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Methanofullerene Blends to Solar-Cell Performance**
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The performance of bulk-heterojunction solar cells based on a phase-separated mixture of donor and acceptor materials is
known to be critically dependent on the morphology of the active layer. Here we use a combination of techniques to resolve
the morphology of spin cast films of poly(p-phenylene vinylene)/methanofullerene blends in three dimensions on a nanometer
scale and relate the results to the performance of the corresponding solar cells. Atomic force microscopy (AFM), transmission
electron microscopy (TEM), and depth profiling using dynamic time-of-flight secondary ion mass spectrometry (TOF-SIMS)
clearly show that for the two materials used in this study, 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-methanofullerene
(PCBM) and poly[2-methoxy-5-(3’,7-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV), phase separation is not
observed up to 50 wt.-% PCBM. Nanoscale phase separation throughout the film sets in for concentrations of more than
67 wt.-% PCBM, to give domains of rather pure PCBM in a homogenous matrix of 50:50 wt.-% MDMO-PPV/PCBM. Electri-
cal characterization, under illumination and in the dark, of the corresponding photovoltaic devices revealed a strong increase
of power conversion efficiency when the phase-separated network develops, with a sharp increase of the photocurrent and fill
factor between 50 and 67 wt.-% PCBM. As the phase separation sets in, enhanced electron transport and a reduction of bimo-
lecular charge recombination provide the conditions for improved performance. The results are interpreted in terms of a model
that proposes a hierarchical build up of two cooperative interpenetrating networks at different length scales.

1. Introduction

In bulk-heterojunction organic solar cells, two different or-
ganic materials with donor and acceptor properties, respective-
ly, are mixed to create a composite material that is capable of
generating charges under illumination, followed by transport-
ing and collecting these photogenerated charges into an exter-
nal circuit.? Promising power conversion efficiencies of >3 %
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have recently been reported for solar cells based on this ap-
proach utilizing conjugated polymers as a donor and fullerene
derivatives as an acceptor.[3’4] In these cells a sub-picosecond
photoinduced charge transfer’®® ensures efficient charge gen-
eration, while the collection of charges is facilitated by a slow
recombination that extends into the millisecond domain.[# Tt
has been shown that both the conditions for processing of these
mixtures from solution>'”) and post-production treat-
ment"'? can have a large influence on the performance of
these devices, because they affect the morphology and phase
separation of the active layer dramatically. The generation,
transport, and collection of the charges are strongly influenced
by the characteristic dimensions of the phase separation of the
photoactive film and the presence of percolation pathways.
Although some useful insights on the interplay between mor-
phology and solar-cell performance have been obtained,**!3 a
comprehensive understanding is lacking and so far no system-
atic study has been performed in which morphology and per-
formance have been studied in detail for polymer/fullerene
blends. On the other hand, detailed studies on the relation
between morphology and performance have been described
for photoactive layers based on donor and acceptor polymer
blends."*! In this paper we specifically consider the phase
separation and performance of solar cells based on poly[2-
methoxy-5-(3",7"-dimethyloctyloxy)-1,4-phenylene  vinylene]
(MDMO-PPV) as a donor and 1-(3-methoxycarbonyl)propyl-
1-phenyl-[6,6]-methanofullerene (PCBM) as an acceptor
(Fig. 1). Since the breakthrough discovery by the Linz group
that solar cells with a power conversion efficiency of 2.5 % un-
der AM 1.5 conditions can be obtained using chlorobenzene as
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Figure 1. Molecular structures of materials used.

a solvent for spin-coating,””! this combination of materials has
become the subject of detailed studies. In general the perfor-
mance of donor—acceptor bulk-heterojunction solar cells relies
on an intricate balance between light absorption, charge gen-
eration, transport, and collection of charges. In these cells, the
polymer absorbs most of the light, because Cg derivatives such
as PCBM have an almost negligible absorption coefficient in
the visible region. It is therefore somewhat surprising that the
most efficient solar cells based on MDMO-PPV and PCBM
require a high content (80 wt.-%) of the latter.’! This point be-
came even more startling when it turned out recently that the
charge-carrier mobility for electrons in PCBM is more than
three orders of magnitude larger than that for the holes in pure
MDMO-PPV.'Y! This poses an intriguing and fundamental
question to the future design of more efficient plastic solar
cells: Why do the cells require 80 wt.-% of a material that
hardly contributes to light absorption and transports charges
more efficiently? Intuitively one would reason that increasing
the concentration of MDMO-PPV would be beneficial, for ab-
sorption and the number of possible charge percolation path-
ways, but apparently it is not. As outlined above, it has been
recognized that morphology and molecular organization on the
nanometer scale is a key issue in this respect.

