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Compositional Dependence of the Performance of Poly(p-phenylene
vinylene):Methanofullerene Bulk-Heterojunction Solar Cells**

By Valentin D. Mihailetchi, L. Jan Anton Koster, Paul W. M. Blom,* Christian Melzer, Bert de Boer,

Jeroen K. J. van Duren, and René A. J. Janssen

The dependence of the performance of OC;C;y-PPV:PCBM (poly(2-methoxy-5-(3’,7"-dimethyloctyloxy)-p-phenylene vinyl-
ene):methanofullerene [6,6]-phenyl Cq;-butyric acid methyl ester)-based bulk heterojunction solar cells on their composition
has been investigated. With regard to charge transport, we demonstrate that the electron mobility gradually increases on
increasing the PCBM weight ratio, up to 80 wt.-%), and subsequently saturates to its bulk value. Surprisingly, the hole mobility
in the PPV phase shows an identical behavior and saturates beyond 67 wt.-% PCBM, a value which is more than two orders of
magnitude higher than that of the pure polymer. The experimental electron and hole mobilities were used to study the photo-
current generation of OC;C;(-PPV:PCBM bulk-heterojunction (BHJ) solar cells. From numerical calculations, it is shown that
for PCBM concentrations exceeding 80 wt.-% reduced light absorption is responsible for the loss of device performance. From
80 to 67 wt.-%, the decrease in power conversion efficiency is mainly due to a decreased separation efficiency of bound elec-
tron-hole (e-h) pairs. Below 67 wt.-%, the performance loss is governed by a combination of a reduced generation rate of e-h

pairs and a strong decrease in hole transport.

1. Introduction

Organic solar cells based on a phase-separated mixture of
donor and acceptor materials are a promising system for con-
verting solar energy into electricity. Due to their light weight,
low cost, ease of processing, and mechanical flexibility, these
systems are an attractive alternative to inorganic solar cells. A
successful approach is the bulk-heterojunction (BHIJ)-type
solar cell, prepared from blends of electron-donating conjugat-
ed polymer and electron-accepting fullerene molecules."! The
functionality of devices of this type results from the ultrafast
electron transfer from the conjugated polymer to the fullerene
molecules.”’ To date, power conversion efficiencies of up to
2.5% under air mass (AM) 1.5 illumination have been
achieved for solar cells comprised of poly(2-methoxy-5-(3",7-
dimethyloctyloxy)-p-phenylene vinylene), OC;C,o-PPV, and
methanofullerene [6,6]-phenyl Cg-butyric acid methyl ester
(PCBM) as the electron donor and electron acceptor, respec-
tively.m However, many fundamental questions concerning the
operation of these devices and the processes limiting their per-
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formance still need to be addressed before a rational improve-
ment of their performance can be established. In OC;C;y-
PPV:PCBM blends, light is mainly absorbed in the PPV phase;
the PCBM plays the role of 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. Since the PCBM percolation limit is ex-
pected to be only 17 vol.-%,* and conjugated polymers even
show percolation at much lower fractions,® it is not clear why
it should be necessary to add 80 wt.-% of a material that hardly
contributes to the absorption of light (PCBM) in order to
achieve optimal performance.

In a recent paper van Duren et al.l’ gave some useful insight
on the interplay between film morphology and the perfor-
mance of experimental solar cells. Using a variety of tech-
niques they showed that, for OC,C;(-PPV:PCBM, a rather
homogeneous polymer matrix containing tiny PCBM crystals is
present at up to 50 wt.-% PCBM. For concentrations higher
than 67 wt.-% PCBM, the blend consists of large separate
domains of pure PCBM embedded in a homogeneous matrix
of 50:50 wt.-% PPV:PCBM. These large, almost pure PCBM
domains grow on further increasing the PCBM concentration,
thereby reducing the interface area between donor and accep-
tor where exciton dissociation takes place. In spite of this
reduced interface area, the power conversion efficiency and fill
factor were strongly enhanced when the PCBM ratio was in-
creased from 67 to 80 wt.-%, and the phase-separated network
developed. The origin of this enhancement has not yet been
quantitatively explained.

