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1. Introduction

First synthesized in significant quantities in the 1990s, carbon
nanotubes (CNTs) have extremely desirable electronic, optical,
and mechanical properties.[1–3] Exploitation of their electronic, opti-
cal, and mechanical properties has, therefore, been a focus of

research over the past few decades. It has
resulted in their use in a wide range of appli-
cations, including wearable, transparent and
flexible electronics, gas sensing, catalysis,
resistive switching, space exploration, and
more.[2,4–13] In many of these applications,
a CNT network is fabricated as a film, synon-
ymously referred to as a fabric. An example
of the structure of a disordered film is shown
in Figure 2 in the study by Lyons et al.[14] Due
to the complexity of the fabric structure, the
desirable properties of a single nanotube do
not directly translate into the characteristics
of the CNT film as a whole. As a result,
significant research has been devoted to
understanding how the interaction between
individual nanotubes affects electrical and
mechanical properties of a CNT fabric.

Efforts have been made to understand
the conductivity of CNT fabrics and they
can be divided into two camps, those
that parameterize larger-scale empirical

models[14–16] and those that are based on CNT film structural
models.[17–20] In all these studies, the total resistance of the film
is controlled by the relatively high electrical resistance of quan-
tum–mechanical tunneling of electrons from one CNT to
another. In contrast (at low voltages), individual CNTs behave
as ballistic conductors, demonstrating quantized conductance
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Carbon nanotubes (CNTs) havemany interesting properties thatmake them a focus of
research in a wide range of technological applications. In CNT films, the bottleneck in
charge transport is typically attributed to higher resistance at CNT junctions, leading to
electrical transport characteristics that are quite different from individual CNTs.
Previous simulations confirm this; however, a systematic study of transport across
junctions is still lacking in the literature. Herein, density functional tight binding
(DFTB) theory combined with the nonequilibrium Green’s functions (NEGF) method
is used to systematically calculate current across a range of CNT junctions. A random
sampling approach is used to sample an extensive library of junction structures. The
results demonstrate that the conductivity of CNT contacts depends on the overlap
area between nanotubes and exponentially on the distances between the carbon
atoms of the interacting CNTs. Two models based solely on the atomic positions of
carbon atoms within the nanotubes are developed and evaluated: a simple equation
using only the smallest C–C separation and a more sophisticated model using the
positions of all C atoms. These junction current models can be used to predict
transport in larger-scale simulations where the CNT fabric structure is known.

RESEARCH ARTICLE
www.pss-rapid.com

Phys. Status Solidi RRL 2022, 2200118 2200118 (1 of 9) © 2022 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

mailto:thomas.durrant.14@ucl.ac.uk
https://doi.org/10.1002/pssr.202200118
http://creativecommons.org/licenses/by/4.0/
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202200118&domain=pdf&date_stamp=2022-07-01


and high electrical conductivity[21,22] with an experimentally mea-
sured electron free path of over 1 μm.[23] This ensures that the
contact resistance of CNT junctions is orders of magnitude
higher than the intrinsic CNT resistance, as long as the individ-
ual CNTs are not so defective as to lose their intrinsic
conductivity.[14]

Measurements and simulations exploring charge transport
properties of CNT contacts, such as other studies,[24–26] have pro-
vided important insights into how they contribute to the film’s
conductivity. They have demonstrated that the electrical current
through such junctions is sensitive to a combination of
factors that control each junction’s resistance, such as the physi-
cal separation, chirality, contact angle, overlap area, and the exact
arrangement of carbon atoms at CNT junctions.[24,26] However,
accurately understanding and predicting the junctions’ resis-
tance is inherently challenging due to the high flexibility of nano-
tubes, leading to a wide range of possible junction structures.
Despite their crucial role in the film conductivity, a systematic
understanding of conductivity through CNT junctions has not
yet been achieved.

