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Device Physics of Polymer:Fullerene Bulk
Heterojunction Solar Cells**

By Paul W. M. Blom,* Valentin D. Mihailetchi,
L. Jan Anton Koster, and Denis E. Markov

Plastic solar cells bear the potential for large-scale power generation based on materials that
provide the possibility of flexible, lightweight, inexpensive, efficient solar cells. Since the discov-
ery of the photoinduced electron transfer from a conjugated polymer to fullerene molecules, fol-
lowed by the introduction of the bulk heterojunction (BHJ) concept, this material combination
has been extensively studied in organic solar cells, leading to several breakthroughs in efficien-
cy, with a power conversion efficiency approaching 5 %. This article reviews the processes and
limitations that govern device operation of polymer:fullerene BHJ solar cells, with respect to
the charge-carrier transport and photogeneration mechanism. The transport of electrons/holes
in the blend is a crucial parameter and must be controlled (e.g., by controlling the nanoscale
morphology) and enhanced in order to allow fabrication of thicker films to maximize the
absorption, without significant recombination losses. Concomitantly, a balanced transport of
electrons and holes in the blend is needed to suppress the build-up of the space—charge that will
significantly reduce the power conversion efficiency. Dissociation of electron—hole pairs at the
donor/acceptor interface is an important process that limits the charge generation efficiency
under normal operation condition. Based on these findings, there is a compromise between
charge generation (light absorption) and open-circuit voltage (Vo) when attempting to reduce
the bandgap of the polymer (or fullerene). Therefore, an increase in Voc of polymer:fullerene
cells, for example by raising the lowest unoccupied molecular orbital level of the fullerene, will
benefit cell performance as both fill factor and short-circuit current increase simultaneously.

1. Introduction
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Harvesting energy directly from the sunlight using photo-
voltaic (PV) technology is being widely recognized as an es-
sential component of future global energy production. Pro-
vided that PV devices can be made truly economically
competitive with fossil fuels and other emerging renewable
energy technologies, large-scale manufacturing of these de-
vices offers a sustainable energy source that can supply a sig-
nificant fraction of our daily energy needs. Photovoltaic cells
have become extensively studied since the 1950s when the
first crystalline silicon solar cell, which had an efficiency of
6 %, was developed at Bell Laboratories.!! Since then, the
efficiency has reached 24 % for crystalline Si solar cells,?!
which is already close to the theoretical predicted upper limit
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of 30%.5* Practically all conventional inorganic solar cells
incorporate a semiconductor that is doped to form a p-n junc-
tion across which the photovoltage is generated. The p side
contains an excess of the positive charges (holes), and the n
side contains an excess of the negative charges (electrons). In
the region near the junction, an electric field is formed and
the electrons and holes, which are generated by light absorp-
tion in the bulk Si, diffuse to this junction where they are di-
rected by the electric field towards the proper electrode. Over
the years, solar cells have been made from many other semi-
conductor materials with various device configuration such as
single-crystal, polycrystalline, and amorphous thin-film struc-
tures. Organic materials bear the potential to develop a long-
term technology that is economically viable for large-scale
power generation based on environmentally safe materials
with unlimited availability. Organic semiconductors are a less
expensive alternative to inorganic semiconductors like Si.
Compared to Si, they can have extremely high optical absorp-
tion coefficients that offer the possibility for the production of
very thin solar cells. Additional attractive features of organic
PVs are the possibilities for thin flexible devices which can be
fabricated using high-throughput, low-temperature approach-
es that employ well established printing techniques in a roll-
to-roll process.>®! This possibility of using flexible plastic sub-
strates in an easily scalable high-speed printing process can
reduce the balance of system cost for organic PVs, resulting in
a shorter energetic pay-back time.

The first investigation of an organic PV cell came as early
as 1959, when an anthracene single crystal was studied. The
cell exhibited a photovoltage of 200 mV with an extremely
low efficiency.m Since then, many years of research has shown
that the typical power conversion efficiency of PV devices
based on single (or homojunction) organic materials will re-
main below 0.1 %, making them unsuitable for any possible
application. Primarily, this is due to the fact that absorption of
light in organic materials almost always results in the produc-
tion of a mobile excited state (referred to as exciton), rather
than free electron-hole (e-h) pairs as produced in inorganic
solar cells. This occurs because in organic materials the weak
intermolecular forces localize the exciton on the molecules.
Combined with a low dielectric constant (typically 2-4) com-
pared to inorganic semiconductors, a much higher energy in-
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put than the thermal energy (k7) is required to dissociate
these excitons.* " The electric field provided by the asymme-
trical work functions of the electrodes is not sufficient to
break up these photogenerated excitons. Instead, the excitons
diffuse within the organic layer until they reach the electrode,
where they may dissociate to supply separate charges, or
recombine. Since the exciton diffusion lengths are typically
1-10 nm,™ ") much shorter than the device thicknesses, exci-
ton diffusion limits charge-carrier generation in these devices
because most of them are lost through recombination. Photo-
generation is therefore a function of the available mechanisms
for excitons dissociation. A major breakthrough in cell perfor-
mance came in 1986 when Tang discovered that much higher
efficiencies (about 1 %) can be attained when an electron do-
nor (D) and an electron acceptor (A) are brought together in
one cell.'® This heterojunction concept is at the heart of all
three types of organic PV cells that currently exist: dye-
sensitized solar cells;"" ' planar organic semiconductor
cells;'%2221 and high surface area, or bulk heterojunction
(BHJ) cells.’?*%! The idea behind a heterojunction is to use
two materials with different electron affinities and ionization
potentials. At the interface, the resulting potentials are strong
and may favor exciton dissociation: the electron will be ac-
cepted by the material with the larger electron affinity and
the hole will be accepted by the material with the lower ion-
ization potential, provided that the difference in potential en-
ergy is larger than the exciton binding energy. In the planar
heterojunction, or “bi-layer” device, the organic D/A inter-
face separates excitons much more efficient than an organic/
metal interface in the single layer device. In this device the ex-
citons should be formed within the diffusion length of the in-
terface. Otherwise, the excitons will decay, yielding, e.g., lumi-
nescence instead of a contribution to the photocurrent. Since
the exciton diffusion lengths in organic materials are much
shorter than the absorption depth of the film, this limits the
width of effective light-harvesting layer. A revolutionary de-
velopment in organic PVs came in the mid 1990s with the in-
troduction of the dispersive (or bulk) heterojunction, where
the donor and acceptor material are blended together. If the
length scale of the blend is similar to the exciton diffusion
length, the exciton decay processes is dramatically reduced
since in the proximity of every generated exciton there is an

Paul W. M. Blom received his Ir. degree (Physics) in 1988 and his Ph.D. degree in 1992, from the
Technical University Eindhoven, Eindhoven, The Netherlands. Joining Philips Research Labora-
tories in 1992 he was engaged in the electrical characterization of various oxidic thin-film devices,
the electro-optical properties of polymer light-emitting diodes, and the field of rewritable optical
storage. In May 2000 he was appointed as a Full Professor at the University of Groningen, where
he leads a group in the field of electrical and optical properties of organic semiconducting
devices. At present the main focus is on the device physics of polymeric light-emitting diodes,
transistors, solar cells, and molecular electronics.
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interface with an acceptor where fast dissociation
takes place. Hence, charge generation takes place
everywhere in the active layer. Provided that con-
tinuous pathways exist in each material from the
interface to the respective electrodes, the photon-
to-electron conversion efficiency and, hence, the
photosensitivity is dramatically increased.

