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Scanning probe microscopy was performed on an integrated blocking layer system developed for
hybrid organic solar cells. A nanocomposite consisting of titania and an amphiphilic triblock copoly-
mer ((PEO)MA-PDMS-MA(PEO)) was prepared by sol–gel chemistry. After plasma treatment and
annealing of a spin casted film of 30–100 nm thickness a granular structure with a typical titania
grain diameter of 20 nm was found. Conductive scanning force microscopy revealed that on top of
almost every grain on the surface there is an increased conductivity compared to the average value.
The correlation of grains and conductivity indicated that titania particles formed interconnecting
paths through the film. For the resistivity of these pathways we found that effects of tip-sample and
sample-electrode resistivity dominate. Additionally, conductive scanning force microscopy revealed
non-conducting structures attributed to the thermal treatment. Kelvin probe microscopy of pristine
samples on one side and plasma treated plus annealed samples on the other side showed that
there is a shift in work function (0.8±0.2 eV) as expected for the transition of amorphous to anatase
titania.

Keywords: Blocking Layer, Hybrid Solar Cell, Conductive Scanning Force Microscopy, Scanning
Kelvin Probe Microscopy.

1. INTRODUCTION

Morphology and electrical properties on a nanometer scale
play an important role for the development of organic
and hybrid solar cells. Typical charge carrier mobilities,
exciton binding energies and optical absorption coeffi-
cients require a large interfacial area between the donor
and acceptor material.1 These so called bulk heterojunc-
tions have a typical structure size of some nm up to
100 nm. Scanning Force Microscopy (SFM) methods can
image the topography of samples at a nanometer resolution.
Simultaneously, various additional surface properties can
be recorded, e.g., surface charge, tip-sample currents, or
workfunction.2�3 Local electrical currents through samples
can be mapped by Conductive Scanning Force Microscopy
(CSFM). During contact mode imaging a bias voltage is
applied between a metal coated tip and a sample while
the local current is mapped (Fig. 1(a)). This technique
has recently been used for the characterization of organic
solar cell materials. Conductivity maps were obtained on
a nanometer scale and at defined positions current–voltage
characteristics were recorded.4–8 In addition, optoelectronic
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devices are made from material composites having well
matched work functions. Thus the work function of sur-
faces is a material characteristic that needs to be considered
on a local scale as well. The scanning force microscope
can be operated as a Scanning Kelvin Probe Microscope
(SKPM) allowing to determine the work function of a sur-
face with an accuracy of 10 mV at a lateral resolution of
10–20 nm (Fig. 1(b)).9 With the SKPM and CSFM meth-
ods the structure and charge carrier generation mechanisms
of organic solar cells have been studied on the nanometer
scale.9�10

In hybrid organic solar cells an electrically insulating
blocking layer between the electrode and the nanoporous
inorganic electron acceptor material is essential to prevent
short-circuiting and current loss through recombination at
the electrode interface. Much effort has been invested into
the development of suitable blocking layers.11 Recently,
we developed an integrated blocking layer in a nanocom-
posite of conducting titania nanoparticles embedded in an
insulating polymer derived ceramic matrix.12�13 Here we
report on the local electrical properties on this hybrid layer.
With CSFM we studied the effect of different titania con-
tents, whereas the effects of the preparation procedure
were investigated by SKPM.
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Fig. 1. Measurement principles of (a) Conductive Scanning Force
Microscopy (CSFM) and (b) Scanning Kelvin Probe Microscopy
(SKPM). In CSFM the local conductivity is mapped during Contact Mode
Imaging, whereas in KPM the local workfunction is measured in an inter-
leaved step between two topography lines, where the tip is lifted at a
certain height.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

The nanocomposite samples with the hybrid blocking
layer were prepared by poly(ethyleneglycol)methylether-
methacrylate- block- poly (dimethylsiloxane)- block- poly
(ethyleneglycol) methylethermethacrylate ((PEO)MA-
PDMS-MA(PEO)) as shown in Figure 2(a).12 The titania/
triblock copolymer nanocomposite was prepared by
Sol/Gel chemistry together with titanium tetraisopropox-
ide (TTIP). Samples with 2% and 5% TTIP content in the
stock solution (called for simplicity 2-TTIP and 5-TTIP)
and a reference sample with pure polymer were spun cast
on a 50 nm thick sputtered Pt-electrode on a silicon wafer
(Fig. 2(b)). The Pt-layer acted as counterelectrode for
CSFM (Fig. 1(a)). For the SKPM experiments, a second
set of samples was prepared in the same way at a TTIP

(a)

(b)

(c)

