. The understanding of the fundamental
mechanisms that reduce the power conversion efficiency (PCE) over time will be
beneficial for the design of new materials with enhanced stability. This chapter focuses
on bulk heterojunction organic solar cells based on PTB7 mixed with [70]PCBM. In spite
of being promising in terms of PCE, devices based on this blend are unstable and have a
short lifetime. When exposed to light in inert atmosphere, the PCE drops by 15% in less
than one hour and by 35% in eight hours; this degradation is induced by the ultraviolet
(UV) part of the spectrum. This chapter analyses the effect induced by UV light on
the transport of charges in PTB7:[70]PCBM. Contrary to expectations, the electron
transport shows evidence of trapping, while the transport of holes appears unaffected.
Furthermore, it is proven that PTB7 is not intrinsically unstable when exposed to
UV light, and that [70]PCBM plays an active role in the UV-induced degradation of
PTB7:[70]PCBM solar cells.
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

6.1 Introduction

Aiming at the commercialization of OPV technologies capable to compete with conven-
tional inorganic solar cells, both the efficiency and the stability of OPV devices need to
be improved. Power conversion efficiencies above 10% have been achieved both in sin-
gle layer and in tandem architecture, [1,2] approaching the efficiency threshold for com-
mercial viability. [3] However, the stability of OPV devices remains a major concern, [4,5]

hindering the commercial success of this technology. Therefore, an increasingly large
number of publications in the OPV field focuses on understanding how organic solar
cells degrade and on improving their stability. [6–14]

Most of the record-efficiency OPVs achieved in the last few year have been realized
with donor polymers based on benzo[1,2-b:4,5-b’]dithiophene (BDT). [15–20] Among these
polymers, the most studied is the donor-acceptor copolymer thieno[3,4-b]thiophene-
alt-benzodithiophene (PTB7), blended with [6,6]-phenyl-C71-butyric acid methyl esther
([70]PCBM). Devices made with this blend exceed PCE of 9% in optimized device struc-
tures. [15,16] The properties of PTB7 have been extensively studied [21–24] and many pub-
lications have focused on the optimization of PTB7:[70]PCBM solar cells. [15,16,25–28] In
spite of the good PCE achievable with PTB7, several researchers have reported that
PTB7:[70]PCBM solar cells are unstable when exposed to light and to the ambient. [29–33]

It has been shown that the principal mechanism of PTB7 degradation, both in neat films
and in blends with [70]PCBM, is via photo-oxidation with the highly reactive singlet 1O2
species; [29,30] the effect of photo-oxidation at the molecular level was described in a later
publication by Razzel-Hollis et al. [31] Furthermore, it has been shown that the presence
of [70]PCBM accelerates the degradation of PTB7 due to increased production of singlet
oxygen. [30,31]

The results reported in Ref. 29–31 regard a photochemical degradation process that
requires the combined exposure of the blend to both light and oxygen. It has been noted,
however, that the performance of PTB7:[70]PCBM solar cells also degrades in inert at-
mosphere when the devices are exposed to light. [32] The photoinduced degradation of
polymer:fullerene blends in inert atmosphere has been attributed to the absorption of
ultraviolet (UV) photons, that in aromatic polymers can induce reactions such as chain
scissions, cross-linking and side-chain rearrangement. [6,7] Lim et al. showed that the
photoinduced degradation of PTB7:[70]PCBM solar cells in the absence of oxygen is
due to UV light: inverted devices, in which the UV part of the radiation is filtered by
the electron-transport layer (ETL), have higher stability under illumination. [32] For their
study, they processed PTB7:[70]PCBM using 1,8-diiodooctane (DIO) as solvent additive.
Although the best performance for PTB7:[70]PCBM has been obtained using DIO, [25] it
has been proven that this additive remains in the blend after deposition of the active
layer [34] and has a negative impact on the stability of the devices. [28] Thus, the results
obtained by Lim et al. may be showing the effect of DIO rather than an intrinsic instabil-
ity of PTB7:[70]PCBM.

