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Abstract 

 

Ab initio Study of Carbon Nanotube Based Conductors 

 

Yangchuan Li, M.S.E. 

The University of Texas at Austin, 2017 

 

Supervisor: Eric Fahrenthold 

 

The development of new high strength, high reliability, and high ampacity 

conductors can benefit a wide range of commercial and military systems. Improved 

conductors are needed to perform a variety of power and data transmission functions, and 

their strategic research importance is highlighted in numerous publications. The most 

promising opportunities for fundamental improvements in conductors appear to be offered 

by carbon nanotube (CNT) based composites. Material architectures of interest include 

doped nanotube wires and cables, and nanotube-copper composites. Although the electrical 

conductivity of current CNT fibers lag copper by an order of magnitude, a mass specific 

comparison shows that CNT composites are promising candidates for disruptive advances 

in conductor technology. The majority of published research on carbon nanocomposite 

conductors has taken an experimental approach. Although experimental research has been 

productive, the complexity of the materials design problem motivates complementary 

efforts on simulation. Simulation can serve as a valuable adjunct to experiment, in 

particular when published experimental studies speculate on physics which may not be 

amenable to direct experimental measurement. 



 v 

This thesis investigates the conductance of iodine or chromium doped CNT and 

copper-CNT nanocomposites using ab initio methods, which can complement 

experimental work by estimating the performance of systems that may be difficult to study 

experimentally. Both conductor and junction models of these nanomaterials were built to 

perform conductance calculations. Based on the computed microscopic properties, a 

transmission line model is proposed to predict the behavior of nanowires. The results 

suggest that iodine doped carbon nanotube conductors are viable research and development 

candidates for electrical conductors in ship and aircraft applications, where mass specific 

conductivity is of central interest. 
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Chapter 1: Introduction 

1.1 CARBON NANOTUBE BASED CONDUCTORS 

The widespread use of copper in power and data cabling for aircraft, ships, and 

ground vehicles imposes significant mass penalties and can limit system performance. 

Carbon nanotube (CNT) [1], [2] based electrical conductors have attracted considerable 

attention, as potential replacements for copper, since they may offer improved specific 

conductivity [3] and higher ampacity [4], [5].  

 

Figure 1.1: Naming of CNT (Adapted from reference [6]) 

A CNT is an allotrope of carbon, with a cylindrical structure. Since its first 

discovery [7], many research publications have revealed that it has fascinating mechanical 

[8], electrical [9]–[11] and thermal [12], [13] properties. The structure of a CNT is 

described by a chirality index (𝑛, 𝑚), which defines the wrapping angle and diameter of 

the CNT. When 𝑛 = 𝑚, the CNT is called armchair CNT. When 𝑚 = 0, the CNT is named 

zigzag. In Figure 1.1, 𝑎1 and 𝑎2 are the unit vectors of graphene. 𝐶ℎ denotes the chiral 
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vector. A CNT can be viewed as rolled up platelet of graphene, the latter defined by the 

𝐶ℎ vector. The diameter of a CNT is equal to the length of 𝐶ℎ. T denotes the tube axis. 

Chirality determines the electrical properties of a CNT. Generally speaking, when 

𝑛 − 𝑚 = 3𝑡 (𝑡 =  0, 1, 2 … ), the CNT will be metallic [14], e.g. CNT(5, 5). Otherwise, it 

is semiconducting, e.g. CNT(8, 0). In some cases, e.g. CNT(9, 0), a CNT categorized as 

metallic actually has a small bandgap, as shown by Blase et al. [15]. 

CNT based conductors have been studied both experimentally and computationally, 

as a promising new cable technology. Their relatively low conductivity [16], as compared 

to copper, has encouraged the consideration of doped nanotubes or CNT-copper 

nanocomposites as energy efficient replacements in mass sensitive applications. Table 1.1 

and Table 1.2 compare published data on the electrical conductivity and the mass specific 

electrical conductivity of several doped CNT or CNT-based composites with the 

corresponding properties of copper.  