Recently, we have developed a device model which consis-
tently describes the behavior of PPV:PCBM BHI solar cells
with 80 wt.-% PCBM. The photocurrent in this cell is domi-
nated by the dissociation efficiency of bound electron-hole
(e-h) pairs at the donor-acceptor interface, which is a field-
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and temperature-dependent process.”*! The device model calcu-
lates the steady-state charge distributions within the active
layer by solving Poisson’s equation and the continuity equa-
tions, including diffusion and recombination of charge carriers
at the donor—acceptor interface.l’’ Herein, we have applied the
model to calculate the photocurrent of a series of devices of
different OC,C,o-PPV:PCBM compositions and quantify the
parameters that limit device performance.

2. Results and Discussion

2.1. Compositional Dependence of the Charge-Carrier
Mobility

After photoinduced electron transfer at the donor—acceptor
interface, electrons are localized 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. Therefore, electron transport in PCBM and
hole transport in PPV are crucial for understanding the opto-
electronic properties of BHJ solar cells. For pure PCBM,!'"!
the electron mobility (u.=2.0x10"7 m?>V~'s™) is 4000 times
higher than the hole mobility in pure OC,C,-PPVIM
(un=5.0x10"" m*V~'s™). However, recently we found that the
hole mobility in a 20:80 wt.-% OC;C,o-PPV:PCBM blend is
enhanced by more than two orders of magnitude compared to
the pure polymer value."?! As a result, the ratio between the
electron and hole mobilities is reduced, typically to only a fac-
tor of ten, resulting in more balanced transport. Although the
enhancement of the hole mobility by blending with PCBM is
not yet fully understood, it clearly indicates that the hole and
electron mobilities must be directly measured in the blend as
used in the operational device. An extensive effort has been
made to measure electron and hole transport in PPV:PCBM
blends using time-of-flight photocurrent measurements,!'>!4l
and field-effect transistors,”®! and in both cases an enhance-
ment of the hole mobility was observed. Recently, field-effect
transistors have also been employed to measure the electron
and hole mobilities in fullerene—oligophenyleneethynylene
conjugates.'®! However, it should be noted that in field-effect
transistors the hole mobility of OC,C;(-PPV is three orders of
magnitude larger than the hole mobility in light-emitting
diodes or solar cells.'”? This enhancement is a result of the
dependence of the mobility on charge-carrier density, which is
orders of magnitude higher in a transistor than in a solar cell.l"”’
Therefore, realistic values for electron and hole mobilities can
only be obtained when measuring them in the same device con-
figuration as a light-emitting diode or solar cell.

The dark current in pure OC;C;(p-PPV and PCBM is space-
charge limited (SCL),'*!"! allowing the direct determination of
the mobility from current density—voltage (J-V) measure-
ments. However, in blend devices, the presence of Ohmic con-
tacts at both interfaces will result in a SCL current, which is a
combination of both electron and hole current. Consequently,
in order to measure the SCL current of only one type of charge
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carrier, the other one must be suppressed by a large injection
barrier, resulting in an electron- or hole-only device. This ap-
proach has been successfully used to measure the hole-only
SCL current in a 20:80 wt.-% OC;C;o-PPV:PCBM blend when
palladium was employed as the top electrode.l'””) A schematic
band diagram of such a hole-only device is depicted in Fig-
ure 1b. Employing palladium leads to an injection barrier of
=~(0.95 eV for electrons in the PCBM conduction band, which
sufficiently suppresses the injection of electrons into PCBM.!'8]

[T PcamLumo JFILIF/AI PCBM LUMO
Ag/SAM
PEDOT:PSS -
PPV HOMO PPV HOMO | Pd
=50 O
a) b)

Figure 1. Schematic band diagram of the OC;Cyo-PPV:PCBM blends for
a) the electron-only device and b) the hole-only device used in this study.
Under forward bias, the arrows indicate the contact that injects electrons
(a) or holes (b).

In order to suppress hole injection into OC;C;(-PPV, the bot-
tom contact must have a low work function. However, low-
work-function metals (e.g., calcium) react easily with the spin-
coated organic layer on top. To solve this issue, we modified
the work function of the noble metal silver by using polar mol-
ecules that can self-assemble on the metal and form a highly or-
dered (two-dimensional) thin layer with a dipole in the desired
direction.!"”! Using a self-assembled monolayer (SAM) of hexa-
decanethiol on a flat 20 nm layer of silver lowered its work
function by 0.6 eV to 3.8 eV,*") as measured by a Kelvin probe.
In Figure 1a, the schematic band diagram of such an electron-
only device, using a modified bottom contact, is shown. From
the work function of the Ag/SAM and highest occupied molec-
ular orbital (HOMO) level of PPV, a hole-injection barrier of
=1.3 eV is expected. This large injection barrier suppresses 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. In this way electron- and hole-only
devices were constructed that enabled us to measure the SCL
currents of electrons or holes separately in OC;Ciy-
PPV:PCBM blends of various composition.