To obtain a deeper insight in the relation between morphol-
ogy and performance of polymer/fullerene bulk-heterojunction
solar cells, both have to be characterized. However, few tech-
niques are available where the morphology of organic blends
can be determined in all three dimensions on a nanometer
scale. One way to achieve this goal is by combining different
methods. Here we present a comprehensive study on solar cells
made with varying weight percentages of PCBM in MDMO-
PPV in the active layer. The composite films have been investi-
gated with atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), dynamic time-of-flight secondary ion
mass spectrometry (TOF-SIMS), and time-correlated single
photon counting to reveal the morphology of these composites.
The same films have also been incorporated into devices and
have been fully characterized in the dark, under illumination,
and for their monochromatic spectral response. By combining
the morphological and electro-optical characterization, we
have been able to rationalize some of the intriguing issues de-
scribed above.
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2. Results and Discussion

2.1. Atomic Force Microscopy

Figure 2 shows the height and corresponding phase images
obtained by atomic force microscopy (AFM) for composite
MDMO-PPV/PCBM films (~100 nm) for four different com-
positions. The height images are similar to those previously re-

Figure 2. The AFM height (a—d) and simultaneously taken phase (e-h) im-
ages of the MDMO-PPV/PCBM composite films of 90 (a,e), 80 (b,f), 67
(c,g), and 50 wt.-% PCBM (d,h). Height bar (maximum peak-to-valley)
represents 20 nm (a), 10 nm (b), 3 nm (c), and 3 nm (d). The size of the
images is 2.0 umx2.0 um.

ported.l"! To match the conditions used for device preparation
and to exclude any possible influence of the substrate, all films
in this study were spin cast from chlorobenzene on indium tin

Adv. Funct. Mater. 2004, 14, No. 5, May



J- K. J. van Duren et al./Morphology of Polymer/Fullerene Solar Cells

oxide (ITO)-covered glass substrates covered an additional
layer of a transparent conducting polymer (poly(3,4-ethylenedi-
oxythiophene)—poly(styrene sulfonic acid) (PEDOT-PSS)).
Apart from the images shown in Figure 2, compositions of 0, 33,
50, 67, 75, 80, 90, and 100 wt.-% PCBM in MDMO-PPV have
been studied with AFM. The height images reveal extremely
smooth surfaces for the pure films and for the blends with a
PCBM concentration of 2-50 wt.-% (peak-to-valley roughness
of 3 nm and root-mean-square (RMS) values of 0.4 nm for
2.0 wm x 2.0 um). The surface becomes increasingly uneven for
67-90 wt.-% PCBM (peak-to-valley roughness of 3-22 nm and
RMS values of 0.4-3.3 nm for 2.0 um x 2.0 um) and a reproduc-
ible phase contrast appears. Separate domains of one phase in a
matrix of another phase can easily be recognized at these higher
concentrations of PCBM. X-ray photoelectron spectroscopy
(XPS) measurements (not shown) on the 80 wt.-% PCBM com-
posite film confirmed that both components are present at the
top of the film. The domain size increases from 40-65 nm for
67 wt.-% to 110-200 nm for 90 wt.-% PCBM. For 80 wt.-%
PCBM composite films, a gradual but small increase in domain
size from 60-80 nm to 100-130 nm was observed when the film
thickness was increased in steps from 65 to 270 nm.

2.2. Transmission Electron Microscopy

Where AFM provides surface characteristics, transmission
electron microscopy (TEM) can be used for lateral resolution
in the bulk of the film.'"® For TEM, the films were either
floated with water from the glass/ITO/PEDOT-PSS substrates
or mechanically removed and subsequently transferred as a
free-standing film to a Cu grid. Composites varying from 0, to
20, 40, 60, 75, 80, 90, and 100 wt.-% PCBM were investigated.
The TEM images (Fig. 3) show that bulk characteristics are
similar to those at the surface. Up to 50 wt.-% PCBM, no con-
trast in TEM images is observed. Although this can be inter-
preted in terms of an absence of phase separation, it might also

Figure 3. TEM images of MDMO-PPV/PCBM blends with different weight
percentages of PCBM as indicated in the upper right corner.
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mean that phase separation occurs in tiny domains that are
small compared to the film thickness, resulting in no observ-
able contrast. Yet, it seems that the matrix consists of a fairly
homogenous composite with roughly 50 wt.-% MDMO-PPV
and 50 wt.-% PCBM. Again, phase separation is setting in
somewhere between 60 and 75 wt.-% PCBM. The dark regions
are PCBM rich, as can be concluded from the higher density
for pure spin-cast films of PCBM (1500 kgm™) compared to
that of MDMO-PPV (910 kgm™)." From TEM, we conclude
that MDMO-PPV can contain at least 50 wt.-% PCBM before
detectable phase separation sets in.