Although experimental research on the development of CNT based electrical 

conductors has been productive, the difficulty of the conductor design problem motivates 

complimentary computational research. This thesis contributes additional studies on iodine 

doped CNT cables and copper-CNT nanomaterials. Specifically, it includes a series of ab 

initio calculations performed to estimate the ballistic conductance properties of iodine 

doped carbon nanotubes and copper-CNT nanomaterials, which are under consideration as 

potential replacements for copper in ship and aircraft applications. Such applications are 

typically mass constrained, as opposed to volume constrained, hence specific conductivity 

(as opposed to conductivity) is of most interest. Since the fabrication of macroscale 

conductors will presumably require the systematic integration of nanotube bundles, the 

conductance properties of both nanotube conductors and nanotube junctions, including 

both doped and undoped models, are investigated.  
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Material Conductivity 𝜎 (𝑆/𝑐𝑚) 

Cu 5.80 × 105 [4] 

Cu-CNT composite (2.3 − 4.7) × 105 [4] 

Undoped CNT fiber (1.82 − 2.90) × 104 [17], [18] 

Iodine doped CNT fiber (5.00 − 6.67) × 104 [3], [17] 

Acid doped CNT fiber (2.42 − 3.89) × 104 [5] 

Table 1.1: Electrical conductivity of alternative materials 

Material Specific conductivity 𝜎/𝜌 (𝑆 ∙ 𝑐𝑚2/𝑔) 

Cu 6.47 × 104 [4] 

Cu-CNT composite 8.15 × 104 [4] 

Iodine doped CNT fiber 1.96 × 105 (best) [3] 

Table 1.2: Mass specific electrical conductivity of alternative materials 

1.2 BALLISTIC CONDUCTANCE ANALYSIS 

The computational package used in this thesis is the open source code SIESTA 

[19], which 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 
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function (NEGF) formalism [20], implemented in the TranSIESTA module [21] of the 

SIESTA package. First SIESTA is used to determine the electronic structure, then 

TranSIESTA is used to compute the modeled system’s electrical conductance.  

As described in the TranSIESTA documentation [21], some modeling assumptions 

should be noted: 

 Ballistic transport is assumed. So the mean free path 𝐿𝑚 of an electron is assumed 

to be greater than the length of the conductor 𝐿𝑐. For single-walled CNT at room 

temperature, 𝐿𝑚 is estimated to fall within the range 10-4,000 nm [22], [23]. 

 Zero temperature conditions are assumed, in the molecular sense, since the 

electronic structure calculations are performed for fixed nuclei (Born-Oppenheimer 

approximation). 

The electrical conductance (𝐺) is calculated using the Landauer formula [24]. 

𝐺 = 2
𝑒2

ℎ
∫ −

𝜕𝑓(𝐸)

𝜕𝐸
𝑇(𝐸)𝑑𝐸 , 𝑇(𝐸) = 𝑇𝑟[𝑡∗(𝐸)𝑡(𝐸)] 

Here 𝑒 is the electron charge, ℎ is Planck’s constant, 𝑓(𝐸) is the Fermi-Dirac 

distribution function, 𝑇(𝐸)  is the transmission function and 𝑡(𝐸)  is a matrix of 

transmission coefficients for waves propagating along the conductor. Note that 𝐸 is the 

wave energy. To obtain the conductance at ground state, let 

−
𝜕𝑓(𝐸)

𝜕𝐸
= 𝛿(𝐸 − 𝐸𝑓) 

where 𝐸𝑓 is the Fermi energy, so that 

𝐺 = 𝐺0𝑇(𝐸𝑓),     𝐺0 = 2
𝑒2

ℎ
= 7.75 × 10−5 S 

Here 𝐺0 is the standard quantum conductance unit. For an ideal metallic carbon 

nanotube, 𝑇(𝐸𝑓) = 2 and 𝐺 = 2𝐺0 [25]. 
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1.3 PREVIOUS WORK ON BALLISTIC CONDUCTANCE ANALYSIS 

The most widely used approach to ballistic conductance modeling employs density 

functional theory and a non-equilibrium Green’s function formulism to studying electron 

transport properties of nanoscale conductors [26]–[28]. Based on this approach, extensive 

ballistic conductance analyses on various CNT systems has been performed. Since a 

macroscopic CNT cable is composed of many nanoscale CNT conductors and junctions, 

modeling work on the ballistic conductance of both CNT conductors and junction is of 

major interest.  