One class of organic materials used as photoac-
tive layer in bulk heterojunction PV cells that have
received considerable attention in the last few
years are semiconducting polymers and molecules.
They combine the optoelectronic properties of
conventional semiconductors with the excellent
mechanical and processing properties of “plastic”
materials. Additionally, they possess an unprece-
dented flexibility in the synthesis, allowing for al-
teration of a wide range of properties, such as bandgap, mo-
lecular orbital energy level, wetting and structural properties,
as well as doping. This ability to design and synthesize poly-
mers and molecules that can be cast from solution using wet-
processing techniques such as spin-coating, ink-jet printing,
and screen printing represents an enormous attractive route
for cheap production of large-area PV cells that can be ap-
plied to systems that require flexible substrates. Because lumi-
nescence quenching®® and ultrafast photoinduced electron
transfer®” from a conjugated polymer (as donor) to buckmin-
sterfullerene (C60) or its derivatives (as acceptor) had already
been observed in 1992, this material combination has been ex-
tensively studied in bulk heterojunction PV cells. In 1995 Yu
et al.”¥ fabricated the first fully organic BHJ cell based on a
mixture of soluble p-phenylene vinylene (PPV) derivative
with a fullerene acceptor. In 2001, Shaheen et al.?® obtained
the first truly promising results for BHJ solar cells when mix-
ing the conjugated polymer poly(2-methoxy-5-(3",7-dimethyl-
octyloxy)-p-phenylene vinylene) (MDMO-PPV) and metha-
nofullerene [6,6]-phenyl Cgi-butyric acid methyl ester
(PCBM) in a 20:80 wt % and optimizing the nanoscale mor-
phology of the film, yielding a power conversion efficiency of
2.5 %. Recently, the attention has been shifted towards poly-
mer:fullerene (like PCBM) BHJ solar cells based on polythio-
phene derivatives as absorbing and electron donating materi-
al.?331 By optimizing the processing conditions, efficiencies
in excess of 4% have been reported for this materials sys-
tem. 134361

The fundamental physical processes in a BHJ device are
schematically represented in an energetic diagram as depicted
in Figure 1. Sunlight photons which are absorbed inside the
device excite the donor (1), leading to the creation of excitons
in the conjugated polymer. The created excitons start to dif-
fuse (3) within the donor phase and if they encounter the in-
terface with the acceptor then a fast dissociation takes place
(4) leading to charge separation.”’*” The resulting metastable
electron-hole pairs across the D/A interface may still be Cou-
lombically bound and an electric field is needed to separate
them into free charges.”®**! Therefore, at typical operation
conditions, the photon-to-free-electron conversion efficiency

anode
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Figure 1. Schematic band diagram of a) a bilayer device and b) a bulk heterojunction.
The numbers refer to the operation processes explained in the text. The dashed line
represents the energy levels of the acceptor, while the full lines indicate the energy
level of the donor in the PV cell. HOMO: highest occupied molecular orbital; LUMO:
lowest unoccupied molecular orbital.

is not maximal. Subsequently, the separated free electrons
(holes) are transported (5) with the aid of the internal electric
field, caused by the use of electrodes with different work func-
tions, towards the cathode (anode) where they are collected
by the electrodes (6) and driven into the external circuit.
However, the excitons can decay (2), yielding, e.g., lumines-
cence, if they are generated too far from the interface. Thus,
the excitons should be formed within the diffusion length of
the interface, being an upper limit for the size of the conjugat-
ed polymer phase in the BHJ. In this review we will discuss
these subsequent fundamental processes using a MDMO-
PPV:PCBM (1:4 wt %) as a model system and evaluate their
role for solar cell performance.

2. Physical Processes in Polymer:Fullerene Bulk
Heterojunction Solar Cells

2.1. Creation of Excitons

To reach a high efficiency, the active layer of a solar cell
should capture a large fraction of the incoming sun light. Be-
cause of the high absorption coefficient (ca. 10° cm™), conju-
gated polymers absorb light very efficiently at the maximum
of their absorption spectrum. As a result a layer thickness of
only a few hundred nanometer is required to absorb all the
light at their peak wavelength absorption. As a comparison to
silicon based solar cells, active layer thicknesses of hundreds
of micrometers are required since silicon is an indirect semi-
conductor. However, because the absorption bands of conju-
gated polymers are relatively narrow compared to inorganic
semiconductors, the performance of solar cells based on poly-
mers is poor compared to inorganic solar cells. In an organic
solar cell, only a small region of the solar spectrum is covered.
For example, a bandgap of 1.1 eV is required to cover 77 % of
the AM1.5 (air mass) solar photon flux (assuming complete
absorption of the solar emission intensity by the material),
whereas most solution processable semiconducting polymers
(PPVs, poly(3-hexylthiophene) (P3HT)) have bandgaps larger
than 1.9 eV, which covers only 30% of the AMI1.5 solar
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photon flux (assuming complete absorption of the solar emis-
sion intensity by the material). In addition, as will be dis-
cussed later, because of the low charge-carrier mobilities of
most polymers, the thickness of the active layer is limited to
ca. 100 nm, which, in turn, results in an absorption of only
ca. 60 % of the incident light at the absorption maximum
(without back reflection of the electrode).

When photons with energy beyond the absorption edge are
incident on a semiconducting specimen of the polymer, an
electron and hole with opposite spin are created, bound by
their Coulomb attraction in a singlet exciton state. Because
coupling between neighboring molecules in molecular solids
is low, the molecular excitations are localized and there is no
band to band transition, unlike in inorganic semiconductors.
Concomitantly, the relative dielectric constant of the order of
3, as compared to 10 in inorganic semiconductors, results in
strongly bound Frenkel-like localized excitons. Hence, exciton
effects are important at room temperature, in contrast to inor-
ganic Wannier-type excitons with a binding energy of about
kT at room temperature. An important question is the magni-
tude of the binding energy (EB) of the exciton in conjugated
polymers. The disorder present in conjugated polymers pre-
vents the exciton binding energy from being a well-defined
material quantity. The activation energy of photoconductivity
in PPV-type systems cannot be used to characterize the exci-
ton binding energy because extrinsic effects usually prevail in
charge-carrier formation from the singlet exciton S1 state. Al-
though it has been suggested that EB is of the order of, or less
than k7,1* there is a large amount of experimental evidence
for a much stronger binding. A Monte Carlo simulation study
has been conducted to model bimolecular charge recombina-
tion, treated as a random walk of a pair of charges in an ener-
getically roughened landscape, with superimposed long-range
coulomb interactions.*!! This analysis has demonstrated that
the effective recombination cross-section of a charge carrier
decreases sharply as EB decreases. Under the condition
EB <KkT, the probability for recombination of a pair of charge
carriers is almost two orders of magnitude less than the re-
combination required to explain the performance of polymer-
based light-emitting diodes (LEDs). On the other hand
EB>0.2 eV granted a sufficient recombination cross section.
The exciton binding energy has been experimentally derived
from studies of the photovoltaic response of PPV based di-
odes, leading to an exciton binding energy of approximately
0.4 V. One of the most convincing quantitative assess-
ments of the exciton binding energy magnitude is provided by
studying the photoluminescence quenching resulting from an
electric field.*>*! The dissociation of an excited singlet state
of a conjugated polymer requires field-assisted transfer of the
constituent charges to a neighboring chain or chain segment.
In a first order approximation, this would occur if the gain in
electrostatic energy, eEAz, where e is the electric charge, E
the internal electric field, and Az the distance between the
charges, compensates for the energy expense for the charge
transfer in zero field. Using Az=10 A and E=2x10° Vem™,
leads to a eEAz=0.2 eV. Indeed, considerable steady-state
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photoluminescence (PL) quenching has been observed for
films of poly-(phenyl-p-phenylene vinylene)/polycarbonate
(PPPV/PC) blends upon application of an electric field of this
order of magnitude. Monte Carlo simulations of the field de-
pendence of PL quenching give a good fit to experimental
data for values of EB=0.4%0.1 eV. Besides field-assisted ex-
citon dissociation, these simulations take into account radia-
tive decay, energy relaxation within an inhomogeneously
broadened density of states, and exciton capture by nonradia-
tive traps.

2.2. Diffusion of Excitons in Conjugated Polymers

Because of the high exciton binding energy in conjugated
polymers, the thermal energy at room temperature is not suf-
ficient to dissociate a photogenerated exciton (typical binding
energy of 0.4 eV) into free charge carriers. Consequently, the
configuration and operation principle of photovoltaic devices
based on organic semiconductors differ significantly from
those based on inorganic materials. Typically, in organic solar
cells an efficient electron acceptor is used in order to dissoci-
ate the strongly bound exciton into free charge carriers.'"!
The exciton diffusion length Lp, which characterizes the ef-
fective width of the active area of the polymer film at the
acceptor interface, has been reported to be 5-8 nm in PPV-
based conjugated polymers.'>1415 Because the exciton diffu-
sion length in a conjugated polymer is typically less than the
photon absorption length (ca. 100 nm), the efficiency of a bi-
layer cell is limited by the number of photons that can be ab-
sorbed within the effective exciton diffusion range at the poly-
mer/electron acceptor interface. To circumvent the problem
of limited exciton diffusion length in conjugated polymers, the
bulk heterojunction PV cell architecture has been developed
by simply blending the polymer with a soluble electron accep-
tor.?*! In the ideal case, the characteristic (reduced) size of
the polymer phase in the active layer of the cell grants that all
excitons are formed within the diffusion distance from an
electron acceptor interface. As a result, such an interpenetrat-
ing donor:acceptor network allows photon absorption im-
provement by a simple increase of the active-layer thickness,
thereby maintaining an efficient dissociation of excitons. Exci-
ton diffusion is therefore a beneficial process for polymer-
based PV cells because it governs the transfer of the photoex-
citation energy towards the electron donor/acceptor interface,
where charge carriers are formed. Improvement of the exci-
ton diffusion allows for bigger sized polymer domains leading
to an enhanced absorption and solar cell performance.

