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Introduction
Single walled carbon nanotubes (CNTs),
which are an individual rolled sheet of graphene,
have been the focus of extensive research since
their discovery in 1991 [1]. Single walled carbon nanotubes are attractive because of their
mechanical, electrical, thermal and lightweight
properties [2]. One promising electrical feature
of these tubes is that, depending on the angle at
which the sheet is rolled up, the tube can be either metallic or semiconducting, allowing them
to find numerous industrial applications [3]. The
building of well-structured carbon nanotube systems is not yet practical, as the ability to position
CNTs and reproducibly control the dimensions
and chirality of the nanotube is limited. However, devices that make use of CNTs through the
creation of CNT networks, in which no real control of the position is needed and effects due to
individual variations are reduced, are possible to
manufacture [4]. These thin films of CNTs have
been studied as thin-film high performance field
effect transistors [5] and biosensors [6]. The de-

vices consist of a thin film of randomly distributed metallic and semiconducting CNTs placed in
between a source and drain electrode as illustrated in Figure 1.

Figure 1: Schematic showing source and drain
electrode with randomly distributed carbon
nanotubes between them.
The electronic behavior of the network is dependent on geometric factors such as the length of
the channel between the source and the drain, and
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the length and density of the carbon nanotubes. It
also depends on the properties of the wires, such
as whether they are metallic or semiconducting,
or whether they have formed bundles. The ability of the network to act as a transistor is dependent on the presence of semiconducting wires.
The length scale of the CNTs are shorter than the
mean free path of electrons, therefore the source
of resistance of the network is predominantly due
to the junctions between wires [7, 8]. The resistance of the junction between a metallic and a
semiconducting CNT has been measured to be
two orders of magnitude higher than a junction
between two metallic CNTs [9]. The metallic-metallic junctions also do not respond to the presence
of an external electric field, making the transistor
performance less effective. The junction between
a metallic and semiconducting CNT can be modeled as a Schottky barrier. The junctions between
metallic CNTs will not respond so their presence
alters the on-off current ratio, limiting the transistor performance. Originally, production of CNTs
produced ~⅓ metallic wires. Having such a high
proportion of metallic CNTs increased the presence of metallic junctions and even the presence
of fully percolating metallic pathways connecting
the source and the drain. Improvement in production methods [10] have reduced the number of
metallic CNTs, giving 99 % semiconducting wires.
These improvements make CNT networks an exciting option to be used as transistors, specifically
ones used in cell phones and other small everyday
devices. Further progress of CNT networks may
allow them to play a central role in the future advancement of electronic devices.
Given the variety of proposed applications
for CNT networks, creating a working accurate
model to explore the behaviors of these networks
is crucial to creating reproducible and reliable devices. Our group’s computational model of CNT
networks adds to other models previously considered, and allows us to place our results in the context of previous computational findings to ensure
that our model is accurately characterizing the
behavior of CNT networks. These models, ours
included, allow researchers to generate CNT net-
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works with a random assortment of carbon nanotubes, as well as providing the ability to numerically adjust certain variables within the network. The
variables most commonly adjusted in such models
are channel length [11, 12], density of nanowires
[13], and percentage of semiconducting nanowires present [5]. Changing these variables, as well
as changing the presence of charged molecules,
produces a change to the measured resistance of
these networks. Different changes to the network
allows for helpful information depending on the
network’s intended use.
Similar to the models used in the research
above, we have been utilizing a computational
model for carbon nanotube networks to investigate them and determine how these networks will
function in applications. One component of this
computer model grants us insight into the electrical properties of these networks. Specifically,
we have been investigating how the resistance of
these networks scales as the channel length of the
network varies for differing concentrations of metallic tubes within the network. This allows us to
better inform on the usefulness of carbon nanotube networks as field effect transistors and can
provide novel approaches to the field of medicine
through their use as biosensors.
Methods
The following is our computational algorithm
to model the behavior of a network of carbon
nanotubes distributed between two electrodes.
The first stage is the generation of the two-dimensional network of randomly distributed wires.
The area of the network is defined by the channel
length, Lc and channel width, Wc. A random initial
point (xi, yi) is generated within that area. An angle θ is generated assuming a uniform distribution
and is used with a fixed wire length, Ls to find the
final point of the wire (xf, yf). This process is repeated, populating the network until the required
density is reached. Each generated wire is assigned
a chirality of either metallic or semiconducting
based on an entered probability. The electrodes
are defined on either end of the channel length.
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Figure 2: Diagram of how our computer model generates carbon nanotubes.
An example of a diagram showing these parameters is shown in Figure 2.
The next stage is to map the junctions within the network. Each pair of the wires needs to be
evaluated. To save on time, a sweep line algorithm
is used to match only pairs that are close together.
Using the equations of the lines that the wires lie
along, the intersection point is found. If the intersection point occurs within the segment of the wire
then we record that as a junction.
This information is stored in an adjacency

matrix. Here we are making use of some concepts
from graph theory, where a network is described as
a series of vertices connected by edges of a certain
weight. An adjacency matrix can be used to store
information about connections between vertices in
graph theory. In the generated network the interesting element is the junctions between wires. Each
wire is considered to be a vertex and the junction is
the edge that connects them. The adjacency matrix
is an n x n matrix, with elements Aij being zero if
there is no connection between wires i and j and

