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We demonstrate the formation of arrays of 3D nanosized networks of
interconnected single-wall carbon nanotubes (SWNTs) with well
defined dimensions in a poly-3-hexylthiophene (P3HT) thin film. These
novel nanotube nano-networks produce efficient ohmic charge
transport, even at very low nanotube loadings and low voltages. An
increase in conductivity between one and two orders of magnitude is
observed compared to a random network. The formation of these
nano-engineered networks is compatible with large area imprinting
and roll to roll processes, which makes it highly desirable for opto-
electronic and energy conversion applications using carbon
nanotubes.

Carbon nanotubes and polymer composites have recently
emerged as a new class of materials with enhanced electrical
and/or mechanical properties. In particular, due to their
exceptional charge transport, single walled carbon nanotubes
are becoming increasingly attractive as additives in semi-con-
ducting polymers, such as the widely used P3HT, for next
generation of hybrid and organic photovoltaic devices.® Recent
advances in this field have shown that ultrafast charge transport
readily occurs at the interface between SWNTs and P3HT.”® The
nanotubes act as highly efficient charge transport pathways,
between the P3HT interface and an electrode. However, one
important condition for efficient and optimal charge transport
is the ability to form a continuous (percolated) network of
interconnected tubes between the two interfaces. This aspect
has often been overlooked, and several studies have shown that
current methods used to form nanotube networks for electronic
applications result in random networks with non-optimal
charge transport.’ The methods typically used to form random
networks are spin-coating or drop casting from solution, and
they result in non-controlled tube interconnection and in
nanotube positioning which is random and not necessarily
reproducible (see Fig. 1A). Controlled dispersion of the
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nanotubes and formation of a continuous (percolated) network
of interconnected tubes inside a polymer matrix are important
for better charge transport and reproducible electrical proper-
ties. We have recently demonstrated a new method which
enables the formation of continuous SWNT networks in well
ordered nanoscale domains, as shown in Fig. 1B and 1C."" The
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Fig.1 Network configuration in (a) a random network and (b) a nano-
engineered network. The interconnection between nanotubes and the
ability to form a continuous path for efficient charge transport is higher
in the nano-engineered network. Figure (c) represents a 3D view of an
array of nanotube nano-networks and (d) is a scanning electron
micrograph of the nano-networks embedded in P3HT. The scale bar is
400 nm.
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high degree of control provided by this method results in nano-
engineered networks with much increased charge transport. In
this communication, we demonstrate that such nano-engi-
neered networks strongly enhance charge transport in a P3HT
matrix compared to a random network produced by spin-
coating over a wide range of nanotube loadings. By varying the
concentration of tubes, we show that efficient charge transport
occurs at all concentrations, even at very low nanotube loading,
much below the percolation threshold (¢.) typically reported for
P3HT. Moreover, we find that the charge transport mechanism
is very different in the two types of networks, with the nano-
networks producing ohmic conduction and high conductivity at
all concentrations and even at low voltages. A high nanotube
loading has often been seen as the most important parameter
for efficient charge transport and to obtain high conductivity in
nanotube composites. We instead show that the nanoscale
interconnectivity of the nanotubes inside the composite is the
main factor which influences charge transport, and that high
loadings in random networks still produce less efficient con-
ducting pathways compared to nano-engineered networks with
much lower concentrations of tubes. Solution processed
methods such as spin-coating or drop-casting require much
higher concentrations of nanotubes in order to render the
composite conductive. This increases material costs, but it also
increases the probability to create bundles which have been
shown to decrease charge transport and lower the device
performance.’>*?