In this study, the density functional tight binding method
(DFTB) and the associated nonequilibrium Green’s functions
(NEGF) technique were employed to systematically calculate
the current across pairs of nanotubes. A wide range of CNT–
CNT contacts were generated using a random sampling
approach to build an expansive library of junctions and their cor-
responding transport characteristics. These results demonstrated
that the conductivity of CNT contacts depends linearly on the

overlap area between nanotubes and exponentially on the distan-
ces between the carbon atoms of the coupled CNTs. They were
then used to parameterize a model that describes the total junc-
tion current based exclusively on the atomic positions of carbon
atoms within participating CNTs. Two models were produced
and evaluated: a simple model using only the smallest C–C sep-
aration and a more sophisticated model using the positions of all
C atoms in the CNT pair. These computationally cheap junction
current models can be used to quickly assess transport through
complex CNT fabrics from their atomic structure.

2. Computational Methods

The structures of individual CNTs were specified by two chirality
indices (n,m) which control both the radius and the electronic
properties of the CNT. In this study, only metallic armchair
CNTs with chiralities where the two indices are equal (n, n) were
considered. Naturally, the electrical conductivity of semiconduct-
ing CNTs was lower than those reported here. In addition, only
single-walled CNTs were considered, whereas CNTs in many
applications were in fact multiwalled with smaller CNTs nested
within larger ones. Finally, the ends of the nanotubes in the
device regions were passivated by H atoms.

In CNT fabrics, the nanotube orientations can be highly dis-
ordered and their contacts can take on a wide range of different
local geometries. Therefore, randomly sampled perturbations
were applied to the junction structures to avoid systematic biases

(a)

(d)

(e)

(b) (c)

Figure 1. Template structures used in NEGF calculations of electrical current. The red, yellow, and blue regions represent the source, drain, and device
regions, respectively. The three structures are: a) 756 atom tip-to-tip; b) 1620 atom parallel; and c) 1188 atom perpendicular. Random perturbations were
applied to these structures, as shown in Table 1, to generate a diverse range of structures. The two nanotubes were oriented so that they were separated in
the z-direction. Two additional structures were considered for comparison with experiment: d) 3490 atom coplanar (surface) junction structure with ends
of two perpendicular CNTs lying in the same plane and e) 3490 atom equivalent noncoplanar (free space) junction, where the upper CNT is positioned
above the plane.

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2022, 2200118 2200118 (2 of 9) © 2022 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com


and sample a larger configuration space. The three template
structures shown in Figure 1a–c were used as starting configu-
rations and many random perturbations, as described in Table 1,
were applied to generate a robust library of structures. CNT junc-
tions were oriented so that the tubes were separated in the
z-direction, as shown in Figure 1. The physical separation
between CNTs was partially controlled by the random perturba-
tion Δz. The shifts Δx and Δy were also sampled, as the CNTs
were not always perfectly aligned in real fabrics. Finally, both
tubes were rotated around their own axes. Due to the rotational
symmetry of the nanotubes, it was only necessary to sample
between 0∘ and ð360=nÞ∘, where n is the chirality of the nanotube
being rotated. The intent of the perturbations in Table 1 was not
to sample all available possible structures but instead to provide a
rich enough dataset for model construction. As a result, the per-
turbations themselves were not unique and could be extended to
cover a larger range of configurations.

The atomic and electronic structures of CNT contacts were
calculated using the DFTBþ electronic structure code with the
3OB set of Slater–Koster parameters to represent H, C, and
O atoms.[27,28] The many-body dispersion approach was
used[27,29,30] to describe van der Waals (vdW) interactions prop-
erly. As the vdW interaction strength increased, the electrical
conductivity was also expected to increase.[31] Geometry optimi-
zations were carried out to a force tolerance of 5 � 10�3 eVÅ�1.
The DFTB approach was not the only method available to study
the electrical conductivity of CNT junctions and it would be use-
ful to compare the performance of other methods to the struc-
tures released in this article in the future.