2.3. Depth Profiling with Time-of-Flight Secondary Ion Mass
Spectrometry (TOF-SIMS)

Determining a distribution in depth of an organic component
in a composite film where both components do not have a dis-
tinctive element can be accomplished by labeling one of the
two components. Deuterium labeling in combination with dy-
namic SIMS has proven its usefulness for this purpose.'®2!! To
enable recording depth profiles of PCBM in the photoactive
films with MDMO-PPV, a deuterated derivative (d5-PCBM,
Fig. 1) has been synthesized that carries five deuterium atoms
on the phenyl ring. Using dynamic TOF-SIMS, deuterium-re-
lated mass fragments can be used to measure a concentration
depth profile of d5-PCBM in the photoactive films. We note
that AFM, TEM, and solar-cell characteristics demonstrated
that the morphology and performance of MDMO-PPV/d5-
PCBM blends was identical to that of MDMO-PPV/PCBM
composites. Various MDMO-PPV/d5-PCBM (0, 20, 40, 60, 75,
80, 90, and 100 wt.-% d5-PCBM) films (~100 nm) spin-cast
from chlorobenzene on glass/ITO/PEDOT-PSS have been in-
vestigated with dynamic TOF-SIMS. Although a single second-
ary ion, specific for the deuterium label, would be enough for
depth profiling, several secondary ions specific to the label
were observed and used as such. Hence, apart from D, also CD,
CHD, OD, and C,D were monitored. CHD and OD obviously
result from deuterium transfer during sputtering, just as proton
transfer, commonly observed in dynamic TOF-SIMS for organ-
ic samples.[zz] As shown in Figure 4 for 80 wt.-%, d5-PCBM is
present all over depth. The same result has been observed for
all other compositions with a clear increase in counts for the
deuterium-related mass fragments going from 0 to 100 wt.-%
d5-PCBM in the film. The first region with the initial increase
in yields is attributed, at least in part, to the pre-equilibrium re-
gime. For 80 wt.-% d5-PCBM, we found that d5-PCBM was
present at all depths, regardless of the film thickness when it
was varied from 65 to 270 nm.

To study the morphology at different depths, six craters were
sputtered at depths ranging from 10 to 90 nm in the ~100 nm
80 wt.-% MDMO-PPV/d5-PCBM film. When studied with
AFM, the bottoms of these craters (Fig. 4) showed that the lat-
eral phase distribution present at the top surface is present all
over depth, although with slightly increasing domain size.

The TOF-SIMS results show that no spontaneous stratifica-
tion occurs,! consistent with our previous conclusion for com-
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Figure 4. Above: Depth profile of an 80 wt.-% d5-PCBM blend with
MDMO-PPV as measured with dynamic TOF-SIMS. Several deuterium-re-
lated negative ions are depicted versus sputter time (depth). Below:
2.0 um x 2.0 um AFM phase images at the top surface and on two crater
bottoms for the 80 wt.-% d5-PCBM blend.

posites of MDMO-PPV with an iodinated PCBM derivative
studied by cryogenic Rutherford back scattering.[24] In addi-
tion, TEM images of a cross-section made with cryo-ultrami-
crotomy of a spin-cast film of an MDMO-PPV/PCBM compos-
ite on top of a poly(ethylene terephthalate) (PET) substrate
showed PCBM-rich domains all over depth.!"”!

2.4. Fluorescence Spectroscopy
The optical absorption spectra of films spin-cast on glass

from chlorobenzene with concentrations varying from 0 to
100 wt.-% PCBM (0, 2, 5, 10, 14, 20, 30, 40, 50, 60, 67, 75, 80,
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85, 90, 95, and 100 wt.-%) show the expected variation in com-
position. Savenije et al. recently showed that the spectra of
such composite films correspond to a linear superposition of
the spectra of the individual compounds with the same concen-
tration PCBM 1in the film as in the solution used for spin-cast-
ing these films.*!

When the composite films are illuminated with light of
655 nm, i.e., outside the absorption spectrum of MDMO-PPYV,
such that only PCBM is photoexcited, the photoluminescence
(PL) spectra clearly show the presence of a weak fullerene
fluorescence with a maximum at ~722 nm for films with 75—
100 wt.-% PCBM, decreasing further in intensity with decreas-
ing amount of PCBM. For blends with 67 wt.-% PCBM or less,
fullerene emission can no longer be observed under these con-
ditions.

When the excitation wavelength is shifted to 500 or 400 nm,
where both MDMO-PPV and PCBM absorb light, the PCBM
emission can again be detected down to 75 wt.-% (Fig. 5). In
addition to the fullerene emission around 722 nm, a signal cen-
tered at ~ 580 nm can be seen up to at least 85 wt.-% PCBM. It
must be noted that already at 2 wt.-% of PCBM virtually all
MDMO-PPV fluorescence is quenched.”” Hence, the ~ 580 nm

MNormalized PL [a.u.]