Figure 2 shows the experimental dark current densities (/p)
of OC,C;o-PPV:PCBM blends that were measured in electron-
only (Fig. 2a) and hole-only (Fig. 2b) devices for different wt.-
% of PCBM. For clarity, only three compositions of both types
of device are shown. On the horizontal axis, the applied voltage
V was corrected for the built-in voltage (Vi)' and the volt-
age drop (Vgs) across the indium tin oxide/poly(3.,4-ethylene-
dioxythiophene):poly(styrene sulfonic acid) (ITO/PEDOT:
PSS) series resistance, which is typically 33 Q in our substrates.
At low voltages, Jp throughout all devices was found to scale
quadratically with voltage, indicative of SCL transport. Similar
to the findings for pure PCBM!™ and OCICIO—PPV,[H] at high
voltages the mobility was taken to be dependent of the electric
field (E) in stretched exponential form uen(E)=uen(0)exp-
(yenE"™), where u,(0) is the zero-field mobility of electrons
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Figure 2. Experimental dark-current densities for OC;Cyo-PPV:PCBM
devices (see legend) with varying wt.-% PCBM, for a) an electron-only
device, and b) a hole-only device. The solid lines represent the fit using a
model of single carrier SCL current with field-dependent mobility. The
Jo—V characteristics are corrected for the voltage drop over the contacts
Vs and for the built-in voltage Vg, that arises from the work function dif-
ference between the contacts. The film thicknesses L for each composition
are also shown.

and holes, respectively, and y.j is the field-activation factor.
The experimental data in Figure 2 were fitted using the model
of a single carrier SCL current!"” with field-dependent mobil-
ity, and the results are shown by the solid lines.

The calculated zero-field mobility of electrons and holes in
OC,C;o-PPV:PCBM BHI devices are presented as a function
of wt.-% PCBM in Figure 3. A gradual increase of electron
mobility with increasing fullerene concentration was observed
from 33 to 80 wt.-%, followed by saturation to the value of
pure PCBM (2x107 m? V™' s7).1% This saturation does not co-
incide with the start of the phase separation (=67 wt.-%),””! but
rather occurs at the maximum device performance. Surpris-
ingly, the hole mobility shows a similar behavior as a function
of fullerene concentration. Intuitively, one would expect that

107 & T=295 K

« [m?IVs]
\\\f
|
i

10"k E
A_A/A —A— u,

10-‘1 L L L L L L L L L
20 30 40 50 60 70 80 90 100

weight percentage PCBM

Figure 3. Electron and hole zero-field mobilities in blends of OCyCyo-
PPV:PCBM as a function of PCBM weight percentage, at room tempera-
ture (295 K). The mobilities were calculated from the SCL current pre-
sented in Figure 2. The electron mobility for 100 wt.-% PCBM was taken
from [10].
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‘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, from 40 to 80 wt.-% PCBM the
hole mobility increased by more than two orders of magnitude
from its pure polymer value (5x107! m*V~'s™) to approxi-
mately 1.4x107® m? V's™ in the blend. The origin of this strong
increase is not yet clear. It has been shown that films of
OC,;C,¢-PPV exhibit interconnected ring-like features, due to
asymmetric side chains.”? This seems to be consistent with the
proposition made by Pacios et al.®! who proposed that the
change in film morphology upon adding PCBM molecules
results in an enhanced intermolecular interaction and, there-
fore, in an improved charge transfer between adjacent polymer
chains. Based on this consideration, an enhancement in hole
transport may be possible. For fullerene concentrations above
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.-% OC;C;p-PPV:PCBM, sets in for concentrations
above 67 wt.-% PCBM.I"! As a result, the hole mobility in this
homogeneous matrix of 50:50 PPV:PCBM is indeed expected
to saturate, as is observed experimentally in Figure 3. Thus, a
clear connection between film morphology and charge trans-
port has been established. In the next section, the experimental
charge-carrier mobilities in OC,;C;,-PPV:PCBM blends are
applied to analyze the photocurrent generation and perfor-
mance of solar cells based on these blends.