Within the NEGF approach, the simulated junctions were
made up of three separate regions, as shown in Figure 1.
They consisted of a device region (shown in blue) where the junc-
tion was located and two semi-infinite contact regions: the source
(red) and drain (yellow). The device region was chosen to be large
enough to recover a bulk-like electron density at the contacts
which was required for accurate current calculations. The contact
regions were each four unit cells long. The geometry of the
device region in each structure in the library was optimized,
while the contact regions remained fixed. A total bias of 0.5 V
was then applied across the geometry optimized device region
(�0.25 and 0.25 V to the contacts) and NEGF was used to calcu-
late the resulting current through the whole junction. This 0.5 V
bias voltage was in the low-voltage ohmic regime for CNTs.
Currently, DFTBþ can only simulate device regions that are

aligned with the coordinate system’s axes and all structures were
constructed with either parallel or perpendicular contact regions.
In real fabrics, a distribution of angles would be observed
between these two extremes. It is possible that the intermediate
structures display different trends, although the present data did
not suggest this as the parallel and perpendicular results
displayed similar behavior. The overlap should increase
continuously as CNTs are rotated from perpendicular to parallel
arrangements.

3. Results

3.1. Method Validation

The properties of individual CNTs were calculated and compared
to the published data[21,32–34] to validate the methods employed in
this study. A (9,9) chirality nanotube was used as a prototypical
system. First, ballistic conduction observed for metallic CNTs[21]

was reproduced. As anticipated, the conductance of the CNT was
found to be independent of the tube length, as it behaves like a
1D ballistic conductor, and was found to be 2G0, where G0

is the conductance quantum. This results in a current of
7.75 � 10�5 A at the 0.5 V bias applied. The calculated work
function of this nanotube was 4.75 eV, which is within the range
of 4.7 – 5.05 eV that has been reported experimentally.[32–34]

The methods employed were further evaluated by calculating
current across a CNT junction to evaluate the nature of its con-
ductance. Ohmic behavior was observed for bias voltages below
0.8 V, followed by a sudden nonohmic current increase at higher
voltages, as shown in the I–V plot in Figure 2. This increase is
caused by a greater availability of conduction channels deeper in
the bands, away from the Fermi level, and is similar to previous
theoretical calculations (e.g., Figure 4 in the study by Buldum
et al.[26]) and to the experimental data.[24,25]

There is a mismatch between theoretical calculations of the
conductance of perpendicular junctions and those measured

Table 1. Random perturbations applied to the second tubes (those the
drain region) in the template structures of Figure 1a–c to generate a
diverse range of junction structures. All perturbations are given in Å.
Random numbers are uniformly sampled from the interval given in
square brackets and then applied to the relevant coordinates. The
CNTs are also rotated around their axes to sample all available rotations.

Tip to tip Parallel Perpendicular

Δx – [�28, 0] [0,2]

Δy – [0,2] [0,2]

Δz [�3, 0] [�1, 0] [�4, 0]

Figure 2. Current–voltage sweep for a characteristic CNT junction evalu-
ated using NEGF. Ohmic behavior was observed below 0.8 V. The struc-
ture used was a typical (9,9) parallel junction.
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experimentally.[26] It has been suggested by Buldum and Lu[26]

that the presence of an underlying substrate holds the CNT junc-
tion spatially closer together than in the case of CNT junctions in
free space and that this leads to higher current in the experi-
ments. We investigated how the presence of an underlying
substrate or other CNTs could result in deformed or confined
junctions that are spatially closer together than their ideal
vdW separation. The difference between coplanar and non-
coplanar junctions was investigated, as shown in Figure 1d–e.
In a cross-bar arrangement deposited on a substrate, one of
the CNTs would be deformed around the junction area as it over-
laps with the nanotube below. This geometry was reproduced by
holding the ends of the nanotubes fixed in the same plane
(coplanar geometry) and displacing one of the CNTs above the
other at the crossing point. The observed fivefold increase of
the junction current to 1.23 � 10�6 A is in agreement with
the experimentally measured current of 1.4 – 5.5 � 10�6 A.[24]

Although encouraging, these results should be treated as semi-
quantitative as the computational models used (as shown in
Figure 1d–e) were too small to fully describe the high strain junc-
tion structure produced, and hence full convergence of the total
current with respect to the size of the model was not achieved.
Explicitly modeling the interactions between a CNT junction and
a substrate is, however, beyond the scope of this study.