The exciton diffusion lengths in various conjugated poly-
mers reported in the literature show a large variation, ranging
from 5 to 20 nm.l2**) Most of these studies make use of a
bilayer model system, comprising of an evaporated C60 layer
in combination with a conjugated polymer spin-coated from
the solution. From photocurrent measurements on the precur-
sor poly(p-phenylene vinylene) (PPV)/C60 photovoltaic de-
vices an exciton diffusion length of 7+1 nm has been de-
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duced.™” In this work it was stressed that a precursor PPV
with a relatively high glass transition temperature was used in
order to avoid C60 interdiffusion into the relatively soft PPV.
Comparatively, from photocurrent spectra of the same materi-
al combination, an exciton diffusion length of 12+3 nm has
been derived.*”! A more direct way, which decouples the de-
vice performance (photocurrent) from the exciton diffusion,
is to study the quenching of the photoluminescence from
polymer/fullerene bi-layer heterostructures. In this approach,
the photogenerated exciton population is directly probed. The
change in the photoluminescence with varying polymer layer
thickness in a heterostructure directly reflects the change in
exciton population due to their diffusion and subsequent
charge transfer at the interface. The quenching of the PL of a
ladder-type conjugated polymer that was spin-coated on top
of a C60-fullerene-based self-assembled monolayer has been
measured, and an exciton diffusion length of 14 nm has been
deduced from these measurements.[*! Furthermore, from the
PL quenching of heterojunctions consisting of polythiophene
and evaporated C60, an exciton diffusion length of 5 nm has
been obtained.[*’!

A major problem in the determination of Ly, using lumines-
cence quenching is the intermixing of the evaporated C60
molecules with the soft polymer layer, which obscures the in-
trinsic exciton diffusion process. Using photoelectron spec-
troscopy and X-ray absorption, it has been demonstrated that
at room temperature evaporated C60 diffuses into spin-cast
poly(3-octylthiophene) (P3OT) layer after deposition.[*”! The
time-scale of this indiffusion process of C60 into P3OT typi-
cally amounts to thirty minutes. In a recent study we used
an alternative approach: instead of an evaporated C60 layer
as an acceptor we used a polymerizable fullerene layer
(poly(F2D))."" After thermopolymerization the fullerenes
are immobilized, preventing the electron acceptor molecules
to diffuse into the polymer, and the polyfullerene layer is in-
soluble in common solvents. This makes this polyfullerene
layer an ideal model system to study exciton diffusion in het-
erojunctions with any soluble conjugated polymers which are
interesting for solar cells. It can be shown that in such a sharp-
ly defined bilayer system the exciton quenching yield Q as a
function of polymer film thickness L is given by

(a*L3, +aLp tanh (L/Lp))exp(—aL) — a’L%(cosh (L/Lp))~!
(1 —a2L%)(1 — exp(—alL))

0-
(1)

where a is the absorption coefficient and Lp is the exciton dif-
fusion length, being the only fit parameter in this model. In
Figure 2 the luminescence quenching is plotted for a bilayer
device consisting of the random copolymer of poly(2-meth-
oxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene  vinylene) and
poly[4’-(3,7-dimethyloctyloxy)-1,1"-biphenylene-2,5-vinylene]
(NRS-PPV), which is a soluble PPV-derivative, and the poly-
fullerene. Attributing this quenching to the diffusion of exci-
tons towards the well-defined polymer/fullerene interface the
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Figure 2. The relative luminescence quenching in NRS-PPV/poly(F2D)
heterostructures for different polymer film thicknesses. A fit of these data
with Equation 1 (solid lines) using an exciton diffusion length of 5 nm is
shown.

experimental data are well described by an exciton diffusion
length of 5+1 nm (Fig. 2, solid line). This is in agreement with
earlier reported results, where C60 indiffusion was prevented
as much as possible by choosing a “hard” precursor ppv.[i2
The quenching effects are most pronounced in films with
thicknesses smaller than 30 nm. In this thickness regime, in-
terference effects into the photogeneration profile can be ne-
glected. The experiments have been extended to other PPV-
based derivatives, including MDMO-PPV that is used in solar
cells.™ Because of chemical modifications, the various PPV
derivatives differ in charge-carrier mobility by three orders of
magnitude as a result of a reduced energetic disorder. From
the photoluminescence decay curves of PPV/fullerene hetero-
structures, the exciton diffusion coefficient was found to in-
crease by only one order of magnitude with decreasing disor-
der. However, the increase in the diffusion coefficient is
compensated by a decrease of the exciton lifetime, leading to
an exciton diffusion length of 5-6 nm for all the PPV deriva-
tives studied. Furthermore, it should be noted that besides ex-
citon diffusion and subsequent electron transfer, resonant en-
ergy transfer towards C60-based acceptors can also play a
role. Recent theoretical® and experimental studies®'! have
revealed that under certain circumstances the rate of both me-
chanisms can compete, which would require a reinterpretation
of the luminescence quenching measurements. How far this
applies to the PPV:PCBM blends as used in BHJ solar cells is
under discussion.

2.3. Dissociation of Charge Carriers at the Donor/Acceptor
Interface

Organic semiconductors are characterized by low relative
dielectric constants, typically ranging from 2 to 4. As a result,
for a photogenerated electron and hole at the donor/acceptor
interface the Coulomb binding energy can be very strong. For
example, for a spatial separation of 1 nm between the elec-
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tron-hole pair the Coulomb binding typically amounts to
ca. 0.5 eV. As a result, the bound electron-hole pair either re-
combines or dissociates into free charge carriers when the car-
riers are able to escape their mutual Coulomb attraction. In
molecular solids it is generally accepted that the photogenera-
tion of charge carriers results from field- and temperature-as-
sisted dissociation of singlet excitons.”>> The field depen-
dence of the charge generation process has been consistently
described using models based on Onsager theory.”® In this
theory, the dissociation of a bound electron-hole pair is de-
scribed as a diffusive Brownian motion of the charges within
their Coulombic potential modified by an applied electric
field. The dissociation efficiency depends on the initial separa-
tion distance of the charge carriers and the strength of the ap-
plied field. For conjugated polymers the situation is less clear.
Field-assisted quenching of photoluminescence demonstrated
that a strong field is indeed required to dissociate the neutral
excitonic state.[*’] However, the measured dissociation of exci-
tons does not reveal whether free carriers or bound charge-
carrier pairs are formed upon breaking of the exciton. By
combining exciton quenching with photoluminescence and
photocurrent measurements, it was found that for a ladder-
type polymer, the generation of free charges is a two-step pro-
cess: In the first step Coulombically bound geminate elec-
tron-hole pairs are formed, and secondly the pairs are disso-
ciated into free carriers.”’! In contrast to earlier assumptions,
the electric field mainly assists in the formation of the bound
pairs and not in their dissociation.

An important question is whether these bound pairs are also
present in donor/acceptor systems that are relevant for solar
cells as bilayers and bulk heterojunctions. A strongly bound
electron-hole pair seems in direct contradiction with the high
internal quantum yields that are achieved in polymer/fullerene
blends. It has been proposed that the exciton directly dissoci-
ates into free charge carriers because the excess photon energy
after exciton dissociation is used to separate the bound pair at
the interface.l®! Alternatively, it has been pointed out that the
excess energy of the hot carriers formed directly after charge
transfer governs the initial separation distance between the
bound electron and hole, and thus the dissociation efficien-
cy.”! In bilayer devices, the interface also plays an important
role since the orientation of the electric dipole favors separa-
tion perpendicular to the interface, in alignment with the field
in the solar cells.”! Furthermore, a large mobility difference is
expected to favor dissociation as well.**®) Arkhipov et al.
have pointed out that the interface might play an additional
important role.’! A dipole layer at the interface, due to par-
tial charge transfer prior to photoexcitation, prevents back
transfer of the hole and reduces the probability of recombina-
tion of the bound pair. In a recent study, two-pulse femtosec-
ond spectroscopy with photocurrent detection was used to op-
tically detect the presence of bound electron-hole pairs in
polymer:fullerene blends.” Coulombically bound charge car-
rier pairs were found in a ladder-type polymer, but not in
MDMO-PPV:fullerene blends. However, these blends were
processed from toluene, in which MDMO-PPV is known to
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form relatively big clusters, leading to inefficient solar cells.”*"!