2.2. Device Characterization under Illumination

Photocurrent generation in the PPV:PCBM BHJ devices is
governed by a number of sequential processes: the generation
of excitons after absorption of light by PPV, followed by exci-
ton diffusion towards the polymer—fullerene (donor-acceptor)
interface, and dissociation via ultrafast electron transfer. After
dissociation, a geminate pair of a hole at the donor and an elec-
tron at the acceptor is formed. Due to the low dielectric con-
stants ¢, of the organic materials (¢, typically ranges from 2-4),
these e—h pairs are strongly bound by Coulomb interactions,
with typical binding energies of several tenths of an electron
volt. In order to generate a photocurrent, the bound e-h pairs
must dissociate into free charge carriers and subsequently
move to the electrodes before recombination processes can
take place.

Figure 4 shows the experimental photocurrent J;,j, as a func-
tion of effective applied voltage (V-V) for three different
OC,Co-PPV:PCBM compositions. The photocurrent (Jpp;
Jon=J1~Jp) is the measured current under illumination (Jy)
corrected for the dark current (/p), whereas the compensation
voltage V) is defined as the voltage at which the photocurrent
Jon is zero. Previously, we demonstrated that for 20:80 wt.-%
OC,;C,p-PPV:PCBM composition at a voltage close to the com-
pensation voltage V, (V-V<0.1V), the photocurrent
increases linearly with voltage. For V(,-V >0.1 V, the photocur-
rent enters a regime where it is dominated by the dissociation
efficiency of the bound e-h pairs, which is a field- and tempera-
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Figure 4. Experimental photocurrent as a function of effective applied volt-
age (Vo-V) for three different OCyCyo-PPV:PCBM compositions (see le-
gend). V, represents the compensation voltage for which the photocurrent

Jph=JL_JD=O~

ture-dependent process.!®! The photocurrent of the 20:80 blend
could consistently be described using a model based on Onsa-
ger’s theory of ion pair dissociation, in which the dissociation
probability P(E,T) for a given electric field £ and temperature
T is calculated. It should be noted that the calculation of
P(E,T) requires, as input parameters, the lifetime of bound e-h
pairs (kg ), the spatial distribution of e~h pairs at the donor—
acceptor interface, the dielectric constant, and the recombina-
tion rate constant (kr) of free charge carriers. The latter has
been considered to be of Langevin type!® and describes the
conversion of free carriers into bound pairs at the interface.
Furthermore, as shown in Figure 4, the photocurrent in
OC,C;(-PPV:PCBM blends begins to saturate for all three
compositions (Jg,) when subjected to a large reverse bias (<-—
10 V) and becomes field- and temperature-independent,[gl
meaning that every e-h pair is dissociated into free charge car-
riers (P—1). Since at full saturation Jg, = ¢GnaxL, Where g is
the electric charge and L the film thickness, the occurrence of
the saturated photocurrent allows us to calculate directly the
maximum possible generation rate Gy, for producing free
carriers out of bound e-h pairs at the donor—acceptor interface
for any PPV:PCBM composition. From Jg,, (Fig. 4), one can
directly observe that for 67 wt.-% PCBM more bound e-h
pairs are produced in the active layer than for 50 or 80 wt.-%.
In Figure 5, Gax is shown as a function of weight percentage
of PCBM for all compositions measured. Surprisingly, the max-
imum generation of e-h pairs at 67 wt.-% PCBM does not co-
incide with the maximum solar cell performance at 80 wt.-%
PCBM. Furthermore, it is already known that a few weight per-
centage of PCBM is sufficient to quench nearly all photolumi-
nescence in PPV. Thus, at low PCBM weight fractions, all exci-
tons created in the PPV are already able to dissociate at a
PPV:PCBM interface. Following this reasoning, one would ex-
pect that the number of photogenerated e-h pairs would sim-
ply decrease with increasing PCBM weight fraction due to a re-
duced absorption in the PPV. However, it should be noted that
Gmmax represents the maximum number of bound e-h pairs that
can contribute to the photocurrent. For low PCBM weight frac-
tions, many free electrons cannot leave the device because they
are located on isolated PCBM clusters, and will eventually re-
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Figure 5. Calculated maximum generation rate of electron—hole pairs at
the internal donor—acceptor interface in OC;C;o-PPV:PCBM blends, as a
function of wt.-% PCBM. G, was calculated from the saturation of the
photocurrent, as illustrated in Figure 4.

combine through the formation of a long-lived, bound e-h
pairs at the interface. With increasing PCBM weight fraction,
the number of percolation paths will increase, thereby increas-
ing the number of electrons that can contribute to the photo-
current after being dissociated from the hole at the interface.
At PCBM fractions larger than 67 wt.-%, the reduced absorp-
tion in the PPV will lead to a decrease in Gypay.