When forming a CNT junction, there are many configurations
that can be created, as the nanotube is not an ideal cylinder but
consists of hexagons of carbon atoms on its surface. For example,
in Figure 3, a junction was formed from two parallel CNTs
(like that shown in Figure 1b), where one of them was rotated
around its own axis. The resultant relative energies and the
electrical current shown in Figure 3 demonstrate a strong
dependence on the rotation angle. The highest conductivity in
Figure 3 is achieved for θB ¼ 0∘ and 40∘, which correspond to
full alignment between the carbon atoms in both structures; that
is, the tubes are a mirror image of each other. In this case, carbon
atoms in the second tube are exactly aligned in x and y with the

neighboring atoms in the first and are only separated in
the z direction. In the literature, such structures are termed
‘in registry’ and are known to form the most conductive contacts
between CNTs.[26] Note that these structures are not the lowest-
energy configurations available and that the energy cost of CNT
rotation is low.

3.2. Conductivity and Current through Library of Junctions

A large library of (9,9) chirality junction structures was produced
to systematically study the role of geometry on junction conduc-
tance. Randomly generated junctions that resulted in a total
current of less than 1 � 10�11 A were excluded from the dataset,
as numerical significance was lost below this value. Once these
low-current structures was discarded, the final library contained
185 tip-to-tip, 240 parallel, and 195 perpendicular junctions (see
Figure 1a–c).

The geometries of all CNT junctions from this library were
optimized as described in the Experimental Section. The major
effect of the optimization was on the smallest separation between
the CNTs, shown in Figure 4 for (9,9) CNTs. There is only a weak
vdW interaction between the well separated tubes; however, if the
separation was small enough, the CNTs bent to reduce the total
energy of the system and reach a minimum separation of around
2.9 Å, as shown in Figure 4. The same behavior was observed for
all the chiralities studied. It should be noted from our results that
the equilibrium separation between the tubes is chirality depen-
dent, with tubes of larger radii demonstrating a larger equilib-
rium distance. This property has been predicted in previous
theoretical calculations of CNTs in a square lattice and is under-
stood to arise due to a balance of the vdW interaction and stress
energy required to deform the tubes at their contact sites.[35]

3.2.1. A Junction Current Model

The transport mechanism at CNT–CNT junctions is understood
to be quantum–mechanical tunneling.[14–20] In the low-voltage
regime, the tunneling current density, J, between two

Figure 3. Rotational dependence of the current through a parallel junc-
tion. In a parallel CNT junction, one of the CNTs is rotated around its axis
by the rotation angle θ. The angles θ ¼ 0 and θ ¼ 40 correspond to the
“in registry” configuration, where the C atoms from the individual nano-
tubes are mirror images of each other. The energy relative to θ ¼ 0 is
shown on the left y-axis, and the electrical current is shown on the right
y-axis.

Figure 4. Correlation of the shortest C–C separations between paired
CNTs before (x-axis) and after (y-axis) geometry optimization. Squares
denote the template structures.
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infinite conducting films with an intermediate barrier can be
approximated as[36]

J ¼ ð2mϕÞ12
Δr

e
h

� �
2
V exp � 4πβΔr

h
ð2mϕÞ12

� �
(1)

where ϕ is the tunneling barrier height, V is the voltage drop over
the barrier, m is the mass of an electron, Δr is the barrier thick-
ness, h is Planck’s constant, and e is the electron charge.
A correction factor β that depends on the exact shape of the bar-
rier is typically taken to be β � 1.[36] This approximation serves as
a good starting point for estimating the current through CNT
junctions. It is clear that the barrier thickness Δr plays a critical
role, as the total current is exponentially dependent on this
parameter.

To simplify the analysis, some of the above terms can be com-
bined to produce the fit parameters as

B ¼ ð2mϕÞ12 e
h

� �
2
S and C ¼ 4πβ

h
ð2mϕÞ12 (2)

The contact area S has also been introduced to convert the final
expression from current density to total current. The barrier
thickness Δr can be approximated as the distance between
two carbon nuclei where tunneling takes place. This will slightly
overestimate the barrier thickness, as the electrons associated
with the carbon atom are distributed over a larger volume. In
principle, this error could be reduced by introducing another
fit parameter and allowing a systematic reduction of the barrier.
However, this was observed to provide only a marginal
improvement.

