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Abstract. We present here a study about the electrical
conduction properties of individual polypyrrole nanobelts by
using conductive atomic force microscopy and discuss a
general effect while probing soft materials. A length-
dependent analysis demonstrates that the tip could induce
local defects into the polymer structure and, thus, diminishes
the electrical conduction.

An accurate knowledge about surface/interface properties on micro-
and nanometer scales is of great importance for the understanding of
material properties and processes in different research areas. In this
concern the atomic force microscope (AFM) has been developed to
one of the most versatile standard tools for the characterization of
surface structures in the last decades ', especially for
organic/polymeric soft materials* °. The success of AFM is based
on its experimental setup which offers the unique possibility to get a
direct access not only to, for example, topographical and mechanical
information but also to other physical properties such as electric and
magnetic properties. In this regard, the investigation of conductive
one-dimensional (1D) nanostructures, especially the investigation of
conductive polymer nanostructures, has become exceedingly
attractive due to their high potentials for optical and electrical
applications in micro- and nanodevices ®'°. Furthermore, 1D
nanostructures has been reported to be promising candidates for an
efficient electron transport !

Here, we present a length dependent analysis of individual
conductive polypyrrole (Ppy) nanobelts with different width,
specifically in a sub-100nm range, in order to characterize the
electrical conductance by using AFM based conductivity
measurements. In the current sensing AFM mode (C-AFM) an
electrical conductive tip scans in mechanical contact over the surface
of the sample of interest allowing to measure the local resistance of
the sample > 2" 22, The conductive polymeric nanobelts used here
are prepared on an insulating layer of SiO, with one end electrically
connected to a gold electrode while the other end is free on the
substrate. By applying a bias voltage between tip and sample and
measuring the current with an external current amplifier the local
resistance of the sample surface can be analyzed as a function of the
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x,y-position of the tip. This enables a simultaneous recording of
topographical and electrical information of the sample. In this setup
the AFM tip works as a movable electrode sensing the axial
electrical conduction through a single belt to the gold electrode *"**
1. An illustration of the electrical circuit used in these experiments
is given in figure 1A.
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Fig. 1 Schematic setup of the electrical circuit used in the
experiments. (A) SEM image of polymer nanobelts (vertical line
structure) written on an insulating substrate of SiO, and electrically
connected to a gold electrode (bottom, bright part). The white box
displays the position of the enlarged section of the polymer belts
which are used to determine the width of the belts. The schematic
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inset displays the experimental setup used: while applying a bias
voltage V between a conductive AFM tip and sample the local
current I flowing through the nanobelts can be measured and
analyzed as a function of its length L. Typical topography (B) and
current (C) image (including the cross-sectional profiles) of the
sample system obtained in C-AFM mode with an applied bias
voltage of 1 V. The images reveal several interrupted polymer wires
whose non-conductive parts are separated by gaps from conductive
parts.

Additionally, a typical AFM scan (20 x 20 pm?) of the device that
illustrates the simultaneously recorded topography (B) and current
(C) images is shown. From these images single in-plane polymer
belts are clearly distinguishable. A cross section perpendicular to the
axis of the belts shows an average belt height of about 25 nm.
Furthermore, the electrical conduction properties of single belts are
clearly confirmable from the conductivity map. To quantify the
conduction properties of single Ppy belts the measured current is
analyzed as a function of the distance L to the electrode which
designates the electron transport length through the Ppy belt.
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Fig. 2 (A) Typical conductivity map (10 x 10 um2) of Ppy belts on a
SiO2 substrate (bias voltage of 1 V). The measured width of the
nanobelts decreases from 112 nm to 56 nm as indicated. All belts
have an average height of 25 nm. (B) Local current, I, (top) and
resistance, R, (bottom) vs. length of a single nanobelt. The local
resistance was determined from the measured current data via Ohm’s
law. The line shows a linear fit to the resistance values in the range
from 2 um to 5 pm. The slope was used to determine the
conductivity of the corresponding belt. (C) Calculated conductivities
for polymer belts of different width. The data were derived from two
different adjoining current maps which show an overlap for the belts
ranging from 71 nm to 112 nm. Current map 1 (blue open triangles):
belt widths ranging from 71 nm to 143 nm; current map 2 (red
closed squares): belt widths ranging from 56 nm to 112 nm).
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Therefore, the current map (figure 2A) is studied by extracting the
maximum current values of each scan line corresponding to the belt
of interest. In the next step these current values are plotted versus the
distance L as represented in figure 2B (top). As expected the graph
reveals a trend of continuous decreasing current I with the length. To
classify the conduction properties of the Ppy belt Ohm’s law R = U/I
is used to convert the measured current values into the corresponding
local resistance values R (figure 2B, bottom). The conductivity ¢ of
a metallic wire is determined by the relation between length and
resistance according to

AL
o= —_—
AR

1
4

where A is the cross-sectional area of the wire. In other words, the
conductivity is inversely proportional to the slope of the resistance
versus length curve (o™ ~ AR/AL).