Whether these measurements are therefore representative of
blends processed from chlorobenzene, which do yield solar
cells that have an efficiency of 2.5 %, is not clear.

In the case of an ideal solar cell, meaning no recombination
and space—charge formation, the photocurrent can also be a
direct measure of the photogeneration of free charge carriers.
In that case the internal field in the device is given by
E=(Vo.—V)/L, where V is the applied voltage, V. is the
open-circuit voltage, and L is the thickness of the active layer.
The photocurrent for holes is then given by J,,, = epuE, where
4 is the hole mobility and p is the density of photogenerated
holes, which at steady state is given by their lifetime and gen-
eration rate (G), p =7 G. At long lifetimes (little or no recom-
bination), all photogenerated charge carriers leave the device
before recombining, and their lifetime becomes equal to the
transit time, 7, = L%u V. From this it follows directly!®®! that the
hole photocurrent through the external circuit is simply

Jph =eGL (2)

An identical result can be obtained for electrons. Thus, for a
constant generation rate G of electron-hole pairs, J,,;, is inde-
pendent of V. As a result, in this ideal case, the photocurrent
given by Equation 2 is independent of the mobility of either
electrons or holes and a direct measure of G, because for none
or very weak recombination, the carrier lifetime will always
exceed the transit time. The presence of bound charge carriers
can be monitored using photoinduced absorption spectro-
scopy. It has recently been demonstrated that the dynamics of
the charge-carrier recombination extends all the way into the
millisecond regime.**%-! With a typical hole-transit time at
short-circuit of only a microsecond (see following section) it is
expected that at high reverse bias, where the transit time is
further shortened, most of the generated charges leave the de-
vice without recombining and Equation 2 applies. However,
Hughes and Sokel®”! pointed out that Equation 2 is incorrect
at low bias voltages because diffusion currents have been ne-
glected. Using the same approximation as in Equation 2 but
including diffusion, the photocurrent is given by

exp(eV/kT)+1 2kT
Ton = ¢GL | eV kT =1 eV )
where eGL is the saturated photocurrent from Equation 2, V
the applied voltage, k the Boltzmann constant and 7 is the
temperature. In Figure 3, a reverse voltage sweep from 1 V to
-10 V was applied under illumination (800 W m™, in an inert
(N,) atmosphere) and the photocurrent density (Ji) was re-
corded for a temperature range of 210-295 K. In order to de-
termine the effective photocurrent, the current density in the
dark (Jp) was also recorded. The effective experimental
photocurrent is given by Jpn=Jy—-Jp. In Figure 3, Jy, is
plotted on a double logarithmic scale against the effective vol-
tage across the device, given by V,—V. The effective voltage
Vy is defined as the voltage where J; =Jp and is slightly larger
than Vc. The solutions of Equations 2 and 3 are shown sche-

Adv. Mater. 2007, 19, 1551-1566



P. W. M. Blom et al./Device Physics of Polymer:Fullerene BH) Solar Cells

ADVANCED

T AL AL
diffusion | drift

00

1 L M| M| M |
0.01 0.1 1 10

V-V [V]

Figure 3. Room-temperature current density—voltage (J-V) characteris-
tics of an MDMO-PPV:PCBM (20:80 wt %) device as a function of effec-
tive applied voltage (Vo—V) (symbols). The solid line represents the
calculated photocurrent from Equation 3 using G=1.46x10%" e-h
pairs m~s™', whereas the dotted line represents the drift current calcu-
lated from Equation 2 using the same G.

matically in Figure 3 together with the experimental data.
Using a G of 1.46x10” e-h pairsm~s™, Equation 3 fits
the experimental data very well at low effective voltage
(Vo-V<0.1 V), indicating that diffusion plays an important
role in the experimental photocurrent. At higher reverse vol-
tage (V.—V>1 V) the photocurrent increases further with in-
creasing voltage. From Figure 3, it appears that for effective
voltages exceeding 1 V the experimental photocurrent does
not saturate at eGL but gradually increases. However, an im-
portant process that has not been taken into account in Equa-
tion 2 is that not all the photogenerated bound electron-hole
pairs (represented by Gyax) dissociate into free charge car-
riers. Only a certain fraction of Gyax is dissociated into free
charge carriers, depending on the field and the temperature,
and therefore contributes to the photocurrent (eGL). Conse-
quently, the generation rate G of free charge carriers can be
described by

G(T,E) = GyaxP(T,E) 4)

where P(T,E) is the probability of charge separation at the do-
nor/acceptor interface. As stated above, the photogeneration
of free charge carriers in low-mobility materials can be ex-
plained by the geminate recombination theory of Onsager.*®]
An important addition to the theory has been made by
Braun,®® who stressed the importance of the fact that the
bound electron-hole pair (or charge-transfer state) has a fi-
nite lifetime. The bound electron-hole pair, formed after dis-
sociation of an exciton at the donor-acceptor interface, can
either decay to its ground state with a rate constant kp or se-
parate into free carriers with an electric-field-dependent rate
constant kp(E). Once separated, the charge carriers can again
form a bound pair with a rate constant kg. Consequently, free
carriers which are captured into bound pairs may dissociate
again during the lifetime of the bound pair. Therefore, long
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lived charge transfer states act as a precursor for free charge
carriers. In Braun’s model, the probability that a bound polar-
on pair dissociates into free charge carries at a given electric
field E and temperature 7 is given by
kp(E)

PT.E) = kp(E) + kp ©)

Using the Onsager theory for field-dependent dissociation
rate-constants of weak electrolytes™! for kp(E), Langevin re-
combination of free electrons and holes, and a Gaussian distri-
bution of donor—acceptor distances, the generation rate of
free electrons and holes in blends of MDMO-PPV:PCBM for
any temperature and electric field can be calculated.l®®! 1t
should be noted that this calculation involves only two adjust-
able parameters: the initial separation of e-h pairs, a, and the
ground state recombination rate kg, as all the other parame-
ters were experimentally determined. Figure 4 (solid lines)
shows the calculated photocurrent (J/p,) from Equation 2 as a
function of temperature, including the calculated field-depen-
dent generation rate G(T,E). Using a separation distance

1 Ll | L .
0.1 1 10

V-V V]

Figure 4. Temperature dependence of the photocurrent (symbols) versus
effective applied voltage (Vo— V) for a device of 95 nm thickness. The sol-
id line represents the calculated photocurrent from Equation 2 using the
field- and temperature-dependent generation rate G(T,E).

a=1.4 nm, and a room-temperature recombination lifetime
kel=7 us, the calculations consistently describe the field- and
temperature dependence of the experimental data in the
saturation regime (V,.—V>1 V). At low effective voltages
(<1 V) G(T,E) tends to saturate and the calculated values, to-
gether with Equation 2, predict the dependence of the photo-
current on temperature in this low-voltage regime. At high ef-
fective voltages (typically 10 V) the photocurrent saturates
and becomes field and temperature independent. At these
voltages all bound e-h pairs are separated and the maximum
photocurrent Jsat=e Gyax L is reached. It should be noted
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that this high-voltage regime can be obscured by dark injec-
tion currents. However, by using a PEDOT electrode with
lower conductivity this effect can be suppressed. By compar-
ing the photocurrent with the experimentally observed Jsar
the dissociation efficiency can be read directly from Figure 4.
Under short-circuit conditions (V' =0) only 60 % of the bound
e—h pairs dissociate. This incomplete dissociation of generated
bound electron-hole pairs under operating conditions is
therefore a main loss mechanism in solar cells based on PPV/
PCBM blends.