Fig. 2. (a) Structure of the (PEO)MA-PDMS-MA(PEO) triblock
copolymer;10 (b) and (c) Schematic of the Sample Preparation. After spin-
casting of the titania precursor/triblock copolymer mixture (b) the sample
is plasma treated and annealed at 450 �C, leaving a percolated titania net-
work embedded in an electrically insulating matrix of ceramized silicon
oxycarbide (c).

content of 2% directly on a highly doped Silicon substrate
(SiMat, CZ, N/Sb, resistivity 0.01–0.02 �cm, Fig. 1(b)).
Then all samples were treated in Argon plasma at a power
of 300 W for 10 min in order to etch away the polymer
from the top parts of the sample. Afterwards samples were
annealed at 450 �C in N2 atmosphere. During the anneal-
ing step, the amorphous titania aggregates transform to
anatase TiO2,

12 whereas the PDMS part of the copolymer
ceramizes into an insulating silicon oxycarbide matrix
(Fig. 2(c)). The film thickness was measured with a sur-
face profiler (Tencor P-10). The 5-TTIP sample was found
to be approximately three times thicker (102±7 nm) than
the film of the 2-TTIP sample (30±6 nm).

2.2. Scanning Probe Microscopy

For CSFM (Multimode SFM extended with a TUNA cur-
rent amplifier, sensitivity: 1 pA/V, Veeco, Santa Barabara,
USA) Pt/Ir coated SPM tips (nominal resonance frequency
of 70 kHz, tip radii of curvature 10–20 nm, Nanosensors
PPP-EFM) were used. The experiments were performed at
a sample bias voltage of 2–3 V on the plasma treated and
annealed samples.
The surface workfunction was measured by Scanning

Kelvin Probe Microscopy (SKPM; Veeco Dimension 3100
System; Si Cantilevers from Olympus (OMCL-AC240TS,
Japan), nominal resonance frequency of 70 kHz.). Here,
the tip follows the topography at a defined lift height in an
interleaved step between two scan cycles. The lift height
was adjusted as low as possible (typically 10 to 20 nm
below the average tip height during non contact imaging;
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see also Fig. 1(b)); allowing the highest lateral resolution.
A certain influence of the scan height on the measured sur-
face potential has been reported.14 However we observed
only a small influence of the scan height on the measured
signals, which was below the error margin of our work
function results.

3. RESULTS AND DISCUSSION

The topography of 2-TTIP and 5-TTIP samples showed a
similar granular structure with a typical grain diameter of
20 nm and a root-mean-square (RMS) roughness of 0.5 nm
(Figs. 3(Ia and IIa)). The grain structure is attributed to
the titania particles. Thus, we conclude that the average
diameter and the number of titania particles at the surface
in both films are similar.
The current maps revealed that on both samples almost

every grain on the surface was associated with a current
which was well above the current map mean value of
0.3 pA (Figs. 3(Ib and IIb)). The correlation of grains
and currents proved that the conductivity was caused by
the titania particles which formed an interconnection to
the Pt-electrode, whereas the gaps between the particles
were electrically insulating. We found that the correla-
tion of topography and conductivity in the 2-TTIP and
5-TTIP sample were similar. The increased film thickness
of 5-TTIP (102± 7 nm) compared to the 2-TTIP sample
(30±6 nm) results in an increase in the number of titania
particles in one percolation path. However, the intercon-
nection between adjacent titania particles remain similar.
Thus the conductivity should decrease with increasing film

(Ia) (Ib)

(IIa) (IIb)

Fig. 3. Topography (Ia, IIa) and current map (Ib, IIb) of the plasma
treated and annealed 2-TTIP (Ia, b) and 5-TTIP (IIa, b) sample obtained
with CSFM. Localized conduction paths with currents up to 7 pA can be
observed in both samples. Furthermore, insulating patches were observed,
which can be associated with ∼100 nm wide and 2–5 nm high elevations
(yellow arrows).

thickness. We observed that the distribution of the conduc-
tance I/USample over both samples revealed a very similar
behavior (Fig. 4). Therefore the determined I/USample is
not limited by the resistivity of the titania network, but
rather by the contact resistance at the platinum-titania and
the titania-tip interface.
Furthermore, in both samples insulating areas, 100 nm

in width, were observed. Most of these areas could be
associated with elevations in the topography, 2–6 nm in
height (e.g., the two adjacent spots in Figs. 3Ia and one
in IIa, yellow arrows). Scanning larger areas showed that
these insulating spots occurred at a density of 2–3 per
�m2. These structures might be caused by the annealing
of the samples which leads to thermal stress. At defect
sites the film buckles and upon cooling the brittle film can
collapse. This interpretation is supported by the finding
that in the center of larger elevations, small depressions
10–15 nm in diameter and 5 nm in depth occurred.
In order to show that the conductivity measured in the

