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ABSTRACT
We conducted a comprehensive Kelvin probe force microscopy (KPFM) study on a classical organic solar cell system consisting of MDMO−
PPV/PCBM blends. The KPFM method yields the information of topography and local work function at the nanometer scale. Experiments were
performed either in the dark or under cw laser illumination at 442 nm. We identified distinct differences in the energetics on the surface of
chlorobenzene and toluene cast blend films. Together with high-resolution scanning electron microscopy (SEM) experiments we were able to
interpret the KPFM results and to draw some conclusions for the electron transport toward the cathode in the solar cell configuration. The
results suggest that surfaces of toluene cast films exhibit a morphologically controlled hindrance for electron propagation toward the cathode,
which is usually evaporated on top of the films in the solar cell device configuration.

Organic solar cells have become a subject of increasing
research interest within the past few years.1-8 Dominant
configurations are either bilayer heterojunctions9-15 or bulk
heterojunctions.7,16-19 Whereas the bilayer heterojunctions
have been fabricated with comparably high efficiencies using
small organic molecules,13 a breakthrough in power conversion efficiency in polymer solar cells was achieved for bulk
heterojunctions with the MDMO-PPV/PCBM (poly-[2-(3,7dimethyloctyloxy)-5-methyloxy]-para-phenylene-vinylene/
1-(3-methoxycarbonyl) propyl-1-phenyl [6,6]C61) system.20
The drastic increase in the power conversion efficiency was
a result of changing the spin casting solvent from toluene to
chlorobenzene, which accounted for a change in the film
nanomorphology.20 More detailed studies on this system
revealed a finer intermixing of the polymer and fullerene
constituents when spin cast from chlorobenzene solution.21-23
Since the charge separation in bulk heterojunctions is based
on the photoinduced charge transfer,24 and photoexcited
excitons in organic materials have a very limited diffusion
length on the order of 10 nm,11,25-28 it is evident that for
coarse-grained morphologies with characteristic domain sizes
above 50 nm, not all photoexcitations will dissociate into
separated charge carriers. Indeed a relatively strong photo* Corresponding author. E-mail: harald.hoppe@jku.at.
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luminescence of PCBM was found for toluene cast blends,23
which could be detected locally by near-field scanning optical
microscopy.29 This means that part of the absorbed photons
is not used for photocurrent generation. Another study
reported the hole mobility of pristine MDMO-PPV films
to decrease when cast from toluene as compared to chlorobenzene.30 These differences in mobility as well as the
limits in charge generation have been used to model the
observed device behavior.31 Here we report KPFM results
on MDMO-PPV/PCBM films, which show clear differences
in the electronic work functions for the different morphologies observed, indicating the lower photocurrent of
toluene cast samples to be also due to hindered electron
transport toward the cathode.
All pristine and mixed solutions of MDMO-PPV and
PCBM were stirred overnight under slightly elevated (50 °C)
temperatures, without any sonication or filtering. Solution
concentrations were 3, 0.25, and 1.25 wt % for PCBM,
MDMO-PPV, and MDMO-PPV/PCBM 1:4 blends, respectively. Films were produced by spin casting at 1500 rpm
onto precleaned ITO glass, resulting in a thickness of
typically 50-100 nm. All steps in the production of the films
were performed inside an argon glovebox in order to prevent
any oxygen or water contamination. All samples were sealed
inside the glovebox for the transport. Again under argon
atmosphere the samples were loaded into the magazine of

Figure 1. Topography (a, c) and work function (b, d) of a pristine MDMO-PPV film in the dark (a, b) and under 442 nm HeCd laser
illumination (c, d).

Figure 2. Topography (a, c) and work function (b, d) of a pristine PCBM film in the dark (a, b) and under 442 nm HeCd laser illumination
(c, d).

