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Abstract

Conductive atomic force microscopy (C-AFM) measurements have been performed on the MDMO-PPV/PCBM sys-
tem which is potentially interesting for applications as active layer in polymer solar cells (PSCs). It is demonstrated that
C-AFM analysis performed in air for ambient conditions provides only inadequate information about the local electrical
properties. The main reason is that the samples chemically degrade when in contact with air. Moreover, we speculate that
also the adsorbed water layer interferes with reliable nanoscale electrical measurements. In contrast, when performed in
inert atmosphere C-AFM analysis offers consistent results of e.g. the I–V characteristics with lateral resolution better than
50 nm, and is able to detect local heterogeneities of these I–V characteristics at the sample surface.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In general, performance measurements of poly-
mer solar cells (PSCs) are carried out on opera-
tional devices having at least the size of square
millimetres to centimetres. On the other hand,
the characteristic length scale determining the
functional behaviour of the bulk heterojunction
photoactive layer is in the order of 10 nm (exciton
diffusion length) to about 100–200 nm (layer
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thickness) [1–3]. The morphological requirement
for the photoactive layer in a high-performance
PSC is nanoscale phase separation, which provides
large interface area for exciton dissociation and,
at the same time, continuous pathways for free
charge carrier transport to the appropriate elec-
trodes. Further, it is well-known that the local
organisation dominantly controls the functional
behaviour of devices. Thus, it is necessary to
obtain property data of nanostructures with nano-
metre resolution to be able to establish structure-
property relations that link length scales from
local nanostructures to macroscopic devices.
.
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Fig. 1. Energy level diagram for the materials used in present
work (energy levels according to Ref. [15]).
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In this respect, a very useful analytical tool is con-
ductive atomic force microscopy (C-AFM) [4,5].
Because AFM uses the interaction force between
probe and sample surface as feedback signal, both
topography and conductivity of the sample can be
mapped independently. Theoretically, the resolution
of C-AFM is as small as the tip-sample contact area,
which can be in the few nanometre range. C-AFM is
widely used for the characterization of electrical
properties of organic semiconductors. For example,
single crystals of sexithiophene have been studied
[6], where the I–V characteristics of the samples were
measured. Several electrical parameters such as grain
resistivity and tip-sample barrier height were deter-
mined from these data. In another study, the hole
transport in thin films of MEH-PPV was investigated
and the spatial current distribution and I–V charac-
teristics of the samples were discussed [7]. Recently,
the distribution of electrical characteristics of poly-
mer blends was studied by C-AFM [8–11].

It is well-known that the performance of most
PSC as well as of organic electronic systems in gen-
eral, drops dramatically after short-time exposure to
air, especially when illuminated by light [12]. While
some groups have already taken care to perform
their C-AFM measurements in a dry nitrogen atmo-
spheres thereby achieving good correlation with
device properties [8], it is more common to perform
C-AFM in air under ambient conditions. It is the
purpose of our study to clearly demonstrate that
the local electrical properties of nanostructures in
the photoactive layer of PSCs changes when C-
AFM measurements are performed at ambient con-
ditions; and as consequence the obtained results are
not comparable with data gained from device char-
acterisation. At the same time, we would like to
point out that C-AFM measurements performed
in the inert atmosphere of a glove box provide more
reliable information on electrical properties of
organic nanostructures and allow establishing struc-
ture-property relations of functional polymer sys-
tems at the nanometre length scale.

2. Experimental

2.1. Materials

For the present study, 1-(3-methoxycarbonyl)pro-
pyl-1-phenyl-[6,6]-methanofullerene (PCBM) [13]
was synthesized in the University of Groningen, the
Netherlands, and poly[2-methoxy-5-(3 0,7 0-dimethy-
loctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)
[14] was obtained from Philips Research Eindhoven,
the Netherlands. The molecular weight of the
MDMO-PPV was 570 kg/mol as determined by
GPC using polystyrene standards. Poly(ethylenedi-
oxythiophene)-poly(styrenesulfonate)(PEDOT:PSS)
was purchased from Bayer AG, Germany. The
energy level diagram for materials used in this work
is presented in Fig. 1.

2.2. Specimen preparation

The samples studied consist of a glass substrate
with an ITO layer (kindly provided by Philips
Research, the Netherlands), a spin-coated PED-
OT:PSS layer (Baytron-P, Bayer) and a spin-coated
photoactive layer. The latter is based on a 1:4 blend
by weight (MDMO-PPV/PCBM) initially dissolved
in toluene. The spin coating conditions were opti-
mized such that the thicknesses of the photoactive
layers were below 100 nm. These samples represent
working photovoltaic devices, except for the missing
metal back electrode. All sample preparation steps
were performed in a glove box (Unilab, MBRAUN,
Germany). We are aware that applying toluene as
solvent forces large scale phase separation between
MDMO-PPV and PCBM, which provides photoac-
tive samples better suited for C-AFM investigations
but not for optimum performance in PSCs.

2.3. Characterization

For AFM measurements Solver P47H and NTe-
gra-Aura were used (both NT-MDT, Russia). The
cantilevers used were CSC12 (Micromash, Estonia)
coated with an additional Au-layer for conductivity
measurements. A typical force constant of the can-
tilevers was about 0.65 N/m, and the radius was
below 50 nm. C-AFM experiments were performed
with AFM installed in a glove box, which had a
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nitrogen atmosphere with oxygen and water levels
below 1 ppm; only few experiments were carried
out at ambient conditions. The ITO layer was
grounded during all C-AFM measurements per-
formed in the glove box. The C-AFM measure-
ments for ambient conditions in air were
performed with grounded tip.