When fitting the slope of the resistance vs length curves we restrict
ourselves to a length range of 2 to 5 um due to the following
reasons: 1) In contrast to an ideally conducting metal the individual
belts probed in this study exhibit a non-linear resistance versus
length behaviour R(L) which indicates that the electron transport
within the Ppy belts is driven by local defects inside the polymer and
might be attributed to strong Anderson localization >*. This non-
linear effect becomes increasingly prominent when the length of the
belts exceeds approx. 6 um (see figure 2B, bottom). Due to this fact
we limited ourselves to fitting the slope of the resistance vs length
curve only for length values smaller than 5 pm. 2) Based on the
deposition method of the gold electrodes by using a shadow-mask
thermal evaporation technique the edges of the electrodes are not
clearly defined. This may lead to a contamination of the polymer
with Au particles after the Ppy growth and, consequently, to a
distortion of the conduction behaviour within the belts. It has been
reported that polymer-metal matrix composites show an enhanced
conductivity . For this reason we fit equation 1 in a range starting
from 2 pm away from the gold electrode as indicated in figure 2A
(dashed, horizontal line, Au electrode is located in the bottom part of
the image outside the scan range).

By fitting the slope of the resistance vs length curve, for instance, for
the marked belt in figure 2A we can calculate a conductivity of (200
+ 20) S/m, with a width of 102 + 5 nm and a uniform height of 25
nm. As noted, we applied the fit of equation 1 in the nearly linear
part ranging from 2 pm to 5 pm. Figure 2C displays the
conductivities evaluated in the described way for all single nanobelts
as a function of their width ranging from 145 nm to 56 nm. The
conductivities were derived from two adjoining current maps which
show an overlap for the belts ranging from 71 nm to 112 nm. It is
found that the belts show almost constant conductivity values with
an average of approx. 190 S/m for widths larger than 80 nm.
However, when the widths of the belts are reduced below 80 nm the
conductivities rise slightly up to approximately 300 S/m (at 56 nm).
These findings are in agreement with prior experiments that were
carried out by Jiang et al.%’, where single Ppy nanobelts were written
and prepared under the same conditions described here. In Jiang's
work, the experimental setup provided an electrical connection of the
polymer belts with both ends to two macroscopic gold electrodes.
For the characterization of the electronic transport two metallic
needles were then positioned on each of the electrodes and,
subsequently, current-voltage curves (I-V curves) were obtained.
The Ppy belts exhibit an enhanced conductivity for belts with a
decreased width? Furthermore, it was observed that the
conductivity increase sharply when the width of the wires fell below
a threshold of 80 nm whereas thicker belts of 100 nm or more show
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a conductivity of a flat Ppy film (2080 S/m). For 40 nm wide belts
the conductivity increases strikingly by roughly two orders of
magnitude (3.2 x 10° S/m at 10V) 2. Although the belts were
prepared under the same conditions the conductivities measured by
means of IV-characteristics and C-AFM experiments exhibit varying
values. The differences can be explained as follows: 1) the high
conductivities reported by Jiang et al *® were only observable for
high voltages (at 10 V). At a bias voltage of 1 V which would be
comparable with the bias voltage used in the C-AFM experiments, a
conductivity of 9600 S/m for a 60 nm wide belt can be estimated,
roughly one order of magnitude greater than a 56 nm belt measured
in the C-AFM mode. Furthermore, the C-AFM measurements are
affected by an additional size-dependent effect which may diminish
the charge carrier transport within the polymer belts, as descript in
the following. In the experiments, we observed the increase in the
contact resistance values (determined by analyzing the y-intercepts
of the resistance vs length curves) for decreasing width of the nano
belts (figure 3A).
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Fig. 3 Contact resistance (top) and modified conductivity (bottom)
depending on the width of the polymer belts. The increase of the
contact resistance, occurring at the AFM tip-polymer junction, is
based on the architecture of decreased, stretched polymers (inset).
The vertical lines indicate a transition in the wire architecture. Below
a threshold of 90 nm the contact resistance shows a stronger linear
increase indicated by different slopes of linear fits (below: red solid,
above: blue dashed). Below this point the nanobelts exhibit an
enhanced conductivity.