600 700
Wavelength 2. [nm]

Figure 5. Normalized photoluminescence (PL) spectra of MDMO-PPV/
PCBM blends for several compositions (in weight percentage of PCBM)
with excitation at 500 nm. 00-30 wt.-% PCBM are normalized at
~580 nm, whereas 80-100 wt.-% PCBM are normalized at ~722 nm. The
feature near 543 nm is an artifact of the measurement (see text).

signal must be regarded as a small residual effect. The extreme-
ly low signals prevented us from quantifying the amount of PL
quenching reproducibly. However, the spectral information
can still be used. Up to 30 wt.-% PCBM, a blue-shift of
~10 nm is observed for the emission maximum of MDMO-
PPV while at the same time the shoulder at higher wavelengths
(~625 nm) disappears. This observation is consistent with the
idea that the residual emission originates from increasingly
short-lived MDMO-PPV excitations that have not equilibrated.
Above 30 wt.-% PCBM, the signal is increasingly contami-
nated with stray light and Raman effects, as was evidenced by
a linear shift of some features with changing excitation wave-
length (see, e.g., the narrow peak at ~ 543 nm in Fig. 5).

PL lifetime measurements can give important additional in-
formation on the nature of the blends. Time-correlated single-
photon counting PL lifetime measurements have been per-

Adv. Funct. Mater. 2004, 14, No. 5, May
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formed, probing at characteristic fluorescence wavelengths for
MDMO-PPV (584 nm) and PCBM (722 nm) while exciting
the samples at 400 nm.

At 584 nm an almost monoexponential fluorescence decay is
observed for pure MDMO-PPV (Fig. 6a), corresponding to the
lifetime of the singlet excited state. Adding only 2 wt.-%
PCBM immediately reduces the observed fluorescence lifetime
of MDMO-PPV to the time resolution of the setup (~40 ps)

MNormalized PL [a.u.]

|
0 2 &4 6 8 10

MNormalized PL [a.u.]

0o 2 4 6 8 10
Time [ns]

Figure 6. Normalized fluorescence lifetime traces for several MDMO-PPV/
PCBM blends with excitation at 400 nm and detection at a) 584 nm, and
b) 722 nm. The numbers in the legends refer to the weight percentage of
PCBM.

and for higher weight percentage the curves remain almost
identical (for clarity only a few are shown in Fig. 6a, together
with the signal due to stray light from uncoated glass as a refer-
ence). Because photoinduced electron transfer from the poly-
mer to the fullerene is known to occur within ~45 fs!% this
result indicates that already at 2 wt.-% PCBM virtually all
photoexcitations in MDMO-PPV decay via photoinduced
charge transfer. This huge effect at such a low concentration of
PCBM is only possible when the fullerenes are rather homoge-
neously distributed over the film, either molecularly or as a
large number of small domains. In either case, fullerenes must
be present within the exciton diffusion length (~ 10 nm) of the
polymer to explain the strong quenching.

For pure PCBM, the fluorescence at 722 nm of PCBM ap-
pears to be monoexponential (Fig. 6b). Upon adding MDMO-
PPV to PCBM to bring the PCBM concentration down to
67 wt.-%, the fluorescence lifetime decreases only gradually, in
strong contrast to the abrupt changes observed for the

Adv. Funct. Mater. 2004, 14, No. 5, May
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MDMO-PPV fluorescence. The gradual reduction in fullerene
lifetime with increasing polymer concentration accompanies
the decreasing domain size of the PCBM phase observed in
AFM and TEM. It should be noted that with decreasing weight
percentage of PCBM, the measurement time and therefore the
baseline (dark counts) increases. As a result, sensitivity prob-
lems of the set-up prevent fluorescence lifetime measurements
below 75 wt.-% PCBM.

These results are interpreted by considering that the PCBM
domains in the phase-separated composites are rather pure. In
such cases, the intrinsic decay of the PCBM singlet excited
state (intersystem crossing and fluorescence) competes with
hole transfer to the polymer. The fluorescence intensity and
lifetime will then critically depend on the balance between the
characteristic size of the domains and the exciton diffusion
length of the singlet excited state of PCBM. The observed
gradual decrease in lifetime can be explained by considering
that for increasingly smaller PCBM domains, photoinduced
hole transfer from PCBM to MDMO-PPV becomes more like-
ly because excitations created in the PCBM domains will be
able to reach the interface with the polymer where they are
quenched.

2.5. Device Performance Under Illumination

In the previous paragraphs we have assessed the morphology
of MDMO-PPV/PCBM blends using AFM, TEM, and dynamic
TOF-SIMS, and obtained additional information on the com-
position of the two phases from fluorescence experiments. In
this section we assess some of the characteristic performance
parameters of the solar cells in relation to composition and
morphology. For each composition several devices from differ-
ent preparation batches were made and subsequently mea-
sured, both in the dark and under illumination. Typical J-V
curves recorded under illumination with filtered white light
from a tungsten—halogen lamp®® are shown in Figure 7a for
different compositions. Figures 7b,c show the dependence of
the short-circuit current density J,., open-circuit voltage V.,
fill factor FE?" and power conversion efficiency ”pc[zg] as func-
tions of the weight percentage of PCBM in the blend.”*”!