In this chapter, we investigate the UV-induced degradation of PTB7:[70]PCBM solar
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cells without DIO. In spite of the importance of the charge transport in determining the
efficiency of OPV devices, [35,36] the knowledge of how transport properties degrade in
PTB7:[70]PCBM blends is currently lacking. We analyse the effect of UV on the charge
transport properties. We fabricate conventional devices, so that the UV part of the ra-
diation is not filtered by the ETL. To exclude any effect from the solvent additive, we
process the blend from pristine ortho-dichlorobenzene (oDCB) solution. We measure the
transport of charges in PTB7:[70]PCBM blend and how it changes upon illumination in
N2 atmosphere. While the transport of holes remains unaltered, exposure to UV light
has an effect on the transport of electrons, which becomes less effective. This may in-
dicate that the electron transporting material, [70]PCBM, is affected by the degradation
of the blend. We compare the efficiency of devices in which either only the polymer or
both polymer and fullerene have been exposed to light. To selectively expose only the
polymer, we fabricate PTB7:[70]PCBM solar cells via sequential processing. [27,37] Briefly,
sequential processing consists of a two-step deposition of the active layer, firstly the
polymer and then the fullerene derivative. A correct choice of the solvents for the two
steps results in the intermixing of polymer and fullerene, to give a morphology that is
similar to what is obtained from the one-step deposition of the blend. [27,37,38] Sequential
processing enables us to compare what happens when the polymer is exposed to light
before or after the addition of [70]PCBM; we observe that the performance of the solar
cell is not reduced if the exposition to UV light occurs in the absence of the fullerene
derivative on the time scale of our experiment.

Our results prove that PTB7 is not intrinsically unstable when exposed to UV light,
and that the UV-induced degradation of the blend is due to the presence of [70]PCBM.
Since fullerene derivatives such as [70]PCBM and its C60-equivalent PCBM are used as
electron acceptor material in many state-of-the-art organic solar cells, [3,39] understand-
ing the effect of [70]PCBM on the stability of the devices is crucial: it will direct the
research towards the design of new donor materials, compatible with [70]PCBM, or al-
ternatively towards the design of new electron acceptors, in order to improve device
stability.

6.2 Results and discussion

In this section we present the results of our measurements regards the stability of
PTB7:[70]PCBM solar cells processed from oDCB solution and exposed to light in in-
ert atmosphere, the characterization of the transport of electrons and holes in the
PTB7:[70]PCBM blend, and the results obtained from the sequential processing exper-
iment. All the details about the fabrication and characterization of the samples are in the
Experimental Section. The exposition to light for all the samples presented in this paper
has been carried out in inert atmosphere (a N2 atmosphere, with less than 0.1 ppm H2O,
and less than 0.6 ppm O2); during the exposure and the measurement, the temperature
was kept constant (295 K).
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6.2.1 Solar cells performance upon UV exposure

We fabricate conventional BHJ solar cells with a PTB7:[70]PCBM (Figure 6.1) blend. To
determine how much the PCE of the device diminishes due to UV exposure in inert
atmosphere, we measure the JV characteristic of one solar cell every 30 minutes for 8
hours, keeping it continuously under the light of a solar simulator. When not measuring
the JV curve, we keep the device in open circuit conditions.

Figure 6.1: Chemical structures of PTB7 and [70]PCBM.

The normalized PCE of the device is displayed in Figure 6.2a: a fast reduction of the
PCE is visible in the first hours of light exposure, after which the performance decreases
at a slower rate. At the end of the observation period, the PCE is reduced to 65.7% of
the initial value. To prove that the UV light is causing the reduction of the performance,
we measure the JV curve of a second device keeping a long-pass filter in front of the
lamp during all the observation time. The spectrum of the incident light is shown in
Figure 6.2(b); by applying the long-pass filter, all the light with wavelength below 425
nm is blocked, while the intensity of light with wavelength between 425 nm and 525 nm
is reduced. When the UV part of the radiation is filtered, the reduction of the PCE of the
device is much slower.

Furthermore, we compare the normalized PCE of PTB7:[70]PCBM solar cell un-
der illumination with the performance of a reference device made with poly(3-
hexylthiophene) (P3HT) blended with [70]PCBM. The P3HT:[70]PCBM sample shows
only a slight reduction of performance during the first hours of light exposure.
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Figure 6.2: a) Normalized PCE versus time for a PTB7:[70]PCBM solar cell continuously exposed
to light with and without using a long-pass filter to cut UV radiation and for a reference

