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ABSTRACT

Computational materials design offers important opportunities for the development of
improved naval platforms. The development of new multiphysics simulation methods can
strongly complement experimental research in the Power and Energy focus area. This grant
investigated the development of reliable, high strength, high ampacity conductors. The re-
search has developed and validated a new multiscale modeling approach to nanocomposite
conductor design, including a novel nonholonomic Hamiltonian method for ab initio molec-
ular dynamics. The research is aimed at assisting the experimental development of carbon
nanocomposites which offer light weight, low cost, high reliability, and high current density.

The research is detailed the five chapters which follow:

Chapter 1: Ab Initio Study of Iodine Doped Carbon Nanotube Conductors
Chapter 2: Quantum Conductance of Copper-Carbon Nanotube Composites
Chapter 3: Nonholonomic Formulation of Ab Initio Molecular Dynamics
Chapter 4: Molecular Doping of Carbon Nanotube Wiring, Part I: Conductors
Chapter 5: Molecular Doping of Carbon Nanotube Wiring, Part II: Junctions

Additional papers are in preparation on work completed under the grant, and a code
implementing the new ab initio molecular dynamics method developed under the project
will be distributed as open source.



AB INITIO STUDY OF IODINE DOPED CARBON NANOTUBE CONDUCTORS

Yangchuan Li
Department of Mechanical Engineering
University of Texas
Austin, TX, USA

ABSTRACT

The widespread use of copper in power and data cabling for
aircraft, ships, and ground vehicles imposes significant mass
penalties and limits cable ampacity. Experimental research has
suggested that iodine doped carbon nanotubes (CNT) can serve
as energy efficient replacements for copper in mass sensitive
cabling applications. The high computational costs of ab initio
modeling have limited complimentary modeling research on the
development of high specific conductance materials. In recent
research the authors have applied two modeling assumptions,
single zeta basis sets and approximate geometric models of the
CNT junction structures, to allow an order of magnitude increase
in the atom count used to model iodine doped CNT conductors.
This permits the ab initio study of dopant concentration and
dopant distribution effects, and the development of a fully
quantum based nanowire model which may be compared directly
with the results of macroscale experiments. The accuracy of the
modeling assumptions is supported by comparisons of ballistic
conductance calculations with known quantum solutions and
by comparison of the nanowire performance predictions with
published experimental data. The validated formulation offers
important insights on dopant distribution effects and conduction
mechanisms not amenable to direct experimental measurement.

1 INTRODUCTION

The widespread use of copper in power and data cabling for
aircraft, ships, and ground vehicles imposes significant mass
penalties and can limit system electrical performance. Carbon
nanotube (CNT) [1,2] based electrical conductors have attracted
considerable attention, as potential replacements for pure copper,
since they may offer improved specific conductivity [3] and
higher ampacity [4,5]. CNT based conductors have been studied
both experimentally and computationally, as a promising new
cable technology. Their relatively low electrical conductivity [6],
as compared to copper, has encouraged the consideration of
doped nanotubes as mass efficient replacements in weight
sensitive applications. Tables 1 and 2 compare published data on
the electrical conductivity and the mass specific electrical
conductivity of doped CNT with the corresponding properties of
copper.

Over the course of the last two decades, considerable
experimental research has investigated the conduction
performance of single wall carbon nanotubes (SWCNT) [7],

Eric Fahrenthold
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University of Texas
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multi-wall carbon nanotubes (MWCNT) [8], doped CNT [3,9-
12], CNT composites [13,14], CNT junctions [15], and CNT
networks [16]. Complimentary computational research on these
topics has also been performed, although the ab initio
computational literature has modeled rather simple systems [11],
due in large part to high computational cost. Given the
substantial basic knowledge base, recent experimental and
computational research has increasingly focused on the most
promising material candidates to replace copper in weight
sensitive engineering applications [17,18]. An example
application is the development of high specific conductivity
power and data cabling for civilian and military aircraft.

Table 1. Electrical conductivities
Material Conductivity o (S/cm)

Cu 5.80x105 [4]

Undoped CNT fiber (1.82 — 2.90)x10* [17,18]
Todine doped CNT fiber (5.00 — 6.67)x10* [3,17]
Acid doped CNT fiber (2.42 — 3.89)x10* [5]

Table 2. Mass specific electrical conductivities

Specific conductivity
a/p (S-cm?/g)
Cu 6.47%x10* [4]
Iodine doped CNT fiber (0.65 — 1.96)x105 [3]

Material

The most widely used approach to ballistic conductance
modeling employs density functional theory and non-
equilibrium Green’s function methods to study the electrical
transport properties of nanoscale conductors [19-21]. Since a
macroscopic CNT cable is necessarily composed of many
nanoscale CNT conductors and junctions, modeling work on the
ballistic conductance of both CNT conductors and CNT
junctions is of major interest.

Previous work on CNT conductors has included studies of:
(1) defects (e.g. vacancies [22]), (2) chemical doping (e.g. F [23],
I, ICL, IBr [11], MoO; [24], AuCl; [25]), (3) multiwall CNT
systems (e.g. a double wall CNT in which each tube has different
electrical properties [26] or a double wall CNT with variations
in the inter-wall spacing [8]), and (4) the performance of
nanocomposite wires (e.g. copper-CNT conductors [27] and
sulfur chains positioned inside CNT [28]). Some research has
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investigated such parameters acting in combination. For
example, Lopez-Bezanilla [29] investigated chemically doped
double wall CNT, examining the effects of both inter-wall
spacing and outer wall modification [by monovalent phenyl (-
C¢Hs) and divalent dichlorocarbene (>CCl,) dopants] on
conductor performance. Note that doping can also have negative
effects on conductivity. The last cited research suggested that
monovalent dopants have a stronger negative (for metallic CNT)
effects on conductance than do divalent dopants. They noted that
large inter-wall spacing can prevent the negative effects of outer
tube doping from affecting the inner tube.

In the case of CNT junctions, modeling research has focused
on: (1) structural effects (e.g. variations in junction overlap
[30,31] or tube intersection angles [32,33]), and (2) chemical
doping effects (including transition metals [34], gold
nanoparticles [35], or O, and N, [36]) on junction performance.
The computational results indicate that the junction conductance
‘oscillates’ with the extent of tube overlap, which may explained
by ‘quantum interference’ effects [30,31]. With respect to tube
intersection angles, the highest conductance has been reported to
occur when the junction structure is ‘commensurate’ [33]. In the
case of transition metal doping, it appears that the best junction
conductance results from chromium doping [34].

In the case of CNT network modeling, most modeling work
has employed percolation theory, which accounts for both
conductor and junction performance. For example, references
[16,37,38] combine the macroscale conductance properties of
the conductor with the ballistic conductance properties of the
junctions to predict the overall performance of CNT composites.
In this paper, overall CNT network performance is estimated by
developing a transmission line model, parametrized by the
ballistic conductance properties of both the CNT conductors and
the CNT junctions. Hence in all cases, the results presented in
this paper are based on electronic structure calculations.

The succeeding sections of this paper are organized as
follows. Section 2 describes the computational methods
employed. Section 3 presents modeling results on polyiodide
doped CNT conductors and junctions. The effects of iodine
doping on both metallic [CNT(M)] and semiconducting
[CNT(S)] carbon nanotubes are included in the analysis. As
compared to previous work [11,39] on iodine dopants, this
section considers atom counts as high as 616, an approximate
order of magnitude increase over the last cited works. The
combination of high atom counts, complex junction structures,
and complex dopant distributions resulted in very high
computational costs. Hence this section also describes certain
modeling approximations introduced in order to perform ballistic
conductance analyses at models sizes sufficient to allow for the
study of nanotube interaction, dopant concentration, and dopant
distribution effects. The study of these effects is a critical part of
any attempt to compare ab initio performance predictions with
macroscale experimental results.

Section 4 formulates a transmission line model, used to
estimate nanowire performance, applying conductor and
junction analysis data presented in the preceding section. The
transmission line is represented as series combination [16] of

CNT conductors and CNT junctions (alternative methods might
be used [40]), in order to estimate nanowire performance. Using
room temperature copper conductor properties as a reference, the
expected performance of various CNT based conductors are
compared, on a specific conductivity basis.

Section 5 discusses conclusions suggested by the
computational results presented in the paper.

2 COMPUTATIONAL METHODS

The computational package used in this paper is the open
source code SIESTA [41], which is based on density functional
theory (DFT) and employs atomic orbitals as a basis set. The
electrical transport properties are computed using a non-
equilibrium Green’s function (NEGF) method [42], implemented
in the TranSIESTA module [43] of the SIESTA package. The
electrical conductance (G ) is calculated using the Landauer
formula [44].

G = 2ff —%?T(E)dE,T(E) = Trit' (E)t(E)] (1)

where e is the electron charge, h is Planck’s constant, f(E)
is the Fermi-Dirac distribution function, E is the wave energy,
T(E) is the transmission function, T denotes the conjugate
transpose, and t(E) is a matrix of transmission coefficients for
waves propagating along the conductor. The -calculations
presented in this paper are made for zero temperature conditions,
in which case [45]

of (E)
_];—E:5(E_Ef) (2)

with Ey the Fermi energy and § a Dirac delta function, so that

e? .
G=GT(Ef), Gp= 2—-=775x107°S  (3)

where G, is the standard quantum conductance unit. For an
ideal metallic carbon nanotube, T(Ef) =2 and G = 2G, [7].

All calculations were performed using the generalized
gradient approximation (GGA) for the exchange-correlation
functional parameterized by Perdew-Burke-Ernzerhof [46]. A
single-zeta basis set was employed for all atoms, to reduce
computational cost. The accuracy of the single-zeta basis
calculations was evaluated by comparing the computed ballistic
conductance results for single and dual parallel metallic
nanotubes to the ‘exact’ conductance solutions for those systems.
The integration k-points in the Brillouin zone were chosen using
a Monkhorst-Pack mesh [47]. The model parameters used in the
calculations are discussed in the sections which follow.

The junction conductance calculations presented in this
paper were performed on atom sets obtained by removing atoms
from ‘relaxed’ models of dual, parallel, doped and undoped
nanotubes. This approximation was adopted in part due to
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difficulties encountered in obtaining converged equilibrium
solutions for junction structures using the default SIESTA force
convergence criterion (0.04 eV/A). Note that published work has
employed force convergence criteria that vary by two orders of
magnitude (0.001 eV/A [48] to 0.1 eV/A [36]).

The accuracy of the approximate junction models was
evaluated by comparing the predictions of a nanowire
performance model (which incorporates the approximate
junction models) with published experimental data on iodine
doped CNT fibers, as detailed in Section 4. Such indirect
validation of the approximate junction models is necessitated by
the absence of nanoscale experimental data measuring directly
junction ballistic conduction as a function of junction geometry,
nanotube type, doping concentration, and dopant distribution.
The consistency of the nanowire modeling results with published
macroscale experimental data suggests that the conductance
calculations presented in this paper are in general representative
of the modeled physical systems. The conclusions presented in
Section 5, which discuss junction geometry, doping mass
fraction, doping distribution, and other characteristics of the
system not amenable to direct experimental measurement are
intended to assist experimental research on the development of
new high specific conductivity cabling.

3 POLYIODIDE DOPED CNT

In general, the performance of iodine doped CNT systems
may be affected by iodine atom interactions. An example is the
presence of iodine in polyiodide form, as described in
experimental papers on both CNT [3,49] and graphene [50],
which suggest that I3 and I polyiodide chains may be
formed during the doping process. An iodine chain structure
located inside CNT’s was also observed in experiments
performed by Fan et al. [51].

Transmission electron microscope images of iodine doped
CNT [3] suggest that the iodine distribution in doped CNT cables
consists of: (1) interstitial dopant atoms concentrated near CNT
‘contacts’ and (2) randomly distributed dopant atoms scattered
across CNT surfaces. To better understand the effects of
polyiodide doping, the analysis which follows considers CNT’s
doped with polyiodide (note that the present model is formulated
at the electronic structure level, no molecular structure is
imposed). The interaction of both metallic and semiconducting
CNT’s with polyiodides is investigated.

The following iodine doped system configurations were
modeled, for both metallic and semiconducting CNT (in some
configurations, dopant weighting was also varied):

e  CNT conductors with ‘aligned’ doping

e  CNT conductors with ‘random’ doping

e  CNT conductors with ‘interstitial’ doping
e CNT junctions with ‘interstitial’ doping

The modeled CNT are metallic with chirality (5,5)
[CNT(5,5)] and semiconducting with chirality (8,0) [CNT(8,0)],
which have diameters 7.1 A and 6.4 A respectively. Note that the
smallest energetically stable CNT has diameter of 4 A [52]. The
calculations employed k-points chosen using a Monkhorst-Pack

mesh [47]. It is important to note that previous work has
employed k-grid dimensions which varied widely. Published
conductance calculations have employed k-point dimensions
that range from 1Xx1x4 [29,34]to 1x1x50 [53,54]. Since the
models presented here are computationally quite expensive, a
relatively coarse k-grid was selected. For the relaxation
calculations, the k-grid has dimensions 1x1x4 [34]. For the
conductance calculations, the k-grid has dimensions 1Xx1X9.
The fineness of the real space mesh was controlled by setting the
energy cutoff to 200 Ry [55,56,57].

3.1 Polyiodide Doped CNT Conductors

The polyiodide doped conductor models investigated single
nanotube and dual nanotube configurations. In the single
nanotube configurations, both ‘aligned’ and ‘random’ doping
patterns were modeled. In the dual nanotube configuration, only
‘interstitial’ doping patterns were modeled. These three doping
geometries are illustrated in the figures which follow.

Figure 1 shows the doped single metallic nanotube
configurations considered. The first and second models assume
‘aligned’ dopant atoms, with 0.7 iodine atoms per CNT unit cell
(0.7/u.c.) and 1.0 iodine atoms per CNT unit cell (1.0/u.c.)
respectively. The third model depicts the random doping pattern.
In the case of the randomly doped CNT, the electrodes were not
doped.

Fig. 1. CNT(5,5) models: aligned 0.7/u.c. (left), aligned
1.0/u.c. (center), and random 2.3/u.c. (right) doping

lodine Doped Single CNT(5,5) (1 unit cell = 2.46 A)

Random
2.3 /u.c.

None Aligned Aligned
0.7 /u.c. 1.0 /u.c.

Fig. 2. Conductance of the metallic CNT models

Figure 2 shows the computed conductance for the modeled
metallic CNT’s. The calculation made here for an undoped
metallic CNT (shown by the bar labeled ‘None’) correctly
returns the ‘exact’ solution of 2.0 quantum conductance units.
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Note that reference [11], which employs a double zeta basis set,
returns a conductance twenty-five percent lower, perhaps due to
electrode effects. The present work employs an electrode whose
structure matches that of the modeled device, in order to
represent a segment of a much longer (as long as the material’s
mean free path) conductor. The remaining three bars in Figure 2
show conductance results for the doped metallic nanotubes. They
indicate that the conductance of the doped tube is affected by
both the dopant concentration and the dopant distribution. At the
lowest dopant concentration, the iodine converts the metallic
tube into a semiconducting tube, as reported in previous
experimental and computational work [39]. At the highest
doping concentration, the distribution of the modeled dopant is
random and the semiconducting conversion is maintained. At the
intermediate doping concentration, the dopant distribution is
‘aligned’ and the metallic conductance of the system is restored.
This restoration may be due to the formation of polyiodide
structures, and two consequent effects: (1) the creation of p-
doped conduction ‘pathways’ (axially asymmetric doping) in the
nanotubes, and (2) conduction in the polyiodide chains, via a
Grothuss mechanisim [58,59,60]. Given the highly ordered
structure of the conduction paths in metallic CNT’s [61],
conductance sensitivity to dopant distribution is certainly
plausible.

Fig. 4. Conductance of the semiconducting CNT models

Figure 4 shows the computed conductance for the modeled
semiconducting CNT’s. The calculation made here for an
undoped semiconducting CNT (shown by the bar labeled
‘None’) returns (as expected) negligible conductance. Note that
reference [11], which employs a double zeta basis set, returns a
conductance fully seventy percent of that computed (in that
work) for a metallic tube, in a copper electrode configuration.
The remaining three bars in Figure 4 show conductance results
for the doped semiconducting nanotubes. As in the metallic case,
they indicate that the conductance of the doped tube is affected
by both the dopant concentration and the dopant distribution. At
the lowest dopant concentration, application of the iodine does
not improve conductance. At the highest doping concentration,
the distribution of the modeled dopant is random and the
conductance is again negligible. At the intermediate doping
concentration, the dopant distribution is ‘aligned’ and a small but
nonzero conductance is computed. The modeling results might
again be explained by the formation of polyiodide structures,
and: (1) the creation of p-doped conduction ‘pathways’ (axially
asymmetric doping) in the nanotubes, and (2) conduction in the
polyiodide chains.

Fig. 3. CNT(8,0) models: aligned 1.0/u.c. (left), aligned
1.5/u.c. (middle), and random 4.9/u.c. (right) doping

Figure 3 shows the doped single semiconducting nanotube
configurations considered. The first and second models assume
‘aligned’ dopant atoms, with 1.0 iodine atoms per CNT unit cell
and 1.5 iodine atoms per CNT unit cell respectively. The third
model depicts the random doping pattern. In the case of the
semiconducting CNT’s, the electrodes were doped.

lodine Doped Single CNT(8,0) (1 unit cell = 4.26 A)
0.05

0.04

0.03

G/G,

0.02

0.01

0

Random
4.9 /u.c.