Analytical work on CNT conductors has included: (1) introducing defects (e.g. 

vacancies [29]), (2) applying chemical doping (e.g. F [30], I2, ICl, IBr [31], MoO3 [32], 

AuCl3 [33]), (3) building multiwall CNT models (e.g. double CNT in which each tube has 

different electrical properties [34] or double wall CNT with variation in interwall spacing 

[35]), and (4) investigating nanocomposite nanowires (e.g. Cu-CNT conductors [36] and 

sulfur chains positioned inside CNT [37]). Some research has combined more than one 

configuration parameter. For example, Lopez-Bezanilla [38] investigated chemically 

doped double wall CNT, examining the effects of both interwall spacing and outer wall 

modification [by monovalent phenyl (-C6H5) and divalent dichlorocarbene (>CCl2) 

dopants] on conductor performance. The results suggested that monovalent dopants have 

stronger negative effects on conductance than divalent dopants. They noted that large 

interwall spacing prevent the negative effects of outer tube doping from affecting inner 

tube. 

In the case of CNT junctions, modeling research has focused on: (1) structural 

effects (e.g. variations in junction overlap [39], [40] or tube angles [41], [42]), and (2) the 

effects of chemical doping on junction performance (including transition metals [43], gold 

nanoparticles [44], or O2 and N2 [45]). The computational results indicate that the 
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conductance ‘oscillates’ with junction overlap, which may explained  by ‘quantum 

interference’ effects [39], [40]. In term of tube angles, the highest conductance is found 

when the junction region structure is ‘commensurate’ [42]. In the case of transition metal 

doping, it appears that the  best junction conductance results from chromium doping [43].  

In the case of CNT network modeling, most modeling work has employed 

percolation theory which incorporates both conductor and junction performance. As an 

example, computational work described in references [46], [47], combines the macroscopic 

conductor performance with the ballistic conductance of the junctions to predict the 

performance of CNT composites. In this thesis, overall CNT network performance is 

estimated by developing a transmission line model, using parameters obtained from the 

ballistic conductance calculations made on both CNT conductors and junctions. 

1.4 OUTLINE OF THESIS 

The remainder of thesis is organized as follows: 

Chapter 2 describes iodine doped conductor and junction calculations. Iodine has 

been found to be an effective conductance enhancer in doped CNT cables [3], [17]. Both 

CNT conductor and junction models are investigated. Note that iodine dopant per unit 

length was fixed while junction overlap was varied in order to investigate iodine doping 

effects.  

Chapter 3 models double-walled tube conductors and junctions composed of CNT 

and copper. The copper-CNT nanomaterial has been shown (in published experiments) to 

offer greatly improved ampacity, as compared to pure CNT [4]. In the present work, several 

copper-CNT configurations are modeled, and chromium doping effects on junctions are 

also investigated. 
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Chapter 4 presents results on polyiodide doped CNT conductors and junctions. 

Compared to the atomic iodine dopants studied in chapter 2, this chapter considers 

‘molecular’ iodine dopants (in all cases modeled at the electronic structure level). This 

chapter also addresses the issue of relaxation calculations, in particular convergence 

problems, and adopts an approximate modeling strategy to estimate the iodine distribution 

in ‘molecularly’ doped CNT cables. The effects of iodine doping on both metallic and 

semiconducting CNT are included in the computational investigation. 

Chapter 5 formulates a transmission line model, used to estimate nanowire 

performance, applying conductor and junction analysis data presented in previous chapters. 

The transmission line is represented as series combination of CNT conductors and CNT 

junctions in order to estimate nanowire performance. Using copper conductor properties as 

a reference, the expected performance of various CNT and CNT-copper conductors is 

evaluated, on a specific conductivity basis.  

Chapter 6 discusses the conclusion and contribution of this thesis. 
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 Chapter 2:  Iodine Doped CNT 

2.1 INTRODUCTION 

The development of conductors with high conductivity, high strength and low 

weight can benefit a wide range of electrical systems. Considerable previous research has 

focused on building high performance conductors.  Among them the most promising 

materials for fundamentally improved conductors are carbon nanotube based composites. 