P3HT:[70]PCBM solar cell. The thickness of the active layer is 100 nm for the PTB7:[70]PCBM, 220
nm for P3HT:[70]PCBM; b) spectra of the light of the solar simulator recorded with and without

the long-pass filter in front of the spectrometer; c) JV characteristics of PTB7:[70]PCBM solar cells
as spun and after 8 hours of exposition to light. We note that the difference between the black and
the blue curve is only due to the presence of the long-pass filter; d) normalized Jsc, Voc, and FF for

the PTB7:[70]PCBM solar cell continuously exposed to light without using long-pass filter.
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The performance of PTB7:[70]PCBM solar cells decreases rapidly during the first
hours of light exposure. The PCE of a PTB7:[70]PCBM solar cell is 4.32% for the fresh
device, and drops to 2.84% after 8 hours of exposure (Figure 6.2(c)). Performing the mea-
surements in inert atmosphere excludes the photo-oxidation reaction described by Soon
et al. [30] as a cause for the reduction of PCE. Figure 6.2a clearly shows that this reduction
is largely due to the effect of UV radiation. Atomic force microscopy (AFM) images of
the topography of the film before and after exposition do not reveal any change in the
morphology upon UV exposure (data not shown); therefore, we conclude that the degra-
dation is due to a photochemical reaction triggered by UV radiation. As a result of this
photochemical reaction, the power generated by the cell, given by the maximum |JV|
product (Table 6.1), drops from 43.2 W/m2 (fresh device) to 28.4 W/m2 after 8 hours of
UV exposure.

Figure 6.2(d) reports the normalized short circuit current (Jsc), open circuit voltage
(Voc), and fill-factor (FF) of the cell exposed to light without long-pass filter; Jsc is the
most affected parameter, dropping to ∼75% of its initial value after 8 hours. Voc drops
slightly at the beginning of the observation period and then remains almost constant, FF
decreases slowly in time; both these parameters are at ∼90% of their initial values after
8 hours.

Table 6.1: Solar cell parameters of the JV curves reported in Figure 6.2(c)

Exposure time Jsc Voc FF Jmax Vmax PCE P
[min] [A/m2] [V] [-] [A/m2] [V] [%] [W/m2]

0 104.14 0.774 0.536 71.927 0.600 4.32 43.2
480 78.90 0.723 0.498 54.833 0.520 2.84 28.4

0 (UV filter) 69.64 0.770 0.505 47.124 0.576 2.71 27.1

A trivial solution to avoid the effect of UV would be to use a long-pass filter. Al-
though this would stabilize the blend, it would also reduce the number of incident pho-
tons, and hence the number of photogenerated charges. This would decrease the gener-
ated power to 27.1 W/m2 (see Figure 6.2(c) and Table 6.1). It is therefore important to
understand the fundamental mechanism of the UV-induced loss of efficiency, in order to
suppress it and at the same time exploit the low-wavelength photons.

We verify that the UV-vis absorption of the blend does not vary significantly upon
UV exposure (data not shown); the number of photogenerated excitons is thus the same
in the fresh device and after 8 hours of exposure. The loss of performance is possibly
related to a decrease in the internal quantum efficiency, which implies a reduction of the
rate of the photogeneration of charge carriers (G).
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From the value of the current density at -2 V (saturation current, Jsat), we calculate G
according to [40]

G =
Jsat

qL
(6.1)

where L is the thickness of the active layer. We assume here that -2 V is a sufficient bias
to extract all the photogenerated charges. After 8 hours of exposure to unfiltered light,
G drops from its initial value of 8.22×1027 m−3 s−1 to 7.21×1027 m−3 s−1. Therefore, we
identify the reduction of G as a cause of the drop in the short circuit current of the device.
The higher voltage dependence of the JV curve of the degraded sample, resulting in a
lower FF if compared to the pristine device, suggests that the drop in G is possibly due to
an enhancement of the geminate recombination in the bulk of the device. The absorption
of the blend does not change upon one hour of UV exposure (data not shown), excluding
the photobleaching as a cause of the degradation.

6.2.2 Charge transport

To characterize the transport of holes and electrons in the blend, we fabricate single car-
rier devices in which a layer of PTB7:[70]PCBM is sandwiched between selective elec-
trodes that suppress the injection of electrons (hole-only devices) or holes (electron-only
devices). The current flowing through the devices is measured before and after exposing
the active layer to the light of the solar simulator. Figure 6.3 displays the JV character-
istics of single carrier devices for different illumination times. The hole current only
slightly diminishes for longer exposure times, and it is almost constant already after 15
minutes of exposure; the electron current is more significantly reduced upon exposing
the active layer to UV radiation. Therefore, the loss of performance is related to a deteri-
oration of the electron transport properties.