From this point, two primary types of model are constructed.
First, as the tunneling process described in Equation (1) is expo-
nentially dependent on the separation, the total current will be
dominated by the shortest value of Δr available. Hence, the sim-
plest model that can be constructed is to assume that only the
shortest distance between carbon atoms in two different CNTs
(rmin) will be important. In this case, the model will simply be

I ¼ BV
expð�C rminÞ

rmin
(3)

where the value of rmin is the smallest C–C separation between
the two CNTs. The parameters B and C can be interpreted as
fitting parameters.

To fit models, the mean of the absolute relative errors, defined
as ε ¼ jImodel � Idftbj=Idftb, was minimized. This ensured that
both high- and low-current structures were given equal impor-
tance and avoided high-current structures from dominating
the fit. The fit of Equation (3) to the NEGF data is shown in
Figure 5a. It only incorporates the details of the local arrange-
ment of carbon atoms at the junction in an indirect way: higher
registry structures (where the carbon atoms line up) have a stron-
ger vdW interaction and hence rsep is smaller.

As shown in Figure 5a, the calculated current through the
junctions increases with decreasing the C–C distance rmin for
all three of the junction types, as expected. This fit is more effec-
tive for the tip-to-tip and perpendicular junctions, but the
description of the parallel junctions is not as good. The current
through parallel junctions with a separation larger than 3.3 Å
tends to be underestimated. On the other hand, the
current though parallel junctions with lower separation is
overestimated.

The model in Equation (3) assumes that the total conduction is
approximated by tunneling through a single point of contact
between the two CNTs. This can be expected to fail as the size
of the contact area between two nanotubes is increased, and the
conduction takes place over several sites where the carbon atoms
are close enough for electrons to tunnel successfully. To incor-
porate this effect, the conduction should be modeled as a sum
over all available conductive pathways. An appropriate sum to
construct is

M ¼
X
i

X
j

expð�C rijÞ
rij

(4)

where the position of each carbon atom i in the first nanotube
and the position of each carbon atom j in the second nanotube

(a) (b)

Figure 5. a) Fit of Equation (3) to the NEGF calculations. This simple model only uses the smallest distance between carbon atoms in different nano-
tubes. The fit shown is B ¼ 2.15 ÅΩ�1 and C ¼ 5.14 Å�1. The mean absolute relative error is 66%. b) Fit of Equation (5). This model uses information
about the distances between every pair of carbon atoms, where one atom in the first pair is taken from the first nanotube and the second is taken from the
second nanotube. The fit shown is B ¼ 2.49 ÅΩ�1 and C ¼ 5.76Å�1. The mean absolute relative error is 46%. Squares denote the template structures.
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is summed over. The summation M is termed “conductivity
metric” in this article. Note that this is not just geometric like
rmin but already includes the fit parameter C. This leaves the total
current defined as

I ¼ MBV (5)

which produces a second model, a linear relationship that can be
fitted to the data. Note the formal similarity between Equation (3)
and (5) to Ohm’s law.

The fit of Equation (5) to the NEGF data is shown in Figure 5b.
As mentioned earlier, the tip-to-tip structures were the least con-
ductive, on average. It can be seen that they underperform in the
general fit to the available data. Although these junctions do not
require the conducting electrons to change their momentum (as
in the perpendicular cases), the C–H groups that terminate the
nanotubes prevent the carbon atoms in the junctions from get-
ting closer together. A wider range of currents can be produced
by the perpendicular junctions, depending on the separation
between the nanotubes. Their conductivities are in reasonable
agreement with the fit, with the current being slightly underes-
timated for low-conductivity metric and slightly overestimated
for larger values. The parallel junctions are more conductive than
the other types of junctions considered so far. They tend to be
more conductive than the fit would suggest, a trend that is more
prominent for larger values of the conductivity metric M.