However, important challenges remain. While individual metallic single-walled CNT show 

outstanding potential, the performance of macroscopic CNT composites is much lower 

than expected. This may be due to both conductor and junction performance: (1) the 

difficulty of fabricating pure metallic CNT bundles means that the presence of 

semiconducting CNT will decrease the overall conductivity of the material [48]; and (2) 

electrons must inevitably pass through CNT junctions in any CNT network. The junctions 

are barriers for electron transport, which will further decrease the conductivity of the 

system. Experimental work [49] indicates that junction conductance for a metallic CNT 

junction is on the order of 0.1𝑒2/ℎ, which is 1/40 the conductance of an individual 

metallic CNT. To address these issues, iodine doping has been found to be an effective 

means of conductivity enhancement. As reported in experimental references [3], the 

specific conductivity of  a CNT cable shows as much as 300% improvement after iodine 

doping. As compared to a copper cable, the best CNT sample described in a recent 

experimental paper [3] shows improvement by a factor of three, in term of mass specific 

conductivity. Iodine doped CNT materials show great potential as high performance cables. 

Hence the present study investigated both doped conductors and doped junctions in order 

to understand iodine’s function and its effects on CNT structures.  
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2.2 MODELING CONFIGURATION 

This chapter considers only metallic CNT, specifically CNT(5, 5). Single CNT 

models are built to study conduction performance. Junction models formed by two partially 

overlapped CNTs are used to investigate electron transport between CNT’s. To show the 

effects of iodine doping in different configurations, the doping mass ratio in single CNT 

models and the overlap length in doped junctions are chosen as model parameters. The 

analysis considered six CNT configurations: 

 Single CNT, doped and undoped 

 Junctions of two CNT’s, aligned and misaligned, doped and undoped 

The term ‘aligned’ refers to the positions of neighboring atoms in distinct 

nanotubes, and will be defined in a later section of the thesis. All calculations were 

performed for metallic (5, 5) single-walled carbon nanotubes. 

All calculations were performed using the generalized gradient approximation 

(GGA) for the exchange-correlation functional  parameterized by Perdew-Burke-

Ernzerhof [50]. A single-zeta basis set is employed for both the carbon and iodine atoms. 

In this chapter, the cutoff radii for the basis orbitals are determined by setting the energy 

shift to 0.05 Ry [51]. The integration k-points in the Brillouin zone are chosen using a 

Monkhorst-Pack mesh [52]. For the relaxation calculations, the k-grid discretization is 1 ×

1 × 4 [43]. For conductance calculations, the k-grid discretization is set to 7 × 5 × 9. The 

fineness of the real space mesh is controlled by setting the energy cutoff to 200 Ry [53]–

[55]. The system is relaxed to an equilibrium state in which the maximum atomic force is 

less than 0.04 eV/Å [56], [57]. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Iodine Doped CNT Conductors 

 

Figure 2.1: CNT(5, 5) calculation model 

 

Figure 2.2: Conductance results for CNT(5, 5) 

The conductance was first calculated for isolated nanotubes (Figure 2.1), at two 

different lengths. In this case the conduction calculations were performed after relaxation 

of the system to an equilibrium state. Consistent with published experimental data, Metallic 

CNT are ballistic conductors [58] and the nanotube conductance takes on the value 𝐺 =

2𝐺0  (T = 2) at the Fermi Energy [25]. The analysis results are shown in Figure 2.2. 
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Figure 2.3: Iodine doped CNT models 

 

Figure 2.4: CNT conductance versus applied dopant  

Next the conductance was computed for isolated nanotubes with various numbers 

of iodine atoms adsorbed to the CNT sidewall (Figure 2.3). Conduction calculations were 

performed after relaxation of the system to an equilibrium state. After geometry 

optimization, the axial separation distance of the iodine atoms was 5.1 Å, and the length of 

the carbon-iodine ‘bond’ was 2.2 Å. Note that published experimental research [59] has 

classified the iodine bonding as covalent, and that previous computational work [30] 
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modeling various covalently bonded addends (e.g. F) to CNT’s indicates that such doping 

reduces CNT conductance.  

Figure 2.4 shows the computed conductance, as a function of the number of iodine 

‘rings’ bonded to the CNT sidewall. Consistent with previous research on covalent doping, 

iodine doping (in this case, in a ring configuration) sharply reduces CNT conductance. 