Both the bottom and top contacts of hole-only and electron-only devices are opaque,
and it is not possible to study the effect of UV on the current as a function of the exposure
time using a single device. Thus, we fabricate more samples of each kind; before evapo-
rating the top contact, the devices are exposed to light in inert atmosphere for different
times. To minimize sample-to-sample variations, we spin cast every sample from the
same solution and with the same procedure, we carefully keep the temperature at 295 K
during the light exposures, and we evaporate the top contact simultaneously for devices
of the same kind. We are therefore confident that the differences which we observe in
the JV curves for different exposure times are due to the effect of UV light, and not to
sample-to-sample variations.

6.2.3 Trap-assisted recombination in PTB7:[70]PCBM solar cells

From the comparison between PTB7:[70]PCBM and P3HT:[70]PCBM solar cells in
Figure 6.2, it can be concluded that PTB7:[70]PCBM is unstable when exposed to UV. No
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Figure 6.3: JV characteristics of hole-only (a) and electron-only (b) devices of
PTB7:[70]PCBM exposed to light for different times. The thickness of the active layer of each

sample is reported in the legends.

reduction of the PCE is observed for the reference P3HT:[70]PCBM cell; one may there-
fore consider [70]PCBM to be stable, and expect to observe a drop in the hole transport
properties of the blend upon UV exposure, PTB7 being the hole transporting material.
Thus, it is surprising to obtain a drop in the electron transport properties.

A possible cause for the observed reduction of the electron current for longer expo-
sition times is the formation of electron trapping states as a product of the UV-induced
reaction. The presence of electron trapping states is capable to explain the stronger volt-
age dependence of the electron current if compared to the hole current [41] and the slight
clockwise hysteresis [42] in the electron-only JV curve (Figure 6.3).

It is well known that trapped charges may undergo Shockley-Read-Hall (SRH) re-
combination [43,44] and that such trap-assisted recombination pathway results in an
stronger dependence of Voc on the light intensity [45] if compared to a trap-free solar
cell. [46] The slope of Voc versus the natural logarithm of the light intensity can be ex-
pressed as a function of the thermal voltage VT = kBT

q , where kB is the Boltzmann con-
stant, T is the temperature and q is the elementary charge; if the SRH recombination is
absent, the slope is equal to Vt.

To check whether the UV radiation introduces more electron traps in PTB7:[70]PCBM
solar cells, we measure the dependency of Voc on the light intensity for a fresh sample
and after every hour of light exposure, for a period of 2 hours. We change the intensity of
the incident light by using a set of neutral density filter. To block the photoinduced reac-
tion during the intensity scan, the long-pass filter is used in combination with the neutral
density filter. For this reason, the maximum light intensity at which the measurements
are performed is lower than 1 sun (1000 W/m2). The outcome of this experiment is
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shown in Figure 6.4. For the fresh device, the slope is 1.33 VT; it increases to 1.41 VT and
1.46 VT after one and two hours of light exposure, respectively. Repeating the experi-
ment with the UV radiation blocked during all the time of light exposure results in an
almost constant slope.

1 0 1 0 0 1 0 0 0
0 . 6 0

0 . 6 5

0 . 7 0

0 . 7 5

 0  m i n
 6 0  m i n
 1 2 0  m i n

V oc
 [V

]

L i g h t  I n t e n s i t y  [ W  m - 2 ]
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0

1 . 3 2

1 . 3 5

1 . 3 8

1 . 4 1

1 . 4 4

1 . 4 7  e x p o s e d  t o  l i g h t
 e x p o s e d  t o  f i l t e r e d  l i g h t

slo
pe

 [V
T]

t  [ m i n ]

Figure 6.4: a) Voc vs incident light intensity for PTB7:[70]PCBM solar cells, measured for the fresh
device and after exposing the cell to light for one hour and two hours. We analysed two samples,
one exposed to unfiltered light (full symbols), the other exposed to filtered light (empty symbols);

b) Slope of Voc versus the natural logarithm of light intensity for the two devices.

These results confirm the hypothesis that a small amount of electron traps is present
in the blend and that the exposition to UV radiation increases the number of trap states,
resulting in a stronger SRH recombination.

6.2.4 The role of [70]PCBM

To check whether the presence of [70]PCBM is a key factor for the UV-induced photo-
chemical reaction in PTB7:[70]PCBM, we fabricate solar cells via sequential processing
Figure 6.5a). A list of proper solvents for the sequential processing of PTB7:[70]PCBM is
given in Ref. 27. We choose chlorobenzene (CB) as a solvent for PTB7 and a mixture of
2-chlorophenol (2-CP) and 1-butanol (50:50 vol. ratio) as a solvent for [70]PCBM.