The fit in Figure 5b remains approximate. This is to be
expected as the model is too simplistic to fully capture the details
of the tunneling process. In particular, the quasi-1D approxima-
tion in Equation (1) reduces the 3D tunneling problem to a sim-
pler 1D problem. It was, furthermore, assumed that the
tunneling barrier ϕ is independent of the local structure. In prin-
ciple, these assumptions can be addressed, but the complexity of
the model would have to be greatly increased. We note that our
data show that CNT–CNT junctions are highly variable and that
even very structurally similar junctions can have quite different
electrical conductivities.

The error in the fit in Figure 5b could be reduced by adding a
nonlinear term to the fit. However, maintaining a linear relation-
ship between the conductivity metric and the total current is

certainly justified by the available experimental data,[37] which
displays complex but approximately linear current dependency
on the overlap length of CNT contacts. This same linear trend
is observed in the DFTBþ data shown in Figure 6a. In these cal-
culations, the overlap length is calculated as the distance in the x-
direction (as labeled in Figure 6b,c) between the furthest atom in
the first CNT from its contact region and the furthest atom in the
second CNT from its contact region. The positive values imply
that the parallel tubes overlap and the negative values imply that
there is a separation in the x-direction between the CNTs.
The scatter plot in Figure 6a shows how variable the conductivity
of structurally similar CNT–CNT junctions can be. As summa-
rized in Table 1, five random perturbations were applied to the
structures. Only the perturbation Δx directly affects the overlap
length, the remaining four perturbations introduce high struc-
tural variability and hence the observed high current variability.
The model constructed is less accurate for these high overlap
structures and further work is required in the future to better
understand their conductivity.

The linear trend shown in Figure 6a was experimentally
observed[37] for overlap lengths greater than 80 Å, which is longer
than that calculated using available computational resources.
The current must saturate eventually as it is not sensible for
the CNT–CNT contact to have a lower resistance than an individ-
ual unbroken CNT would. The length scale at which this satura-
tion occurs remains an interesting, unanswered question.

3.2.2. Role of CNT Diameter

Now, we address the effect of nanotube diameter, or equivalently
chirality, on junction conductivity. Changing the chirality of the
CNTs modifies the junctions directly but also leads to greater
changes in conductivity than would be expected due to the
structural changes alone. Perpendicular junctions similar to
the previous section were generated for chiralities in the range
(6,6)–(12,12). Some of the chiralities considered are shown in
Figure 7a. In these comparisons, the conductivity metric defined
in Equation (4) is used again, and the fit parameter C is held fixed
at the value that was previously established in the fit shown in
Figure 5b. The simulations demonstrate that, as the chirality

(a) (b)

(c)

Figure 6. a) Relationship between electrical current and overlap length for the parallel (9,9) junctions considered. A linear trend is observed for the larger
overlaps. A linear fit of Px þ Q is shown to the calculations, where the overlap length was greater than 5 Å. The fit parameters are
P ¼ 0.097 μAÅ�1, Q ¼ � 0.40 μA. Two points are highlighted in orange, and b,c) their geometries. The indicated junctions have overlap lengths
of 4.84 and 23.09 Å, respectively.
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of the nanotubes increases, the current decreases for similar val-
ues of M. The diameter of the nanotubes in these calculations,
which is determined by the chirality, therefore plays an
important role in determining the electrical conductivity of the
junctions formed.

A linear relationship between the conductivity metric and the
total electrical current through the junction persisted for the var-
ious chiralities considered. Again, this linear approximation was
less successful for high values of the conductivity metric.
This problem was more apparent as the radius of the CNTs
increased. To make a systematic comparison between the various
sizes, the value of the C parameter in Equation (5b) was fit to the
data in the linear regime where M [Å�1] < 1 � 10�8.

An inverse cubic fit to the CNT diameter was found to be
the best power law fit to the available data. To include this
dependence in the model, the current fit with Equation (5)
can be modified so that the value of B depends on the nanotube
diameter d.

B ¼ D
d3

(6)

where D is a further fitting parameter. This inverse cubic fit to
the diameter of the CNTs is shown in Figure 7b. The model
fits the data fairly well, demonstrating the reduction in conduc-
tivity with increasing diameter. It is important to realize that the
calculation of the conductivity metric M already incorporates
important structural differences in the local junction structures
as the size of the CNTs increases. However, the dependence
illustrated in Figure 7b is an important additional effect that
is not captured by the geometric features present in the definition
of M.