By increasing the nanoscale interconnectivity of the tubes
inside the nano-network, we were able to strongly reduce the
concentration required (much below the percolation threshold
previously reported) for forming efficient charge transport
pathways. Charge transport in P3HT was strongly enhanced at
all concentrations compared to a random network produced by
traditional solution based methods. The low amount of SWNTs
used reduces bundling and provides an economical solution for
electronic applications because much lower amounts of
expensive nanotubes are necessary. The nanotubes used were
mostly semi-conducting (>90%) and were used as purchased
from the manufacturer (SouthWest NanoTechnologies) without
any purification or doping. The nanotubes were dispersed in
ortho-dichlorobenzene (0-DCB), and ultrasonicated for 60
minutes. The SWNT nano-networks were produced by spin-
coating a thin layer of nanotubes and an additional layer of
regio-regular P3HT (M,, = 24 000 g mol ') onto a doped
conductive silicon substrate (resistivity 0.002-0.005 Q cm). This
configuration was then nanoimprinted with a soft mold made
of polydimethylsiloxane (PDMS) with 400 nm wide and 350 nm
high pillars at 200 °C and 20 bar.** The random networks were
produced by spin-coating a thin-film from a solution of P3HT
and nanotubes mixed together. Films with different nanotube
concentrations ranging from =100 times below the reported
percolation threshold (¢. = 2-3 wt%) in P3HT to 3 wt% were
produced by the methods described above.'® Fig. 1 shows the
nanoscale network organization in (a) a typical random network
and (b) a nano-patterned network inside a thin film. In the
random network, the tubes are not optimally interconnected
and only a small portion contributes to charge transport across
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the film thickness. By contrast, the formation of nano-patterned
networks results in much more efficient percolation between
tubes and results in a strong increase in electrical conduction,
even at low loadings. The concentrations of SWNTs used range
from =0.03 wt% to =3 wt%, and the details of the samples
prepared and measured here are indicated in Table 1.

Fig. 2 shows the conductivity of the SWNT/P3HT composite
films with either a random network or a nano-engineered
network of nanotubes as a function of the voltage applied
between the top and the bottom of the film. The voltage was
varied with a small step of 0.1 V, and the current flowing across
the film (from top to bottom) was measured for each applied
voltage. In the case of the nanopatterns, the current was
measured between the top and the bottom of the pattern.
Measurements were repeated up to 10 times in each location,
and in 3 different locations on each sample, and showed good
reproducibility. The conductivity ¢ was calculated for each
applied voltage as

It

=V ®

where I is the measured current, V is the applied voltage, ¢ is the
sample thickness measured by AFM and 4 is the sample/elec-
trode contact area. The data in Fig. 2 show that the conductivity
in the random network stays nearly the same (and nearly
identical to that of pure P3HT) at all concentrations below =3
wt%, which is close to the percolation threshold previously
reported in this system. However, the nano-network is consis-
tently much more conductive, even at very low nanotube
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Fig. 2 Schematics of the conductivity measurements in the nano-
networks (a). Conductivity of random networks and nano-networks of
SWNTs in a P3HT film at various nanotube concentrations: (b) 0.03
wt%, (c) 0.12 wt%, (d) 0.48 wt%, (e) 1.50 wt%, and (f) 3.00 wt%.
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Table 1 Exponent a of the slopes of the log-log plot of J-V for the
various networks at different SWNT concentrations

SWNT conc.

(Wt%) Nano-network Random network
0.03 1.11 1.37

0.12 1.02 1.66

0.48 1.05 1.64

1.50 1.11 1.90

3.00 1.09 1.33

loading The nano-network is =5 times more conductive at the
lowest concentration of 0.03 wt%, and becomes more and more
conductive with higher loadings, reaching a peak of =100 times
more conductive than the random network at a concentration of
=~1.5 wt%. Close to the percolation threshold of the random
network (=3 wt%), 0;andom iNcreases as expected but the nano-
network still remains nearly 20 times more conductive, reach-
ings =5x10>Sm "

This indicates more efficient charge transport and much
better interconnectivity between tubes in the nano-networks at
low concentrations. Fig. 3A shows the increase in conductivity
(in number of times increased) of (¢pano — Frandom) divided by
Orandom a$ a function of the concentration of nanotubes at 0.3 V
applied voltage. At all concentrations below 3.0 wt%, the
random network did not form an efficient network for charge
transport, which is consistent with previously published results.
However, the nano-network is already 5 times more conductive
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Fig. 3 Electrical characteristics of the networks. (a) Increase in
conductivity in the nano-network compared to the random network
as a function of nanotube concentrations at low voltage (0.3 V). (b)
Typical current density—voltage characteristics of random and nano-
networks, showing ohmic conduction in the nano-network (@ = 1.0)
and non-ohmic conduction in the random network.
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at the lowest concentration of 0.03 wt%, and becomes more and
more conductive with higher loadings, reaching a peak of =100
times more conductive than the random network at a concen-
tration of =1.5 wt%. Close to the percolation threshold of the
random network (= 3.0 wt%), drandom increases as expected but
the nano-network still remains nearly 20 times more conduc-
tive. Moreover, it can be noticed in Fig. 2 that the conductivity in
the nano-network is also nearly constant from low to high
applied voltage, whereas the conductivity in the random
network is much lower at low voltage, and it increases at higher
voltage. This shows that nano-engineering of the tube network
however provides much better charge transport at low voltage
(=0.2-1.0 V), which is advantageous for certain applications,
e.g. organic and hybrid photovoltaics."®