An important question remains: why do these types of
devices have their optimum performance at 80 wt.-% PCBM,
despite the decrease in the number of photogenerated bound
e-h pairs? In the saturation regime V,—V >0.1 V, the photocur-
rent is basically given by J,p =€GmaxP(E,T)L, in which the dis-
sociation efficiency P(E,T) represents the field- and tempera-
ture-dependence of the generation rate.’ In order to compare
P(E,T) with experimental data, the measured photocurrents
from Figure 4 were normalized to their saturation value
(gGmaxL), as shown in Figure 6 for the 50 and 80 wt.-% PCBM
devices. This normalized photocurrent then reflects the disso-

max

80 wt-%
50 wi.-% =
Calculation:
— B0 wi.-% (referance)
50 wit.-% (<po varied)
50 wt.-% (cpet=p > varied)

J,1qG, L

0.01 0.1 1 10
Vi-VIvi

Figure 6. Experimental photocurrent normalized to its saturation value
(9GmaxL) as a function of effective applied voltage (Vo—V) for two different
OC,Cyo-PPV:PCBM compositions (see legend). The lines represent the cal-
culated dissociation probability of bound e-h pairs (P) at the donor—ac-
ceptor interface as follows: The solid line represents the calculated P that
best fits the experimental data, with 80 wt.-% PCBM used as the reference.
The dotted line denotes the calculated P for 50 wt.-% PCBM when only the
charge-carrier mobilities (u) have been modified; the dashed line repre-
sents the same calculation for the case when both (u) and the bulk dielec-
tric constant (¢,) are modified.

Adv. Funct. Mater. 2005, 15, No. 5, May
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ciation efficiency in the saturation regime for effective voltages
VoV >0.1 V. It appears that a decrease of the PCBM weight
fraction from 80 to 50 wt.-% leads to a strong reduction of the
dissociation efficiency in the relevant voltage regime (V-
V<0.9 V). The origin of this decrease in the dissociation effi-
ciency of bound e-h pairs with decreasing PCBM concentra-
tion will now be further addressed. For low-mobility semicon-
ductors, recombination of free charge carriers is given by
Langevin as

kr = gl eoler) 1

where (¢,) are the spatially averaged dielectric constants, 2.11
and 3.9 for OC,C;(-PPV and PCBM, respectively (depending
on their volume ratio), and (u) is the effective charge-carrier
mobility of electrons and holes. The parameters in the model
that vary with the PCBM fraction are kg, ¢, and kg. Since the
average dielectric constant and the charge-carrier mobilities
are known at each composition (Fig. 3), k¢ remains the only
adjustable parameter in our calculation on changing the
composition. The dissociation efficiency of the device with
80 wt.-% PCBM (Fig. 6, solid line) has been calculated before,
and will be used as a reference.®! From this calculation, a life-
time (kg V)of typically 2.5 us was obtained, in agreement with
absorption spectroscopy measurements where bound e-h pairs
in PPV:PCBM blends can still be detected after microseconds
and even milliseconds, depending on the temperature.”*>’!
However, these photophysical studies and quantitative model-
ing suggest a multiphasic recombination dynamics of bound
e-h pairs across the interface, which ranges from tens of nano-
seconds to milliseconds.”* 2! It is difficult to reconcile these
results with the calculated kr' (=2.5 us) from our model. We
note that the experimental conditions in transient absorption
measurements differ strongly from the device studies. The
photophysical experiments were performed at higher light in-
tensity, charge density, and—most importantly—in the absence
of an electric field. Whether these differences in experimental
conditions explain the apparent discrepancy is the subject of
further investigation.