None Aligned
1.0 /u.c.

Aligned
1.5 /u.c.

Fig. 5. Doped metallic CNT(5,5): 1.3/u.c. (left) and 2.0/u.c.
(right)

Interstitially Doped Two CNT(5,5) (1 unit cell =2.46 A)

5
4
o 3
)

© 2
1
0

None Interstitial Interstitial

1.3 /u.c. 2.0 /u.c.

Fig. 6. Conductance of the interstitially doped dual CNT(5,5)
models

Although the preceding calculations on isolated nanotubes
are of great interest, experimental studies of iodine doped CNT
conductors emphasize that macroscale cables are composed of
nanotube bundles, and that such bundles will give rise to more
complex doping patterns. The simplest doping pattern associated
with interacting tubes (a pattern depicted in reference [3]) is the
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‘interstitial’ doping configuration shown in Figure 5. The latter
figure depicts dual parallel metallic nanotubes, interstitially
doped at two different iodine concentrations. Figure 6 shows the
computed conductance results for the modeled dual metallic
CNT’s. The calculation for the undoped system (shown by the
bar labeled ‘None’) correctly returns the ‘exact’ solution of 4.0
quantum conductance units. The remaining two bars in Figure 6
show computed conductance results for the doped dual tubes. As
in the single metallic nanotube case, low levels of iodine doping
significantly reduce metallic system conductance. Note that for
multi-nanotube bundles, alignment of the dopant atoms along the
intersticial crevice might be encouraged by some manufacturing
processes (e.g. extrusion). Consistent with the arguments made
for the isolated tube models, the creation of p-doped conduction
‘pathways’ (axially asymmetric doping) in the nanotubes and
possible conduction within the polyiodide chains may be
responsible for the non-monotonic variation in conductance.

Fig. 7. Doped CNT(8,0): 2.0/u.c. (left), 3.0/u.c. (right)

Interstitially Doped Two CNT(8,0) (1 unit cell = 4.26 A)

5
4
o 3
Y
© 5
| -
0
None Interstitial Interstitial
2.0 /u.c. 3.0 /u.c.

Fig. 8. Conductance of the interstitially doped dual CNT(8,0)
models

Figure 7 depicts dual parallel semiconducting nanotube
configurations, interstitially doped at two different iodine
concentrations. Figure 8 shows the computed conductance
results for the modeled dual semiconducting CNT’s. The
calculation for the undoped system (shown by the bar labeled
‘None’) correctly returns a result indicating negligible
conductance. The remaining two bars in Figure 8 show
computed conductance results for the doped dual tubes.
Interstitial iodine doping improves system conductance, and the
system conductance increases with dopant concentration. As in
the metallic case, the dual nanotube geometry appears to promote
the formation of polyiodides and the formation of p-doped

conduction pathyways. At the higher of the two modeled dopant
concentrations, the computed system conductance reaches
seventy-five percent of that expected for dual undoped metallic
nanotubes.

3.2 Polyiodide Doped CNT Junctions

The polyiodide doped CNT junction models investigated
dual nanotube configurations, at various overlaps, in interstitial
doping configurations. The dopant per unit length was varied,
and both metallic and semiconducting tubes were analyzed. In
general, relaxation calculations for the doped CNT junctions
failed to converge. The junction models were constructed by
removing carbon atoms from the relaxed models of the
interstitially doped CNT’s depicted in Fig. 5 and Fig. 7.

It is important to note that the junctions of interest in this
paper are intended to be representative of nanotube bundles
contained in macroscale cables, typically manufactured by
pressure rolling [62], extrusion [63], or other mechanically
intrusive processes. Given these circumstances, the junction
models analyzed in this paper are perhaps far more likely to be
representative of those in macroscale cables than any junction
models obtained by ‘re-relaxation’ of isolated atomic
configurations of the type depicted in Figure 9. The authors are
not aware of any previous work which has performed ab initio
relaxation or conductance calculations for interstitially doped
junctions like those depicted in Figure 9.

Fig. 9. Doped CNT(5,5) junction: overlaps of 2 unit cells
(left) and 10 unit cells (right)

The metallic nanotube junction shown Figure 9 was
analyzed at five different overlaps, ranging from 2 to 10 unit
cells, without doping and at two different doping concentrations.
Figure 10 shows the computed conductance results. As indicated
in previous work [30,31], junction conduction does not in
general vary monotonically with overlap. In the undoped
configuration modeled here, the junction conductance is (at best)
half that expected for an undoped metallic nanotube,
emphasizing the importance of ‘contact resistance’ in
determining the performance of nanotube based cabling. The
reduced conductance computed (for all overlaps) at the low
doping concentration mimics the previously discussed response
of isolated metallic nanotubes to low dopant concentrations.
Only at the highest levels of dopant concentration and overlap
considered in the analysis does the junction conductance
approach seventy-five percent of the conductance of a pristine
nanotube: that result, indicated by the highlighted square in Fig.
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10, is used in the nanowire performance calculations discussed
in Section 4.

lodine Doped CNT(5,5) Junction (1 unit cell = 2.46 A)

3
None —=&—
25 Interstitial 1.3/u.c. —=
* Interstitial 2.0/u.c. —e—
2
o
9 15
(O]
1
0.5
0
0 2 4 6 8 10

Overlap / Unit Cell
Fig. 10. Conductance of a metallic CNT(5,5) junction

Fig. 11. Doped CNT(8,0) junction: overlaps of 0.7 unit cells
(left) and 4.7 unit cells (right)

The semiconducting nanotube junction shown Figure 11
was also analyzed at five different overlaps, in this case ranging
from 0.7 to 4.7 unit cells. Since the undoped semiconducting
tubes analyzed previously performed as insulators, junction
performance was modeled only with doping applied, at two
concentrations. Figure 12 shows the computed conductance
results. At the low doping concentration, the junction
conductance was negligible, at all overlaps. At the high doping
concentration, junction performance was very good, peaking at
an overlap of 3.7 unit cells, where the doped junction
performance approached that of a pristine metallic nanotube.
That result, indicated by the highlighted square in Fig. 12, is used
in the nanowire performance calculations discussed in Section 4.

3.2 SUMMARY

The precise effects of polyiodide doping vary significantly
with nanotube type (metallic or semiconducting) and dopant
distribution (aligned, random, or interstitial). The results
presented in this section suggest several conclusions:

(1) At low dopant levels, metallic nanotubes are adversely
affected by iodine doping. However if the dopant is properly
distributed, the performance of metallic nanotubes can be
recovered (at least in part) by increasing the dopant
concentration. In the case of the semiconducting nanotubes,
conductance improves with iodine dopant concentration, as
long as the dopant is properly distributed.

(2) At low dopant levels, metallic nanotube junctions are
adversely affected by iodine doping. However if the dopant
is interstitially distributed, the performance of metallic
junctions can be recovered by increasing the dopant
concentration and junction overlap. In the case of the
semiconducting nanotube junctions, conductance improves
with iodine dopant concentration, if the dopant is
interstitially distributed.

(3) Inthe CNT configurations modeled here: interstitial doping
is broadly beneficial, aligned doping offers some benefits,
and random doping is ineffective.

(4) Current explanations of the effects of iodine doping on CNT
conductance focus broadly on iodine as p-type dopant for
the CNT [11,64]. However the enhanced conductance
offered by interstitial doping may more specifically be due
to asymmetric p-doping of the nanotubes.

(5) Conduction within polyiodide structures (charge transfer
without mass transport [58,59,60]) may contribute to the
doped system’s performance. The formation of interstitial
polyiodides might be encouraged by particular fabrication
processes, such as pressure rolling or extrusion.

The next section of the paper applies the results of the ballistic
conduction calculations just discussed, in order to estimate the
measured performance of iodine doped CNT cables studied in
macroscale experiments. Comparison with experiment serves to
critique the assumptions made in formulating the nanoscale
model, evaluating its usefulness in assisting engineering design.

lodine Doped CNT(8,0) Junction (1 unit cell = 4.26 A)

3
Interstitial 2.0/u.c. —e—
25 Interstitial 3.0/u.c. —=
2
- : . =
9 15 .
O
1
0.5
0 - — - — -
0 1 2 3 4 5
Overlap / Unit Cell
Fig. 12. Conductance of a semiconducting CNT(8,0)
junction

4 TRANSMISSION LINE MODEL

In this section a nanowire is modeled as a transmission line
consisting of a set of conductors, each with a length no greater
than the electron mean free path for the conductor material,
joined by discrete ‘junction’ resistors. The mass and conductivity
properties of the transmission line components are taken from
the ballistic conductance analysis described in the preceding
section. The assumed model, shown in Fig. 13, is inspired by
experimental measurements on CNT networks [16]. Estimates of
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the mean free path for the nanotube based conductors are taken
from the literature [65,66].

(] » ® @ (] (] L[]
Ls<Lm
[
J J J J J

Fig. 13. Transmission line model

The mass per unit length and resistance per unit length of
the transmission line are determined by the conductor resistance

R, junction resistance R;, conductor mass per unit length 7,

and added mass per junction m®4¢

44, all determined from the
models described in the previous section, and by the mean free
path (L,,) of an electron in the conductor. Adopting the product
of mass (m) per unit length and resistance (R) per unit length as
performance measures for a nanowire, one may define a

performance metric (M) using

1 p m R [_ +mj‘-‘ddA (RC+R]-)A ;
—_— == X—-—=
M=o X\t R ) D

where the number of junctions per mean free path is

n
L/ Ly

n=

(8)

and n is the number of junctions in a transmission line of length
L (composed of segments of length Lg). Note that in the case of
a continuum conductor, the performance metric is the mass
specific conductance, defined as the ratio of electrical
conductivity (o) to mass density (p).

The plots which follow employ the metric M to estimate
the performance of nanowires fabricated using the material
systems considered in previous sections. Specifically, they plot
the relative specific conductivity M /M, versus the number of
junctions per unit mean free path () for each material system,
where M,..; is a reference value for the chosen metric (the
specific conductivity of pure copper). Note that for the minimum
value of i = 1 indicated in the plots, the number of junctions
is just sufficient to permit ballistic conductance. Additional
junctions add parasitic mass and resistance, reducing nanowire
performance. The plots which follow assume a mean free path of
either 500 nm or 1,000 nm for the CNT’s [65,66]. The high
performance combinations of polyiodide doped CNT conductors
and junctions selected for the nanowire analysis presented in this
section are shown in Table 3. The junction conductance data used
in the analysis is indicated by the highlighted squares shown in
Fig. 10 and Fig. 12.

The upper plot in Figure 14 shows that for the minimum
junction count (7 = 1) and a CNT mean free path (MFP) of 500
nm, the relative specific conductance (M /M,..¢) for the iodine
doped CNT nanowires ranges from one to three: the estimated
specific conductance of the CNT nanowire is as much three times
that of pure copper. This range matches that described by
published experimental data [3] on the performance of iodine
doped CNT cables. The transmission line (nanowire) model also
suggests that the number of junctions per mean free path (77)
should be limited, in order to obtain high performance. As
indicated in the lower plot of Figure 14, for the range of
parameters considered in this analysis, performance varies
approximately linearly with mean free path.
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Fig. 14. Performance of the polyiodide doped CNT
nanowires (MFP = 500 nm, top, and 1,000 nm, bottom)

Table 3. High performance combinations of iodine doped CNT conductors and junctions

CNT(M)

CNT(M)

CNT(S)

Undoped CNT

Aligned 1.0/u.c.

Interstitial 3.0/u.c.

Conductor
1/R. = 2.00G, 1/R. = 2.08G, 1/R. = 3.00G,
M. = 98.6 amu/A i, = 150.8 amu/A M, = 275.5 amu/A
Interstitial dopant Interstitial dopant Interstitial dopant
Junction

1/R; = 1.52G,

1/R; = 1.52G,

1/R; = 1.83G,

mf? = 2538.1 amu

mf? = 2538.1 amu

mf? = 1395.9 amu
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5 CONCLUSIONS

This section presents general conclusions on the polyiodide
doped CNT systems analyzed in this paper, and offers
suggestions for future research. The ballistic conductance and
transmission line analysis results for the polyiodide doped CNT
nanowires suggest a number of conclusions:

e The analysis results are consistent with published
experimental data [3], which indicate that iodine doped CNT
conductors can offer specific conductivity in the range of
one to three times that of copper.

e The analyses presented here considered smaller diameter
nanotubes (by a factor of four) and higher dopant to carbon
mass ratios (by a factor of three) than those described in
published experiments [3,17]. Since the model and the
experiments indicate similar mass specific conductivity,
mass specific performance does not appear to depend
strongly on nanotube diameter.

e Estimated CNT  nanowire  performance  varies
approximately linearly with CNT mean free path; published
experimental data indicates that mean free path is reduced
as temperature is increased [67].

e In the case of iodine doping, realizing high specific
conductivity appears to require very mass efficient use of
the dopant.

e Doping distribution is highly important, and might be
influenced by cable fabrication processes.

e Charge transport in within polyiodides may contribute to
conductor performance.

The computational research described in this paper, and the
corresponding experimental research literature, suggest many
opportunities for future research. Of immediate interest are: (1)
the modeling of more complex dopants, including ICl [12],
KAuBry [9], and others, (2) consideration of longer junction
overlaps, (3) the modeling of multi-tube interactions (as
computational costs permit), based on the experimentally
observed complexity [68] of CNT cable architectures, (4)
application of the modeling approach to graphene [50], and (5)
the development of improved computational methods for both
equilibrium calculations and ballistic conduction calculations, an
essential enabler if computational research is to keep pace with
experimental work on the increasingly complex cable
nanostructures, doping systems, and fabrication processes of
interest.
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ABSTRACT

Carbon nanotube based conductors are the focus of considerable ongoing experimental research, which has demonstrated their
potential to offer increased current carrying capacity or higher specific conductance, as compared to conventional copper cabling.
Complementary analytical research has been hindered by the high computational cost of large scale quantum models. The introduction
of certain simplifying assumptions, supported by critical comparisons to exact solutions and the published literature, allows for quantum
modeling work to assist experiment in composite conductor development. Ballistic conductance calculations may be used to identify
structure-property relationships and suggest the most productive avenues for future nanocomposite conductor research.

1 INTRODUCTION

Carbon nanotubes (CNT) are the focus of considerable ongoing research aimed at the development of new engineering materials
[1] and devices [2]. One application of wide practical interest is the fabrication of improved electrical conductors, offering increased
current carrying capacity [3,4] or higher specific conductance [5] than conventional copper cabling. Since the conductance of CNT
wiring may lag that of copper, by an order of magnitude, the most promising materials of interest appear to be composites of some kind
[6], including copper-CNT (Cu-CNT) composites [4,7,8,9]. Tables 1 and 2 compare the electrical conductivity and the mass specific
electrical conductivity of copper with those of CNT fibers and Cu-CNT composites [4,10,11].

Experimental research on Cu-CNT composites has demonstrated high specific electrical conductivity, good electromigration
resistance, and improved current carrying capacity [4] (all compared to copper). Given this demonstrated promise, the focus of much
current research is the understanding of how the composite structure influences Cu-CNT conductor properties and performance.
Important nanoscale properties of Cu-CNT composites include: (1) the ballistic conductance of multiwall composite tubes, (2) the
contact resistance at tube junctions, and (3) the effects of doping. These properties can be difficult to isolate and thereby measure directly.
Hence computational research may assist experiment in understanding the effects of the nanoscale material structure on measured
macroscale performance. This paper models ballistic conductance in double-walled tube conductors and junctions, composed of both
CNT and copper. Several different configurations are considered, and chromium doping effects on the junctions are also investigated.

The objectives of the research described in this paper are to: (1) compare the conductance properties of the various Cu-CNT
composites which might be formed during cable fabrication processes to the corresponding properties of copper and CNT conductors
with similar nanoscale structure, and (2) compare the junction conductance (contact resistance) properties of the various Cu-CNT
composites which might be formed during cable fabrication processes to the corresponding properties of copper and CNT junctions with
similar nanoscale structure.

Table 1. Electrical conductivities

Material C(:l((ig;tcl:;gy
Cu 5.80x105 [4]
CNT fiber (1.82 — 2.90)x10* [10,11]
Cu-CNT composite (2.3 — 4.7)x10° [4]
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Table 2. Mass specific electrical conductivities

. Specific conductivit
Material pa /p (S cm?/g) Y
Cu 6.47x10* [4]
CNT fiber 4.00 x10* [10]
Cu-CNT composite 8.15x10* [4]

In order to address these objectives, a rather large number of quantum scale calculations were required. These analyses involved
atom counts as much as double that typical [9,12] of large scale ab initio modeling. To complete the overall numerical study at an
acceptable computational cost, certain modeling approximations (discussed in the section on numerical methods) were introduced. The
validity of the assumptions was critically evaluated by comparing some of the ballistic conductance calculations to known ‘exact’
solutions, and by comparing the overall composite conductor model to published experimental data. As discussed in the following
sections, critical evaluation of the modeling approximations adopted here suggests that the modeling results presented in this paper are
broadly representative of the physical systems of interest.