The current density (J)-voltage (V) characteristics for the
random and the nano networks are shown in Fig. 3B. The data
were fitted with a power law: J = bV® where J is the measured
current density and V is the applied voltage. In a log-log plot, as
shown in Fig. 3, the exponent a gives the slope of the relation-
ship between J and V and is reported in Table 1 at all concen-
trations."” Very different behavior is observed between the
typical random network and the nano-engineered network. The
nano-networks display an exponent a = 1.02-1.11 at all
concentrations, which is characteristic of ohmic conduction. By
contrast, conduction in the random network is clearly non-
ohmic, with values of the exponent a = 1.33-1.90. Conduction
in pure P3HT has been described as space-charge limited with a
quadratic variation of the current density with voltage (a = 2).
The values of a measured in the random network indicate a
conduction which is partially space-charge limited, and which
is likely due to poor interconnection between tubes inside the
film which leads to non-ohmic charge transport, and much
lower conductivities compared to the nano-network. Ohmic
conduction in the nano-scale networks can be explained by the
formation of continuous paths with highly interconnected
tubes which bridge the gap between the top and the bottom of
the film. During the formation of nano-networks, the nanotubes
are pushed into the cavities of the patterned mold by shear
forces acting on the SWNT/polymer composite. The nanotubes
were first oriented in the plane of the film, in a quasi-2D
geometry (film's thickness = 20 nm). When the second layer of
pure P3HT is spun on top of the nanotubes, the film's
conductivity remains identical to that of pure P3HT (¢ = 107> S
m ). After formation of the nano-networks in this composite
film, the conductivity increases by more than one order of
magnitude to ¢ = 107> S m™" at a low SWNT concentration of
=0.03 wt%.

This 10 fold increase in conductivity in the nano-networks
clearly shows that the nanotubes are reoriented from a planar
orientation to a more vertical orientation during nano-network
formation. This re-orientation of the tubes can be explained by
the flow of the composite inside the mold which fills the cavity
from the bottom to its top as shown in Fig. 4."*>' The nanotubes
are therefore dragged with the flow of the liquid composite and
form a conducting path from top to bottom of the patterns.
Considering the pattern dimensions (=400 nm diameter and
=300 nm high), it is even possible that single nanotubes form a
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Fig. 4 Mechanism of nano-network formation. Figure (a) represents a
two-layer composite film with nanotubes and a polymer film.
Figure (b) shows formation of the nano-network, where the arrows
indicate flow of nanotubes inside the mold's cavity to form a pathway
for charge transport from the top to the bottom of the pattern.

direct conducting path by bridging the whole film thickness.
Indeed, the average length of the nanotube is =700 nm, which
is longer than the thickness of the nanopatterned film (=400
nm). The film thickness in the random network is =120 nm,
and tube bridging would be expected here too, but it is clearly
not observed from the low conductivity measured in the
random networks. This shows that efficient pathways and
contacts are formed from top to bottom of the film during flow
of the tubes inside the nano-network, which leads to a different
architecture with a higher degree of interconnection between
tubes compared to a typical random network formed by spin-
coating.

In conclusion, we have shown that the formation of an array
of well-defined nano-scale networks of nanotubes produces
efficient charge transport inside a P3HT film, with an increase
in conductivity by as much as =100 times compared to a
traditional random network. The nano-networks showed
ohmic conduction at all concentrations, and a nearly constant
conductivity at all applied voltages, including low voltages
(<0.5 V). We believe these novel nano-engineered networks
should be very appealing for hybrid and carbon based energy
conversion devices such as photovoltaic solar cells.
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