2.3.2 Iodine Doped CNT Junctions   

 

Figure 2.5: CNT junction model dimensions 

Next the conductance was computed for both doped and undoped nanotube 

junctions, arranged as indicated in Figures 2.5 and 2.6. In this case, a geometric 

configuration was assumed and the conduction calculations were performed without 

relaxation of the system to an equilibrium state. The junction overlap was varied in 

increments of 9.9 Å, as shown in Figure 2.6, while the axial separation distance of the 

iodine atoms was fixed at 4.9 Å. Undoped configurations were obtained by simply 

removing the dopant atoms.   
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Figure 2.6: Junction model at different overlaps 

      

Figure 2.7: Aligned (left) and misaligned (right) configurations 

Two different junction alignments were also analyzed. In the aligned case, the 

dopant atom and the adjacent carbon atoms formed a ‘sandwich’ substructure [43]. In the 

misaligned case, one nanotube was shifted axially. The two modeled configurations are 

depicted in Figure 2.7. Previous computational work has suggested that optimal doping 

treatments [43] and optimal overlap configurations [40] offer the possibility of constructing 

multi-junction networks which exhibit the excellent conductance properties of single 

nanotubes.  
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Figure 2.8: Junction conductance versus overlap 

Figure 2.8 plots the results of the current calculations, indicating that a relative 

maximum in the conductance was observed only for the doped junction configurations (in 

the undoped cases, conductance increases monotonically with overlap). Note that the 

junction conductance is sensitive to alignment effects, in particular for doped junctions. At 

the best modeled combination of doping, alignment, and overlap, junction conductance is 

approximately eighty percent of that for a single ideal nanotube. 

2.4 CONCLUSIONS 

The following general conclusions are suggested: (1) the experimentally observed 

benefits of doping appear to be due to effects at the nanotube junctions, (2) the effects of 

doping on metallic nanotubes may be negative, and (3) for the metallic CNT junction 

model, the benefit of iodine doping depends on the junction structure. For the limited range 
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of overlaps investigated, an optimal overlap and alignment exist which achieve the best 

CNT junction performance.  

The preceding results are consistent with observed conductivity improvements in 

CNT based conductors, after iodine doping, and may assist in the design and synthesis of 

stable CNT-based conductors for industrial applications. More research and analysis is 

clearly needed, including geometry optimization of junction models.  
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Chapter 3: Double Wall Carbon and Copper Tubes 

3.1 INTRODUCTION 

Copper has wide applications as a power and data transmission cable, due to its 

high conductivity and low cost. Although it has excellent electrical conductivity, 

considerable energy loss is nonetheless associated with the massive application of copper 

cabling. One possible way to improve the specific conductivity of copper based cabling is 

by adding carbon nanotubes, thus forming copper-CNT composite conductor [60], [61]. 

Since CNT is must lighter than copper, better mass specific electrical properties may be 

obtained. Experimental research [4] shows that copper-CNT nanomaterials may offer a 100 

fold increase in ampacity, with little decrease in conductivity, as compared to copper. Other 

promising research [62], [63] suggest that the incorporation of CNT into copper can also 

improve the mechanical properties of the cable, so there is a great potential for copper-

CNT as a material for next generation conductors.  

This chapter is focused on modeling of copper-CNT nanomaterials, including both 

conductor and junction models. The effect of chromium as junction dopant is also 

considered. Chromium is shown (computationally) to be an effective dopant, for improving 

CNT junction conductance, and may provide stronger coupling between adjacent CNT, 

leading to improved junction performance [43]. 

3.2 MODELING CONFIGURATION 

To investigate copper-CNT nanomaterial’s conductance and junction behavior, this 

analysis considered thirty distinct copper, CNT, copper-CNT models. The study included 

both metallic (CNT(M)) and semiconducting (CNT(S)) nanotubes. The ten configurations 

are (each of these ten configurations included three models; a conductor model, an undoped 

junction model, and a doped junction model):  
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 Double wall copper tubes, two configurations (they differ in diameter)  

 Double wall copper-CNT(M) and copper-CNT(S) tubes, four configurations  

 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 only modeled dopant was chromium.  

Note that CNT’s of chirality (9, 0) and (18, 0) may be referred to as metallic, since 

for metallic CNT the difference of vector index is an integer multiple of three: 𝑛 − 𝑚 =

3𝑡 (𝑡 =  0, 1, 2 … )[14]. However, previous work [15] and present calculations (Figure 3.1) 

indicate that these are borderline cases which actually incorporate a small band gap. Hence 

this work refers to CNT(9, 0) and CNT(18, 0) as semiconducting. Figure 3.1 depicts the 

band structures computed by SIESTA for CNT(9, 0) (on the left) and CNT(5, 5) (on the 

right) nanotubes. There is a small band gap predicted in the CNT(9, 0) case. 