The quantum scale computational work described here is aimed at connecting nanoscale material structure to measured macroscale
performance. An important goal of future computational research is to assist in the development of mechanical, thermal, and chemical
processes which can be used to fabricate nanoscale structures identified (by experiment or computation) to be of particular interest.

The succeeding sections of this paper are organized as follows: section 2 discusses previous numerical modeling work in this field;
section 3 describes the computational methods employed and the modeled conductor and junction geometries; section 4 provides the
results of the conductance calculations; section 5 applies the conductance calculations to estimate nanowire performance; and section 6
presents overall conclusions.

2 PREVIOUS WORK

Computational work to date on Cu-CNT composite wiring has been limited; it includes studies of the interaction of copper chains
with a single CNT [8,13], encapsulation of a copper tube in a single CNT [14], and embedding of a single CNT in a copper matrix [9].
Note that the last three cited papers assume quite different material structures, emphasizing that the development of any mechanical,
thermal, or electrical model of a composite starts with an assumption as to what constitutes a representative volume element. Based on
published (and experimentally informed) speculation [5] regarding the structure of CNT conductors, the present paper adopts the
following assumption: the Cu-CNT composite structures of interest are composed of aligned (parallel), double wall tubing consisting of
metallic CNT [CNT(M)], semiconducting CNT [CNT(S)], and copper [Cu] tubes, in any combination. The parallel double wall tubes
interact at ‘junctions’ where adjacent outer tubes overlap and are therefore in mechanical and electrical contact. The composite structure
assumed here reflects the fact that CNT conductors are typically fabricated from a mixture of single and multiwall, metallic and
semiconducting nanotubes, which are approximately aligned by extrusion, pressure rolling, or other manufacturing processes. The
length-to-diameter ratio limitations of current CNT fabrication methods suggest that macroscale cables may incorporate numerous
junctions.

With the aforementioned representative volume element in mind, previous work on computational modeling of double wall carbon
nanotubes (DWCNT) and CNT junctions is also of interest. Several previous ab initio studies have investigated the properties of
DWCNT systems [15,16,17], although not all computed conductance. Conductance results for metallic DWCNT are provided in
reference [12], but DWCNT composed of both CNT(M) and CNT(S) are not considered. With regard to junction performance, the
properties of doped [18] and undoped [19,20,21,22] junctions have been studied for SWCNT; however, it appears that no previous work
has investigated the conductance of junctions composed of overlapping DWCNT.

3 METHODOLOGY

In this paper, the electronic structure and ballistic conductance calculations were performed using the open source code SIESTA
[23]. Based on density functional theory (DFT), it employs atomic orbitals as a basis set. The system was modeled as periodic, and a
single-zeta basis set was employed for all atoms. Calculations were performed using the generalized gradient approximation (GGA) for
the exchange-correlation functional parameterized by Perdew-Burke-Ernzerhof [24]. Although the GGA-PBE functional does not
include a dispersion correction [49,41], previous work using the B3LYP functional [42] has shown that very accurate band gap
calculations can be made without dispersion corrections. Dispersion corrected DFT modeling is certainly an area of interest for future
research in this field. Here the integration k-points in the Brillouin zone were chosen using a Monkhorst-Pack mesh [25]. Transport
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properties were computed using a non-equilibrium Green’s function (NEGF) method [26], employing a k-grid with dimensions
1x1x100. The fineness of the real space mesh was controlled by setting the energy cutoff to 200 Ry, and the density matrix convergence
criterion was set to the default value (10™). Ballistic conductance (G) values for the multiwall tubes and junctions studied were computed
using the Landauer formula [27]

- Z_I_wT(E)dE T(E) = Tr[t"(E)t(E)] )

where e is the charge on an electron, h is Planck’s constant, f(E)represents the Fermi-Dirac distribution function, E denotes the
wave energy, and T(E) is the transmission function. Note that the transmission function is computed from a matrix of transmission
coefficients for electron waves, t(E), where 1 denotes the conjugate transpose. Since the calculations are made for zero temperature
conditions [28],

of (E)
_];—E:5(E_Ef) (2)

where Ef is the Fermi energy and & is the Dirac delta function. Hence
f gy
2

€ -5
G=GyT(Ef), Gp= 2—==7.75x107°$ 3)

where G, is one quantum conductance unit. In the case of a pristine metallic carbon nanotube, T(Ef) = 2 and the conductance is
G = 2G, [29].

Due to the high computational cost of the present calculations, relaxation analyses of the modeled systems were not performed.
Instead results suggested by the published literature were used to set atomic positions for the conduction calculations. For example, the
inter-tube separation distances and dopant atom positions were taken from references [18] and [30]. Comparisons of these approximate
models with exact solutions for copper conductors, exact solutions for metallic nanotubes, and published experimental data suggest that
the conductance calculations presented in this paper are representative of the modeled physical systems.

The conduction calculations were applied to geometry models which represented CNT and copper-CNT systems, including both
conductors and junctions. The only dopant considered is chromium. Previous computational work [18] has indicated that chromium is
effective at improving CNT junction conductance.

The analysis considered thirty distinct copper, CNT, and copper-CNT models, including both metallic and semiconducting
nanotubes. The ten configurations are (each configuration included three models; a conductor model, an undoped junction model, and a
doped junction model):

e Double wall copper tubes, two configurations (they differ in diameter)
e  Double wall copper-CNT(M) and copper-CNT(S) tubes, four configurations
e  Double wall CNT(M)-CNT(S) tubes, four configurations

The metallic CNT’s are chirality (5,5) (for the inner tubes) and (10,10) (for the outer tubes). The semiconducting CNT’s are chirality
(9,0) (for the inner tubes) and (18,0) (for the outer tubes). The tube separation distances are typical of those studied in previous
computational work [51]. Note that CNT’s of chirality (n,m) are often referred to as metallic if the difference of the vector indices is an
integer multiple of three: n —m = 3t (t = 0,1,2...) [31]. However, it appears from a preponderance of the published experimental
[47,45], computational [32,46,50], and review [48,54] literature that (9,0) and (18,0) in fact incorporate small band gaps. Hence this
work refers to CNT(9,0) and CNT(18,0) as semiconducting. Note that the sensitivity of nanotube band gaps [43] to the electric fields
used in typical band gap measurement techniques may be responsible for variations in the classification of (18,0) as metallic [45] or
semiconducting [55]. More detailed consideration of this issue is however beyond the scope of the present work. The choice of (9,0)
and (18,0) nanotubes for the modeling work presented in this paper was motivated by an interest in investigating the performance of
‘borderline’ cases with small or negligible band gaps, expecting that the inclusion of large band gap nanotubes in the present study
would generate results of little interest for nanocomposite conductor applications. Nonetheless, repeating the present study for nanotubes
of different chirality is certainly an object of interest for future computational research. The GGA-PBE functional used for the
calculations presented in this paper represents (9,0) as semiconducting [44] and (18,0) as metallic [45]. As in the case of dispersion
corrected DFT, additional modeling work which considers alternative functionals is certainly an appropriate topic for future research.

Two previous papers describe methods used to build geometry models of double wall tubes composed of CNT and copper: (1)
embedding CNT into bulk Cu, thus forming a copper-CNT matrix, as shown by Ghorbani-Asl et al. [9], and (2) positioning the copper
tube within a CNT, as shown by Du et al [7]. The first method avoids the problem of matching copper unit cells with CNT unit cells,
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however it requires many copper atoms. This is undesirable in electronic structure calculations, where 1,000 atoms is often the model
size limit. The second method reduces the atom count, however the lattice structure of the copper must be highly distorted in order to
match the unit cell lengths of the copper and CNT tubes. In the present work, a special lattice composed of copper atoms is constructed,
in order to overcome the disadvantages of the aforementioned methods. The structure of the special lattice is obtained by ‘rolling up’ a
lattice with the structure of a graphene sheet, in which: alternating atoms in a hexagonal unit cell are either replaced by a copper atom
or removed. The resulting lattice of copper atoms has an atom-to-atom separation distance of 2.46 A, approximating the 2.56 A
separation distance of atoms on the (111) face of a copper crystal.

In all of the models, the electrodes were composed of nanotube segments identical those used to represent the conductors. The
computed conductance values therefore represent the properties of a representative segment of an infinitely long transmission line. In
order for the periodicity of the electrode models to match the periodicity of the physical nanotubes, both electrodes of the double wall
model must contain an integer number of unit cells. In the copper-CNT(M) conductors, the unit cell length in the axial direction is 2.46
A, while the total conductor model length is 29.5 A (12 unit cells). The model includes one electrode on each end, each with of length
7.38 A (3 unit cells). The conductor and junction model configurations are shown in Figures 1 and 2. In the copper-CNT(S) conductors,
the unit cell length in the axial direction is 4.26 A, while the total conductor model length is 34.1 A (8 unit cells). The model includes
two electrodes, each of length 8.53 A (2 unit cells). The conductor and junction model configurations are shown in Figures 3 and 4.
Table 3 lists the atom counts and tube diameters for all of the dual tube models considered in this work. Note from Table 3 that all the
models are constructed from only two inner diameters (corresponding to those of (5,5) and (9,0) CNT) and two outer diameters
(corresponding to those of (10,10) and (18,0) CNT); the special lattices for the copper tubes were in all cases generated to match those
four diameters. In the case of the junction models, the tube diameters remain the same but the atom count is increased by one (single
Chromium dopant atom).

Since the junctions model the interaction of identical dual tube conductors, the junctions (shown in Figures 2 and 4) are always
symmetric, and take one of four forms: undoped Cu-Cu, doped Cu-Cu, undoped CNT-CNT, or doped CNT-CNT. In the undoped copper-
copper junctions, the intertube separation distance (all separation distances are measured between atom centers of mass) is set to 2.1 A,
so that the atomic separation distance for nearest neighbor atoms of the two tubes matches the separation distance for near neighbor
atoms of the same tube (2.46 A). In the undoped CNT-CNT junctions, the intertube separation distance is set to 3.3 A, which is the
interlayer spacing in graphite [33]. In the doped CNT-CNT junctions, the intertube separation distance is set to 3.6 A, which yields an
average separation distance between the chromium atom and its near neighbor carbon atoms of 2.34 A (consistent with the relaxed
geometry calculations performed by Li et al. [18] for a single wall CNT). In the doped copper-copper junctions, the intertube separation
distance is set to 2.4 A, so that the incremental increase in the intertube separation distance associated with the introduction of a dopant
atom is the same in the copper-copper case and the CNT-CNT case. Figure 5 shows detailed views of the doped junctions. Variations in
the model geometries, dopant type, dopant distribution, voltage bias, and other parameters were not considered in the present work,
which already incorporates a very extensive set of calculations. However, such parameter studies are certainly of interest for future
research.

The descriptions of the dual wall models which follow employ the shorthand notation A@B, where ‘A’ denotes the inside tube type
and ‘B’ denotes the outside tube type. Modeling the CNT(M)@CNT(M) and CNT(S)@CNT(S) systems is simplified by the fact that
the axial direction unit cell lengths for the inner and outer tubes are the same. The nanotubes are commensurate, as defined in Fig. 1 of
reference [34]. Modeling the mixed metallic and semiconducting double wall CNT systems is more complicated, since they are
constructed using incommensurate CNT’s. As stated by Liu et. al [35]:

“Electronic structure calculations of incommensurate DWCNT’s ... are challenging because a finite unit cell does not exist.”

Here we model the incommensurate CNT(5,5)@CNT(18,0) and CNT(9,0)0@CNT(10,10) systems by: (1) aligning five metallic unit
cells with three semiconducting unit cells, then (2) uniaxially compressing (without radial deformation) the semiconducting CNT by
3.76 percent (note that previous DFT work [51] has investigated much larger uniaxial strains in low dimensional materials, without
numerical difficulties). The resulting supercell contains five metallic and three semiconducting CNT’s and has a length of 12.30 A. Table
4 shows the lengths of the unit cells (in the transport direction) and the lengths of the supercells employed to model the incommensurate
DWCNT systems. Figure 6 shows one supercell each for the CNT(5,5)@CNT(18,0) and CNT(9,0)@CNT(10,10) systems. The total
model (including the electrode) has a length of 49.2 A (four supercells), with the two electrodes each composed of one supercell.

4 CONDUCTANCE CALCULATIONS

The geometric models described in the last section are used to compute scaled conductance (S) and scaled specific conductance for
the double wall tubes (S;) and the junctions (S;). These variables are defined by:

5=G—0 €))
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where 7, is the mass per unit length of the conductor, L; is the junction length (tube overlap), m; is the mass associated with the
junction, and m, is the mass of the dopant. It is the double wall tube specific conductance and the junction conductance which are of
most interest in estimating nanowire performance. Hence the summary bar charts included in this section compare the results for the
various material systems by plotting only the latter two variables.

Figures 7-10 show all of the double wall configurations that were analyzed, while Figures 11-14 show the corresponding
conductance modeling results.

Figures 11 and 12 indicate that the conductance and the specific conductance results for the Cu-CNT(M) and Cu-CNT(S) composite
systems are quite similar, and that the mass specific performance of these systems is very close to that of copper. In all these cases, the
introduction of a junction incurs a large conductance penalty. When the outer tubes in contact are copper, doping further reduces junction
performance. When the outer tubes in contact are CNT, junction performance recovers slightly in response to the dopant. The latter
result is consistent with published computational results [18] indicating that chromium doping of CNT-CNT junctions will increase the
CNT ‘coupling’.

Table 3. Tube diameters and atom counts for the models

Model type Diameters Atom Count
(inside@outside) (A) (DWNT/junction)
Cu@Cu 6.78@13.6 360/375
CNT(M)@Cu 6.78@13.6 480/500
Cu@CNT(M) 6.78@13.6 600/625
Cu@Cu 7.05@14.1 432/432
CNT(S)@Cu 7.05@14.1 576/576
Cu@CNT(S) 7.05@14.1 720/720
CNT(M)@CNT(M) 6.78@13.6 720/750
CNT(S)@CNT(S) 7.05@14.1 864/864
CNT(S)@CNT(M) 7.05@13.6 1232/1260
CNT(M)@CNT(S) 6.78@14.1 1264/1264

Notes: ‘DWNT’ denotes the double wall nanotube model; increase
the atom count by one for the doped junction models

Table 4. Incommensurate DWCNT model dimensions

CNT Unit cell Supercell
chirality length (A) length (A)
(5.5) 2.46 2.46x5-12.30
(10,10) 2.46 2.46x5=12.30
9,0) 4.26 4.26x3=12.78 comp. to 12.30
(18,0) 4.26 4.26x3=12.78 comp. to 12.30

Note: the abbreviation “comp.” denotes compressed
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Fig. 3. Dimensions of the CNT(S)@Cu conductor
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2.84 A
—

27.7 A

Fig. 4. Dimensions of the CNT(S)@Cu (left) and Cu@CNT(S) (right) doped junctions

Fig. 6. One supercell for CNT(5,5)@CNT(18,0) (left) and for CNT(9,0)@CNT(10,10) (right)
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Figure 13 indicates, consistent with published results [19], that the conductance of the metallic DWCNT conductor is 4G,. The
conductance of the semiconducting DWCNT system is negligible. For the metallic DWCNT system, the introduction of a junction incurs
a large conductance penalty; the junction performance shows a modest (25%) improvement in response to the doping. On a mass specific
basis, performance of the metallic DWCNT system is inferior to that of the composite Cu-CNT systems.

Figure 14 indicates, as expected, that the incommensurate DWCNT conductors exhibit the conductance of a single metallic tube
(the conductance is 2G,); hence semiconducting member of the tube pair is essentially a parasitic mass which reduces mass specific
performance. Again the introduction of a junction incurs a large conductance penalty; however, if the outer tube is metallic, the junction
performance shows a substantial (50%) recovery in response to the doping.

Figure 15 compares the mass specific conductance of all of the double wall conductor models, while Figure 16 compares the
conductance of all of the doped junction models. Figure 17 plots the conductance for four of the undoped Cu-Cu and Cu-CNT junctions.
For all of the other undoped junctions, the conductance is zero (all results are shown in Figures 11-14). Since Cu@Cu models were
constructed for two different tube diameters, two Cu@Cu results are shown in Figures 15, 16, and 17 (they are differentiated by labels
in which “D” denotes the outer diameter). Note that for all of the junction models investigated in the paper, only the outer tubes are in
contact.

5 NANOWIRE MODEL

The conductance calculations presented in the last section are two ingredients of a nanowire model which must be constructed in
order to compare the modeling results presented in this paper to performance data obtained in macroscale experiments (note that
nanoscale test data is not available for validation). The third essential ingredient is published data on the electron mean free path in the
materials of interest, since the ballistic conduction calculations quantify conduction performance only over such distances. There is no
generally accepted approach to relating ballistic conductance properties to macroscale wiring performance. Here we consider the
simplest possible nanowire model, which consists of a series combination of resistors, each representing a nanowire segment of length
L, with mass m and resistance R. In terms of the conductance (reciprocal resistance) properties calculated the last section, and the
mass and mean free path properties of the conductor materials, these are

L=1L, 7
R = MAX(R.,R;) (8
m = My Ly + mid ©)
with the added mass per junction defined by
mi* =L+ my (10)

The mass per unit length of the conductor ., the conductor resistance R, the junction resistance Rj;, and the junction length L; are
listed in Table 5 while the chromium dopant mass (m,) and the mean free path (L,,,) data [36,37,38,53] are taken from the literature.
Note that the added mass per junction includes not only the mass of the dopant but also the mass added to the nanowire due to the double
wall tube overlap. The MAX function in equation (9) avoids double counting of the transmission line resistance in the nanowire model.