The plot of J. versus composition (Fig. 7b) reveals that Jy.
increases gradually with increasing fullerene concentration un-
til it reaches a maximum at 75-80 wt.-%, followed by a rapid
decrease.”” If the PCBM phase related to a random 3D net-
work, the completion of the PCBM electron-transporting
phase would be expected at the theoretical percolation thresh-
old of ~17 vol.-%"! (corresponding to ~25 wt.-% PCBM).
However, Figure 7b does not reveal a well-defined percolation
threshold for Ji.. Instead, the steepest increase in J is found in
the range of 50-67 wt.-% PCBM, nicely corresponding to the
onset of phase separation in the blend as inferred from the
AFM and TEM experiments. J. increases with the further
development of the phase separation up to 80 wt.-% PCBM.
Beyond 80 wt.-%, the decreasing optical density of the film
due to the low absorption cross section of PCBM compared to
MDMO-PPYV, eventually results in a drop of J..
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Figure 7. a) Some photocurrents for several weight percentages of PCBM
with MDMO-PPV. b) Short-circuit current density (Js.), power conversion
efficiency (17pc), c) fill factor (FF), and open-circuit voltage (Vo) with vary-
ing composition. Inset in (b) shows spectral overlap between light source
used and an 80 wt.-% PCBM film. The dotted line in (c) represents
FF=0.25.

The origin of V,, in these photovoltaic devices is still the sub-
ject of some debate.”” Recent studies by Michailetchi et al.
show that in case of ohmic contacts, such as used in this
study,[16’33’36] the negative and positive electrodes match the
LUMO of the acceptor and the HOMO of the donor, respec-
tively, which govern the Voc.m] The concentration dependence
of V,. (Fig. 7c) is rather different from that of J., and seems to
be consistent with the proposition made by Michailetchi et al.
Already at low concentrations of PCBM in MDMO-PPV, V.
is reduced from the value of 1.4 V for pure MDMO-PPV, to an
almost constant value in the range of 0.78-0.95 V (Fig. 7c) for
more than 10 wt.-% PCBM (at a light intensity of
~180 mW cm™).

The evolution of the fill factor as function of the PCBM con-
centration resembles that of J.. The overall rise of FF with in-
creasing weight percentage of PCBM indicates a smaller series
resistance, and is attributed to more efficient charge transport.
The strongest increase in FF is observed between 60 and
75 wt.-%, again corresponding to the range where the phase
separation develops. The maximum of FF=0.6 is reached at
approximately 80 wt.-% PCBM. Below 50 wt.-%, the FF is ex-
tremely low (0.2-0.3), showing that the series resistance (deter-
mined by bulk and contact properties) governs the J-V curves,
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as found for pure MDMO-PPV where both the electrons and
holes have a rather low mobility. Between 2 and 30 wt.-%
PCBM the FF is actually less than 0.25, which is the theoretical
minimum in a single semiconductor photovoltaic model with a
large limiting series resistance.*®! It is tempting to relate this
phenomenon to an incomplete fullerene electron-transporting
network. In contrast to pure MDMO-PPV, photogenerated
electrons in blends are mainly localized on PCBM molecules.
When the fullerene network is incomplete as a result of a low
amount of fullerenes, electron transport is hindered and likely
to be strongly field-dependent. As a result, the recombination
of photogenerated charges will be extremely large and Jg. low.
Going from V,. to 0 V (J,), transport will be enhanced by the
increasing electric field (which is zero at V), resulting in a
bending of the J-V curve in the wrong direction (FF <0.25).

The change in power conversion efficiency 7, (Fig. 7b) with
varying composition is of course a straightforward combination
of the changes in J, V., and FF, and confirms that the cells
reach a maximum performance at 80 wt.-% PCBM."! 1t is im-
portant to note that the absolute values for #, in Figure 7b are
not related to standard solar light (AM 1.5) conditions because
a filtered tungsten—halogen lamp was used instead of a calibrat-
ed solar simulator.”! Based on the maximum incident photon
to current conversion efficiency (IPCE), V., and FF however,
we conclude that our devices have a similar performance as
those published by Shaheen et al.l

2.6. Incident-Light Power Dependence

To gain a further insight in the operation of the devices, Jg,
Ve, and FF have been studied as function of incident-light in-
tensity (Fig. 8).

The short-circuit current density was found to increase with
incident light power (ILP) according to a power-law behavior
Jsco< ILP?. For compositions in the range of 67-90 wt.-%
PCBM, the power-law exponent a equals 0.94,1* consistent
with previous results.*!! The slightly sublinear dependence sug-
gests some bimolecular recombination of positive and negative
photogenerated charges. For blends with less than 67 wt.-%
PCBM, a gradually decreases to 0.71 at 10 wt.-%. We attribute
this reduction to an increased bimolecular recombination. Be-
cause phase separation is not observed below 67 wt.-%, charge
recombination is stronger in the homogenous MDMO-PPV/
PCBM phase.