Depositing PTB7:[70]PCBM in two step enables us to expose the active layer to light
in different moments; therefore, we can measure the performance of devices in which the
polymer is exposed to light either in the presence or in the absence of [70]PCBM. Com-
paring the results with a pristine reference device, we can establish whether the presence
of [70]PCBM during light exposure is a necessary condition for the loss of efficiency.

We fabricate three different samples. One, which serves as a reference, is kept in the
dark until the moment of the measurement. A second sample (which we call ”blend-
exposed”) is exposed to light for one hour before evaporating the top contact. Finally, a
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third sample (”polymer-exposed”) is exposed to light for one hour before deposition of
[70]PCBM.

The JV characteristics of the three samples under illumination are shown in Figure
6.5b. The PCE of the blend-exposed sample is 61% of the PCE of the reference sample.
Interestingly, the sample exposed to light before deposition of [70]PCBM does not show
any reduction of PCE with respect to the reference sample. The PCE of the polymer-
exposed sample is actually slightly higher than the PCE of the reference sample. The
lack of a reduction of the solar cell performance when the polymer is exposed to UV in
the absence of [70]PCBM is a clear proof that this fullerene derivative is actively involved
in the photochemical reaction occurring in PTB7:[70]PCBM upon UV exposure.

Step 1: spin cast PTB7 Step 2: spin cast [70]PCBM 

LiF/Al 

PTB7:[70]PCBM 

PEDOT:PSS 

Glass/ITO 

Step 3: deposition  
of the top contact 

PTB7 in CB, 
10 mg/ml 

[70]PCBM in  
2-CP:1-butanol 
      10 mg/ml 
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Figure 6.5: a) Schematic outline of the sequential processing of PTB7:[70]PCBM solar cells. b)
JV characteristics of the samples fabricated via sequential processing. The reference sample is

kept in dark until the moment of the measurement. The blend- and polymer-exposed samples are
exposed to light for one hour before Step 3 and before Step 2, respectively.

Moreover, the sequential processing experiments rules out the possibility that the
degradation of the PTB7:[70]PCBM solar cell exposed to UV light is due to light-induced
reaction at the interface between the active layer and the electrical contacts. The exposure
to light for the devices fabricated via sequential processing occurs before evaporation of
the LiF/Al top contact; reactions at the interface between the active layer and LiF are
thus not responsible for the lower PCE of the blend-exposed sample when compared
to the reference. If instead the degradation is caused by photoinduced reaction at the
PEDOT:PSS/PTB7:[70]PCBM interface, the PCE of the polymer-exposed sample would
also be lower than that of the reference sample.

One may argue that the [70]PCBM triggers the UV-induced degradation of the poly-
mer by absorbing the UV part of the radiation and subsequently transferring energy to
PTB7. To verify this, we we measure the absorption spectra of PTB7 and [70]PCBM (Fig-
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ure 6.6): although [70]PCBM absorbs more than PTB7 in the spectral region 350 - 450 nm,
the difference between the absorption coefficients of the two materials in the UV region
is no more than a factor of 2. Thus, the polymer is also absorbing a significant fraction of
the UV light and the fact that the fullerene derivative has the only role of absorbing UV
radiation can be ruled out.
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Figure 6.6: Absorption coefficient of PTB7 and [70]PCBM. In the spectral region 350 - 450 nm,
[70]PCBM absorbs more light than PTB7.

It is known that [70]PCBM accelerates the degradation of PTB7 in the presence of
oxygen, [30,31] The results reported here are a clear proof that [70]PCBM is also respon-
sible for the UV-induced degradation of PTB7:[70]PCBM solar cells in inert atmosphere.
The exact mechanism of the photochemical reaction that causes the loss in PCE upon UV
exposure is beyond the scope of this work.

6.3 Conclusion

We presented a study of the UV-induced degradation of PTB7:[70]PCBM solar cells in
inert atmosphere. The loss of PCE of the devices exposed to simulated solar light is
largely due to the UV component of the radiation, which mostly affects the short circuit
current. From the point of view of the device physics, the drop in PCE upon UV exposure
is related to the reduction of the photogeneration rate of charges and by the deterioration
of the electron transport properties of the blend. Additionally, our results indicate that
the strength of the trap-assisted recombination increases when the blend is exposed to
UV light.
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The results provided in this chapter highlight that [70]PCBM plays a key role in the
UV-induced degradation of PTB7:[70]PCBM solar cells. PTB7 is not intrinsically unstable
when exposed to UV radiation: exposing the polymer to light before adding [70]PCBM
to it does not affect the PCE of the device, which is very similar to the PCE of a fresh
device. Only if [70]PCBM is present, does the UV radiation trigger a photochemical re-
action that results in a lower performance of the device. Thus, the fullerene derivative
plays an active role in the photoinduced reaction that causes the reduction of PCE; al-
though we do not investigate further the exact mechanism of this reaction, our results
suggest that the compatibility with [70]PCBM under UV radiation should be one of the
main goals to achieve in the design of future donor materials.
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SUMMARY