the KPFM and transferred into the vacuum system (pressure
p < 10-10 mbar) without allowing any air to enter.
The application of scanning probe microscopes (SPMs)
has increased the understanding of the physics of surfaces
on the nanometer scale, even down to the atomic level.32,33
Most SPMs are based on the atomic force microscope, which
uses a sharp tip at the end of a cantilever to sense the
attractive and/or repulsive forces while scanning over a
sample surface. The Kelvin probe force microscope (KPFM)
measures the height variations on the sample surface and,
simultaneously, employs the electrostatic forces between
sample and tip that, finally, yield the contact potential
(CP).34-36 Once the work function Φtip of the cantilever is
known, it is possible to determine the work function Φsample
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of the sample from the measured CP according to Φsample )
Φtip + qCP, where q is the elementary charge. For a
quantitative study of the work function, samples have to be
kept under ultrahigh vacuum (UHV) conditions, since
adsorbates strongly alter the work function of a surface.37,38
For the study of semiconductors and organic materials, the
KPFM has recently become an important tool. It is now
possible to unravel lateral inhomogeneities of surfaces, also
in technologically relevant devices.39,40 In addition, the study
of material parameters such as the diffusion length41 and the
influence of surface states and single charges at the Fermi
level position at the surface42,43 have become possible on a
nanometer scale. KPFM has already been applied earlier to
Nano Lett., Vol. 5, No. 2, 2005

Figure 3. Topography (a, c) and work function (b, d) of a chlorobenzene-cast blend film of MDMO-PPV/PCBM with a mass ratio of 1:4,
measured in the dark (a, b) and under 442 nm cw laser illumination (c, d).

organic films44 and for mapping of the electric potential
across thin film organic field effect transistors.45-47
The UHV-KPFM measurements take place in a modified
Omicron UHV-STM/AFM (at a pressure p < 10-10 mbar).
The topography is determined using the standard frequency
modulation technique at the first resonance frequency of the
cantilever (about 70 kHz48). Amplitude modulation detection
at the cantilever’s second resonance frequency with an acbias amplitude as small as 100 mVpp facilitates simultaneous
imaging of the CP, which is compensated by applying the
corresponding voltage to the sample.36,49 See ref 48 for further
details on the UHV-KPFM. For all measurements, PtIrcoated Si cantilevers (Φ ) 4.28 ( 0.07 eV) are used. To
determine the surface photovoltage (SPV) of the samples,
i.e., the change of the work function with illumination, the
sample is illuminated with a HeCd laser (wavelength λ )
442 nm). All other measurements are performed under dark
conditions.
Scanning electron microscopy (SEM) measurements were
performed using a cold field emission scanning electron
microscope (Hitachi S-4700). Prior to imaging, the samples
were covered by sputtering a thin platinum layer on their
broken edge or on their top.
ITO-covered glass was purchased from Merck (Darmstadt,
Germany). MDMO-PPV (poly-[2-(3,7-dimethyloctyloxy)5-methyloxy]-para-phenylene-vinylene) was provided by
Covion (Frankfurt, Germany). PCBM (1-(3-methoxycarbonyl) propyl-1-phenyl [6,6]C61) was purchased from J. C.
Hummelen (University of Groningen, The Netherlands).
At first we used the KPFM to investigate the pristine
materials, both under cw-laser illumination and in the dark.
In Figure 1, the topography and the local work function are
shown for an MDMO-PPV film spin cast on ITO. Interestingly, the topography of the pristine MDMO-PPV film
(Figure 1a,c) exhibits the same features as for ITO alone
(structure of platelets). However, the work function is mostly
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unaffected by the platelet structure and an average value of
4.4 eV is found (Figure 1b,d). Under illumination there is a
shift of the work function toward slightly smaller values,
yielding an average value closer to 4.3 eV.
In the case of pristine PCBM (compare Figure 2) we find
a more homogeneous and smoother surface topography than
for MDMO-PPV as a result of a higher film thickness
(Figure 2a,c). Also here, the work function does not vary
much and it is centered between 4.3 and 4.4 eV in the dark
(Figure 2b) and very similarly under illumination (Figure
2d).
Figure 3 displays the measurements obtained on the blend
film of MDMO-PPV and PCBM spin cast from chlorobenzene, both under light and in the dark. The average value of
the work function in the dark is between 4.5 and 4.6 eV.
Upon illumination the work function is shifted strongly down
to 4.2 eV.
For toluene-cast MDMO-PPV/PCBM blends, the situation is different (compare Figure 4). First there is a broader
range of values of the work function, depending on the place
on the sample. In the dark the work function ranges between
4.4 and 4.6 eV, whereas under illumination the spread is
almost doubled and the highest work functions detected are
about 4.7 eV.
In general, we observe a larger work function on top of
the elevations caused by the PCBM clusters (compare23).
Shifting to a larger work function corresponds to a reduction
of electron and respectively an increase of hole density.
Hence the top layer above the PCBM clusters should be
enriched with holes as compared to the pristine films or the
blend in the dark.
While for the blend cast from chlorobenzene (Figure 3)
the work function in the dark has similar high or larger values
(∼4.55 eV) as the work function of the toluene cast blend,
the situation under illumination is reversed. In the case of
chlorobenzene-cast blend films the work function shifts
271