2.4. Charge Transport in Polymer:Fullerene Blends

After photoinduced electron transfer at the donor/acceptor
interface and subsequent dissociation, the electrons are local-
ized in the PCBM phase whereas the holes remain in the PPV
polymer chains. Subsequently, the free electrons and holes
must be transported via percolated PCBM and PPV pathways
towards the electrodes to produce the photocurrent. There-
fore, the electron transport in PCBM and hole transport in
PPV are crucial for the understanding of the optoelectronic
properties of BHJ solar cells. For pure PCBM!®! the electron
mobility (u.=2.0x107 m*V's™) was found to be 4000 times
higher than the hole mobility in pure MDMO-PPV!"!
(un=5.0x10" m?*V~'s™). An important question is whether
these mobilities are modified when the materials are blended
as in the active layer of a solar cell. In one of the first studies
using field-effect measurements, an increase of the hole mo-
bility was observed in the PPV:PCBM blends.”!) However, it
should be noted that in field-effect transistors the hole mobil-
ity of pristine MDMO-PPV is also three orders of magnitude
larger compared to the hole mobility in light-emitting diodes
or solar cells.”” This enhancement is a result of the depen-
dence of the mobility on charge carrier density, which is or-
ders of magnitude higher in a transistor than in a solar cell.”
Therefore, the values obtained for the electron and hole mo-
bility can not be quantitatively applied to other device config-
urations such as light-emitting diodes or solar cells. Also, from
time-of-flight photocurrent measurements,”*’* an enhance-
ment of the hole mobility was observed that was also depen-
dent on the light intensity used. The dependence of the mobil-
ity on the carrier density might also be responsible for this
effect. Recently, we have found that the hole mobility in a
20:80 wt % MDMO-PPV:PCBM blend is enhanced by more
than two orders of magnitude as compared to the pure poly-
mer value using space-charge-limited current (SCLC) mea-
surements.”” As a result, the difference between electron-
and hole mobility is reduced to only a factor of ca. 10, result-
ing in more balanced transport. We also confirmed this mobil-
ity enhancement by transient methods including transient
electroluminescence and impedance spectroscopy. The fact
that the SCLC and transient measurements give the same mo-
bility also shows that the hole transport is nondispersive in
these blends. Although the enhancement of the hole mobility
by blending with PCBM is not yet fully understood, it clearly
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indicates that hole- and electron mobility must be directly
measured in the blend as used in the operational device

In order to measure the SCLC of only one type of charge
carrier in a blend, the other one must be suppressed by a large
injection barrier, resulting in an electron- or hole-only device.
This approach has been successfully used to measure the hole-
only SCLC in a 20:80 wt % MDMO-PPV:PCBM blend when
Pd is employed as a top electrode.”! For measurement of the
electron current, the bottom contact must have a low work
function to suppress hole injection into the MDMO-PPV. In
order to obtain a low work function electrode that does not
interact with the solvent during spin coating, we modified the
work function of the noble metal Ag by using polar molecules
that can self-assemble on the metal and form a highly ordered
(2D) thin layer with a dipole in the desired direction.[”®””!
Using a self-assembled monolayer (SAM) of hexadecanethiol
on a flat 20 nm layer of Ag lowered its work function by
0.6 eV to 3.8 eV, as measured by the Kelvin probe.””! From
the work function of the Ag/SAM and highest occupied mo-
lecular orbital (HOMO) level of PPV a hole injection barrier
of ca. 1.3 eV is expected. This large injection barrier sup-
presses the hole current very efficiently, such that, even in a
blend with a low PCBM ratio and reduced electron transport
the current is still electron dominated. Thus, electron- and
hole-only devices are constructed that enable us to measure
the SCLCs of electrons or holes separately in MDMO-
PPV:PCBM blends with various composition.”® The resulting
mobilities from the single carrier SCLCs in MDMO-
PPV:PCBM BHJ devices are presented as a function of wt %
PCBM in Figure 5. A gradual increase of electron mobility
with increasing fullerene concentration is observed from 33 to
80 wt %, followed by saturation to the value of pure PCBM
2x107 m?>V1s)® Tt is observed that this saturation
does not coincide with the start of the phase separation
(ca. 67 wt %), but rather at the maximum device perfor-
mance. Surprisingly, the hole mobility shows a similar behav-
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Figure 5. Electron p. and hole u,, zero-field mobilities in blends of
MDMO-PPV:PCBM as a function of PCBM weight percentage, at room
temperature (295 K). The mobilities were calculated from SCL currents
[78]. The electron mobility for 100 wt % PCBM was taken from the litera-
ture [69].
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ior as a function of fullerene concentration. A similar behav-
ior has recently being reported using time-of-flight (TOF)
measurements.*

Intuitively, one would expect that “dilution” of the PPV
with PCBM would lead to a reduction of the hole transport
properties, for example due to a reduced percolation pathway.
However, it is observed that from 40 to 80 wt % PCBM the
hole mobility increases by more than two orders of magnitude
from its pure polymer value (5x 107! m*V~'s™) to approxi-
mately 1.4x10® m*V™'s™ in the blend. The origin of this
strong increase is not yet clear; It has been shown that films of
MDMO-PPV exhibit interconnected ringlike features, due to
asymmetric side chains.®!! This seems to be consistent with
the proposition made by Pacios et al.®? who propose that the
change in film morphology upon adding PCBM molecules re-
sults in an enhanced intermolecular interaction and, there-
fore, in an improved charge transfer between adjacent poly-
mer chains. Based on this consideration, an enhancement in
hole transport is possible. For fullerene concentration larger
than 67 wt % the hole mobility saturates. It has been pointed
out by van Duren et al. that phase separation, resulting in
pure PCBM domains surrounded by a homogeneous matrix
of 50:50 wt % MDMO-PPV:PCBM, sets in for concentrations
of more than 67 wt % PCBM.I"! As a result, the hole mobility
in this homogeneous matrix of 50:50 PPV:PCBM is indeed ex-
pected to saturate, as is observed experimentally (Fig. 5). For
PPV derivatives with symmetrical side-chains, it has been ob-
served that instead of ringlike structures, more rodlike fea-
tures are formed. It is known that PPV derivatives with sym-
metrical side chains exhibit an enhanced mobility due to a
reduction of the disorder. In Figure 6 the hole mobility in
the random symmetric co-polymer poly[2,5-bis(2-ethylhexyl-
0xy)-co-2,5-bis(2-methylbutyloxy)-1,4-phenylene  vinylene]
(BEH;BMB;-PPV) (see inset) is shown for a number of
PCBM fractions. In contrast to MDMO-PPV, the mobility en-
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Figure 6. Hole zero-field mobility uy, in blends of BEH,BMB;-PPV, shown
in the inset, for various PCBM weight percentages (symbols), at room
temperature (295 K). The mobilities were calculated from the SCL cur-
rents. Also the mobility achieved in MDMO-PPV for >80wt % PCBM is
indicated (dashed line).
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hancement is only very weak, a factor of 4 instead of 400. This
dependence of the mobility enhancement on the chemical
structure of the PPV derivative suggests that PCBM changes
the packing of the MDMO-PPV.

2.5. Extraction of the Charge Carriers at the Electrodes

In addition to attempts to optimize the components and
composition of the active layer, modification of the electrodes
has also lead to an improvement in device performance.®**]
It is evident that the work function of the negatively charged
electrode is relevant for the open-circuit voltage (V) of the
cells. In the classical metal-insulator-metal (MIM) concept,
the Vo is in first order approximation governed by the work
function difference of the anode and the cathode, respectively.
It should be noted that this only holds for the case where the
Fermi levels of the contacts are within the bandgap of the in-
sulator and are sufficiently far away from the HOMO and the
lowest unoccupied molecular orbital (LUMO) levels, respec-
tively. In the case of ohmic contacts, meaning that the nega-
tive and positive electrodes match the LUMO level of the ac-
ceptor and the HOMO level of the donor, respectively, the
situation is different; charge transfer of electrons or holes
from the metal into the semiconductor occurs in order to align
the Fermi level at the negative and positive electrode, respec-
tively. As a result, the electrode work functions become
pinned close to the LUMO/HOMO level of the semiconduc-
tor.® Because of this pinning, the Vo will be governed by
the energetics of the LUMO of the acceptor and the HOMO
of the donor. Indeed, in BHJ solar cells, a linear correlation of
the Vo with the reduction potential of the acceptor has been
reported.[83] The fact that a slope unity was obtained indicates
a strong coupling of the V¢ to the reduction strength of the
acceptors. Remarkably, the presence of the coupling between
the Ve and the reduction potential of the PCBM has been
interpreted as proof against the MIM concept, although it is
in full agreement with a MIM device with two ohmic contacts.