  

Figure 3.1: Band structure of CNT(9, 0) and CNT(5, 5) 

In this chapter, all calculations are performed using a generalized gradient 

approximation (GGA) for the exchange-correlation functional, as parameterized by 

Perdew-Burke-Ernzerhof [50]. A single-zeta basis set is employed for both the carbon and 

copper atoms. The cutoff radii of the basis orbitals are determined by setting the energy 
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shift to the default value of 0.02 Ry [64]. The k-point is chosen using a Monkhorst-Pack 

mesh [52]. For the conductance calculation, the k-grid is 1 × 1 × 100 [65]. The fineness 

of the real space mesh is controlled by setting the energy cutoff to 200 Ry [53]–[55].  

3.2.1 Modeling Constraints 

The following modeling constraints were applied, in order to limit computational 

cost and to satisfy certain periodicity constraints imposed by the SIESTA conductance 

modeling framework. 

 Model size: models were composed of less than 1,000 atoms, except for the 

incommensurate DWCNT cases where the use of larger models was unavoidable. 

 Relaxation: the models were not relaxed, due to convergence problems with the 

complex junction structure. So the locations of the dopant atoms in the junction 

model are assumed to match data from previous relaxed work [43]. 

 Junction overlap: junction overlap was limited to less than 3 Å. 

 Copper tube model: a special lattice model was constructed for the copper tube. Its 

structure mimics a CNT, with the addition of interstitial atoms, approximating the 

(111) face of a copper crystal. 

 Electrode model: atomic separation distances were reduced (by less than four 

percent) in some of the modeled tubes, in order to match unit cell lengths in the 

inner and outer tubes. 

3.2.2 Double Wall Tube with Metallic CNT and Copper  

In order to build double wall tube models composed of metallic CNT and copper, 

two methods are described in previous papers: (1) embedding CNT into bulk Cu, thus 

forming a copper-CNT matrix, as done by Ghorbani-Asl et al. [66], and (2) positioning the 

copper tube within a CNT, as done by Du et al [36]. The first method avoids the problem 
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of matching copper unit cells with CNT unit cells, however it requires many copper atoms. 

This is undesirable in electronic structure calculations, where 1000 atoms is the model limit 

in most cases. The second method reduces the atom count, however the lattice structure of 

the copper is not represented. In the present work, a special lattice of copper is constructed 

in order to overcome the drawbacks of previous methods.   

As performed by SIESTA, the conductance calculation requires that both electrodes 

of the double wall model contain an integer number of unit cells. Since the length of the 

unit cell (for CNT(5, 5) 2.46 Å) and the atomic separation distance on the (111) face of 

copper (2.56 Å) are similar, we construct a copper tube model by mimicking the CNT 

geometry (interstitial atoms are added which correspond the face centered atoms in 

copper). A similar model is constructed in order to analyze the copper-CNT(S) system.  

We use chirality (5, 5) and (10, 10) CNT’s to model the copper-CNT(M) 

conductors. The unit cell length in the axial direction is 2.46 Å. The total model length is 

29.5 Å (12 unit cells), and includes one electrode on each end, each of length 7.38 Å (3 

unit cells). The model configuration is shown in Figures 3.2 and 3.3. 

 

 

Figure 3.2: Dimension of the CNT(M)@Cu model 



 20 

 

Figure 3.3: Dimensions of the CNT(M)@Cu (left) and Cu@CNT(M) (right) doped 

junctions 

3.2.3 Double Wall Tube with Semiconducting CNT and Copper 

We use chirality (9, 0) and (18, 0) CNT’s to model the copper-CNT(S) conductors. 

The unit cell length in the axial direction is 4.26 Å. The total model length is 34.1 Å (8 unit 

cells), and includes two electrodes, each of length 8.53 Å (2 unit cells). The configuration 

is shown in Figures 3.4 and 3.5. 