If we adopt the product of mass per unit length and resistance per unit length as a performance metric (M) for a nanowire, the

various nanowires may be quantitatively compared using
me®\ /R
= (mc +— > (—) (11)
Ly ) \Ln

1 m
L
The chosen metric is, in the case of a continuum wire, simply the mass specific conductivity of the continuum

(12)

where p is the mass density and o is the electrical conductivity. If we define a reference specific conductivity M,..; as the mass specific
conductivity of copper, we can use the ratio M /M,.; to compare the relative performance of the various material systems studied in
this paper as well as their absolute performance in comparison to copper. The comparative calculations assume a mean free path of 50
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nm for the copper [36] and the copper-CNT composites and 500 nm for the CNT nanowires [37,38,53]. Given the very wide range of
mean free path values reported for CNT, this parameter is subject to considerable uncertainty.
Note that the specific conductivity metric (M) has the functional form

M = M(R., R;, ., m, Ly,) (13)

It may be critically evaluated by assuming an ideal nanowire configuration ( R; = 0, m}?‘dd = () and the two copper-copper tube models

(diameters D, = 13.6A and D, = 14.1A) analyzed in section 4. The nanowire model line indicates
M = M(R.,0,M,0,50nm) = 0.98 M,.;,D = D; (14)
M = M(R.,0,M,0,50nm) = 0.94 M,.;,D = D, (15)
which shows excellent agreement with the room temperature properties of copper. Note that this validation is nontrivial, since it requires

that the ballistic conductance properties computed for the copper tube models in section 4 be consistent with published data on the room
temperature mean free path of copper.

Fig. 7. Conductor, undoped junction, and doped junction for the Cu@Cu models

Fig. 8. Conductor, undoped junction, and doped junction for the CNT(M)@Cu models

Fig. 9. Conductor, undoped junction, and doped junction for the Cu@CNT(M) models
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Fig. 10. Conductor, undoped junction, and doped junction for CNT(M)@CNT(M) models
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Cu@Cu CNT@Cu Cu@CNT Cu@Cu CNT@Cu Cu@CNT

Fig. 11. Conductance and specific conductance: copper and metallic CNT models

25 C Cu and CNT(S) Specific Cu and CNT(S)
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Fig. 12. Conductance and specific conductance: copper and semiconducting CNT models
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Fig. 13. Conductance and specific conductance: commensurate CNT models
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Fig. 14. Conductance and specific conductance: incommensurate CNT model
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Fig. 15. Specific conductance of the double wall models

Conductance: Doped Junctions

CNT(MI@Cu —

Cu@Cu D=13.6A |

Cu@Cu D=14.1A ]
CNT(S)@Cu
Cu@CNT(S)
CNT(S)@CNT(M)
CNT(M)@CNT(M)
Cu@CNT(M)
CNT(M)@CNT(S)

CNT(S)@CNT(S) =Cu - CNT

0 05 1 15 2 25
Conductance (G/Go)

Fig. 16. Conductance of the doped junctions
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Table 5. Nanowire model parameters for the double wall conductors

11 11 . amu o
G R G m, (T) Lj (A)
Cu@CuD=13.6 A 21.64 2.06 774.6 2.46
CNTM)@Cu 16.82 2.24 614.0 2.46
Cu@CNT(M) 12.54 0.54 453.4 2.46
Cu@CuD=14.1 A 21.68 2.03 804.9 2.84
CNT(S)@Cu 17.78 1.87 638.1 2.84
Cu@CNT(S) 10.90 1.27 471.2 2.84
CNT(M)@CNT(M) 3.99 0.87 292.8 2.46
CNT(S)@CNT(S) 0.03 0.00 304.3 2.46
CNT(S)@CNT(M) 1.99 0.97 300.6 2.46
CNT(M)@CNT(S) 1.99 0.12 308.4 2.46

The performance of the doped nanowire models studied in this paper are compared in Figures 18 and 19, which plot relative specific
conductivity versus nanowire type. Figure 18 shows the results for the four copper-CNT composites; in the case of these materials, the
nanowire models underpredict experimentally measured performance by an approximate order of magnitude.
nanowire modeling results for the four different CNT conductor configurations. Assuming that the CNT conductors incorporate a
uniform mix of metallic and semiconducting nanotubes, the estimated experimental performance is the average of the four bars indicated
in Figure 19, namely a specific conductivity 58 percent of that for copper. This shows good agreement with published data (Table 2) on
performance of doped CNT fibers, although the dopants (acid and iodine, [10]) differed from the transmission metal doping modeled in
this paper. The first bar of Figure 19 suggests that composite wiring fabricated using only metallic nanotubes may realize a greatly
improved performance, estimated at 104 percent of the specific conductivity of pure copper. This computational result is consistent with
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the recommendations of the last cited experimental reference, which highlighted the potential advantages of CNT conductor fabrication
using a pure armchair feedstock.

In an effort to determine the source of the error in the predicted performance of the copper-CNT composites, the calculations used
to generate Figure 18 were repeated, assuming that the modeled system incorporated “ideal” junctions: zero dopant mass (my = 0) and
zero junction resistance (R; = 0). The results obtained by introducing this assumption, plotted in Figure 20, are in broad agreement with
the experimental data (Table 2). Assuming that the copper-CNT conductors incorporate a uniform mix of metallic and semiconducting
nanotubes, the estimated experimental performance is now the average of the four bars indicated in Figure 20, namely a specific
conductivity 93 percent of that for copper. It appears that the modeled Cu-CNT junctions are not representative of the physical system,
and that the actual junctions present in the tested Cu-CNT composites have a resistance which is negligible. The first two bars of Figure
20 suggest that composite wiring fabricated using only metallic nanotubes may realize a slightly improved performance, estimated at
96 percent of the specific conductivity of pure copper.

The reasons for the current paper’s apparent overestimation of junction resistance effects in copper-CNT composites are a subject
for future research, however the authors suggest that at least two factors are important: (1) actual junction overlap in copper-CNT
composites may be much larger than the 2-3 angstrom overlap modeled in the current paper, and (2) junction conductance at non-zero
voltage bias may be much higher than that predicted by the zero-bias calculations presented in the current paper. Although long junction
overlaps and non-zero voltage bias will increase the already high computational cost of the models considered in this paper,
understanding junction performance in copper-CNT composites is a subject clearly of central interest in future research.

6 CONCLUSIONS
This section presents general conclusions on the copper-CNT systems and CNT conductor systems analyzed in this paper.

With regards to the copper-CNT composite systems:

e a mass specific conductivity approximately 93 percent of that of pure copper is predicted by representing the composite structure
as a collection of double wall tubes, composed of a uniform mix of copper-metallic and copper-semiconducting CNT’s, connected
by ideal junctions

e composite fabrication using pure metallic CNT’s, as opposed to a metallic-semiconducting mix of CNT’s, will only slightly improve
conductor performance

With regards to the CNT-CNT conductor systems:

e amass specific conductivity approximately 58 percent of that of pure copper is predicted by representing the structure as a uniform
mix of metallic and semiconducting double wall CNT’s, connected by doped junctions

e composite fabrication using pure metallic CNT’s, as opposed to a metallic-semiconducting mix of CNT’s, can improve conductor
performance to 104 percent of that of pure copper

Although the modeling work presented in this paper incorporated significant assumptions, validity of the models is supported by:

e matching exact solutions for the conductance of double wall metallic CNT’s, double wall semiconducting CNT’s, and double wall
metallic-semiconducting CNT’s (in two configurations),

o matching handbook data for room temperature copper (in two configurations) using a nanowire model incorporating both computed
ballistic conductance properties for nanotubes and published data on the mean free path of pure copper, and

e broad agreement with experimental data on the macroscale performance of Cu-CNT composite conductors and CNT conductors.

The nanowire models presented in this paper assumed minimal conductor overlap, zero voltage bias, and only chromium as a
dopant. Additional computational research focused on larger overlaps, nozero voltage bias, and other dopants [39,40] is needed. As is
common practice, the DFT modeling work presented in this paper assumed zero temperature conditions. Since the macroscale
experimental data used in the validations is necessarily collected at finite temperatures, future investigation of temperature effects is
also needed. Although finite temperature DFT methods have been developed [52], their added cost and complexity make them
unattractive for use initial modeling efforts on complex systems. An important motivation for the application of finite temperature DFT
methods is the study of thermal stability for nanocomposite dopants.
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ABSTRACT

A new nonholonmic Hamiltonian formulation of ab initio molecular dynamics ex-
tends current Ehrenfest, Car-Parrinello, and Born-Oppenheimer formulations,
offering potential improvements to modeling methods employed in computa-
tional materials design.

1 INTRODUCTION

A wide variety of continuum, mesoscale, molecular dynamics, and quantum me-
chanics methods have been applied to computational materials design problems.
The most fundamental methods model both the nuclei and the electronic struc-
ture using quantum mechanics. Somewhat less general approaches, normally
labeled ‘ab initio molecular dynamics,” model the nuclei as a classical subsys-
tem linked to a quantum description of the electrons.

Within the latter class of methods, the established modeling approaches are
generally categorized as either Born-Oppenheimer, Car-Parrinello, or Ehrenfest
formulations [1]. The three approaches are distinguished by a further gradation
in modeling assumptions. Born-Oppenheimer molecular dynamics approximates
transient variations in the electronic structure by solving a time-independent
wave equation for each nuclear configuration. Car-Parrinello molecular dynam-
ics models the nuclear and electronic degrees of freedom as a fully transient
coupled system, but achieves this objective by introducing a fictitious inertia
for the electronic structure. Ehrenfest molecular dynamics solves a time de-
pendent quantum wave equation for the electronic structure, but assumes that
the nuclear forces due to to the time varying electronic structure are conserva-
tive: they are obtained by taking the derivative of an electronic Hamiltonian
with respect to the nuclear coordinates. The widespread use of these methods,
as compared to fully quantum models, in science and engineering applications
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motivates interest in the further development of ab initio molecular dynamics
formulations.

This technical note describes a new formulation of ab initio molecular dy-
namics. Distinct from the aforementioned approaches, it offers the following
combination of modeling features: (1) the nuclear and electronic degrees of
freedom are modeled as a fully transient coupled classical-quantum system, (2)
no fictitious inertia is introduced, and (3) the nuclear forces due to to the time
varying electronic structure are derived from a rate constrained Hamiltonian
analysis of the modeled system, and include both conservative and nonconser-
vative forces. The generalization described here is enabled by: (1) introducing a
nonholonomic model formulation approach [2], and (2) recognizing the existence
and importance of the degenerate Hamilton’s equations [3,4,5] associated with
the absence of electronic momentum states. The development which follows
builds upon the last cited research, conducted by the author and co-workers,
formulating, implementing, and validating models for a variety of physical sys-
tems (at different scales and in various reference frames) using a nonholonomic
Hamiltonian modeling methodology.

2 MODEL FORMULATION

The quantum-classical system considered here is a set of n nuclei and a set of
ne electrons in an isokinetic ensemble. The system Hamiltonian (H) is the sum
of the nuclear kinetic energy (T,), the nuclear potential energy (V,), and the
quantum mechanics expression for the total electronic energy (E.)

The nuclear kinetic co-energy and nuclear momenta are

1 s i) (i N 0T
Ti=5 2 MO4™*, =25 (2)
i=1

where M@ is a nuclear mass and q(¥ is a nuclear center of mass position
vector. The nuclear potential energy V,,(q) includes electrostatic repulsion of
the nuclei and the effects of any external potential. The quantum mechanics
expression for the electronic energy includes electron repulsion, electron-nuclear
attraction, and electron kinetic energy. It is computed from the electronic wave
function ¥ and the electronic Hamiltonian operator H. using the expectation
value expression (expressed in Dirac bracket notation)

< VU|H |V > s,
e T T D @
ej:1

where A is the reduced Planck constant, m. is an electron mass, and V. is an
electronic potential energy. If the wave function is interpolated using a set of ng
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basis functions (¢;) which depend in general on the nuclear positions and the
space coordinates (x), then

U= Z P ¢;(a,x) (4)

j=1

where the parameters ¢(/) (t) are the time dependent weighting coefficients of the
basis set. The electronic energy now takes the functional form F,(q, c), where q
and c are system level vectors of nuclear and electronic generalized coordinates.
Evolution equations for the time dependent basis coeflicients are obtained by
discretization of the Schrodinger equation

LY

ih 5 = H. Y (5)
Introducing the wave function interpolation, multiplying the Schrodinger equa-
tion by the complex conjugate basis function ¢} (the superscript denotes the
complex conjugate), and integrating over the modeled volume provides the dis-
crete evolution equations

Aé+Bg = He (6)

where the matrix coefficients are
Ay =i [0 dr. Hiy= [GiHo;dr (")

with d7 a differential volume, and
n
O dgy
_ @ *
By; =ih lg_l c /¢k g0 dr (8)

If the basis functions are orthogonal (no such assumption is made here), the
matrix A is diagonal. The dynamics of the classical nuclear and quantum elec-
tronic subsystems may now be coupled using a using a nonholonomic modeling
approach.
The canonical Hamilton’s equations [2] for the mixed classical-quantum sys-
tem are O
p=——+ 1, g=M" 9
P="% q p (9)
where p denotes a system level vector of nuclear momenta (the inertia matrix
M is diagonal) and

0= +f (10)

which are the momentum balance equations associated with the electronic co-
ordinates. The vectors f? and f¢ are generalized nonconservative forces, to be
determined by the net power flow to the system and the nonholonomic con-
straints.
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The momentum balance equations associated with the electronic coordi-
nates take a degenerate form [3,4,5], since the electronic momenta [and their
time derivatives, hence the left hand side of equation (10)] are identically zero.
Although the later equations have been have been overlooked in previous ab ini-
tio molecular dynamics work, they are in fact of central importance, since they
allow the Lagrange multipliers associated with the nonholonomic constraints
(the discrete Schrodinger equations) to be determined in closed form.

In the isokinetic ensemble case, the power flow to the ensemble (P***) takes
a thermal form. Assuming a simple functional form which depends on an overall
heat transfer coefficient R, the ensemble temperature 6, and a source tempera-
ture 6.,

Pt —9S =R, — 0) =fTq (11)
where S is the entropy flow to the ensemble and f is a vector of thermal forces.

If the ensemble temperature is defined by (kp is Boltzman’s constant)

n

1 - 1
9= MZ.'(Z)?:i Te 12
; 371/63 a 3nkBp 1 ( )

then equations (11) and (12) determine the net entropy flow and the noncon-
servative thermal forces to be

. 0, R (0,
S_R(9—1>, f—3nkB<9—1>p (13)

Finally, taking the inner product of equation (6) with a vector of Lagrange mul-
tipliers A, the coefficients of the generalized velocities in the resulting expression
combine with equations (13) to determine [2] the generalized nonconservative
forces in the canonical Hamilton’s equations as

fe=AT)\ f1I=BT)\4+f (14)

Equations (10) and (14) now determine, in closed form, the unknown vector of
Lagrange multipliers. The final Hamilton’s equations for the isokinetic ensemble

are
oH oH R 0
p=—— +BTAT = 1-= 15
P 8q+ 8c+3nk3< 0)p (15)
q=M'p (16)
A¢=-BM 'p +Hc (17)

The preceding development is the first to exploit nonholonomic Hamiltonian
methods to formulate a general ab initio molecular dynamics model of a mixed
classical-quantum system.



3 CONCLUSION

Applications of nonholonomic methods in molecular dynamics have to date been
rather limited, and focused on thermostats [6,7]. Despite this fact, nonholo-
nomic methods may have other important applications in computational chem-
istry, for example in the development of time adaptive basis functions [8,9].
Previous work in other science and engineering fields, including both rigid body
[2] and deformable body [3,4,5] dynamics, has demonstrated the practical im-
portance of nonholonomic Hamiltonian methods in those fields. To evaluate
the general utility of nonholonomic methods in ab initio molecular dynamics,
numerical implementation and validation research (extending beyond the model
formulation work presented here) will be required.
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ABSTRACT

Carbon nanotubes (CNTs) show attractive electronic properties that have been studied extensively, including
interest for cabling and wiring applications. Specifically, CNTs may provide an advantage over conventional ma-
terials, such as copper, due to their lightness and flexibility, which are properties demanded in naval and aircraft
applications. Using molecular doping with the potassium tetrabromoaurate molecule (KAuBra), doped nanowires
with enhanced electrical properties may be obtained. This paper presents the first comprehensive modeling effort
on KAuBry doping of CNTs, including doping of SWNT junctions.

The potassium tetrabromoaurate molecule (KAuBr4), potassium atom (K), tetrabromoaurate fragment (AuBry),
potassium ion (KT), and tetrabromoaurate ion (AuBr, ) were tested as dopants on the SWNT based conductors.
While the ions have do not affect the conductors, the charge neutral dopants were able to enhance the conductance
of the doped SWNT conductors. Subsequently, a nanowire model based on the computational results show dramatic
improvement over experimental data and copper in terms of specific conductivity. Overall, results presented in
this paper show the promise of doped SWNTs as potential candidates for the replacement of conventional copper
conductors.