In contrast, only a very weak variation of the V¢
(160 meV) has been observed when varying the work function
of the negative electrode from 5.1 eV (Au) to 2.9 eV (Ca).!*!
This has been explained by pinning of the electrode Fermi lev-
el to the reduction potential of the fullerene. However, it has
been pointed out that when the metal work function is re-
duced to such an extent that it is below the LUMO, the elec-
trode work function will remain pinned close to the LUMO
level of the semiconductor.[®! This explains why the Vo only
increases slightly when going from Al (4.2 eV) to Ca (2.9 eV),
because the Ca work function will be pinned to the LUMO of
the PCBM (3.7 eV). Furthermore, a variation of more than
0.5 V of the Vo was observed when palladium was used as a
top contact, ruling out Fermi level pinning because of the
presence of a large amount of PCBM surface states.® At the
anode side, electrochemical modification of the PEDOT work
function showed a linear correlation with the Ve of the
MDMO:PCBM BHI solar cells, as expected for a MIM like

www.advmat.de

1559



1560

_ ADVANCED

P. W. M. Blom et al./Device Physics of Polymer:Fullerene BH) Solar Cells

MATERIALS

device with non-ohmic contacts.® Recent results by Scharber
et al. demonstrated a linear dependence of V¢ on the posi-
tion of the HOMO level of the polymer, as expected for a
MIM device with an ohmic hole contact.*!

However, it has been observed that when employing Al as
the top electrode, the insertion of LiF between organic layers
and the metal not only enhances the Vg, as expected from its
work function, but also increases both the short-circuit cur-
rent Jsc and fill factor FE®"! The origin of this increase, and
the resulting 20 % enhancement in the efficiency, is less clear.
One explanation that has been proposed is that the insertion
of a sub-nanometer LiF layer results in the formation of a bet-
ter ohmic contact and consequent lowering of the series resis-
tance of the device by a factor of three or four, which thereby
increases the observed FF1®"] However, it must be stressed
that in solar cells the top electrode extracts electrons from the
device. A higher work function electrode will therefore not in-
hibit the electrons from leaving the active layer by an energy
barrier. It is therefore expected that electrons are collected
with equal efficiency whatever the electrode. On the other
hand, the inclusion of an insulating layer between the metal
and active layer results in a reduction in the collection effi-
ciency and is less likely to be a factor when noble metals such
as Ag, Au, and Pd are used as electrodes. Additionally, be-
cause the charge carrier generation process in the PPV/PCBM
blend is not affected by the electrode, it is also not obvious
why a change in the metal electrode would dramatically affect
the series resistance. In Figure 7 the experimental photocur-
rent-voltage (Ji-V) characteristics of ITO/PEDOT:PSS/
MDMO-PPV:PCBM/cathode (cathode = LiF/Al, Ag, Au, Pd)
devices are shown. The Vg values of these devices are: LiF/
Al1=0.90 V; Ag=0.70 V; Au=0.59 V; Pd=0.40 V.’ The Jg¢
decreases from 28 Am™ for LiF/Al to only 17 Am™ for Pd.
The same data are re-plotted in Figure 8, but now as a func-
tion of VoV, which reflects the internal electric field in the
device. It appears that all the individual curves coincide on
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Figure 7. J_ -V characteristics under illumination of an ITO/PEDOT:PSS/
MDMO-PPV:PCBM 20:80 wt % photovoltaic devices, with LiF/Al, Ag, Au,
and Pd as top electrodes (symbols). The devices were illuminated from a
halogen lamp calibrated to an intensity of 800 W m™. The V¢ was found
to be in the saturation regime in all cases. Reproduced with permission
from [84]. Copyright 2003 American Institute of Physics.
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Figure 8. Photocurrent versus effective applied voltage (Voc—V) of an
MDMO-PPV:PCBM (20:80 wt %) device for four different top electrodes
(symbols), at 295 K. The arrows indicate the short-circuit current densi-
ties (V=0 V) and the corresponding open-circuit voltages of these de-
vices. Reproduced with permission from [88]. Copyright 2004 American
Institute of Physics.

one universal curve. This demonstrates that, as expected, the
photogeneration processes in the photoactive layer are not
dependent on the nature of the top electrode. Moreover, it
shows that no additional contact resistance is induced when
the top contact is changed from ohmic (LiF/Al) to non-ohmic
(Ag, Au, Pd). This scaling with internal field provides valu-
able information regarding the operating mechanism of BHJ
solar cells: First, it demonstrates that the photocurrents in
these BHJ devices are field-driven, and that diffusion only
plays a minor role. Secondly, the excellent scaling with the in-
ternal field also indicates that the electric field in these de-
vices is approximately homogeneous. With a change of the
top electrode, the Vo is affected because of modification of
the metal work function. The reason for the observed changes
in Jgc, FF, and maximum power point (MPP) is now clear
from Figure 8: the voltage area between the origin (V= V)
and the arrows (V=0 V) reflect the active (fourth quadrant)
part of the device for each top electrode. Consequently, a dif-
ferent region of the J,,—(Voc—V) curve shown in Figure 8 is
probed when Vi is modified. The dependence of the photo-
current on the effective voltage (Voc—V) or field in the de-
vice is thus responsible for the observed changes of Jsc, FF,
and MPP when the top electrode is varied. In the next section
the relevance of the dissociation and charge transport are
evaluated with regard to the photocurrent generation and per-
formance of solar cells based on PPV:PCBM blends.

3. Photocurrent Generation and Performance
of Polymer:Fullerene Solar Cells

3.1. Modeling MDMO-PPV/PCBM (1:4 wt %) Bulk
Heterojunction Solar Cells

A good understanding of the operation and processes limit-
ing the performance of polymer:fullerene solar cells is crucial
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for further optimization. The role of the contacts, drift, and
diffusion of charge carriers, charge carrier generation, and re-
combination need to be clarified. The interpretation of cur-
rent-voltage curves is often done by using models developed
for inorganic p-n junctions.[sg’()z] However, in such a descrip-
tion, no detailed description of electric field distribution and
carrier densities in BHJ solar cells has been given. Recently,
Barker et al.l”*! have presented a numerical model describing
the current-voltage characteristics of bilayer conjugated poly-
mer photovoltaic devices. In this model, the dissociation of
bound electrons and holes at the donor acceptor interface was
also included. However, because the electronic structures of
bilayers and bulk heterojunctions are distinct, their opera-
tional principles are fundamentally different. In this section
we establish the dependence of the photocurrent of bulk het-
erojunction MDMO-PPV:PCBM (1:4 wt %) devices on tem-
perature and the applied voltage. Similar to the model of Bar-
ker, it is based on the standard set of the Poisson equation,
current continuity equations, and current equations including
both drift and diffusion.” The diffusion coefficients are ob-
tained from the Einstein relation, but it should be noted that
at high carrier densities the diffusion coefficient may be in-
creased.™ However, because the steady-state carrier densi-
ties are rather low in BHJ solar cells due to efficient extrac-
tion, we do not expect that this effect will play a large role.
Furthermore, as pointed out in Section 2.3 the generation of
free charge carriers from bound electron-hole pairs has
been described by the geminate recombination theory of
Onsager[56] in combination with a refinement proposed by
Braun,! who pointed out the importance of the fact that the
bound electron-hole pair has a finite lifetime. Finally, the re-
combination of free charge carriers is bimolecular, with a re-
combination strength given by the Langevin equation.” This
numerical model describes the full current-voltage character-
istics in the dark and under illumination, including the field-
dependent generation rate G(T,E). Figure 9 shows the effec-
tive photocurrent of a 120 nm thick MDMO-PPV/PCBM
(20:80 wt %) BHJ solar cell (symbols) together with the nu-
merical calculation (solid lines) for two different tempera-
tures. At both temperatures, using the same parameters as
presented above, the calculated photocurrent fits the experi-
mentally data over the entire voltage range. For low effective
voltages, V,—V, the photocurrent increases linearly with effec-
tive voltage due to a direct competition between diffusion and
drift currents. At higher effective voltage, all free charge car-
riers are extracted for zero recombination, and the photocur-
rent saturates to e G(T,E) L. The two parameters governing
the field- and temperature-dependent generation rate, the e-h
pair distance a and the decay rate kg, could be estimated by
just equating the high-field photocurrents to e G(E,T) L, as
shown in Figure 4. The numerical device model additionally
includes the effects of space-charge and recombination. The
values for the electron- and hole mobility used in these calcu-
lations are obtained experimentally (2x107 m*V~'s™? and
2x10° m* Vs, respectively)."”™ Figure 9 indicates that
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Figure 9. Effective photocurrent (Jon=JL—Jp) as a function of effective
applied voltage (Vo—V) of MDMO-PPV:PCBM 20:80 device (symbols), at
295 and 250 K. The solid line represents the numerical calculation in-
cluding diffusion, field dependent of generation rate G(T,E) and recombi-
nation, for a device with a thickness of 120 nm.