Figure 3: Networks of different tube density showing the wires generated by our model for a channel
length and width of 10 µm, tube length of 1 µm, and 1% metallic wires (shown in red). The image on the
left corresponds to a tube density of 5 tubes / µm2 , while the image on the right corresponds to a tube
density of 2 tubes / µm2.
ideaFest
Journal

Scaling Resistance with Channel Length for Carbon Nanotube Networks

is non-zero if there is a connection. The diagonal
elements of the matrix are zero. The value of Aij
for connecting wires is the weight of the edge, or in
this case, the conductance of the junction, which is
given by 1/R where R is the resistance of the junction. Our model specifically deals with three different junction types. There are three junction types
depending on the chirality of the connecting wires,
metallic-metallic (m-m), semiconducting-semiconducting (sc-sc) and metallic-semiconducting; the
value of R will depend on which types are in the
connecting pair. We can use the adjacency matrix
to calculate the effective resistance of the entire network. Examples of generated networks with different densities are shown in Figure 3.
We can determine what the resistance of the
network will be if we know the channel length of
the network. From percolation theory, the relationship between these two is established as

(1)
where m is a constant. By taking the logarithm of
both sides to get a linear relationship, this equation
becomes
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to experimental results that yielded carbon nanotube networks with yields of approximately 33%
metallic wires [3]. Next, using a Mathematica module created by a member of our research group, we
have used this log-log plot to find the best-fit slope
of the line, m, and thus the constant scaling factor
relating how the resistance changes as a function of
channel length for carbon nanotube networks. We
repeated this procedure for networks with different
probabilities of containing metallic wires in order
to determine if the metallicity of the wires affects
how the resistance of the network scales with channel length.
Results
We find a trend that as the channel length increases, the resistance increases as well. In addition,
as the probability of metallic wires present in the
network increases, the scaling factor m increases at a
larger constant rate with increasing channel length.
Figures 4, 5, and 6 show results from our computer
simulation that allow us to determine how the resistance of carbon nanotube networks scales with
channel length, depending on the amount of metallic wires present in the network. For further clarification, our results are summarized in Table 1.

Log R = m Log Lc + C
(2)
where m is a constant scaling factor between the
resistance of the network and the channel length
of the network, and C is the logarithm of the tube
length, a constant. A log-log plot of the resistance
versus channel lengths, for networks with a density
of 1.6 tubes/µm2 , and various amounts of metallic
wires present in the networks, was produced. We
determined our metallic wire probability within the
networks from previous industry standards (approximately 30% metallic wires), as well as current yields
(1% metallic). In addition, we hoped to further validate our model by comparing our simulation results

Figure 4: Resistance vs. Channel Length loglog plot. Blue line shows linear line of best-fit to
the data, with the slope, m, equal to 0.848966.
Channel length of networks ranges from 1.5 - 4
µm . Metallic wire probability is 1%.
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Figure 5: Resistance vs. Channel Length log-log
plot. Blue line shows linear line of best-fit to the data,
with the slope, m, equal to 1.39499. Channel length
of networks ranges from 1.5 - 4 µm . Metallic wire
probability is 30%.

Figure 6: Resistance vs. Channel Length log-log
plot. Blue line shows linear line of best-fit to the
data, with the slope, m, equal to 1.60546. Channel length of networks ranges from 1.5 - 4 µm .
Metallic wire probability is 33%.

Table 1: Results of constant scaling factor m for various metallic wire probabilities.
Channel Length
Range [ m]

Density [tubes/ m²]

Metallic Wire
Probability

m

1.5- 4.0

1.6

1%

0.848966

1.5 - 4.0

1.6

30%

1.39499

1.5 - 4.0

1.6

33%

1.60546

Conclusion
In order to help inform the applicability of
carbon nanotube networks for use as field effect
transistors or as biosensors, we have run computer simulations in order to characterize the electrical properties of these networks, and specifically,
how the resistance of these networks scales with
the channel length for various amounts of metallic wires present in the networks. Other sources,

using experimental or simulated networks, report
values for the scaling constant m ranging from 1.2
-1.6 [4,5].
By furthering our understanding of resistances for carbon nanotube networks using computer
simulations, we will be better able to determine
how the resistance changes in the presence of
charged molecules, such as potassium ions, allowing these networks to find applications as biosensors. Already, CNTs have been functionalized with
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aptamers that can bind molecules such as potassium [14]. Further investigations of the electrical
properties of carbon nanotube networks will better
characterize how these networks will behave as biosensors in the future.
Moving forward, we will continue utilizing
computer simulations in order to determine how
the resistance of carbon nanotube networks changes as the channel length of the networks is changed,
for various amounts of metallic wires present in
the networks. As yields of semiconducting tubes
improve and carbon nanotubes find even more applications, our computer simulations will be able to
offer more insight into how the electrical properties
of these networks behave. We will also start to add
an external electric field to our computer model in
order to characterize the response of carbon nanotube networks to this field, which is important for
the application of these networks as biosensors.
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