1 Introduction

Carbon nanotubes (CNTs) have attracted much attention since physicist Sumio lijima identified hollow cylindrical car-
bon structures in 1991 [1]. Since then, research on the material has escalated in order to study its unique properties. In
particular, the electronic properties of CNTs show great promise, and provide an attractive prospect for applications like
power transmission and consumer electronics. Specifically, conventional materials used in electrical applications, such as
copper, are heavy and have poor mechanical properties; CNT-based wires may be able to resolve those complications with
superior mechanical and electrical properties [2]. Recent research showed the advantage of doped CNT cables over con-
ventional copper cables in terms of specific conductivity [3]; another paper showed a flexible and conductive CNT-based
electrode [4]. This work on doped CNTs can contribute to the fabrication of highly conductive nanotubes in many of these
applications.

In order to replace conventional conductive materials, the enhancement of electrical conductivity in CNTs is a highly
reseached topic. One way of enhancing the electrical conductivity is through the chemical doping of the CNTs. Some
experimental studies of doped CNTs include I, ICI, IBr [5], KAuBr4 [6,7], K, Br [8], and AuCl; doped [9] CNTs.

This paper explores the effect of potassium tetrabromoaurate (KAuBr4) on single-walled nanotube (SWNT) conductors,
motivated by recent experimental efforts [6,7] where CNT wires doped in a KAuBr4 aqueous solution show improved con-
ductivity over undoped CNT wires. (In this paper, the KAuBry investigated has a gold oxidation number of +3, represented
by the Roman numeral III [10].) Notably, the doped CNT wires showed increased conductivity, but decreased specific con-
ductivity (specific conductivity is defined in a continuum as 6/p, where G is the conductivity, and p is the mass density, of
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2 METHODOLOGY

the continuum). No computational work on KAuBr4 as a CNT dopant was found at the time of this writing. Furthermore,
the possibility of the KAuBr4 molecule disassociating is considered, since the exact chemical makeup of the doped CNT is
unknown. In this work, both the K atom and AuBr,4 fragment were included as potential dopants in the analysis.

K doping has been shown to improve the SWNT conductivity as well as its high-temperature stability (the change in
conductivity was low across a wide range of temperatures) [8]. In that cited work however, the K doping process was
limited to a small sample size; the procedure involved transferring the reacted sample into a cryostat, which limits the yield.
This poses an obstacle for the fabrication of conductive wires, since a high volume of these wires is required. Alternative
K doping methods have been found, however: K doped multi-walled nanotubes were produced through a reaction with a
phenanthrene/K solution [11], which allows doping of larger volumes of CNTs. Moreover, the electronic structure of K doped
SWNTs were investigated computationally [12]. In that work, the K atoms were positioned in the center of semiconducting
SWNT conductors without structural relaxation. The researchers observed an upwards shift of the Fermi energy in the band
structure, which is an indication of the n-doping of nanotubes by the K atoms. A different doping configuration for the K
atoms is shown in this paper, for both the SWNT conductor and junction models.

The AuBry fragment was not studied as a dopant for CNTs, but results on a similar dopant (AuCl3) exist. Kim et
al. found a decrease of sheet resistance in AuCl; doped CNT films with increasing dopant concentration, undergoing a
decrease as much as 90% with an AuClz concentration of 60 mM [9]. A further study using Raman and x-ray photoelectron
spectroscopy showed that the element chlorine, rather than the gold, in the AuClz molecule is responsible for the p-doping
of the CNT, thus reducing the sheet resistance [13]. More recently, a computational study determined that it was neither
the Cl nor the AuClz (and AuyClg) that induced the p-doping, but the AuCly [14]. Building upon that result, AuCly doped
conductors have been studied computationally and found to improve the conductance of the SWNT [15], but there were no
computational studies on AuBr4 doped SWNTs at the time of writing. In this work, that gap in knowledge will be bridged
through the investigation of AuBr4 doped SWNT conductors.

Apart from the neutral K atom and AuBr, fragment, their charged counterparts were modeled as well, namely, the K™
and AuBr, ion. The modeling of the charged dopants was motivated by the uncertainty in the doping configuration presented
in [6,7]: the doping solution used to produce the KAuBry doped CNT in the two works was a KAuBr4 ageuous solution,
which raised the possibility of K™ and AuBr, as doping agents in the solutions. Hence the effect of charged dopants on
SWNT conductors was investigated in this research.

In this research, two types of SWNTs were used to study the doping effects: the armchair SWNT of chirality (5,5) is the
representative metallic SWNT, while the zigzag SWNT of chirality (8,0) is the representative semiconducting SWNT, both
initialized as a rolled graphene sheet. The transport calculations for the conductors were done to replicate the conductance
of an isolated SWNT. Once the doped SWNT conductors were analyzed, a nanowire model, based on a previous work [16],
was then used to compare the computational results with the experimental work on KAuBry CNT [7], and with copper as
well.

The paper is organized as follows: Section 2 discusses the methodology used in investigating the models, Section 3
presents results on SWNT conductors. Section 4 compares this paper’s results using a nanowire model, while conclusions
are drawn in Section 5.

2 Methodology

Structural relaxation for all presented models was performed using the SIESTA 4.0 computational package, a self-
consistent density functional theory (DFT) software that uses a basis set based on linear combinations of atomic orbitals
(LCAO) [17]. In all cases, the atomic orbitals were double-{ polarized. Exchange-correlation functionals were obtained
using the Generalized Gradient Approximation (GGA) method, parametrized by Perdew, Burke, and Ernzerhof (PBE) [18],
matched with an orbital energy shift AEpspo = 150 meV [19]. The k-grid mesh for structural relaxation was 1 x 1 x 1, while
the k-grid mesh for transport calculations was 1 x 1 x 4. The relatively coarse mesh [15,20] was selected due to the size of
the computational models; a finer mesh (1 x 1 x 4 for structural relaxation) was tested; it was found that the difference in
results was negligible (< 2%), while the computation time was much longer (four times as long). The mesh cutoff energy
was 300 Ry for both the structural relaxation and transport calculations [20]. Dispersion correction was not incorporated
in the calculations of this paper, since there have been DFT studies that showed accurate SWNT band gap values without
dispersion correction [21]. However, dispersion corrected models are of interest in future studies.

A computational unit cell under periodic boundary conditions was used for the relaxation and transport calculations.
All models were relaxed until the maximum atomic force in the system was less than 0.04 eV A~!. Transport calculations
were performed with the TranSIESTA module included in the SIESTA 4.0 package, which computes the charge density
matrix using Green’s functions [22]. The conductance G is expressed in the form of the multichannel Landauer conductance
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3 CONDUCTOR MODELS

formula [23,24]:
G:Gq/<—ag§»TaﬂﬂLT@):T¢WEﬁwﬂ, (1)

where Tr is the trace operator, ¢(E) is the transmission matrix, T is the conjugate transpose operator, Tr[t'(E)t(E)] is the
transmission amplitude at energy E, f(E) is the Fermi-Dirac distribution, and the conductance quantum is

22 _5
Go = - = 7.748 x 1077 S, (2)

where e is the elementary charge, and # is Planck’s constant. All results presented in this work were computed at zero
temperature conditions, and thus Eqn. (1) becomes [23]

G = T(EFr)Gy. 3

In order to perform the transport calculations, each model was split into three regions: two end electrodes (one on each
end) and the central scattering region. The end electrodes used in all calculations are extensions of the central scattering
region, i.e., they are of the same species and configuration, instead of a different element (e.g. gold electrodes with a
SWNT central scattering region). This is because of the intention is to simulate macro-scale CNT conductors, which can
be approximated as infinitely long. Furthermore, the inclusion of buffer atoms is required when using bulk electrodes of a
different species, which will further enlarge the model size and prolong the computation time. The electrodes range from 2
to 3 unit cells in length, depending on the model and dopant size, and are semi-infinite: they extend to infinity on ends that
are not connected to the scattering region, via periodic images.

3 Conductor Models

In order to observe the effects of different dopants on the conductance, SWNT conductor models were tested. Motivated
by the experimental efforts of KAuBrs doped CNTs [6, 7], a KAuBry dopant was chosen in an attempt to shed light on
the mechanism behind the improvement of the electrical conductivity of the nanotubes. As the exact dopant standoff and
dopant type were unknown, the possibility of the K atoms and AuBr4 fragments disassociating from their KAuBr4 form
in the doping solution was considered. Besides, the doping solution, which is a KAuBr4 ageuous solution, also raised the
possibility of K™ and AuBr, ions as doping agents in the solution. Hence, the conductance of the undoped, KAuBr, doped,
K doped, AuBr4 doped, K doped, and AuBr; doped SWNT conductors is presented in this section.

Prior to transport calculations, structural relaxation was performed on all the models. The SWNT conductors were
relaxed in an isolated environment, i.e., the undoped/doped conductors were relaxed in a large computational unit cell to
prevent interactions between the periodic images. The SWNT conductors modeled are 20 A away from the walls in the
x- and y-directions, while the z-walls were positioned such that the periodic images of the computational unit cell simulate
a continuous and infinitely long SWNT conductor. Once relaxed, transport calculations were carried out on the SWNT
conductor models in the same computational unit cell. Transport calculations for the ion doped conductors were done by
initializing the models as electron-deficient or -surplus, respectively, for the K and the AuBr, cases.

As mentioned in Section 1, there is a great interest in the specific conductivity of the doped models, in addition to the
conductance. In the conductor models, the transport calculations were performed with two isolated nanotubes; as such, the
volume of the conductor models was not considered. Therefore, the results of conductance and specific conductance (instead
of specific conductivity) of the modeled SWNT conductors are computed. The specific conductance of the conductors is
defined by:

GC:—‘77’7\1€:— (4)

where G, is the conductance of a SWNT conductor with mass per unit length of 7., L. is the unit cell length of the conductor,
and m, is the unit cell mass of the conductor. The atomic masses of the different elements considered are listed in Table 1,
obtained from [25].

The SWNT conductors were modeled with two different dopant concentrations; the concentration values depend on the
dopant species. Note that in this work, dopant concentration is referred to as the number of atoms/fragments/molecules of
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dopants per SWNT unit cell; Table 2 tabulates the dopant mass fractions for the different dopants, and the dopant concentra-
tions.

The dopants were initialized at a distance of 1-1.1 A from the nanotube surface, which was sufficient to induce inter-
atomic interactions; in all the cases, the dopants relaxed to a distance further away from the initial position, shown in Table
2 as dopant standoff (15, .., —swn)-

3.1 Undoped Conductors

The SWNTSs were initialized as a rolled graphene sheet with a carbon-carbon bond length of 1.42 A, leading to diameters
of 6.26 A and 6.78 A respectively for the (8,0) SWNT and the (5,5) SWNT, which match literature values [26]. In terms of
band structures, the models are consistent with past work [21,26]: the (8,0) SWNT has a band gap of 1.25 eV and the (5,5)
SWNT has a zero band gap.

For the undoped cases, the (8,0) SWNT conductor has a conductance of zero at the Fermi energy Er, while the (5,5)
SWNT conductor has a conductance of 2Gy at Er. These results match literature values [27,28]. The mass per unit length
for the undoped (8,0) SWNT is 90.160 amu A~!; similarly 97.601 amu A~! for the (5,5) SWNT.

3.2 Potassium Tetrabromoaurate Doped Conductors

The first doped SWNT conductor model studied was the KAuBr4 doped conductor. The KAuBr4 molecule spans the
length of two unit cells in the (8,0) SWNT, and three unit cells in the (5,5) SWNT, shown in Figs. 1 and 2. Hence, the
KAuBr4 dopant concentrations tested were 0.50 and 1.00 molecules per unit cell for the (8,0) SWNT. Correspondingly, the
dopant concentrations were 0.33 and 0.67 molecules per unit cell for the (5,5) SWNT. The dopant standoff, the doped mass
per unit length, and the dopant mass fraction are listed in Table 2.

The KAuBr4 molecule had mixed effects on the conductance of the SWNT conductor, as shown in Fig. 3. The (8,0)
conductor was unaffected by the KAuBr4 dopant: its conductance remained at zero. The (5,5) conductor showed an increase
in conductance with KAuBr4 doping: the conductance increased from 2Gy to 3Gy at 0.33 molecules per unit cell, and to 4Gy
at 0.67 molecules per unit cell. Despite this effect, the specific conductance was not improved, due to the high mass of the
KAuBr4 molecule (the specific conductance of the (8,0) conductor was zero since the G = 0), as shown in Fig. 3. The dopant
mass fraction for the KAuBr4 was very large, going as high as 60% and 61% for the (8,0) and (5,5) conductors respectively.
The equilibrium geometry of the dopant molecule differed between the KAuBr,4 doped (8,0) SWNT and the KAuBr4 doped
(5,5) SWNT, as shown in Figs. 1 and 2 respectively. In the (8,0) SWNT case, the K atoms in the KAuBr4 molecule aligned
into a single plane, whereas in the (5,5) SWNT case the K atoms moved away from the plane of the AuBrj.

The KAuBr4 molecule has been shown to improve the conductivity of CNTs [6, 7], consistent with the present work,
noting that bulk SWNTs include both metallic and semiconducting nanotubes [29].

3.3 Potassium Doped Conductors

The second dopant considered was the K atom, disassociated from its KAuBr4 form. The K atom spans the length of
one unit cell in both the (8,0) and (5,5) SWNT conductors, as shown in Figs. 4 and 5. Hence, the dopant concentrations were
0.50 and 1.00 atoms per unit cell for both the (8,0) and (5,5) SWNT. The dopant standoff, the doped mass per unit length, as
well as the dopant mass fraction are listed in Table 2.

The K doping had a positive effect on both the (8,0) and (5,5) SWNT conductors, as shown in Fig. 6. The (8,0)
conductor saw an increase in conductance: the conductance increased from 0 to 1.6Gy at 0.50 atoms per unit cell, and to
2.5Gyp at 1.00 atoms per unit cell. The (5,5) conductor also saw an increase in conductance: the conductance increased
from 2Gy to 3Gy at 0.50 atoms per unit cell, and to 3.8Gy at 1.00 atoms per unit cell. The specific conductance of the (8,0)
conductor was increased, going over the benchmark value of an undoped (5,5) SWNT at 1.00 atoms per unit cell, while the
specific conductance of the (5,5) conductor exceeded the same benchmark at 0.50 and 1.00 atoms per unit cell, as shown
on the right of Fig. 6. Since the K atom is relatively light, the dopant mass fraction was low for both semiconducting and
metallic SWNT conductors, going only as high as 9% for the (8,0) conductor and 14% for the (5,5) conductor. Band structure
analysis showed that there was an upwards shift in the Fermi energy, a sign of the n-doping of the SWNT conductor by the
K atom. This led to an increase in electronic states available near the doped Fermi energy, and consequently an improvement
in the conductance.

The positive effect of the K atom in the doped SWNT conductors is consistent with computational and experimental
literature [8, 12].

3.4 Tetrabromoaurate Doped Conductors

The third dopant investigated was the AuBr4 fragment, the other disassociated part of the KAuBr4 molecule. The AuBry
fragment spans the length of two unit cells in the (8,0) SWNT conductor, and three unit cells in the (5,5) SWNT conductor,
as shown in Figs. 7 and 8. Hence, the AuBr4 fragment concentrations tested were 0.50 and 1.00 fragments per unit cell
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for the (8,0) SWNT conductor. The dopant concentrations were 0.33 and 0.67 fragments per unit cell for the (5,5) SWNT
conductor. The dopant standoff, the doped mass per unit length, and the dopant mass fraction are listed in Table 2.

The AuBrs fragment had a positive effect on both the (8,0) and the (5,5) conductors, as shown in Fig. 9. The (8,0)
conductor saw an increase in conductance: the conductance increased from 0 to 1.3Gp at 0.50 fragments per unit cell, and
to 1.9Gy at 1.00 fragments per unit cell. The (5,5) conductor also saw an increase: the conductance increased from 2Gy to
3Gy at 0.33 fragments per unit cell, and to 0.67Gy at 0.67 fragments per unit cell. However, the specific conductance of both
the (8,0) and (5,5) conductors were lower than the benchmark value for the undoped (5,5) SWNT, shown on the right of Fig.
9. Since the AuBr4 fragment is heavy, the dopant mass fraction was high for both the semiconducting and metallic SWNT
conductors, going as high as 57% for the (8,0) conductor and 59% for the (5,5) conductor. Band structure analysis showed
that there was a downwards shift in the Fermi energy, a sign of p-doping of the SWNT conductor by the AuBr4 fragment.
This led to an increase in electronic states available near the doped Fermi energy, and consequently an improvement in the
conductance.

The AuBry fragment’s effect is qualitatively consistent with the closest experimental work on AuCls doping of CNT
films [9]. In that work the authors observed a decrease in sheet resistance of the doped film over its undoped counterpart. It is
also consistent with a related computational work on AuCly, which exhibited improvement to its conductance of SWNT [15].
(Related work on AuBr4 doped CNTs, computational or experimental, was not found.)

3.5 Potassium Ion Doped Conductors

Next, the ion dopants were studied, starting with the K™ ion. The K™ ion spans the length of one unit cell in both the
(8,0) and (5,5) SWNTs, as shown in Figs. 10 and 11. Hence, the dopant concentrations were 0.50 and 1.00 ions per unit cell
for both the (8,0) and (5,5) SWNT conductors. The dopant standoff, the doped mass per unit length, and the dopant mass
fraction are listed in Table 2.