the calculated photocurrent fits the experimental data over
the entire voltage range. Under short-circuit conditions, the
carrier densities and net generation rate are depicted in Fig-
ure 10. In the bulk of the device, the hole density is roughly
one order of magnitude higher than the electron density. This
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Figure 10. A 120 nm MDMO-PPV:PCBM (20:80 wt %) device at short cir-
cuit showing the carrier densities and the net generation rate.

is a result of the difference in mobility between electrons and
holes. Since the holes are much slower, they accumulate in the
device. However, with a mobility difference of only a factor of
ten, the overall carrier densities are rather low as compared to
other devices like LEDs or field-effect transistors (FETs).
This is because the field in the device is quite large at SC and
carriers are readily extracted. For this reason, space-charge ef-
fects only play a minor role, leading to a nearly constant field
in the device.”*! This nearly constant field is consistent with
the universal behavior of solar cells topped with various elec-
trodes when scaled against the effective voltage across the de-
vice (Fig. 8). Furthermore, the model calculations revealed
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that at short-circuit conditions only 7.0 % of the free charge
carriers are lost due to bimolecular recombination and subse-
quent decay. This low loss of charge carriers is a consequence
of the high field strength, which ensures good charge extrac-
tion, resulting in low carrier densities. Since the carrier densi-
ties are low, bimolecular recombination is weak and hence the
recombination lifetime of the charge carriers is relatively long.
Near the contacts, the bimolecular recombination rate R is
especially low since one carrier is dominant (a consequence of
the ohmic contacts). As a result, the net generation rate
U= G-R is highest at the contacts. As stated above, since the
hole mobility is lower than the electron mobility, the bulk of
the device is dominated by holes. Close to the cathode, but
not in the immediate vicinity (about 5 nm), there still exists a
considerable hole density, but here the electron density also
strongly increases. Therefore, the rate of bimolecular recom-
bination is enhanced close to the cathode, causing a dip in the
net generation rate, as seen in Figure 10.

Furthermore, because of the high field strength, the time
needed for the charge carriers to exit the device is quite small,
and therefore, only few charge carriers are lost. We note that
we have used a constant generation profile in the model calcu-
lations, whereas in BHJ solar cells, optical interference effects
also play a role.l””! However, we verified that a spatial depen-
dence of G does not affect the results presented here, as ex-
pected for a solar cell with only minor (bi)molecular recombi-
nation losses.

3.2. Effect of the PCBM Weight Fraction on the Solar-Cell
Performance

In the MDMO-PPV:PCBM blends, the light is mainly ab-
sorbed in the PPV phase, and the role of PCBM is that of the
electron acceptor and electron transport material. However,
in order to obtain the maximum device efficiency up to 80
wt % PCBM has to be added to the PPV:PCBM mixture.
Because the PCBM percolation limit is expected at only
17 vol % ,1*’) and the conjugated polymers even shows per-
colation at much lower fraction,'”! it is not obvious why it is
necessary to add 80 wt % of a material that hardly contributes
to the light absorption to obtain optimum performance. As
shown in Figure 5, the hole mobility when going from 40 to
80 wt % PCBM increases by more than two orders of magni-
tude from the pure polymer to the blend (5x 10! m*Vv's™
to ca. 1.4 x10® m*V's™). Furthermore, in the saturation re-
gime VyxV>0.1 V the photocurrent is basically given by
Jph =€ Gmax P(E,T) L. In order to investigate the effect of the
PCBM weight fraction on the dissociation efficiency P(E,T),
the measured photocurrents have been normalized to their
saturation value (¢ Gnax L), as shown in Figure 11 for the 50
and 80 wt % PCBM devices. This normalized photocurrent
then reflects the dissociation efficiency in the saturation re-
gime for effective voltages Vo x V>0.1 V. It appears that a de-
crease of the PCBM weight fraction from 80 to 50 wt % leads
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Figure 11. Experimental photocurrent (J,n) normalized to its saturation
value (g Gmax L) as a function of effective applied voltage (Vo—V) for two
different MDMO-PPV:PCBM compositions (see legend). The lines repre-
sent the calculated dissociation probability of bound e-h pairs (P) at the
donor/acceptor interface as follows: The solid line represents the calcu-
lated P that best fits the experimental data, with 80 wt % PCBM used as
a reference. The dotted line denotes the calculated P for 50 wt % PCBM
when only the charge-carrier mobilities have been modified; the dashed
line represents the same calculation for the case when both mobility and
the bulk dielectric constant are modified [78].

to a strong reduction of the dissociation efficiency in the rele-
vant voltage regime (Vy—V<0.9 V). The origin of this de-
crease in the dissociation efficiency of bound e-h pairs with
decreasing PCBM concentration will be addressed by apply-
ing the device model discussed in Section 3.1: For low-mobil-
ity semiconductors, recombination of free carriers is given by
the Langevin equation: kgr =q <u>/eg<e,>,with <g> the spa-
tially averaged dielectric constant of MDMO (g =2.11) and
PCBM (& =3.9) (depending on their volume ratio) and <u>
the effective charge carrier mobility of electrons and holes.
The parameters in the model which vary with the PCBM frac-
tion are ky, ¢, and kr. Because the average dielectric constant
and the charge carrier mobilities are known at each composi-
tion (Fig. 5), kr remains the only adjustable parameter in our
calculation when changing the composition. The dissociation
efficiency of the device with 80 wt % PCBM (Fig. 4, solid
line) will be used as a reference. From this calculation, a life-
time (kg ')of typically 2.5 us was obtained. This long lifetime
is in agreement with absorption spectroscopy measurements
were bound e-h pairs in PPV:PCBM blends can still be de-
tected after microseconds and even milliseconds, depending
on temperature.[““] However, a quantitative comparison be-
tween our calculated kg of 2.5 us and these transient absorp-
tion measurements is difficult because these measurements
are performed at higher light intensity, charge density, and in
the absence of an electric field. As a next step we systemati-
cally calculate P(E,T) for a device with 50 wt% PCBM,
changing the input parameters of the 80 wt % device one by
one. First, we only adapt the charge carrier mobilities and
take all other parameters as constant. It is observed from
Figure 11 (dotted line) that the decrease of the electron-
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and hole mobility, although dropping by approximately an
order of magnitude from 80 to 50 wt% PCBM (Fig. 5), is
not solely responsible for the observed decrease in dissocia-
tion efficiency. Subsequently, besides the mobility, the change
in the spatially averaged dielectric constant <g>, in accor-
dance with the change in PPV and PCBM volume ratio,
is also taken into account (dashed line). In this case, the
calculated P(E,T) exactly fits the experimental data without
having to change any of the other parameters. Thus, the lower
separation efficiency at 50 wt% PCBM results from the
combination of a decreased charge-carrier mobility and
lower dielectric constant, resulting in a stronger e-h binding
energy. This result demonstrates that the mobilities, maximum
generation rate, and spatially averaged dielectric constant are
the key parameters which govern the composition depen-
dence of the performance of OC,;C;o,-PPV:PCBM based solar
cells.

3.3. Formation of Space-Charges in PPV:PCBM Bulk
Heterojunction Solar Cells

The external photocurrent becomes saturated when all
photogenerated free electrons and holes are extracted from
the semiconductor. This implies that the mean electron and
hole drift lengths wen) = fien) Te(n) £ are equal or longer than
the specimen thickness L; where ucm is the charge-carrier
mobility of electrons (holes), 7.) is the charge-carrier life-
time, and E is the internal electric field. In this case, no re-
combination occurs and the saturated photocurrent density is
simply given by J,,"'=q G L with G the generation rate of
free electrons and holes and ¢ the electric charge. However, if
either w, < L, wy, < L, or both are smaller than L, space charge
will form and recombination of free charge-carriers becomes
significant. In other words, recombination becomes important
when the transit time of the photogenerated free charge car-
riers is longer than their lifetime. Suppose now that the elec-
tron-hole pairs are photogenerated uniformly throughout the
specimen and that the charge transport is strongly unbal-
anced, meaning that w.#wy. In the case that the recombina-
tion of free charge-carriers is bimolecular, the free electron-
and hole lifetime are equal 7. =7,. Then, a difference in w,
and wy, would originate from a difference in charge carrier
mobility #. and pp. In an MDMO-PPV:PCBM blend with
Hn << and wy <L, the holes will accumulate to a greater ex-
tend in the device than the electrons, which makes the applied
field nonuniform. As a consequence, the electric field in-
creases in the region (L;) near the anode, enhancing the ex-
traction of holes. Conversely, in the region near the cathode
the electric field decreases, diminishing the extraction of elec-
trons. It is evident that in the region L, the accumulated holes
are not neutralized by an equal density of electrons, which re-
sults in a build-up of positive space-charge. Goodman and
Rose pointed out that that there is a fundamental limit to be
expected for the built-up of space charge in a semiconductor
at high light-intensities; The electrostatic limit of hole accu-
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mulation is reached when the photocurrent generated in this
region, Jon =q G Ly, is equal to the SCLC!®]

9
Jscr = g Goerty ﬁ (6)

where ¢p¢; is the dielectric permittivity. By equating ¢ G L,
with Equation 6 it follows that the length of the region L; in
this space-charge-limited regime is given by

Ly = (9/8¢0z,11;,/89G) *V1/2 (7)

Because V=V, the maximum electrostatically allowed photo-
current that can be extracted from the device is!®’!