In spite of being a promising technology for the harvesting of solar energy, organic pho-
tovoltaics (OPV) are not ready to compete with conventional inorganic technologies. The
commercial success of OPVs is not possible until both their efficiency and their stability
are improved. The achievement of these goals requires a thorough understanding of the
fundamental processes that occur in OPV devices. This thesis focuses on the physics of
bulk heterojunction organic solar cells, discussing several aspects that limit the perfor-
mance and the lifetime of such devices.

The first part of this thesis focuses on the donor:acceptor system PDPP5T:[70]PCBM.
The morphology of PDPP5T:[70]PCBM layers strongly depends on the processing con-
ditions; by modifying the spin casting parameters of the blend and the donor:acceptor
ratio, a wide range of morphologies can be obtained. Thus, PDPP5T:[70]PCBM is a suit-
able blend for our purpose of establishing a quantitative relation between morphology
and efficiency of organic solar cells.

We analyze devices in which the active blend forms either a finely dispersed mix-
ture of donor and acceptor, or a coarsely phase-separated morphology, with [70]PCBM
blobs embedded in a polymer-rich matrix. The fine dispersion is achieved by employ-
ing a co-solvent or by keeping the concentration of [70]PCBM below a certain threshold
value. The device with homogeneous morphology obtained via addition of a co-solvent
is the best performing one. The homogeneous device obtained by keeping the concentra-
tion of [70]PCBM low has a much lower efficiency; devices with coarse phase-separated
morphologies also perform worse than the optimized device.

To understand the performance of these devices, in chapter 2 we experimentally char-
acterize the transport and recombination of charges in PDPP5T:[70]PCBM blends. We
performe the measurements for different concentrations of [70]PCBM and for different
morphologies of the active layers. The mobility of electrons is observed to be strongly
dependent on the [70]PCBM concentration, while the hole mobility is rather insensitive
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of the blend composition. Furthermore, we show that the electron mobility becomes
more dependent on the electric field if the concentration of acceptor in the blend is re-
duced. The strength of the bimolecular recombination, relative to the strength predicted
by Langevin’s theory, is found to decrease when the phase-separation is increased; for
devices with smaller domain size, the relative strength of bimolecular recombination is
closer to the value measured for the homogeneous blend.

In chapter 3 we use the experimental results to model the JV characteristics of
PDPP5T:[70]PCBM solar cells and to explain the different performances observed for
different morphologies and/or donor:acceptor ratios. For the homogeneous devices, we
prove that the poor electron mobility and its dependency on the electric field are the lim-
iting factors for the efficiency of the device with low [70]PCBM content. Increasing the
[70]PCBM load removes this limit, provided that the morphology is kept homogeneous
by using a co-solvent; in the absence of co-solvent, a too high concentration of [70]PCBM
yields the phase separated morphology described above. In this case, the device per-
formance is limited both by the poor electron transport properties of the polymer-rich
mixed phase and by the lower extent of donor:acceptor interface.

We model the current extracted from phase-separated devices as the sum of two con-
tributions: one, due to charge carriers travelling entirely through the mixed phase; the
other, coming from the region close to the interface of the blobs. Splitting the current
in two contributions allows to model each of them separately, by means of a mono-
dimensional (1D) drift-diffusion code. The advantage of using a 1D approach lies in its
simplicity if compared with two and three-dimensional models, which makes the cal-
culations fast. In chapter 4 we validate the ”parallel model” presented in chapter 3 by
comparing its results with calculations performed with a full three-dimensional drift-
diffusion code. Furthermore, we employ both models to study in detail the effect of
large compositional inhomogeneities on the performance of organic solar cells.

Chapter 5 is dedicated to the fill factor (FF) of organic solar cells. Among the pa-
rameters that characterize the efficiency of a solar cell, FF is the least well understood.
Although it is known that the competition between recombination and extraction of
charges governs the fill factor, a figure of merit for such competition is lacking. We show
that the ratio of recombination and extraction rate can be quantified by a parameter, θ,
which includes charge mobilities, recombination strength, active layer thickness, gen-
eration rate of charges and internal voltage. When the FF of many different solar cells
are plotted against θ, the data collapse onto one universal curve, demonstrating that
θ is suitable to quantify the competition between recombination and extraction of free
charges. Our findings are supported by drift-diffusion simulations and by experimental
results, and explain why the FFs change significantly with material properties, light in-
tensity and thickness. In particular, this relationship can be used to rationalize the effect
of simultaneously changing multiple parameters on FF, and can provide a guideline for
targeted improvements of FF.