Next, we systematically calculated P(E,T) for a device
with 50 wt.-% PCBM, changing the input parameters of the
80 wt.-% device one-by-one. First, we adapted the charge-car-
rier mobilities and kept all other parameters constant. Figure 6
(dotted line) shows that the decrease in the electron and hole
mobilities, despite being a drop of typically an order of magni-
tude for an 80 to 50 wt.-% decrease in PCBM (Fig. 3), is not
solely responsible for the observed decrease in dissociation
efficiency. Subsequently, besides the mobility, the change in the
spatially averaged dielectric constant (¢,), in accordance with
the change in PPV and PCBM volume ratio, was also taken
into account (dashed line). The calculated P(E,T) exactly fitted
the experimental data (Fig. 6), 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 was then used to
numerically model the experimental photocurrent of a series of

Adv. Funct. Mater. 2005, 15, No. 5, May
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OC,C;p-PPV:PCBM blend devices with varying the PCBM
compositions—from 20 to 95 wt.-%. Further detail on the nu-
merical model, which includes P(E,T), can be found in the lit-
erature.l”) The only input parameters that change with PCBM
weight fraction are the mobilities (Fig. 3), G« (Fig. 5), as ob-
tained from the fully saturated part of the photocurrent, and
the spatially averaged (¢,). The other parameters used were
identical to the fit of the 20:80 wt.-% device.l®! Figure 7 shows
the Ji-V characteristics under illumination of a number of
composite devices with varying weight percentage of PCBM in

15 r 80wt-%

2
J (A

1
04 .02 00 02 04 06 08
VIVl

Figure 7. J |-V characteristics under illumination of the ITO/PEDOT:PSS/
OC,Cyo-PPV:PCBM/LiF/Al devices with varying wt.-% PCBM in OC;Cyor
PPV. The devices were illuminated using a tungsten—halogen lamp with a
power intensity of 180 mWcm™. The solid lines represent the numerical
calculation using a model [9].

OC;Cyo-PPV: the solid lines represent the numerical fits. The
excellent agreement between simulations and experiments for
all compositions demonstrate that the mobilities, maximum
generation rate, and spatially averaged dielectric constant are
the key parameters that govern the composition dependence of
the performance of OC;C;o-PPV:PCBM-based solar cells. It
should be noted that, in the composition range 50 to 95 wt.-%,
all calculations were done with a constant lifetime kg ' of
2.5 us, whereas, for 40 wt.-%, a lifetime of 40 us had to be used
to fit the experimental data. At even lower fractions, the life-
time further increased. The exact origin of this increase in life-
time for low PCBM fractions is not yet clear, but its onset cor-
responds to the measured drop in hole transport. Whether
the low mobility, which might hinder the holes from reaching
the donor-acceptor interface, is responsible for this lifetime in-
crease is the subject of further study.

From the excellent agreement between simulated and ex-
perimental photocurrent (Fig. 7), it directly follows that the
model also accurately describes the experimental power con-
version efficiency # (normalized to its maximum value #.x)
and the fill factor (FF) as a function of wt.-% PCBM, as shown
in Figure 8. Since the open-circuit voltage (V) of these blends
is merely related to the electronic levels of the donor and
acceptor and the type of contacts used,"” the variation in 7 is
mainly due to a change in the short-circuit current (/) and/or
FF. For PCBM concentrations exceeding 80 wt.-%, the de-
crease in optical density of the film due to the poorer absorp-
tion of the PCBM compared to the OC;C;(-PPV, combined
with a reduced interface area between donor and acceptor,
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Figure 8. Experimental power conversion efficiency normalized to the
maximum value and fill factor (see legend) with varying PCBM composi-
tion, at room temperature. The solid lines represent the numerical calcula-
tions.

results in a drop in the maximum generation rate Gy,x of e-h
pairs. This will give rise to a decrease in Js. and consequently 7,
despite the efficient charge separation and high FF. For exam-
ple, the decrease by a factor of 2.3 in % (Fig. 8) between 80 and
95 wt.-% is entirely due to the decrease in Gy, (Fig. 5).

The most interesting range for the device performance is
from 80 to 67 wt.-%, where phase separation starts to develop.
In this range, a drop in device efficiency by 40 % was mea-
sured, despite an increased G,.x. Recently, we demonstrated
that at short-circuit (SC) conditions in 20:80 wt.-% OC;Cio-
PPV:PCBM blends, only 60 % of the total e-h pairs that are
generated at the donor—acceptor interface, after photoinduced
electron transfer, are separated into free charge carriers and
subsequently collected at the electrodes,® which is one of the
important loss mechanisms in this material system. Figure 9
shows the calculated separation efficiency of e-h pairs at SC
(nsc) for all fitted OC;C;o-PPV:PCBM compositions. 7. strong-
ly decreases for fullerene concentrations below 80 wt.-%, re-
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Figure 9. Calculated charge separation efficiency at short-circuit condi-
tions as a function of weight percentage of PCBM.