Most samples show an onset of V. at ILP = 102 mWem™2,
where the sharp increase in V. with ILP is followed by a less
steep increase above ~1 mW cm™ (see Fig. 8, for clarity only a
few curves are shown). The onset of V,,. with ILP is strongly re-
lated to the film thickness. For films with 80 wt.-% PCBM, the
onset at 10”2 mW cm™ decreases to 10 mW cm™ when the
thickness of the film is increased from 110 to 170 nm. Com-
pared to the blends, the onset of V,, for devices prepared using
(almost) pure materials (0, 3, and 90 wt.-%) occurs at much
higher light intensities (10" =1 mW cm™). The onset of V. is
determined by the minimum amount of photogenerated
charges present in the bulk necessary to oppose the applied

Adv. Funct. Mater. 2004, 14, No. 5, May
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Figure 8. V. (a) and FF (b) with varying incident light power (ILP) for sev-
eral compositions (in weight percentage of PCBM). c) Incident photon to
current conversion efficiency (IPCE) spectra for some compositions.

electric field. Therefore, the dependence on film thickness (op-
tical density) and composition (i.e., charge generation efficien-
cy) seem straightforward. The fill factor also shows an onset at
ILP~10 mW cm™ but then goes through a maximum value,
followed by a small decrease (Fig. 8). With increasing weight
percentage of PCBM the maximum of FF is observed for high-
er ILP. The fact that the FF is only slightly decreasing with ILP
demonstrates that charge recombination in MDMO-PPV/
PCBM devices at high light intensities is not as strong as in
other blend systems.*!

2.7. Wavelength Dependence (IPCE)

The incident photon to current conversion -efficiency
(IPCE,*! Fig. 8) for a range of compositions reveals that light
absorbed by either MDMO-PPV or PCBM contributes to the
photocurrent. This is in accordance with recent photophysical
data, showing that both excitation of the polymer and the ful-
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lerene result in a sub-picosecond charge separation.[4] In the
graphs, the contribution of PCBM to the photocurrent can be
easily recognized above 580 nm, with a highly characteristic
peak of the lowest singlet excited state of PCBM at 705 nm,*/]
while the MDMO-PPV absorption is evident from the peak at
500 nm. Hence, there is no doubt that for these composite de-
vices the contribution of both photoinduced electron and hole
transfer play a significant role. Remarkably, the characteristic
signatures of PCBM in the IPCE spectra below 400 nm and at
705 nm become more pronounced above 60 wt.-%. However,
unraveling the quantitative contributions of MDMO-PPV and
PCBM to the IPCE spectra needs further investigation, where
the influence of different charge transfer efficiencies, wave-
guiding effects, space—charge-distribution, and a possible
charge-generation depth profile have to be taken into consid-
eration.

2.8. Dark J-V Curves

Previously it has been shown that the dark current in pure
MDMO-PPV and PCBM is space-charge limited under for-
ward bias, when the materials are sandwiched between ohmic
PEDOT-PSS and LiF/Al contacts, as used in this study. Be-
cause the mobility of the holes in pure MDMO-PPV™! is 4000
times less than the electron mobility in pure PCBM,!% it is of
interest to study the J-V characteristics in the dark and see
whether it is possible to relate the changes in the dark current
with varying composition to the formation of a fullerene elec-
tron-transporting network and to possibly identify a percola-
tion threshold.

The measured dark currents are shown in Figure 9. On the
horizontal axis the applied voltage is shown, corrected for the
built-in voltage V\,; (which was taken as the compensation volt-
age Vol**!) and for the voltage drop (Vgs) over the con-
tacts.”"l Because space—charge-limited current (SCLC) strongly
depends on film thickness (Jscrc o< L’S), the values of Jguk in

100

{01
0.01
Normnalized to L = 100 nm {1E3

1E4

BASCABOOS®d POR
WEABLEEBESRRS §

0 1 =
Bias V-V, - V¢ [V]

Figure 9. Dark current densities (Jgan) for varying weight percentages of
PCBM blends with MDMO-PPV, normalized to 100 nm thickness accord-
ing to SCLC (Jaarko< L) as function of the applied bias after correction for
the built-in voltage Vi, and the voltage drop (Vgs) over the contacts (see
text).
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Figure 9 have been corrected for the small variations in film
thickness (normalized at 100 nm). At values of V-Vy;—
Vrs>1, Jgark scales approximately with (V- V.,i—VRS)2 as ex-
pected for SCLC behavior. Figure 9 shows that from 2 wt.-%
PCBM the dark current drops below that of the hole-governed
device of MDMO-PPV and becomes minimal at 5-10 wt.-%
PCBM. Subsequently, the dark current strongly increases and
saturates at approximately 67 wt.-% PCBM. With increasing
fullerene concentration the electron transport starts to domi-
nate the dark current in these devices. The saturation behavior
at 67 wt.-% seems closely related to the transition from one to
two phases as observed with AFM and TEM and coincides
with the composition where the exponent a in Jy o< ILP* be-
comes maximal.