The K™ ion had no effect on the conductance for both the (8,0) or the (5,5) SWNT conductors: the conductance of the
(8,0) conductor remained at zero, while the conductance of the (5,5) conductor remained at 2Gy. Consequently, the specific
conductance decreased for the (5,5) conductor (the specific conductance of the (8,0) conductor stayed at zero), shown in
Fig. 12. The dopant mass fraction introduced by the K™ ion is identical to the K atom, since the mass of one electron is
negligible; the maximum dopant mass fraction for the (8,0) conductor was 9%, and for the (5,5) conductor it was 14%.

There were no previous works on K™ that was found; the closest computational result [12] focused on K as a charge
neutral atom, which is different from the presented case of K™ doped SWNT conductor (electron-deficient model).

3.6 Tetrabromoaurate Ion Doped Conductors

The final dopant, AuBr, ion was studied. The AuBr, ion spans the length of two unit cells in the (8,0) SWNT, and three
unit cells in the (5,5) SWNT, as shown in Figs. 13 and 14. Hence, the AuBr, dopant concentrations tested were 0.50 and
1.00 ions per unit cell for the (8,0) SWNT. Correspondingly, the dopant concentrations were 0.33 and 0.67 ions per unit cell
for the (5,5) SWNT. The dopant standoff, the doped mass per unit length, and the dopant mass fraction are listed in Table 2.

The AuBr, ion had no effect on the conductance, for both the (8,0) or the (5,5) SWNT conductor: the conductance of the
(8,0) conductor remained at zero, while the conductance of the (5,5) conductor remained at 2Gy. Consequently, the specific
conductance decreased for the (5,5) conductor (the specific conductance of the (8,0) conductor stayed at zero), shown in Fig.
15. The dopant mass fraction introduced by the AuBr, was high, which is the same as the AuBr4 fragment: the maximum
dopant mass fraction for the (8,0) conductor was 57%, and for the (5,5) conductor it was 59%. There were no previous works
found for the AuBr, ion as well.

The closest computational result is based on the AuCly molecule [15], which is different from the presented case of
AuBr; doped SWNT conductor (electron-surplus model).

4 Nanowire Model

In order to connect the presented results in Section 3 with experimental efforts, a nanowire model was defined based on
a previous work [16]. The conductors concerned were the KAuBr4, K, and AuBrs doped SWNT conductors; the ion doped
models were left out due to their lack of influence on the conductance for the SWNT conductors. For the same reason, the
(8,0) KAuBr4 doped SWNT conductor (of both concentrations) were left out of consideration for the nanowire model.

The experimental reference of interest is the KAuBrs doped CNT in [7]. It is worth noting that due to the uncertainty
of the doped CNT’s chemical composition provided in the experimental reference, the nanowire model is not meant as a
direct comparison; rather, the results show the possibility of the work presented in this paper as dopants for CNTs in the
aforementioned experimental work.
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The nanowire model is evaluated through its specific conductivity, defined by the metric M:

1 p . R 1

&)

T = A
o Lyrp  LyrpGe

where p is the mass density and ¢ is the conductivity of a continuum material, 7. is the mass per unit length of the doped
SWNT conductor, R, is the conductor resistance (and its inverse G, is the conductance; GC is the specific conductance
defined in Eqn. (4)), and Lyrp is the electronic mean free path, set to 500 nm [30].

To properly gauge the performance of the nanowire, the specific conductivity of copper was used as a reference metric
M.y, obtained via the specific conductivity definition for continuum materials. Using only the mass density p and the
conductivity o, the specific conductivity of copper was found to be M.y = 6671.30 Sm kg~! [31]. The relative specific
conductance, which is the ratio M /M, , was then compared among all doped SWNT conductors, including the experimental
reference in [7].

Figures 16 and 17 show the performance of the nanowires. In all the tested cases, the nanowires outperform both the
copper and experimental reference (whereby M /M.,y = 0.7). For the KAuBr, doped (5,5) nanowire, the relative specific
conductance is about 6 times better than copper, lower than the benchmark set by the undoped (5,5) SWNT nanowire at
M/M,, r="7.1. As for the K doped nanowire, at 1.00 atoms per unit cell, both the (8,0) and the (5,5) nanowire exceeded the
undoped nanowire benchmark, with the K doped (8,0) nanowire at M/ M,.r = 8.8 and the (5,5) nanowire at M /Mref =11.8.
However, for the AuBrs doped nanowire, the specific conductivity was lower than the undoped nanowire benchmark, with
M /M,.; =~ 3 for the (8,0) nanowire and M /M,,; =~ 6 for the (5,5) nanowire.

Such a superiority in the performance of nanowire models was expected, since the model considers an ideal circum-
stance for the nanowire in the macro-scale, that the nanowires are continuously and infinitely long. Thus, to better capture
the behavior of macro-scale wires, it is of interest to examine models that are not limited to just intratube electronic trans-
mission, but also intertube electronic transmission: SWNT junctions. Furthermore, the exact doping configuration of the
KAuBr4 CNT in [7] is unknown, which could be a reason behind the discrepancy in nanowire performance. In the future,
an investigation into nanowire models that include doped SWNT junctions will allow a better representation of the KAuBry
doped CNT.

5 Conclusions

The principal findings of this research on KAuBrs, K, AuBrs, K* and AuBr, doped models are presented in this
section. From the SWNT conductor models, it was found that the K atom and the AuBr,4 fragment were the most effective
in increasing the conductance of both the semiconducting (8,0) and the metallic (5,5) conductor. The KAuBr4 molecule was
only partially useful; the KAuBr4 doped (5,5) conductor saw an increase in conductance, but not the KAuBr4 doped (8,0)
conductor. The ion dopants had no effect on the SWNT conductors.

Using the three effective dopants, a nanowire model was used to compare the doped conductor results to the experi-
mental work on KAuBr4 doped CNT [7]. Results were positive in indicating the improvement of the computational models
over conventional copper, although more work on studying SWNT junctions would improve the nanowire model prediction
significantly.

In general, the results in this work show the potential of SWNT wires doped with KAuBry, K, and AuBr4 for conductive
wires (especially K in mass specific applications) and can assist future experimental efforts in the investigation of doped
SWNT conductive wires. In the near future, we integrate the results shown here with SWNT junction models into a nanowire
model to describe the performance of the doped SWNTSs, as compared to an experimental reference [7] and to copper. The
work will provide a practical connection between the computational results and experimental works, which highlights the
potential of the KAuBr4 doped CNTs.
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Table 1. Atomic masses of atoms used in models

Element

K

Au

Br

Mass (amu)

39.098

196.967

79.904

12.012

Table 2. Dopant standoff (from SWNT surface), mass per unit length, and dopant mass fraction for the doped conductors

SWNT Concentration | Dopant Standoff | Mass per Unit Length | Dopant Mass
Dopant Chiralit (number per I3, pant—SWNT i, Fraction
Y| unit cell) A) (amu A1) (%)
0.50 3.375 (Au) 155.3 0.420
(3,0)
KAuBr, 1.00 3.313 (Au) 220.5 0.591
0.33 3.364 (Au) 172.9 0.435
(5.5
0.67 3.362 (Au) 248.1 0.607
0.50 2.352 94.7 0.048
(3,0
K 1.00 2.492 99.3 0.092
0.50 2.618 105.6 0.075
(5.5
1.00 2.549 113.5 0.140
0.50 3.382 (Au) 150.8 0.402
(8,0)
1. .186 (A 211. .
AuBr, 00 3.186 (Au) 3 0.573
0.33 3.507 (Au) 167.6 0.418
(5.5
0.67 3.375 (Au) 237.5 0.589
0.50 2.503 94.8 0.048
(3,0)
K+ 1.00 2.440 99.3 0.092
0.50 2.546 105.5 0.075
(5.5)
1.00 2.936 113.5 0.140
0.50 3.163 (Au) 150.8 0.402
(3,0)
1.00 3.296 (A 211.3 0.573
AuBr, %6 (Aw)
0.33 3.377 (Au) 167.6 0.418
(5.5)
0.67 3.506 (Au) 237.5 0.589
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Fig. 1. KAuBr4 doped SWNTs: (8,0) SWNT with 0.500 dopant molecules per unit cell (left), and 1.000 dopant molecules per unit cell (right)

Fig. 2. KAuBr4 doped SWNTs: (5,5) SWNT with 0.333 dopant molecules per unit cell (left), and 0.667 dopant molecules per unit cell (right)
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Fig. 3. Performance of the KAuBr4 doped SWNTs (conductance, left, and specific conductance, right), with the dashed lines representing
an undoped (5,5) SWNT (note that the (8,0) SWNT was not affected by KAuBr4 doping)
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Fig. 5. Kdoped SWNTs: (5,5) SWNT with 0.500 dopant atoms per unit cell (left), and 1.000 dopant atoms per unit cell (right)
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Fig. 6. Performance of the K doped SWNTs (conductance, left, and specific conductance, right), with the dashed lines representing an
undoped (5,5) SWNT
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Fig. 8. AuBrg doped SWNTSs: (5,5) SWNT with 0.333 dopant fragments per unit cell (left), and 0.667 dopant fragments per unit cell (right)
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Fig. 9. Performance of the AuBr4 doped SWNTSs (conductance, left, and specific conductance, right), with the dashed lines representing an

undoped (5,5) SWNT
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Fig. 11. K doped SWNTs: (5,5) SWNT with 0.500 dopant ions per unit cell (left), and 1.000 dopant ions per unit cell (right)
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Fig. 12. Performance of the KT doped SWNTs (conductance, left, and specific conductance, right), with the dashed lines representing an
undoped (5,5) SWNT
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Fig. 14.  AuBr, doped SWNTs: (5,5) SWNT with 0.333 dopant ions per unit cell (left), and 0.667 dopant ions per unit cell (right)
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Fig. 15. Performance of the AuBrZ doped SWNTs (conductance, left, and specific conductance, right), with the dashed lines representing
an undoped (5,5) SWNT
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Fig. 16. The relative specific conductivity of the KAuBr4 doped nanowire, as compared to the undoped nanowire and the experimental
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ABSTRACT

Carbon nanotubes (CNTs) have been steadily gaining traction as a potential material for electrical wiring.
As such, the characterization of the electrical properties of CNTs are vital to fulfill the objective of producing
CNT-based wires. In this paper, single-walled nanotubes (SWNTs) are studied in undoped and doped junctions
to understand the reaction of the SWNTs to several factors, including nanotube separation distance and packing,
rotational misalignment, overlap distance, as well as chemical doping and doping configuration. Here, the dopants
of interest are the K atom and AuBry fragment. Additionally, a nanowire model is presented to provide a means to
compare the computational results to experiment.

The undoped SWNT junctions were very sensitive to the change in nanotube separation distance (and packing)
as well as overlap distance. Besides, rotational misalignments of 12° and 18° drastically reduced the junction
conductance. As for the doped junctions, the conductance of K doped junctions was similar, regardless of doping
configuration, while the conductance for the AuBry doped junction was heavily reliant on the doping configura-
tion. The AuBry doping fragment showed a unique characteristic: it eliminated the dependence of the junction
conductance on nanotube overlap. A nanowire model was developed and used as a metric for comparison with
experimental studies of KAuBr4 doped CNTs. The nanowire model provided a reasonable comparison of the com-
putational results with previous experimental work. Overall, results presented in this paper show the promise of
doped CNTs as potential candidates for the replacement of conventional copper conductors.

1 Introduction

Carbon nanotube (CNT) have been steadily gaining traction as a potential material for electrical wiring. Notably, CNTs
offer advantage over conventional electrical conductors made of copper, since they are much lighter and flexible [1]; such
benefits are attractive to industries that rely on electrical conductors for mass specific applications. In order to implement
CNTs in wiring applications, past research efforts have focused on studying the factors affecting wiring conductance, in-
cluding nanotube separation distance [2] and packing (radial densification of CNT-based wires) [3], overlap distance [4, 5],
chemical doping [3,6-13], as well as doping configuration [13]. These effects are all considered in this paper. In addition to
those, the effect of rotational misalignment in junctions, which has not been investigated before, was studied.

The characterization of the junction conductance with respect to the nanotube separation distances was motivated by
the efforts of Srivastava et al. [2], who found a dependence of conductance on separation distances of graphene nanoribbons
(defined as contact distances in the aforementioned work). Here, in order to understand the effects of densification in
experimental works [3, 14], the nanotube separation distance in undoped SWNT junctions was tested as a variable, which
determines the packing arrangement. Besides, this paper presents effects of a change in packing arrangement of a K doped
junction. In this work, the packing arrangement is dictated by the model’s computational unit cell (finite volume of a wire),
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which has the dimensions X juue X Y junc X Zjunc> and the packing density is defined as the number of SWNTs divided by the
cross section of the wire: 2/x juncy junc-

Additionally, this paper presents the effects of overlap distances on both the undoped and the doped SWNT junctions.
Previous works detailed the behavior of junction conductance with respect to varying overlap distances: both Gonzélez et
al. [4] and Tripathy et al. [5] noted an oscillatory behavior in conductance as a function of overlap distances in graphene
and SWNT junctions respectively. In this work, the overlap distance effects were studied at various nanotube separation
distances for the undoped junctions described previously, presenting new results on the combined effects of both nanotube
separation and overlap distances. Furthermore, overlap distance effects on the junction conductance documented here for the
K and AuBry4 doped junctions are novel; no junction works for the two mentioned dopants were found.

While much of the past research focused on orientation and configuration in junctions, such as separation distances (in
graphene nanoribbon-graphene interlayer distance) [2] and overlap [5], none looked at the rotational misalignment between
SWNTs in junctions. This work investigated the effects of said rotational misalignment on undoped SWNT junctions, since
the role of interface alignment is well documented in graphene junctions [4, 15-17].

In terms of chemical doping, there have been many experimental efforts made to enhance the electronic properties
of CNTs with various dopants. Janas et al. [6] looked into doping CNTs with interhalogen compounds (I, ICI, IBr) that
improved conductance. Potassium tetrabromoaurate (KAuBr4) doped CNTs were superior than the undoped CNTSs in terms
of conductivity [3,7]. Meanwhile, single-walled nanotubes (SWNT) doped with potassium (K) and bromine (Br) saw a
decrease in resistivity [8], and Kim et al. [9] observed a decrease in SWNT sheet resistance through AuCl; doping. Motivated
by the experimental efforts in [3, 7], computational results on the KAuBrs dopant on SWNT conductors were presented in a
previous work [18]. In that work, computational models of SWNT conductors doped with K, AuBr4, KT, and AuBr, were
investigated in addition to the KAuBrs dopant, since the doping solution used in the experiment was an aqueous KAuBry
solution [3, 7], which introduced possibilities of having dopants from the disassociated parts of the KAuBr4 molecule. From
those results, the K and AuBr4 dopants were picked as candidates for doping the SWNT junction models in this paper.
Notably, the K atom and the AuBr4 fragments are reasonable disassociation states for the KAuBrs molecule. In addition,
both the K and AuBr4 dopants are symmetric: the K atom being a sole atom, and the AuBr4 fragment being square planar.
This eliminated dopant orientation as a degree of freedom that the KAuBr, would otherwise introduce. K™ and AuBr, were
considered as well, but due to their lack of effect on the SWNT conductors [18], only their charge neutral counterparts are
discussed here.

In relation to past computational works, Li and Marzari [10] looked at (5,5) nanotube junctions and showed the potential
of transition metals as a ‘linker’ atom in the junction interface, to improve the electrical conductance of the junctions. Their
junction models only considered transition metals as dopants, and only had about a one half unit cell of junction overlap.
Saito [11] studied the computational model of K doped CNTs as a candidate for superconductors, and observed an upwards
shift in the Fermi energy, a sign of n-doping. In this paper, the K atoms were used to dope junctions, not conductors as shown
in Saito’s work (which means that electronic transport from one end to another is more likely to be due to intertube travel
as compared to arrays of continuous SWNT conductors). Furthermore, junctions presented in this work considered multiple
overlap distances and not continuous, as shown in Fig. 1 (left). Meanwhile, the closest computational study to AuBr4 doped
junctions were AuCly doped junctions [12], but the models presented in that work had the junction tube axes orthogonal to
each other, which differed from the junction models presented in this paper. In that work, they utilized (10,0) semiconducting
SWNT junctions, and showed an increase of conductance from zero to an ideal metallic SWNT conductance. In this paper,
the AuBr4 doped junctions presented are of metallic SWNTs.

Moreover, inspired by the detailed look at dopant distribution using iodine doped SWNTs [13], two doping configu-
rations were tested in this research: the external doping and interstitial doping configuration. The external doping config-
uration was adopted from a previous work on doped SWNT conductors [18], whereby the dopants are positioned above
the SWNT conductors, whereas the interstitial doping configuration was motivated by the iodine doped junctions from a
previous work [13]. There has not been any junction models in the literature concerning the K atom and AuBr,4 fragment,
thus this paper will contribute to the scientific body in the knowledge of doped SWNT junctions, and consequently, doped
nanowires.