Figure 4. Topography and work function of a toluene-cast blend film of MDMO-PPV/PCBM with a mass ratio of 1:4, measured in the
dark and under 442 nm cw laser illumination. Note that some of the topographical hills lead to dark areas and thus low work functions,
whereas the majority of the hills result in bright areas with high work functions.

toward lower values around 4.2 eV, whereas the lowest
values on toluene-cast blend films are roughly 4.3 eV.
Medium values of about 4.4 eV are generally found between
the elevations of PCBM clusters, whereas on top of these
clusters the work function is generally increased up to 4.7
eV (compare Figure 4).
From SEM measurements it follows that polymeric nanospheres are generally located on top of the PCBM clusters,
as demonstrated recently.23 On the other hand the blend films
cast from chlorobenzene expose both the polymer and the
fullerene phases toward the surface of the film. This can be
clearly seen in Figure 5, where chlorobenzene- and toluenecast blends are compared with each other. Here the polymer
nanospheres are distributed almost evenly throughout the
bulk of the film, whereas a so-called skin layer, incorporating
polymer nanospheres, surrounds the big PCBM clusters in
toluene cast films.
However, in Figure 4 there are some remarkable exceptions: on top of some PCBM elevations, a minimum value
of ∼4.3 eV is obtained for the work function. Also, Martens
et al.46 reported a similar behavior for a single KPFM
measurement on a particular PCBM cluster. This again can
be understood with the help of high-resolution SEM measurements: in some cases the PCBM clusters are not covered
by polymer nanospheres, but they are exposed freely to the
272

film surface. Some examples of that are shown in Figure 6
for illustration.
Since according to the photoinduced charge transfer24 we
expect the highest electron concentration within the pure
PCBM phase, it is obvious that the extraction of electrons
from these locations is energetically much more easy than
extraction through a hole-enriched polymer barrier layer.
Therefore, the increased contrast in work function on the
illuminated toluene blend reflects the increase in local
concentrations of holes and electrons due to the photoinduced
charge transfer. As a result, the skin layer around the PCBM
clusters in the toluene-cast blends may cause a severe
limitation for electron transport toward the cathode due to
insufficient percolation and recombination. As a conclusion
and in addition to an incomplete charge transfer due to too
small exciton diffusion lengths in these largely phase
separated structures, this barrier will be another reason for
the smaller photocurrents and thus power conversion efficiencies observed in toluene-cast blends. Furthermore, some
of the freely exposed PCBM nanoclusters should result in
“hot spots” with a locally larger photocurrent generation. It
should be possible to measure this directly by the recently
presented NSOM-based local photocurrent mapping technique.50 On the other hand, the reduced work function on
Nano Lett., Vol. 5, No. 2, 2005

Figure 5. SEM measurements on cross sections of MDMO-PPV/PCBM 1:4 blends. On the left a chlorobenzene- and on the right a
toluene-cast film are shown for comparison. Polymer nanospheres (brighter) are rather evenly distributed in the film on the left, while they
surround the large PCBM clusters as a “skin-layer” in the right.23

Figure 6. Cross-sectional SEM images of toluene-cast MDMO-PPV/PCBM blend films. The white arrows point to regions where PCBM
clusters are exposed freely to the surface of the film.

illuminated chlorobenzene cast blends reflects a favorable
increase of the electron concentration at the film surface.
In conclusion, we demonstrated Kelvin probe force
microscopy to be a powerful tool for the investigation of
organic solar cells. In connection with high-resolution
scanning electron measurements, we were able to identify a
barrier for electron transmission from the electron-rich
PCBM nanoclusters toward the extracting cathode. This
depicts an additional reason for the spectrally independent
smaller photocurrents and lower power conversion efficiencies of toluene-cast MDMO-PPV/PCBM blends as compared to chlorobenzene-cast blends, which once again is
related strongly to the nanomorphology in the bulk heterojunction. Hence not only the exciton diffusion and the
appropriate size of phase separation are important for
efficient organic solar cells, but also the connectivity and
percolation of both the electron and hole transporting phases
with their respective electrodes appear to be a major factor.
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