previous experiments is solely caused by the titania par-
ticles, a pure polymer film on platinum after annealing
was studied for reference. This film had a thickness of
(77±1) nm and no conductance could be found at a bias
voltage of 3 V at the highest current sensitivity.
Complementary SKPM was performed to further elu-

cidate material changes induced by annealing. For
these measurements we compared pristine with plasma
treated/annealed 2-TTIP samples. In contrast to CSFM,
SKPM can be operated in a non-contact mode allow-
ing non-destructive imaging of soft surfaces which is
the case for the pristine sample. During the interleaved
step, the contact potential difference V CPD (i.e., the differ-
ence in workfunction �� = eV CPD, e: elemental charge)
of the SFM-tip and sample surface was measured.15 In
order to determine the absolute value �Sample of the work
function of the investigated sample surfaces, reference

Fig. 4. Electrical conductance (I /USample� distribution on the 2-TTIP
samples (red line) and 5-TTIP sample (blue line). Only small devia-
tions from the exponential decay towards higher conductance values were
found. A slightly higher conductance and stronger deviations can be seen
on the 2-TTIP sample. Negative values are due to noise and overshoots
caused by the electronics.
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Fig. 5. Schematic representation of the relevant energy levels for KPM.
During the measurement, the contact potential difference, ��Sample, of
SFM-tip (red line) and sample surface is measured. By comparing this
value with a reference sample (�HOPG) the unknown �Sample is determined.

measurements on freshly cleaved HOPG substrates hav-
ing a known workfunction of �HOPG = 4.5 eV16 were per-
formed for each SFM tip. With the sample signal V CPD

sample

and the reference signal V CPD
HOPG the absolute value can be

(Ia) (IIa)

(Ib) (IIb)

(Ic) (IIc)

Fig. 6. KPM study of pristine (I) and plasma treated and annealed
(II) titania/(PEO)MA-PDMS-MA(PEO) nanocomposite films: (a) topog-
raphy, (b) phase, (c) potential. No significant changes in the topography
and phase can be observed ((Ia): roughness on (500 nm)2 RMS= 0.6 nm,
IIa: roughness on (500 nm)2 RMS= 0.6 nm). However, the absolute work
function was shifted from (3.7±0.1) eV for the as prepared sample (Ic)
to (4.5 ± 0.1) eV for the plasma treated and annealed sample (IIc) (Note:
The scale bars in Ic and IIc represent the contact potential difference
between tip and sample; see text for further explanation).

calculated by16 (Fig. 5)

�Sample =�HOPG+ e�V CPD
sample−V CPD

HOPG�

From SPM we found that the topography of pristine and
annealed 2-TTIP sample showed no differences (Figs. 6(Ia
and IIa)). In SPM, a material contrast can be obtained
by recording the phase contrast.17 In our case the phase
contrast did not reveal a significant difference (Figs. 6(Ib
and IIb)). This observation indicates that the particles were
closely packed and that the amount of polymer which is
situated between the particles is not sufficient to cause a
measurable material contrast in the pristine sample. How-
ever the plasma treatment and annealing step resulted in
(i) a removal of polymer from surfaces,
(ii) the ceramization of the PDMS and
(iii) a transition to anatase titania particles (Figs.
2(b to c)).

Thus, the surface potential is supposed to change. SKPM
experiments revealed a clear shift in work function from
(3.7± 0.1) eV to (4.5± 0.1) eV, from the pristine to the
plasma treated and annealed sample surface (Figs. 6(Ic and
IIc)). In all pristine samples, we observed that the work
function changed during scanning, i.e., from top to bot-
tom in the shown example of Figure 6(Ic). This decrease
in work function can be attributed to the gradual con-
tamination of the SFM-tip by the soft (PEO)MA-PDMS-
MA(PEO) during scanning.15 Such a pronounced decrease
in surface potential was not observed on the plasma treated
and annealed samples, which additionally indicated the
conversion of the soft (PEO)MA-PDMS-MA(PEO) at the
sample surface into a hard inorganic material.

4. SUMMARY

Conductive probe microscopy and Kelvin probe
microscopy measurements showed that the concept of
an integrated barrier layer in a nanopourous titania net-
work derived from (PEO)MA-PDMS-MA(PEO) triblock
copolymer12 is feasible. The experiments proved the exis-
tence of isolated conductive percolation paths composed
of titania particles embedded in an insulating matrix.
The statistical analysis of the conductance showed an
exponential decay towards higher current values that has
been calculated for random resistor networks.18 However
in the present system, tip-sample and sample-electrode
resistivity dominate in the measured current values and
must be considered.
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