The conductivity’s dependence on diameter has been previ-
ously noted by Buldum and Lu,[26] who argued that this can
be explained by analyzing the change in contact area with respect
to the tube’s surface area as the diameter increases. The ballistic
channel associated with conduction is located along the entire
circumference of the nanotube. As the diameter of the nanotubes
increases, the circumference increases more quickly than the

contact area at the nanotube junction.[26] This hypothesis is
consistent with the data reported here.

It should be emphasized that this expansion of the model is
more empirical than the previous models presented, as there is
no derivation of the inverse cubic dependence and this diameter
dependence should be seen as approximate. It is clear that con-
ductivity of similar junctions decreases with diameter, and this
expression is provided as an approximate model of this effect.

Combining Equation (5) and (6) leads to a comprehensive
expression

I ¼ D
d3

V
X
i

X
j

expð�C rijÞ
rij

, (7)

which contains two fitting parameters, D and C.

4. Conclusion

The high structural variability of nanotube junctions
greatly increases the complexity of predicting and understanding
their electrical properties. In this work, a general approach
was outlined where randomized structural sampling was used
to generate an extensive library of nanotube junctions. Then,
the DFTB/NEGF approach was used to evaluate the electrical
current through the structures, demonstrating that the electrical
current is highly variable with respect to the atomistic structure
at the junction. The approach taken is not limited to CNTs and
such an approach could be used for other similar systems,
potentially allowing the systematic comparison of varied types
of nanowires in the future.

The correspondence of calculated perpendicular (crossbar)
junctions to experimental reported data was explored. Our results
support the earlier suggestions[26] that the measured currents are
higher than those calculated for freestanding perpendicular junc-
tions due the interactions of the CNTs with the substrate acting
to hold the CNTs closer together at their contact.

Two main models were proposed to fit the calculated data.
First, a simplified model is based on the separation distance

(a) (b)

Figure 7. a) Relationship between electrical current and conductivity metric for the perpendicular (6,6), (9,9), and (12,12) junctions considered. A fit of
Equation (5) to the individual datasets is shown. b) Fit of Equation (6) to the extracted B values for the various chiralities considered. In the fit,
D ¼ 9.54 � 103 Å4 Ω�1. As in the rest of the article, only metallic armchair CNTs were considered.
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between CNTs in a junction where the current depends exponen-
tially on the inter-CNT distance. This model can be employed
when atomic details are not available, but it fails for CNTs with
large overlap area. A more complex model accounting for indi-
vidual positions of all carbon atoms in contacting CNTs is better
able to describe large contacts in the parallel CNT configuration.
It was also demonstrated that the conductivity of CNT junctions
decreases with increasing chirality (diameter) and the second
model was extended to incorporate this effect. To summarize
the models that have been developed and fit in this work, their
parameters are collected in Table 2.

Although an improved description of the data is achieved with
the conductivity metric M rather than just the C–C separation
rmin, greater discrepancies are still observed for the highly con-
ductive structures with parallel aligned CNTs. As a general trend,
the fitted model seems less reliable when the contact area
between CNTs is larger. The structures in this article demon-
strate electrical conductivity across five orders of magnitude
and future work is required to better understand the conductivity
of parallel structures with high physical overlap.

The models and results presented in this article enable the
approximate electrical resistance between two CNTs to be calcu-
lated based only on structural information, rather than requiring
expensive electronic structure simulations. In particular, these
models should enable electronic resistances of individual
CNT–CNT contacts to be included into atomistic MD simula-
tions of realistic CNT fabrics including thousands of CNTs.
The models and data presented can also be used to parameterize
other types of larger-scale models. Although CNT–CNT junc-
tions are highly variable both in terms of their structure and
in terms of their electrical conductivity, the results collected in
this article should help to bridge the gap from smaller-scale elec-
tronic structure calculations to larger-scale structural models of
CNT fabrics and lead to an improvement of the understanding of
the electrical properties of these fascinating materials.
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