In this research, the (5,5) SWNT was chosen as the SWNT candidate for the junction models because, as compared to
the (8,0) SWNT, the metallic SWNT better allowed observation of the doping effects. If the dopant was detrimental to the
junction conductance, there would be a decrease in conductance (from 2Gy), and if the dopant was beneficial, there would
be an increase in conductance; in the case of the (8,0) SWNT, only the positive effects can be seen. Computational studies
of metallic junctions are scarce, especially for the K atom and AuBr4 fragment. The closest reference found investigated
junctions comprising of two semiconducting SWINTSs [12]. This work on the metallic SWINT junctions in this paper will fill in
a void pertaining to the conductance of doped metallic junctions, complementing the past research efforts on semiconducting
SWNT junctions.

In this paper, Section 2 describes the methodology in modeling the SWNT junctions. Section 3 presents the results on
the SWNT junction models, and Section 4 defines a nanowire model to compare the computational model results. Finally,
the conclusions are drawn in Section 5.
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2 Methodology

The investigation of the SWNT models was done using the Spanish Initiative for Electronic Simulations with Thousands
of Atoms (SIESTA) version 4.0 program. It is a density functional theory (DFT) based computational method that uses a
linear combination of atomic orbitals (LCAO) as its basis set [19]; the atomic orbitals used in this paper were double {
polarized. The PBE exchange correlation functionals [20] and pseudopotentials used were obtained through the Generalized
Gradient Approximation (GGA). The orbital energy shift was set to AEpyp = 150 meV, and the models were relaxed to an
atomic force threshold of at most 0.04 eV A1,

A k-grid mesh of 1 x 1 x 1 was used for relaxation, and a k-grid mesh of 1 x 1 x 4 was used for the transport calculations,
both with a mesh cutoff energy at 300 Ry [21]. Computational unit cells with periodic boundary conditions were used for both
the structural relaxation and transport calculations. The computation began with a structural relaxation of the two aligned
SWNT conductors in an isolated environment (with SWNTs to the computational unit cell walls in the x- and y-direction
20 A apart [18]), to obtain an equilibrium configuration for the model. Then, alternate ends of the two conductors were
discarded to form a junction. The model was then moved to a computational unit cell with dimensions X junc X ¥ junc X Zjunc
for transport calculations (which has the packing density 2/x junc junc)» shown in Figs. 2 and 3, explained further in the next
section. The packing density (and thus the computational unit cell size) is dependent on the nanotube separation distance,
dopant standoff, dopant separation distance and SWNT diameter.

The transport calculations were performed on the models using the TranSIESTA module within the SIESTA program.
TranSIESTA operates by computing the charge density matrix with Green’s functions [22], which gives the Landauer-
Biittiker formula for conductance [23]. Since the transport calculations were performed at zero temperature, the conductance
formula becomes [24]:

2 2
G =T(E)Gy, Gy = % —7.748x 1075 S )

where T(E) is the transmission transmission amplitude at energy E, Gy is the conductance quantum, e is the elementary
charge, and / is Planck’s constant.

The junction models consist of three parts: two end electrodes (one at each end) and the scattering region. The two end
electrodes were acquired via an alternate-end-removal process from the two SWNT conductors described earlier, depending
on the overlap distance desired; the remaining (and alternate) ends were then used as electrodes. The electrodes are three to
four unit cells long (depending on dopant species, as elaborated further in the following section), identical to the scattering
region (of the same chemical species and dopants), and semi-infinite; the side of an electrode not attached to the scattering
region extends infinitely via its periodic images.

3 Junction Models

This section presents the results of the research on the SWNT junction models, as a reaction to SWNT configurations
and doping effects, in the interest of improving the design of CNT-based wiring. Since any practical nanowire consists of
a large number of noncontinuous CNTs, it is only rational to consider the intertube movement of electrons (in addition to
the intratube conductance studied in [18]), in order to better understand the conductivity of a macro-scale wire. To do this,
SWNT junctions were simulated. The (5,5) SWNT conductor was used in all junction models due to the convenience of
observing conductance effects by the dopants.

For a CNT-based macro-scale wire to be fabricated, it needs to contain a huge bundle of nanotubes packed together.
Since prior work by Srivastava et al. [2] found an influence on junction conductance by the separation distance between
a graphene nanoribbon and its graphene electrodes, the transport calculations performed in this work addressed that by
investigating junction models with different nanotube separation distances and packing arrangements, dictated by the size
of the computational unit cell used. Beside the nanotube separation distances and packing effects, the influence of overlap
distances and rotational configuration on the conductance of the (5,5) SWNT junctions were studied; the effect of overlap
distances has been well documented in both graphene [4] and SWNT junctions (labeled as contacts in their work) [25], while
there were no studies on the effects of rotational configuration of SWNTs found.

In this research, the K atom and AuBr4 were chosen as candidates to dope the SWNT junctions. As mentioned in the
Introduction, the choice of the two dopants was a logical progression from the results obtained in a previous work, where the
K doped and AuBr4 doped SWNT conductors displayed great improvements to the conductance [18]. The KAuBr4 molecule
showed excellent results too, but due to the asymmetry of the KAuBrs molecule, only the K atom and AuBr,4 fragment were
considered here. The KAuBr4 molecule is considered as a future effort in modeling doped SWNT junctions. Other than
dopant types, two doping configurations were also tested: the external doping and the interstitial doping configurations. The
difference in doping configurations attempts to explore the effects of dopant distribution on junction conductance, as studied
in [13].
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3.1 Geometry of Undoped SWNT Junctions

The geometries of the different undoped junctions studied are described here, including the packing arrangement tested
to investigate the effects of varying nanotube separation distances; the rotationally misaligned geometry is also explained in
this subsection.

Firstly, two aligned and isolated SWNT conductors were relaxed, from which the equilibrium nanotube separation
distance between the two conductors was obtained, defined as [§y, yr_owy7- The ends of the undoped conductors were then
removed in the model, as follows: alternate ends of the two relaxed conductors were removed (equal lengths) depending on
the overlap distances desired.

For the transport calculations of the undoped junctions, the intention was to have the SWNT conductors in the model
and in the periodic images be separated by the nanotube separation distance, [y, nr_swar- Therefore, the SWNT junction
was packed into a computational unit cell of dimensions X junc X ¥ junc X Zjunc, defined as:

Xjune = lswnT—swnr +dswnr )
Yjune = 2lswnr —swnr + 2dswnr (3)

where dgwyr is the diameter of the SWNT conductor, with zj,,. as the length of the model. The model of two aligned,
undoped (5,5) SWNTSs, each 15 unit cells long, was relaxed to a nanotube separation distance of iy nr_swyr = 3-36 A.
Figure 1 shows the undoped (5,5) SWNT junction with a five unit cell overlap. Figure 2 shows the computational unit cell
used for the undoped junction model in the transport calculations, and Table 1 lists the dimensions.

Apart from allowing the two aligned SWNTSs to relax freely in the y-direction, which resulted in a nanotube separation
distance of [gyn7_swar = 3-36 A, the effect which different packing arrangements have on the conductance of the junction
was determined. This was done to simulate conditions in a recent work, whereby the researchers radially densified rolled
CNT sheets before doping them in KAuBry4 solution [3]. To do this, the nanotube separation distance was initialized to
IswnT—swar = 1.50, 2.00, 2.50, 3.00, 3.50, and 4.00 A for structural relaxation (the asterisk has been removed to indicate
that the distances are no longer for isolated nanotubes, but for packed nanotubes). The packing arrangements were still
obtained using the rules shown in Eqns. (2) and (3), except that now [y, v ewar 1S replaced by Iswnt —swnr. Table 1 shows
all dimensions for the computational unit cells used for the model junctions at seven different nanotube separation distances.

Furthermore, the examination of SWNT configuration was extended to study the effects of rotational misalignment.
While there have been previous efforts to study the effects on junction conductance of overlap distances and tube axis
alignment [5], there has not been any computational research on the rotational misalignment of nanotubes in junctions. Thus
the effects of rotational misalignment between the SWNT conductors in the junctions was investigated here. Figure 4 shows
three rotational configurations of the two conductors in the junction model: (a) is the model used for all junction calculations:
the carbon atoms of the two SWNT conductor surfaces facing each other align perfectly. The upper conductor may be rotated
along its tube axis, as shown in (b) for a rotation of 12°, and (c) for a rotation of 18°. The unrolled view of the misaligned
models is shown in Fig. 5. The choice of 12° and 18° rotations was driven by the honeycomb lattice of the SWNTs: a 12°
rotation moves a carbon atom (in the upper conductor) to the lowest point of the conductor (in the y-direction), and an 18°
rotation moves it slightly more, such that the same carbon atom now defines a joint lowest point on the conductor. The lower
conductor was stationary for all cases.

3.2 Results of Undoped SWNT Junctions

The results of the undoped junctions are presented here, in the following order: effects of nanotube separation distance,
and effects of rotational misalignment, all with varying overlap distances.

The isolated junction was relaxed to a nanotube separation distance of iy n7_swar = 3-36 A, while different nanotube
separation distances (Iswnr—swnr = 1.50, 2.00, 2.50, 3.00, 3.50, and 4.00 A) have also been tested. Due to the highly
constrained conditions which the packing arrangement imposed on the model, the relaxed structure for the two SWNTs at
the nanotube separation distance of lswy7—swnr = 1.50 A and 2.00 A did not maintain a uniform circular cross section,
leading to an unrealistically high total energy value. As for the nanotube separation distance of lswyr—swnr = 2.50, 3.00,
3.50, and 4.00 A, the energy values of the junctions were close to the energy value of the junction at Lwnt—swar = 3.36 A,
the difference being < 0.03%. For all overlap distances, the energy values of all six junctions (Iswnr_swnr = 1.50 - 4.00 A)
were higher than the energy value of the junction that was structurally relaxed as isolated nanotubes (/g yr_swyr = 336 A).

In Fig. 1 (right) the conductance for the different nanotube separation distances is shown, where the highest conductance
value for the three, five, and seven unit cell overlaps occurred at Iswnyr—swnr = 3.00 A. For the one unit cell overlap the
highest conductance occurred at 2.50 A. Comparing to the junction with a separation distance of Iy yr_swnr = 3-36 A
(and a looser packing arrangement) shown on the dotted line in the same figure, it can be seen that at a closer packing the
junction conductance rose sharply. Around the nanotube separation distance of 2.50 - 3.00 A (close to the optimal nanotube
separation distance of 3.36 A), the conductance had a strong dependence on the overlap distances. Moreover, Fig. 1 (right)
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shows that at constant separation distances, the variation of the conductance with overlap was not monotonic, which is not
surprising; previous computational efforts have shown oscillatory conductance variations for both graphene [4], and SWNT
junctions [25], as a function of overlap distance.

In terms of rotational misalignment introduced effects, both the 12° and 18° rotations reduced the conductance drasti-
cally, as compared to the junction with no misalignment, as shown on the left in Fig. 6. In fact, the 12° rotation created a
gap in the transmission plot similar to that of an undoped semiconducting SWNT conductor, as shown on the right in Fig. 6,
leading to zero conductance at the Fermi energy. The 18° rotation models had a finite conductance, albeit much lower than
the rotationally aligned junction.

3.3 Geometry of Doped SWNT Junctions

The geometries used to perform the computation of the doped junction models are presented here, specifically on the
approach of packing the doped SWNT junctions. Two dopants were tested for the doped junction models: the K atom
and the AuBry fragment. Additionally, for each dopant type, two doping configurations were explored: the external doping
configuration and the interstitial doping configuration. The motivation for studying the external doping configuration was the
positive results shown in the previous work on SWNT conductors [18], whereas study of the interstitial doping configuration
was inspired by the work on polyiodide doped CNT junctions [13]

Similar to the process used for the undoped junctions, the equilibrium nanotube separation distance (I vr_swn7)
was obtained after structural relaxation. In addition, the dopant standoff (I, _swy7) and dopant separation distance
(Liopant—dopans) Were obtained, respectively, for the externally doped and interstitially doped junctions. Next, alternate end
segments were removed (at equal lengths, along with the electrode dopants) depending on the overlap distance desired, for
transport calculations.

For the transport calculations, like the undoped junction, the SWNT conductors in the doped junction model and in the
periodic images were separated by the nanotube separation distance, Iy yr_gwyr- However, this only applied to the periodic
images in directions whereby there were no dopants between the SWNTs. Specifically, for the externally doped models, the
SWNTs were separated by the nanotube separation distance only in the x-direction (since there were only dopants between
the periodic images in the y-direction); for the interstitially doped models, the SWNTs were separated by the nanotube
separation distance only in the y-direction (since there were only dopants between the periodic images in the x-direction). As
for the directions that had dopants between the SWNTs in periodic images, it was assumed that the distance between dopants
(in periodic images) in the external doping configuration case to be twice the dopant standoff (215, ,,,,_swy7), While the
distance between dopants (in periodic images) in the interstitial doping configuration case is the dopant separation distance
5 ;). The equations that embody the assumptions for the packing arrangement (in a computational unit cell of

dopant—dopan
dimensions X juue X ¥ june X Zjunc) Were

LawnT—swht + dswaT, for the external doping configuration “4)
X junc { 2L} o pant —dopant> for the interstitial doping configuration ©)
4o pant—swnr + lswyr—swnr +2dswar,  for the external doping configuration (6)
Yjune = { 2wt —swar + 2dswaT for the interstitial doping configuration @)

where dgwyr is the diameter of the SWNT conductor, with z j,,c as the length of the model. Figures 2 (right) and 3 show the
computational unit cells for the different doping configurations.

The first of the two doped junctions examined was the K doped junction. The two doping configurations for the K doped
junctions are shown in Fig. 7. Due to the size of the K atom, which spans the length of one unit cell in the (5,5) SWNT, the K
doped junctions were doped at one atom per two unit cells. This led to the total number of unit cells for each K doped SWNT
conductor in the junctions to be a multiple of two: the SWNT conductors were 16 unit cells long before removal of the ends.
For the external K doping configuration, the nanotube separation distance ([ yr_gwar) Was 3.46 A, and the dopant standoff
(3 opani—SW N7) Was 2.62 A. For the interstitial K doping configuration, the nanotube separation distance USwnT—_swar) Was

3.41 A, and the dopant separation distance (3, pant—dopant) Was 0-42 A. The dimensions for the computational unit cells used
are listed in Table 2.

The second of the two doped junctions examined was the AuBr4 doped junction. The two doping configurations for the
AuBry doped junctions are shown in Fig. 8. Due to the size of the AuBr4 fragment, which spans the length of three unit
cells, in the (5,5) SWNT, the AuBrs doped SWNT were doped at one fragment per three unit cells. This led to the total
number of unit cells of each AuBr4 doped SWNT conductor in the junction to be a multiple of three: the SWNT conductors
were 15 unit cells long before the removal of the ends. For the external AuBr4 doping configuration, the nanotube separation
distance (& nr_swyr) Was 3.39 A, and the dopant standoff Bopani—swnr) Was 3.36 A. For the interstitial AuBry4 doping
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configuration, the nanotube separation distance (g v _swyr) Was 3.79 A, and the dopant separation distance (L}, pant—dopant)
was 11.43 A. The dimensions for the computational unit cells used are listed in Table 2.

3.4 Results of Doped SWNT Junctions

The results of the K and AuBr4 doped junctions, with the external doping and interstitial doping configurations both
at various overlap distances, are presented here, along with a further investigation of packing effects on the interstitially
doped K junction. Note that, while the results in Fig. 9 compares the doped junction conductance with the undoped one (that
relaxed in an isolated setting, resulting in {5y n7_swar = 3.36 A), the packing densities are different, due to the complexity
of packing doped junction models.

For the K doped junctions, both doping configurations improved the conductance, as shown in Fig. 9. The highest con-
ductance value for the K doped junction was 1.02Gy. It was obtained with the interstitial doping configuration at an overlap
distance of seven unit cells, with the nanotube packing rule (in the xj,,. direction) derived from the rule for interstitially
doped models (shown on the right of Fig. 2). The external doping configuration performed similarly to the interstitial doping
configuration, which resulted in a conductance range of G = 0.32Gg - 0.95Gy.

The effect of packing arrangement was further investigated, done by increasing the packing density of the interstitially
doped K junction. This was done by using Eqn. (2) in place of Eqn. (5) to reduce the computational unit cell size, shown on
the third entry in Table 2; the corresponding packing density is shown in Table 3 as 9.368 x 1073 A=2. On the right of Fig. 9
the effect of the packing arrangement on the conductance can be seen. The conductance of the interstitially doped K junction
decreased when the nanotube packing (in x ) was reduced from 12.84 A (Eqn. (5), packing density of 7.639 x 1073472
to 10.47 A (Eqn. (2), packing density of 9.368 x 10> A~2). Such behavior is consistent to the undoped junctions, as the
nanotube separation distance decreased from 3.0 A (equivalent to an increase in packing density). This suggested that the
packing density of the interstitally doped K junction is a bit higher than the optimal density, but further tests are needed to
support that statement.

Next, in regard to the AuBr4 doped junctions: depending on the type of dopant configuration, the AuBr4 fragment had a
mixed effect on the (5,5) junction, as shown in Fig. 9. The external doping configuration had an adverse effect on the junction
conductance, which was reduced to < 0.41Gy across the different overlap distances. The interstitial doping configuration
however, had a large positive effect on the junction conductance. At an overlap distance of five unit cells, the conductance
exceeded the benchmark value for an undoped (5,5) SWNT at 2.04Gy. The conductance for the interstitially doped AuBr4
junction was also independent of the junction overlap; for all overlap distances the conductance stayed in the range of 1.8Gy.