Finally, chapter 6 deals with the stability of organic solar cells, and in particular with
the UV-induced degradation of PTB7:[70]PCBM solar cells in inert atmosphere. We mea-
sure the electron transport properties of the blend before and after exposure to UV. In-



terestingly, the hole transport is not affected by the UV light, which instead causes a
deterioration of the electron transport properties. We relate this to an increase in the
density of electron trap states and subsequent enhancement of trap-assisted recombi-
nation. Additionally, we prove that PTB7 is not intrinsically unstable when exposed to
UV light, and that the UV-induced degradation of the blend is due to the presence of
[70]PCBM. Our results suggest that the compatibility with [70]PCBM under UV radia-
tion should be one of the main goals to achieve in the design of future donor materials.





SAMENVATTING

Alhoewel organische fotovoltaı̈ca (OPV) een veelbelovende technologie is voor zonne-
energie zijn de OPV’s nog niet in staat om de strijd aan te gaan met conventionele anor-
ganische technologieën. Het commerciële succes van OPV’s is pas mogelijk wanneer de
efficiëntie en stabiliteit verbeterd worden. Om deze doelen te bereiken is er een grondig
begrip nodig van de fundamentele processen die plaatsvinden in een organische zonne-
cel. Dit proefschrift richt zich op de natuurkundige aspecten van bulk heterojunction or-
ganische zonnecellen en bespreekt tevens de beperkende factoren van de prestatie en de
levensduur van deze apparaten. Het eerste deel van het proefschrift gaat over het donor-
acceptor systeem PDPP5T:[70]PCBM. De morfologie van PDPP5T:[70]PCBM lagen hangt
sterk af van de verwerkingscondities; door het variëren van de verwerkingscondities en
de donor:acceptor verhouding kan een groot aantal verschillende morfologieën worden
verkregen. Zodoende is het PDPP5T:[70]PCBM mengsel geschikt voor onze doelstelling
om een kwantitatieve relatie tussen morfologie en efficiëntie van organische zonnecellen
vast te stellen.

We analyseren zonnecellen waarin het actieve mengsel een fijn verstrooid mengsel
van donor en acceptor is of een grove fase gescheiden morfologie met grote [70] PCBM
domeinen ingesloten in een polymeer-rijke matrix. De fijne dispersie wordt gevormd
met behulp van het toevoegen van een co-solvent of door de concentratie van [70]PCBM
onder een bepaalde drempelwaarde te houden. De zonnecel met homogene morfolo-
gie verkregen via de additie van een co-solvent gaf de beste resultaten. De homogene
zonnecellen verkregen via het laag houden van de concentratie [70]PCBM hadden een
veel lagere efficiëntie; zonnecelllen met grove [70]PCBM domeinen hadden ook een lage
efficiëntie ten opzichte van geoptimaliseerde zonnecellen.

Om een beter begrip te krijgen over de efficiëntie van deze zonnecellen wordt
in hoofdstuk 2 experimenteel het transport en de recombinatie van ladingen in
PDPP5T:[70]PCBM mengsels gekarakteriseerd. We voeren de metingen uit onder ver-
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schillende concentraties [70]PCBM en onder verschillende morfologieën van de actieve
lagen. De mobiliteit van de elektronen blijkt sterk afhankelijk van de [70]PCBM con-
centratie, terwijl de gatenmobiliteit ongevoelig is voor de compositie van het mengsel.
Daarnaast tonen we aan dat de elektronenmobiliteit meer en meer afhankelijk wordt van
het elektrische veld als de concentratie van de acceptor in het mengsel wordt vermin-
derd. De sterkte van de bimoleculaire recombinatie, ten opzichte van de sterkte voor-
speld door Langevin’s theorie, blijkt af te nemen wanneer de fasescheiding toeneemt.
Voor zonnecellen met kleine domeingrootte is de relatieve sterkte van bimoleculaire re-
combinatie dichterbij de waarde gemeten voor de homogene mengsels.