Continuous percolation pathways from bottom to top elec-
trode for both p- and n-type semiconductors in thin-film bulk-
heterojunction diodes result in an increased conductivity com-
pared to bilayer or stratified structures. In accordance, also the
current in reverse bias increases with increasing weight per-
centage of PCBM typically from 10°-102 mAcm™ at 2 V
(reverse bias) for 0-40 wt.-% to 0.1 mA cm™ for 60-90 wt.-%
with again a clear transition at the concentration where phase
separation starts to set in. An additional step from 0.1 mA cm™
for 60-90 wt.-% to 1 mA cm™ for 95-100 wt.-% PCBM can be
observed. This last increase is mainly attributed to shunting
due to a decrease in film quality for these highly phase separat-
ed films.

3. Conclusions

We have shown by AFM and TEM that for ~100 nm com-
posite MDMO-PPV/PCBM films, spin-cast from chloroben-
zene, nanoscale phase separation sets in at approximately
67 wt.-% PCBM. The phase separation gives rise to almost
pure PCBM domains in a surrounding matrix of MDMO-PPV
that contains up to 50 wt.-% PCBM. TEM and AFM measure-
ments at the bottom of sputtered craters have shown that this
lateral phase separation is present at all depths and dynamic
TOF-SIMS has confirmed the absence of a spontaneous strati-
fication in the vertical direction. Additionally, time-correlated
single-photon-counting fluorescence measurements revealed
that up to 50 wt.-% PCBM the fullerenes are homogeneously
distributed over the film either molecularly or in the form of
tiny domains.

Electrical characterization of the composite photovoltaic
devices, both in the dark and under illumination (Jg, V., and
FF), reveals that in the range of 50-75 wt.-% PCBM, where
phase separation sets in, a dramatic increase in Ji. and FF
occurs. In accordance, the exponent a in Jy o< ILP* and the
dark currents in forward bias start to saturate above 67 wt.-%
PCBM, with a clear increase in the shunting as observed in re-
verse bias. As a consequence of the increased charge transport
and collection efficiency, less recombination occurs with in-
creasing fullerene concentration. The open-circuit voltage is
much less dependent on the concentration as it seems to be
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related to the nature of the components and less to the mor-
phology.

The results described above point to an intricate relation be-
tween the morphology and device performance. The virtually
homogeneous blend that is present up to 50 wt.-% PCBM rep-
resents without much doubt, a perfect morphology for very ef-
ficient charge generation. The PL lifetime experiments have
shown that virtually every excitation created in this phase on
either MDMO-PPV or PCBM is quenched and, hence, pro-
vides charges. The fact that, more (80 wt.-%) PCBM is neces-
sary to have the optimum performance of the solar cell, must
therefore be due to the fact that not all photogenerated charges
can be collected at the electrodes and recombine, either gemi-
nately or non-geminately. At 67 wt.-% PCBM, nanoscale
phase separation sets in, which apparently reduces recombina-
tion. One could envision that a negative charge injected into a
pure PCBM phase delocalizes and does not easily recombine
with the hole left in the polymer matrix. The fact that 80 wt.-%
is the optimum, can be rationalized by considering that also the
pure PCBM phase must build a percolating network with path-
ways large enough in size to facilitate escape from the inter-
face, which it can only do starting from 67 wt.-%. In that sense,
one could think of a hierarchical build up of two cooperative
interpenetrating networks on different length scales. The first
one is a percolating network of molecularly dispersed fuller-
enes (or tiny clusters thereof) in the 50 wt.-% PCBM homoge-
nous matrix, and the second one is a percolating network of a
dimension that is one order of magnitude larger and consists of
pure PCBM domains or nanocrystals. Such a fractal-like com-
bination of percolating PCBM networks, bears similarities to
the vascular system consisting of a capillary system and arter-
ioles.

The combination of MDMO-PPV, PCBM, chlorobenzene,
substrate, and casting conditions results in an optimum of
80 wt.-% PCBM. Of course, for other materials and processing
conditions the morphology and optimum might be completely
different, but the necessity of both continuous percolating
pathways and a minimum domain size to facilitate escape from
the interface and overcome excessive recombination losses will
certainly prove to be general for other systems as well. This
systematic study provides the opportunity to speed up optimi-
zation work of bulk-heterojunction solar-cell performance for
a combination of two new materials by extraction of morpho-
logical issues from the device characteristics.

4. Experimental

Materials: Materials used were MDMO-PPV [51], PCBM, poly(ethy-
lenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) (Baytron
P VPAI 4083), LiF (Aldrich), and Al (Engelhard-Clal). MDMO-PPV
has My,~1x10° gmol™ and a polydispersity of about 7 as determined
by size exclusion chromatography (SEC), calibrated against polysty-
rene. The glass-transition temperature 7, =80 °C of MDMO-PPV was
measured with dynamic mechanical thermal analysis (DMTA). The
synthesis of d5-PCBM was similar to that of PCBM and details will be
reported elsewhere. A glass substrate covered with indium tin oxide

Adv. Funct. Mater. 2004, 14, No. 5, May



J- K. J. van Duren et al./Morphology of Polymer/Fullerene Solar Cells

FUNCTIONAL

(ITO) (40 nm) was used as the substrate for AFM, TEM, and dynamic
TOF-SIMS. Glass plates covered with 160 nm patterned ITO resulting
in four different device areas (0.1, 0.15, 0.33, 1.0 cm2) were used for
devices. Schott D263 glass plates were used for spectroscopic investiga-
tions.