9eoe,y\ ¢ 3/41,1/2

The SCL photocurrent scales with a 3/4 power dependence
on light intensity (Eq. 8), whereas in the absence of space-
charge limitations the photocurrent is expected to scale linear-
ly with the light intensity. The occurrence of a space-charge
limit in solar cells based on amorphous Si has also been dis-
cussed by Crandalll"®!®?l and more recently by Schiff.'%l As
shown in Section 2.4, in MDMO-PPV:PCBM blends the hole
mobility in the blend is enhanced by a factor of 400 as com-
pare with the pure material, resulting in a much more bal-
anced transport. The remaining mobility difference of only
one order of magnitude is not sufficient to induce SCL photo-
currents. This is confirmed by the fact that for MDMO-
PPV:PCBM cells the photocurrent closely follows linear be-
havior with light intensity.””!'®! As demonstrated in Sec-
tion 2.4, when symmetrical substituted PPV is used (such as
BEH;BMB;-PPV), the hole mobility in the polymer phase is
hardly affected by the presence of PCBM, resulting in an in-
creased mobility difference between electrons and holes in
the blend. At room temperature the electron mobility in
the PCBM phase (ue=4x10" m*V~'s™) is a factor of 125
larger than hole mobility in the BEH;BMB;-PPV phase
(un=3.2x10" m*>V-'s™T). This difference further increases to
a factor of 2000 at T =210 K because of the difference in acti-
vation energy between the electron- (0.18 eV) and hole mo-
bility (0.35 eV). Figure 12 shows the experimental Jp;, as a
function of V;— V in a 20:80 blend of BEH;BMB5;-PPV:PCBM
at 210 K for different light-intensities. It is observed that for
Vo-V<0.06 V, the J,, shows linear dependence on voltage.
However, above 0.06 V the experimental J,,;, clearly shows a
square-root dependence on voltage, as is predicted by Equa-
tion 8 for very different u. and uy, values. At larger voltages
Jpn shows a clear transition to the saturation regime, where it
becomes limited by the field- and temperature dependence
of the generation rate G(E,T). The incident light power
(ILP) was varied from 80 mW cm™ (upper curve) down to
6 mW cm™ using a set of neutral density filters. It appears
from Figure 12 that the J,, shows weaker light intensity de-
pendence at low voltages in the square-root regime, than at
high voltages in the saturation regime. Figure 13a shows, in a
double logarithmic plot, the experimental J;,;, taken from Fig-
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Figure 12. Incident light power (ILP) dependence of the photocurrent
(Jon) versus the effective voltage (Vo—V) measured at T=210 K. The sol-
id (thick) line represents the calculated J,, from Equation 8 using
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80 to 6 mWcm™. The arrow indicates the voltage (Vi) at which Jon
shows the transition to the saturation regime [105].
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Figure 13. a) ILP dependence of the photocurrent J,, taken from Fig-
ure 11 at an effective voltage of Vo—V=0.1V and Vo-V=10V (sym-
bols). b) Saturation voltage (Vsa) versus ILP as determined for Fig-
ure 11. The slope (S) determined from the linear fit (solid lines) to the
experimental data is written on the figure. Reproduced with permission
from [105]. Copyright 2005 American Physical Society.

ure 11 as a function of /L P for two different voltages, at Vjj—
V=0.1 Vin the square-root regime and at V,— V=10 V in the
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saturation regime. The slope S determined from the linear fit
(solid lines) to the experimental data amounts to S=0.76 in
the square-root part and S =0.95 in the saturation part at high
voltages. The 1/2 power dependence of Jy, on voltage and 3/4
dependence on /LP is a strong indication for the occurrence
of a space-charge-limited photocurrent in this materials sys-
tem.

Another way to confirm the presence of a SCL photocur-
rent is to consider the voltage Vi, at which Jy, switches from
the square-root dependence to the saturation regime. This
transition occurs when the hole-accumulation region (L) be-
comes equal to the device thickness. In case of a SCL photo-
current Vg, scales with the square-root of G. In contrast, in
the absence of a space-charge limit (Eq. 1) the transition volt-
age will be independent of light intensity.*”) In Figure 12, the
voltage Vi, at which the transition occurs is determined from
the crossover point of the square-root dependence and the ex-
trapolated saturation part, as indicated by the arrow. In Fig-
ure 12, it is already evident that Vg, shows a clear variation
with light intensity. In Figure 13b, Vj, is plotted in double
logarithmic scale as a function of ILP. A slope $§=0.51 is
found, in agreement with the space-charge-limited prediction.
This is further conformation that the photocurrent in 20:80
blends of BEH;BMB;-PPV:PCBM devices is truly limited by
space-charge effects. This space-charge-limited photocurrent
is the maximum electrostatically allowed current that can be
generated into the external circuit of any solar cell. Further-
more, a J,,;, limited by space charges also has an impact on the
power conversion efficiency of solar cells. Because the J,, is
governed by a square-root dependence on voltage (Fig. 12),
the fill factors of space-charge-limited solar cells are typically
limited to only ca. 42 %.

4. Outlook

Recently, polymer/fullerene BHJs, based on P3HT as donor
and PCBM as acceptor have reached power conversion effi-
ciencies of 3.5 %.1%! Although further improvement of device
fabrication has lead to efficiencies of over 4 % for this materi-
al combination,”"* efficiencies are not yet high enough for
commercial application. As the incident photon to collected
electron efficiency (IPCE) is already high, up to 70 % at the
absorption maximum of P3HT, it is unclear how much and in
what way the efficiency of these devices can be further im-
proved. As a first approximation Coakley and McGehee pre-
dicted that an efficiency of 10 % may be within reach.'"" In
their calculation it is assumed, among other things, that the fill
factor is equal to unity, and recombination, either geminate or
bimolecular, is neglected. Our ability to accurately model the
photocurrent—voltage characteristics of polymer/fullerene so-
lar cells enables us to perform a more detailed calculation. By
combining charge carrier mobility measurements with cur-
rent-voltage measurements performed on illuminated solar
cells, we quantitatively model the experimental current—volt-
age characteristics of PABHT:PCBM solar cells. The obtained
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theoretical description of P3BHT/PCBM solar cells enables us
to investigate the enhancement of the efficiency when a num-
ber of solar-cell parameters are varied. We focused on two ef-
fects: First the effect of minimizing the energy loss in the elec-
tron transfer from donor to acceptor material was found to be
of paramount importance; an efficiency of 8.4% is pre-
dicted."” This efficiency increase stems from an increase of
Voc. Subsequently, the effect of lowering the polymeric band-
gap is studied. Several research groups have put a lot of effort
in the synthesis and application of these polymers. At first
glance, a low bandgap polymer seems beneficial. As a result
of enhanced overlap with the solar-cell spectrum the absorp-
tion is enhanced, leading to efficiencies larger than 6 %. Sur-
prisingly, the model calculations show that once the energy
loss in electron transfer is minimized, the best performing so-
lar cell comprises a polymer with a bandgap of around 2 eV,
clearly not a low bandgap. In the BHIJ cells, a lowering of the
bandgap is accompanied by a decrease of the open-circuit
voltage, canceling the benefit of an absorption increase. Ulti-
mately, with energy levels, bandgaps, and mobilities simulta-
neously optimized, single-layer polymer/fullerene solar cells
can reach nearly 11 % efficiency.'""””! In order to reach efficien-
cies beyond 11 %, tandem cells, consisting of multiple layers
each with their specific absorption maximum and width,
should be realized. Although multiple-layer tandem cells
seem incompatible with processing from solution, the first
working tandem cell based on spin-coated BHJ solar cells
with different absorption spectra has recently been real-
ized.l"!
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