3.5 Discussion

The effects of nanotube separation distance and rotational misalignment were seen in the undoped SWNT junction
models, while the effects of dopant type, doping configuration, and packing arrangement were observed in the doped SWNT
junction models. The junction overlap distance was also another influence on both the undoped and doped junction model.

e Nanotube separation distance, lswyr—swnr: The junction conductance rose at Iswy7—swyr = 2.00 A before dropping at
IswnT—swnT = 3.00 A; it was highest between Iswyr—swnr = 2.50 to 3.00 A, much higher than the junction conductance
at Ly nr_swar = 3-36 A. The relative maximum of the junction conductance in the range of Isyn7—swnr = 2.50 to 3.00
A suggests that a tighter packing arrangement is beneficial, since Bwnt—swnr = 3-36 A (at which the system was more
energetically favorable than at any of the other lswn7_swnT). Thus, it appears that the radial densification as performed
by experimental researchers in [3] had a positive effect on the undoped junction conductance.

e Rotational misalignment: The rotational misalignment of the junctions drastically reduced the conductance, and was
likely due to the reduction in the w bond overlap as the misalignment increases. At a 12° rotation misalignment, the
junction even had a gap in its transmission plot, similar to that of an undoped SWNT. In carbon nanotubes, the p, orbitals
of the carbon atoms interact with each other to form 7 orbitals, which are the main contributors to the conduction of the
SWNT [26]. Tripathy et al. suggested that the dependence of conductance on the crossing angle between nanotubes in
junctions is due to the overlap of the 7 orbitals [5], which is also a possible explanation for the observation shown here.
Here, it is speculated that when both SWNTSs are rotationally aligned (at 0°, shown in (a) of Fig. 4), the & orbitals on the
junction interface overlap; in addition to the intratube 7 orbital interaction, this improves the junction conductance. As
the rotational misalignment increases, the overlap region shrinks, and in turn reduces the junction conductance.

e K and AuBr4 doping, for both doping configurations: The K atom had a positive effect on the junction, in both the
external and interstitial doping configuration. Both doping configurations have conductance that are quite similar across
different overlap distances. As for the AuBr4 doped junctions, only the interstitial doping configuration improved the
junction conductance, while the external doping configuration reduced the conductance, as compared to the undoped
junction. According to Saito, the most effective type of dopant in inducing charge transfer in CNTs would be a highly
electropositive element, like alkali metals [27]. This could explain why the conductance for the K doped junctions were
less dependent on the dopant configuration, as compared to the AuBrs doped junctions. For the AuBr4 doped junction,
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the proximity of the dopant to the CNT interface seems to be important; the positioning of the AuBr4 fragments closer
to the interface seems to raise the junction conductance.

e Packing arrangement: In the case of the (packed) undoped SWNT junctions, there was an optimum packing arrangement
(UswNT—swnt =2.50-3.00 A) resulting in high junction conductance. In the interstitially doped K junction case however,
the conductance decreased when the packing density increased. More data points on the packing of K doped junctions
will be needed in order to obtain a verdict on the ideal packing size. With only a small dataset, it seems that the optimum
in packing density (for a relative maximum in junction conductance) was not observed here; the reduction in packing of
the interstitial K doped junction from xj,,c = 12.84 Atox june = 10.47 A was detrimental to conductance.

e Junction overlap distance: A nonmonotonic behavior of both the undoped and doped junction conductance was observed,
as the overlap distance was increased. Such behavior is common in graphene and SWNT junctions [4,25], although in the
mentioned works a higher number of overlaps was tested. While longer SWNT junctions (i.e. longer overlap distances)
can capture the behavior over larger ranges in this work, computational costs were a concern for models of such size,
especially in utilizing a DFT-based software like SIESTA.

4 Nanowire Model

In this section, a method to describe the macro-scale performance of CNTs is presented: a nanowire model was defined
to compute specific conductivity, expressed as a performance metric M. A combination of doped SWNT conductor and
junction models was used to compute the metric, with the conductor results from a previous work [18] and the junction
results from Section 3. The performance of the nanowires was then evaluated through a comparison of specific conductivity
to the specific conductivity of copper.

The metric M for the nanowire was based on another previous work [13] that describes the specific conductivity. In the
case of the CNT-based nanowire, the specific conductivity is affected by the ballistic conductance G within the electronic
mean free path in CNTs, Lyrp, in a unit of mass. Associating the specific conductivity of contiunuum material to a non-
continuum one, the metric was defined as:

1 [ 1
T o meffLA,qu7 Repr = min(G.,G;)’
¢ Uj

Yo (®)
where p and G are the mass density and conductivity of a continuum material respectively, 7, ¢ is the effective mass per unit
length of the nanowire, R,y is the effective resistance of the nanowire, and G, (or G;) is the conductance of the conductor
(or junction). The ‘min’ function ensured that the nanowire model can only allow electronic transmission at the lower
conductance (between the conductor and junction), since that would be the limiting factor for electronic transport. The
effective mass per unit length is defined as

m m; .
fefr = (1= Qe + i, e = —<, iy = —L and o0 = —L—, o
L Lj Lyrp

where m, (or m;) is the mass of a conductor (or junction) with the length L. (or L;). Here, o is defined as the fractional
overlap of the nanowire.

The junction results from the previous section is shown in Table 3, which includes the fractional overlap, mass per unit
length, packing density, and conductance values for the doped junctions. The highest and lowest conductance results for the
junction models (with regard to the fractional overlap, mass per unit length, and packing density) were considered for the
nanowire model. The conductor results, obtained from [18], is shown in Table 4.

The nanowire performance metric M in its functional form is expressed as:

M:f(mcamﬁLCaLijchj) (10)

where the values for the variables were obtained from the models presented in a previous work [18] and from Section
3. Since two different doping concentrations were studied for the conductor models, and two doping configurations were
studied for the junction models, four combinations of conductor and junction models were analyzed to create the nanowire
model. The properties of the models are shown in Table 5, representing high performance configurations for the different
types of disassociated dopants (highest conductance values) for strictly metallic SWNT conductors and junctions.

The results of the nanowire model were compared to a continuum conductor made of copper, designated as the reference
metric, M. ¢. Since the reference metric was obtained from a continuum model, the specific conductivity formula (shown as
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the inverse in Eqn. (8)) only requires the conductivity (6) and the mass density (p), which yields M,.r = 6671.30 Sm kg™!

[28]. A mean free path of Ly;rp = 500 nm was chosen for the nanowire model, based off a study on metallic SWNTs [29].

Figure 10 shows a comparison of specific conductivity predicted by the nanowire model versus copper. The metrics
for different combinations had different ranges. Notably, the K doped nanowire showed a wider variation (shown on the
left) than the AuBr4 doped nanowire (shown on the right). In fact, the AuBr4 doped nanowire was extremely sensitive to
the junction doping configuration. Quantitatively, the relative specific conductivity for the K doped nanowire (as compared
to copper) ranged from 0.524 to 3.357, while the relative specific conductivity for the AuBr4 doped nanowire ranged from
0.154 to 4.164. The experimental relative specific conductivity for the KAuBr4 doped CNT in [3], shown in black dashed
lines in Fig. 10, was 0.73 (73% of the specific conductivity of copper) at 4842.86 Sm? kg~!, and is within the computed
ranges for the K doped and AuBrs doped nanowires.

It is noted that the nanowire model presented in this work is expected to outperform the experimental data obtained
from [3]. In that work, the KAuBr4 doped CNT consisted of nanotubes that were SWNTs and MWNTS, and possibly included
a mixture of both metallic and semiconducting nanotubes. Hence, the observed difference of the experimental specific
conductivity, as compared to the nanowire models, is reasonable. Furthermore, the experimental doping configuration is
undetermined for the KAuBr4 doped CNT; the dopant could either adsorb to the CNTs in its disassociated form (as K atoms
and AuBry fragments) or as a complete KAuBr4 molecule, or both. These factors could all contribute to the discrepancy
between the nanowire performance and the experimental data in Fig. 10. Moreover, the fractional overlap o0 may vary from
junction to junction. Hence the nanowire model is a ‘high performance model’ and it estimates a higher specific conductivity
than the experimental reference indicates.

5 Conclusions

Finally, the research efforts are concluded in this section by a presentation of the principal findings on the SWNT
junctions and nanowires. First off, the (5,5) SWNT junctions showed reactions to varying nanotube separation distances,
rotational misalignment, K and AuBr4 doping at both the external and interstitial doping configurations, different packing
arrangements, as well as separate overlap distances:

e The nanotube separation distance of {5y nr_swar = 336 A was obtained from relaxing two isolated and undoped SWNT
conductors, but with a slight decrease of nanotube separation distance (to lswnyr—swnr = 2.50 to 3.00 A) the junction
conductance increased sharply; further decrease in the separation distance reduced the conductance. This suggested an
optimum in packing arrangement (with the different lgwn7_swy7) that will lead to an increased conductance, which also
points to the benefit of radial densification as performed in [3].

e The rotational misalignment was tested at a misalignment of 12° and 18°, which notably deteriorated the junction con-
ductance. The decrease in conductance due to rotational misalignment between the SWNT conductors in the junction
can be described as the reduction in 7 orbital overlap between the conductors; similar behavior was found in a misalign-
ment of SWNT tube axes [5].

e K had a positive effect on the SWNT junction conductance, and was not quite as sensitive to different doping config-
urations. On the other hand, the interstitially doped AuBr4 junction was significantly better than the externally doped
AuBry junction in increasing junction conductance. As pointed out by Saito, alkali metals are the leading candidates
in altering nanotube electronic states [27], and this supports the argument that the K atom affects the SWNT junctions’
electronic state more than the AuBrs fragments: the K atom as an alkali metal is extremely reactive, and has a higher
tendency to alter the electronic state of the SWNT junctions as compared to the AuBry fragment, which was heavily
dependent on doping configuration for high conductance.

e The packing arrangement affected the junction conductance. As seen in the undoped SWNT junction, the conductance
can be increased with an increase in packing density from the isolated relaxation case (that gave a nanotube separation
distance of [gy yr_ewyr); With an optimal packing density (at a nanotube separation distance between 2.50 - 3.00 A),
the conductance is at its relative maximum. This suggests that the situation might be similar with the doped junctions.
However, due to the size of the dataset in this work, the optimum was not observed for the interstitially doped K junction
with an increase in packing density.

e The junction overlap distance had a nonmonotonic effect on both the undoped and doped junction conductance, which
was expected from previous work [4,25]. Testing longer overlaps could be useful in characterizing the junction conduc-
tance’s dependence on overlap distances, but that would increase the size of the junction models, which was a challenge
for computation.

Next, a nanowire model was provided to compare the findings with the experiments of [3], as well as to bulk copper.
The experimental specific conductivity of the KAuBrs; doped CNT fell within the range of the nanowire model values. As
expected, the high performance configuration nanowire models had a specific conductivity higher than the experimental
value, since many factors such as the doping configuration and the mixture of nanotubes could lower the experimental value.
Note that it is possible to experimentally produce doped CNTs with specific conductivity much higher than that of copper:
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Zhao et al. showed that with iodine doping, the specific conductivity of nanotube cables surpassed copper’s by a factor
of three [30] (although the nanotubes in question were double walled, which are metallic even if both the inner and outer
nanotubes are semiconducting [31]).

Overall, using the nanowire model, the doped SWNT junctions results showed the potential of disassociated KAuBry
molecules, namely the K atom and AuBr4 fragment, in improving the specific conductivity of CNTs. As part of future
work, KAuBr4 doped junctions are considered for the nanowire model, as well as exploring doped semiconducting SWNT
junctions. With that, a better understanding of doped CNTs can be achieved, in order to support the experimental efforts in
the enhancement of CNT based conductive wires.
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Table 1. Computational unit cell dimensions of undoped junction models, and the equations used to generate the dimensions

Nanonibe SEPArON | e ) | june A) | zune (A) Ui?t%ill
Equations

Iswnt—swnt = 1.50 A 8.28 16.35 36.92

lswnT—swnr = 2.00 A 8.78 17.35 36.92

Iswnr—swnt = 2.50 A 9.28 18.35 36.92

IswnT—swir = 3.00 A 9.78 19.35 36.92 2).3)

Liwnt—swar = 3:36 A 10.33 20.52 36.92

Iswnr—swnr =3.50 A 10.28 20.35 36.92

Iswnr—swnt = 4.00 A 10.78 21.35 36.92
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Table 2. Computational unit cell dimensions of doped junction models, and the equations used to generate the dimensions

Dopant Comp.
Dopant Configuration X junc (A) Y junc (A) Zjunc (A) Unit Cell
Equations

External 10.38 27.65 39.38 @), (6)

K Interstitial 12.84 20.39 39.38 ),

Interstitial 10.47 20.39 39.38 2), ()

External 10.31 30.44 36.92 ), (6)

AuBry
Interstitial 22.86 21.37 36.92 ®), ()

Table 3. Fractional overlap, mass per unit length, packing density and conductance for the doped junctions

Fractional Overlap | Mass per Unit Length Packing
Dopant Corll?'"l(gl)iztion 0c73 & _ Deil Sity, Corgli(:éince
(x1073) (amu A1) (x1073 A~2) J
0.246 390.7 6.968 0.318
External 1.230 2534 6.968 0.824
2.215 231.1 6.968 0.950
3.199 2274 6.968 0.908
K 0.246 391.1 7.639 0.602
1.230 260.0 7.639 0.760
Interstitial 3.197 230.0 7.639 1.017
0.246 391.1 9.368 0.170
1.230 260.0 9.368 0.225
3.197 230.0 9.368 0.783
0.246 681.5 6.373 0.074
1.229 402.7 6.373 0.111
External 2213 324.9 6.373 0.183
3.197 339.7 6.373 0.302
AuBry 4.182 355.0 6.373 0.415
0.246 9714 4.094 1.888
1.230 402.4 4.094 1.841
Interstitial 2214 339.2 4.094 2.044
3.199 364.1 4.094 1.637
4.183 355.0 4.094 1.930
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Table 4. Mass per unit length and conductance for the doped conductors, from [18]
i M Unit Length
Dopant SWNT C(?lﬁzggras;n ass pet mm cne Conductance
. . (e
Chirality unit cell) (amu A~1) Ge/Go
0.50 94.7 1.644
(8,0)
1.00 99.3 2.512
K
0.50 105.6 2.958
(5.5)
1.00 113.5 3.841
0.50 150.8 1.327
(8,0)
AuBr; 1.00 211.3 1.946
0.33 167.6 2.977
(5.5)
0.67 237.5 3.960

Table 5. Combinations of conductors and junctions considered in the nanowire model calculation

Conductor Dopant . .
. Junction Doping
Dopant Concentration .
Configuration
(dopant/u.c.)

0.50 External

0.50 Interstitial

K nterstitia
1.00 External

1.00 Interstitial
0.33 External

AuBr; 0.33 Interstitial
0.67 External

0.67 Interstitial
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Co}nzductance vs Nanotube Separation Distance and Overlap
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Fig. 1. On the left, an undoped junction with a five unit cell overlap; on the right, the conductance of the undoped (5,5) junctions as a function
of varying overlap distance and nanotube separation distance for 0° rotation, with the vertical dotted line indicating the results for the isolated
(equilibrium) relaxation model
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Fig. 2. Axial (projected) view of a computational unit cell for an undoped (left) and externally doped (right) junction (note that Z jyuc is the
model length in the axial direction)
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Fig. 3. Axial (projected) view of a computational unit cell for an interstitially doped junction (note that Z ;¢ is the model length in the axial

direction)
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Fig. 4. Axial (projected) view of three SWNT junctions for three different rotational alignments (0°, 12°and 18°); the lower SWNT conductor
is stationary in all cases
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Fig. 5. Unrolled SWNTs for the rotationally misaligned junctions at 12°(top) and 18° (bottom); the grey (lighter) atoms represent the lower
SWNT (in Fig. 4), and the blue (darker) atoms represent the upper SWNT (in Fig. 4)
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Fig. 6. On the left, conductance of the 12°and 18°rotationally misaligned junctions as a function of overlap, at a nanotube separation
distance (Iswnt_swnt) of 3.0 A; on the right, conductance of the 12°rotationally misaligned junction as a function of overlap and electron

energy (in this work, the transmission data from the transport calculations was obtained through the sampling of 201 points between -2 eV to
+2 eV)
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Fig. 8. AuBr4 doped junctions: externally doped (left) and interstitially doped (right)
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Fig. 9. On the left, effects of overlap and dopant configuration on conductance (note: due to the relaxation in an isolated setting, the
different doped models—including the undoped case—have different packing densities); on the right, effects of overlap and nanotube packing
on conductance
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Relative Specific Conductivity (K Dopant) Relative Specific Conductivity (AuBr, Dopant)
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Fig. 10. The relative specific conductivity of the K doped nanowire (left) and AuBr4 doped nanowire (right), with the dashed line indicating
the specific conductivity of the KAuBr4-doped CNT (of which the doping origin is undetermined) in [3] as compared to Mref; the experimental
reference is meant to show the plausibility of the presented nanowire model, not as a direct comparison
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