Device Preparation: Cleaned [24] ITO-covered glass substrates were
covered with a ~100 nm PEDOT-PSS layer by spin coating, dried for
1 min at 180°C, and then cooled for 1 min at 25 °C. Composite layers
of 80-130 nm MDMO-PPV and PCBM (thickness variation between
compositions) were spin-coated from chlorobenzene solution and the
samples were transferred to a N, atmosphere glove box. Finally, ~ 10 A
LiF and ~ 110 nm Al layers were deposited by thermal evaporation in
vacuum (5 x 10 mbar, 1 ppm O, and <1 ppm H,0) with the samples
1-2 h in vacuum before evaporation. The samples were rotated at
~1 Hz during deposition to guarantee homogeneous films. The organic
solutions are stirred vigorously overnight while keeping them in the
dark. Film thickness for the different composite samples was controlled
by reducing the concentration of the composite solution from 5.4 to
0.5 mg MDMO-PPV per milliliter of chlorobenzene with increasing
weight percentage of PCBM. It should be noted that the variation in
film thickness between substrates per composition is below 4 nm,
whereas the film thickness varies randomly going from 0-100 wt.-%
PCBM. The same procedure was used to prepare samples for morpho-
logical and spectroscopic studies with 70-115 nm composite layers on
~75 nm PEDOT-PSS for the morphological studies. All samples were
stored in the dark in an N, atmosphere glove box. Film thickness mea-
surements were performed with a Tencor P10 surface profiler.

Device Measurements: All measurements were performed in a N, at-
mosphere at room temperature. In forward bias the ITO electrode was
positively biased. J-V characteristics were measured with a Keithley
2400 source meter. For white light illumination (~180 mWcm™) a
tungsten—halogen lamp was used, 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 is measured with an Ophir Laser Power Meter
set at 610 nm. Incident light power was varied over five orders of mag-
nitude with a series of metal-coated neutral density filters. Spectrally
resolved photocurrents were measured using monochromatic light
(~0.03 mW cm™), calibrated against a multicrystalline (mc) Si solar cell
with a known spectral response. The stability of the devices was found
to be more than sufficient to perform all the above measurements.

Atomic Force Microscopy: A solver PATH atomic force microscope
(NT-MDT Co., Moscow, Russia) in resonant (alternating current (AC)
or tapping) mode was used to measure height and phase images with
both NT-MDT NSGO1 (force constant is typically 5.5 Nm™) and
NSG10 (force constant is typically 11.5 N m™) cantilevers.

Transmission Electron Microscopy (TEM): Film preparation for
TEM is described above under device preparation. Two methods were
used to prepare the TEM specimen. One is mechanically removing
from its substrate with adhesive tape. The other one is the floatation
technique by using deionized water. The films were floated onto the
surface of deionized water and finally picked up by a 400 mesh copper
grid. The TEM observations were conducted on a JEOL JEM-2000FX
transmission electron microscope operated at 80 kV.

Dynamic TOF-SIMS: The dynamic SIMS measurements were per-
formed on an ION-TOF TOF-SIMS 1V apparatus (which saturates at
3x10° counts) in dual-beam mode: 73 nA 1 keV Cs* at 45° rastered
over 300 um x 300 wm for sputtering and a 15 keV Ga* beam (1.9, 2.5,
and 3.0 pA) at 45° rastered over 50 um x 50 um for analysis. The depth
profiles were measured in the non-interlaced mode (longer sputter and
data acquisition cycles) to avoid charging. Effective charge compensa-
tion was obtained by using an electron flood gun (20 eV). All depth
profiles were taken in the negative mode and mass calibrated on C,H,,
fragments.

Absorption and Fluorescence Spectroscopy: Absorption spectra were
recorded on a Perkin-Elmer Lambda 900 spectrophotometer. Fluores-
cence spectra were recorded on an Edinburgh Instruments FS920 dou-
ble-monochromator spectrometer with a Peltier-cooled red-sensitive
photomultiplier. Depending on the spectral range, appropriate cut-off
filters were inserted in the excitation beam. Time-correlated single-
photon-counting fluorescence studies were performed using an Edin-
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burgh Instruments LifeSpec-PS spectrometer, consisting of a 400 nm
picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and a
Peltier-cooled Hamamatsu micro-channel plate photomultiplier
(R3809U-50), where appropriate cutoff filters were put in the detection
beam.
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