In hoofdstuk 3 gebruiken we de experimentele resultaten om een model van de
stroom-spanningskarakteristieken van PDPP5T:[70]PCBM zonnecellen te modelleren en
om de verschillende prestaties van de verscheidene morfologieën en/of donor:acceptor
ratio’s te verklaren. Voor de homogene actieve lagen tonen we aan dat de slechte elek-
tronenmobiliteit en haar afhankelijkheid van het elektrische veld beperkende factoren
zijn voor de efficiëntie van de zonnecel met lage [70]PCBM concentratie. Door het ver-
hogen van deze [70]PCBM concentratie verdwijnt deze limiterende factor, mits de mor-
fologie homogeen gehouden word met behulp van een co-solvent. Bij de afwezigheid
van de co-solvent levert een te hoge concentratie [70]PCBM fasescheiding op zoals eer-
der beschreven. In dit geval worden de prestaties van de zonnecel beperkt door zowel
het slechte elektronentransport van de polymeer-rijke gemengde fase als door de lagere
omvang van het donor:acceptor grensvlak. We modelleren de stroom onttrokken uit
de fase-gescheiden zonnecellen als de som van twee componenten. De eerste is toe te
schrijven aan de de ladingsdragers die zich verplaatsen door de gehele gemengde fase.
De tweede aan het gedeelte dichtbij het grensvlak van de domeinen. Door het scheiden
van de stroom in twee componenten, kan deze apart worden gemodelleerd door middel
van een eendimensionale (1D) drift-diffusiecode . Het voordeel van het gebruik van een
1D benadering is de eenvoud in vergelijking met twee- en driedimensionale modellen,
waardoor berekeningen sneller uitgevoerd kunnen worden.

In hoofdstuk 4 valideren we het “parallelle model” dat gepresenteerd is in hoofdstuk
3. Door middel van het vergelijken van deze resultaten met de berekeningen uitgevoerd
met behulp van een volledige driedimensionale drift-diffusiecode . Daarnaast gebruiken
we beide modellen voor de gedetailleerde bestudering van het effect van compositionele
inhomogeniteiten op de prestaties van organische zonnecellen.

Hoofdstuk 5 is gewijd aan de vulfactor (FF) van de organische zonnecellen. Onder
de verscheidene parameters die de efficiëntie van de zonnecel karakteriseren is over FF
het minst bekend. Alhoewel het bekend is dat competitie tussen recombinatie en ex-
tractie van lading bepalend zijn voor de vulfactor, ontbreekt een duidelijke relatie voor
deze competitie. We laten zien dat de ratio van deze recombinatie- en extractiesnelheden
gekwantificeerd kan worden door een parameter, θ. Deze parameter omvat de ladings-
dragersmobiliteiten, recombinatiesterkte, laagdikte, generatiesnelheid van ladingen en
interne spanning. Wanneer de FF van verscheidene zonnecellen worden geplot tegen θ,
vallen de data op één universele curve. Hierbij word gedemonstreerd dat θ in staat is
om de competitie tussen recombinatie en extractie van vrije ladingen te kwantificeren.



Onze bevindingen worden ondersteund door de drift-diffusiesimulaties en door expe-
rimentele resultaten en verklaren waarom de FF’s aanzienlijk veranderen met materi-
aaleigenschappen, lichtintensiteit en laagdikte. Deze relatie kan worden gebruikt voor
het rationaliseren van het effect op FF van gelijktijdige veranderende parameters en kan
worden gebruikt als een richtlijn voor gerichte verbeteringen van de FF.

Tot slot wordt in hoofdstuk 6 de stabiliteit van organische zonnecellen behandeld,
met in het bijzonder de UV-geı̈nduceerde degradatie van PTB7:[70]PCBM zonnecellen
in een inerte atmosfeer. We meten de elektrontransporteigenschappen van het mengel
voor en na blootstelling aan UV straling. Opmerkelijk genoeg bleek dat het gatentrans-
port niet aangetast wordt door de UV straling. Echter, deze veroorzaken een verslechte-
ring van het elektronentransport. We kunnen deze in verband brengen met een toename
in de dichtheid van elektronenvallen en een sterker wordende recombinatie via deze
vallen. Daarnaast bewijzen we dat PTB7 niet intrinsiek onstabiel is wanneer het wordt
blootgesteld aan UV licht en dat de UV-geı̈nduceerde degradatie van het mengsel ver-
oorzaakt wordt door de aanwezigheid van [70]PCBM. Onze resultaten suggereren dat
de compatibiliteit met [70]PCBM onder UV straling één van de hoofddoelen zou moeten
zijn voor het ontwerpen van toekomstige donormaterialen.
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