3. Results and discussion

MDMO-PPV/PCBM is one of the systems best
studied for applications as photoactive layer in
high-efficient PSCs; efficiencies of about 2.5% have
been reported for optimized preparation conditions
[16]. Further, it has been demonstrated that the per-
formance of devices having these compounds as
blend in their photoactive layers decreases immedi-
ately when exposed to air [17]. For this reason, we
have chosen the blend MDMO-PPV/PCBM as a
model system for our C-AFM experiments.
Fig. 2. C-AFM image series acquired at ambient conditions in air of a
(a) topography image, and current distribution images of the same area
bias at the tip of +10 V. The very slight contrast (c) is caused by som
measurements.
Fig. 2 shows a series of C-AFM images obtained
at ambient conditions in air of a thin PCBM/
MDMO-PPV film spin-coated from toluene solu-
tion. For such preparation conditions PCBM and
MDMO-PPV phase segregate, and PCBM forms
large nanocrystalline domains embedded in the
MDMO-PPV matrix [15,18]. All images were
acquired with a tip coated with a gold layer. The
topography image (Fig. 2a) shows that the PCBM
domains (bright areas) have maximum diameters
of about 500 nm. Phase segregation is responsible
for the high roughness of the film: the PCBM
domains stick out of the film plane few tens of
nanometres.

Figs. 2b and c represent the current distribution
image for bias voltages at the tip of �2.3 V
(Fig. 2b) and +10 V (Fig. 2c), respectively, mea-
sured at the same sample area as the topography
image. For negative bias at the tip good contrast
is obtained between the electron donor (p-type
thin PCBM/MDMO-PPV film spin-coated from toluene solution:
for (b) a negative bias at the tip of �2.3 V, and (c) for a positive

e superposition with topography information during the current
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semi-conductor) and the electron acceptor (n-type
semi-conductor) materials in the sample. From the
corresponding energy level diagram (Fig. 1) it fol-
lows that the difference between the HOMO level
of MDMO-PPV and the Fermi levels of both elec-
trodes (ITO/PEDOT:PSS and Au-tip) is rather
small so that we expect ohmic contacts for hole
injection and strong energy barriers for electrons
[6,19]. Therefore a hole only current through the
MDMO-PPV is expected for both polarities of volt-
Fig. 3. (a) Topography of a PCBM/MDMO-PPV thin film sample obta
and water free atmosphere of a glove box showing the current distribu
+10.0 V, (c) for a negative bias at the tip of �5 V, and (d) for a negativ
film spin-coated on glass/ITO/PEDOT:PSS.
age in a ITO/PEDOT:PSS/MDMO-PPV/Au-tip
structure. On the other hand, we can conclude that
areas of low current level correspond to the electron
acceptor materials, i.e. PCBM (Fig. 2b). This inter-
pretation is in accordance with the above-men-
tioned topographical observations (Fig. 2a). For
positive bias at the tip, however, no differences
between the two phases can be obtained, and the
measured overall current level is below the noise
level of our experimental setup.
ined in contact mode; (b)–(d) C-AFM images acquired in the inert
tion of the same sample area for (b) a positive bias at the tip of
e bias at the tip of �10 V, (e) I–V curve obtained on pure PCBM
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Since the materials under investigation are sensi-
tive to oxygen and at ambient conditions the
always-present water layer on top of the sample sur-
face interferes with nanometre scale electrical mea-
surements, which has been reported recently for the
case of surface potential measurements [20], we have
performed additional C-AFM experiments on the
same MDMO-PPV/PCBM system but in inert atmo-
sphere. For this purpose, we have assembled the C-
AFM setup in a glove box filled with nitrogen atmo-
sphere and an oxygen and water level below 1 ppm.

Fig. 3 presents C-AFM measurements of a
MDMO-PPV/PCBM sample for such an experi-
mental setup with lateral resolution better than
50 nm. For negative bias at the tip of �5 V similar
features are observed as discussed for Fig. 2b
(Fig. 3c): the dark areas represent PCBM domains
with low current embedded in the MDMO-PPV
matrix showing higher current. Contrary to mea-
surements performed in air, also for the positive
bias value at the tip of +10 V good contrast between
the phases is observed (Fig. 3b). Beside some little
drift of the area probed during the two successive
C-AFM measurements with positive and negative
bias, PCBM domains can be recognised as dark
areas embedded in the bright MDMO-PPV matrix
in Fig. 3b and c. Around the PCBM domains
ring-like structures are seen having higher current
(Fig. 3b–d and Fig. 2b), which might be caused by
more efficient charge collection at the domain inter-
face [11]. Probably, an existing mixed-phase of
PCBM and MDMO-PPV at the interface may
enhance charge mobility, as reported for blends of
polythiophene with polyethylene or polystyrene
[21]. For negative bias at tip of �10 V the contrast
of the current image is inversed: the current through
the PCBM-rich phase is higher than the current
through the matrix (Fig. 3d). Such contrast changes
can be explained by analysing corresponding I–V

measurements performed on a pure PCBM film:
current above the noise level is detected only at high
negative bias on tip (Fig. 3e).

4. Conclusions

C-AFM is a reliable analysis technique providing
local information of electrical properties of func-
tional polymer systems, when applied in inert atmo-
sphere. In air most samples chemically degrade, and
the present molecular water layer interferes with
adequate measurements. Applying C-AFM on the
functional blend MDMO-PPV/PCBM reliable cur-
rent contrast images of the PCBM domains embed-
ded in the MDMO-PPV matrix are acquired with
lateral resolution better than 50 nm. Details of the
interface between the two components are visualised
and discussed. Currently, investigations of various
photoactive layer systems are in progress applying
higher lateral resolution in the order of 10–20 nm
to identify features having similar length scale as
the exciton diffusion length.
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