sulting from the lower charge-carrier mobilities and lower di-
electric constant (see Fig. 6). As a result, the benefit of a
higher Gn.x at 67 wt.-% is completely compensated by a
poorer 7. it is only 36.8 % at 67 wt.-% PCBM (Fig. 9). Below
67 wt.-%, Gpnax gradually decreases and, strengthened by a
strong decrease in hole transport, the separation efficiency of
bound e-h pairs is further reduced, which is detrimental for the
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device performance. As a consequence, the loss in the device
performance below 67 wt.-% is due to a combined effect of a
reduced Gy,.x, Weaker separation efficiency of bound e-h pairs
from the donor-acceptor interface, and a strong decrease in
the hole transport.

Consequently, the most important factor for obtaining the
power efficiencies of 2.5 % presently reported for the OC;C;o-
PPV:PCBM blends is the enhancement of u; in the blend by
more than two orders of magnitude, as compared to the pure
OC,C,o-PPV. Without such an enhancement, these efficiencies
would not be possible in this material system, and the perfor-
mance would be strongly limited by space-charge effects. The
optimum performance at 80 wt.-% PCBM is governed by the
best compromise between absorption (Gn.x), dielectric con-
stant, (¢,), and charge transport (uy,).

3. Conclusion

We have independently measured the electron and hole mo-
bilities in OC;C,o-PPV:PCBM blend films with varying PCBM
concentrations. The electron mobility in the PCBM phase grad-
ually increases with increasing fullerene concentration, up to
80 wt.-%, due to the increasing number of continuous perco-
lated pathways from the bottom to the top electrode. Surpris-
ingly, the hole mobility in OC;C,-PPV shows similar behavior
as a function of fullerene concentration: from 40 wt.-%, it
starts to increase from that of the pure OC;C;,-PPV hole
mobility and saturates beyond 67 wt.-%, at a value which is
more than two orders of magnitude higher. This enhancement
and its saturation are strongly related to recent findings on the
morphology of these devices.

The resulting electron and hole mobilities were used to study
the photocurrent generation of OC;C;,-PPV:PCBM BHIJ solar
cells. Using a full numerical model to fit the experimental data,
it was shown that, for PCBM concentrations of more than
80 wt.-%, the reduced light absorption and interface area
between donor and acceptor is responsible for the poor device
performance. From 80 to 67 wt.-%, the decrease in power con-
version efficiency, despite an increase in the maximum genera-
tion rate of e-h pairs at the donor-acceptor interface, is due to
the decrease in separation efficiency of bound e-h pairs from
the donor—acceptor interface. Finally, below 67 wt.-%, the
reduced generation rate and strong decrease in the hole trans-
port further diminish the performance of this kind of solar cell.

4. Experimental

All solar cell devices used to investigate the photocurrent in this
study were prepared using ITO-coated glass substrates. To supplement
this bottom electrode, a hole-transport layer of PEDOT:PSS (Bayer
AG) was spin-coated from an aqueous dispersion solution, under ambi-
ent conditions, before drying the substrates at 140 °C. Next, composite
layers of OC,C;(-PPV and PCBM were spin-coated from chloroben-
zene solution on top of the PEDOT:PSS layer, with film thicknesses
ranging from 75 to 130 nm. To complete the solar cell devices, 1 nm
lithium fluoride topped with aluminum (110 nm) electrodes was de-
posited by thermal evaporation under vacuum (1x107 mbar;
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1 mbar =100 Pa). The current density versus voltage curves were mea-
sured in a N, atmosphere (<1 ppm O, and <1 ppm H,0) at room tem-
perature with a computer-controlled Keithley 2400 Source Meter. To
measure the photocurrent (Ji), the devices were illuminated at the
transparent ITO electrode by a white light tungsten—halogen lamp with
an intensity of 180 mW cm™. The lamp light output was filtered by a
Schott KG1 and GG385 filter resulting in a spectral range of 400-
900 nm with its maximum at 650 nm. Light power was measured with
an Ophir Laser Power Meter set at 610 nm. Energetically, the devices
are approximated by the metal-insulator-metal picture [1], with the
lowest unoccupied molecular orbital (LUMO) of the acceptor (PCBM)
and the HOMO of the donor (OC;C;y-PPV) as the conduction and
valence bands, respectively.
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