It is reported in literature that the conduction behaviour of polymeric
nanowires is strongly influenced by their morphological architecture
% In this study the authors claim that such a kind of nanowires is
separated in two different sections: a surface layer with highly-
ordered polymer chains and an inner section with disordered
material (figure 3A, insets). In this context the degree of the
orientation of the material is equivalent to the electrical conduction
properties 2*3°. For this account, the surface layer is highly
conductive whereas the electron transport inside the wire is driven
by local defects based on its disordered chain structure.
Consequently, a reduction of the diameter of the polymer wires
results in an increased number of highly-ordered chains and, thus, to
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a proportionately lower number of disordered material > *'.

However, scanning in contact mode with a repulsive loading force
on the polymer belts may induce local defects in the highly-ordered
layer and consequently led to a diminished conductance efficiency.
This leads to the conclusion that C-AFM experiments may affect the
measurement itself and influence the electronic properties.
Presumably this effect is more pronounced for belts with a reduced
width since the acting pressure is spread uniformly on a decreased
surface area. Two linear fits to the contact resistance values suggest
a transition threshold taking place at a width of roughly 90 nm. The
slopes of the fits can be calculated to (-6.68 + 1.35) x 10* Q/nm
(below the threshold, solid red) and to (-3.84 £ 1.07) x 10* Q/nm for
a fit above the threshold (dotted blue). This effect, however, can be
factored out by assuming a constant contact resistance in the C-AFM
experiments. The linear dependence in the contact resistance allows
one to rectify the influence on the conductivity by standardizing to
the lowest resistance value. Therefore, each conductivity value was
multiplied by correction factors corresponding to the slope of the
linear fits. The corrected conductivity values are depicted in figure 3
(lower graph). It can be seen that both, the modified conductivities
and the contact resistance values, increase at the same point since at
this threshold the highly-ordered structure of polymeric wires starts
to dominate 2% ?’. Although the corrected conductivity values are still
lower than that measured with two macroscopic electrodes, the
tendency gives a clear hint that one has to consider the influence of
force exerted by AFM tip on the conductivity measurements,
especially for soft materials.

Experimental Section

Sample Preparation: We used electron beam lithography (EBL) for
the general preparation of the nanobelts, which consists of 5 steps
[20]. First of all, gold micro electrodes were fabricated on a
thermally oxidized silicon wafer (300 nm) by using a shadow-mask
thermal evaporation method (first 2 nm chromium, then 20 nm gold
on top). In the next step, the oxidized silicon wafer was modified
with a Py-silane (N-(3-trimethoxysilylpropyl) pyrrole) monolayer
using a vacuum vapor method. Subsequently, the Py-silanized
sample surface was spin-coated with a 50 nm thick
poly(methylmethacrylate) (PMMA) resist layer. After that, electron
beam lithography (EBL) was used to generate a 1D groove pattern
into the PMMA layer. Then, the sample was treated with a solution
of iron-III-chloride (0.02M) and pyrrole (0.2M). The solution was
allowed to stand for 15 min to obtain a Py thickness of 25 nm.
Finally, after a lift-off process in acetone, the PMMA layer along
with the on top coated Ppy were peeled off the substrate. As a result,
1D Ppy nanobelts with a height of 25 nm remain on the gold and
SiO, surface. The height of the belts is controlled by the reaction
time. A more detailed preparation procedure can be found in the
work of Jiang et al*® .

Atomic Force Microscopy: All C-AFM measurements were carried
out with a commercial AFM (XE 100, Park Systems Corp., Korea)
in ambient conditions operating in contact mode using conductive
AFM probes (PPP-ContPt, Nanosensors). The cantilevers have
nominal spring constants of 0.2 N/m. In order to characterize the
electrical response of the polymer belts, a bias voltage is applied
between tip and sample and an external variable gain current
amplifier (DHPCA-100, FEMTO Messtechnik GmbH, Germany) is
used to measure the current flowing between tip and sample during
the scanning movement.
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Conclusions

In summary, we report about quantitative conductivity
measurements of polypyrrole belts with different widths ranging
from 56 nm to 145 nm. Conductance atomic force microscopy
experiments revealed an increase in the conductivity and an increase
in the contact resistance with decreased belt width. The enhanced
conductivity is based on highly-ordered polymer chains at the
surface. By comparing these results to former experiments we
demonstrated that scanning with AFM tip on the Ppy belts may
induce local defects into the highly conductive surface layer and,
thus, influence the conductance measurements itself. Since
polypyrrole is a soft material this effect might be considered to be a
general effect appearing on soft materials and should be noted. By
taking this effect into consideration we calculated a conductivity of
roughly 460 S/m for belts with a width of 56 nm whereas belts with
a width above 100 nm exhibited a conductivity of about 250 S/m.
Thus, the findings reported in this work are in good qualitative
agreement with the theoretical claims and prior macroscopic
conductance experiments we carried out.
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