 

 

Figure 3.4: Dimensions of the CNT(S)@Cu model 
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Figure 3.5: Dimension of the CNT(S)@Cu (left) and Cu@CNT(S) (right) doped 

junctions 

3.2.4 Double Wall CNT 

    

Figure 3.6: Double wall CNT (left) with CNT(5, 5)@CNT(10, 10) (naming convention 

is inner@outer), commensurate arrangement (center) and incommensurate 

arrangement (right) (Adapted from reference [67]) 

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 Figure 3.6 (center).  

Modeling the metallic and semiconducting double wall CNT systems is more 

complicated, since they are incommensurate CNTs. As stated by Liu et al [68],  
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“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)@CNT(10,10) systems by: (1) aligning 5 metallic unit cells with 3 

semiconducting unit cells, then (2) uniformly compressing the semiconducting CNT by 

3.76 percent. Table 3.1 shows the dimensions of the unit cells and the supercells employed 

to model the incommensurate DWCNT. 

CNT chirality Diameter (Å) Unit cell length (Å) Supercell length (Å) 

(5, 5) 6.8 2.46 2.46×5=12.30 

(10, 10) 13.6 2.46 2.46×5=12.30 

(9, 0) 7.1 4.26 4.26×3=12.78 comp. to 12.30 

(18, 0) 14.1 4.26 4.26×3=12.78 comp. to 12.30 

Table 3.1: Dimensions of the cells used to model the DWCNT 

 

Figure 3.7: CNT(5,5)@CNT(18,0) (left) and CNT(9,0)@CNT(10,10) (right) 
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Figure 3.7 shows one supercell for the CNT(5,5)@CNT(18,0) and 

CNT(9,0)@CNT(10,10) systems. The red color denotes semiconducting CNT’s, which are 

under homogeneous compression, at a magnitude of 3.76 percent. The total model 

(including electrode) length is 49.2 Å, which is four supercells. The electrode has one 

supercell on each side. 

3.2.5 Junction Alignment 

 

        

Figure 3.8: CNT-CNT junction (left) and copper-copper junction (right) 

In the undoped CNT-CNT junctions (outer tube is CNT), the intertube separation 

distance is set to 3.3 Å, which is the interlayer spacing in graphite [69].  

In the undoped copper-copper junctions (outer tube is copper), the intertube 

separation distance is set to 2.1 Å, 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 Å).  

In the chromium doped CNT-CNT junctions, as shown in Figure 3.8 (left), the 

intertube separation distance is set to 3.6 Å, which yields an average separation distance 
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between the chromium atom and it’s near neighbor carbon atoms of 2.34 Å (consistent with 

relaxed geometry calculations performed by Li et al. [43]).  

In the chromium doped copper-copper junctions, as shown in Figure 3.8 (right), the 

intertube separation distance is set to 2.4 Å, so that the incremental increase in the intertube 

separation distance associated with the introduction of a dopant is the same in copper-

copper case and the CNT-CNT case.  

3.3 RESULTS AND DISCUSSION 

3.3.1 Scaled Conductance and Scaled Specific Conductance 

The preceding models are used to compute scaled conductance and scaled specific 

conductance for the double wall tubes and the junctions. These variables are defined by:  

𝑆𝑐𝑎𝑙𝑒𝑑 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 =
𝐺

𝐺0
 

 𝑆𝑐𝑎𝑙𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 (𝑡𝑢𝑏𝑒) =
𝐺

𝐺0

1

�̂�𝑐
 

𝑆𝑐𝑎𝑙𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 (𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛) =
𝐺

𝐺0

𝐿𝑗

𝑚𝑗
,      𝑚𝑗 = 2�̂�𝑐𝐿𝑗 + 𝑚𝑑 

where �̂�𝑐 is the mass per unit length of the conductor, 𝐿𝑗 is the junction length (tube 

overlap), 𝑚𝑗 is the mass associated with the junction, and 𝑚𝑑 is the mass of the dopant 

(chromium). As discussed in the later chapter on nanowire modeling, 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 section 3.4, 

which compare the results for the various material systems, plot only the latter two 

variables. 

3.3.2 Double Wall Tube with Copper and CNT 

Figure 3.9-3.11 show the double wall configurations that were analyzed.  
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Figure 3.9: Conductor, undoped junction and doped junction for the Cu@Cu models  

 

Figure 3.10: Conductor, undoped junction, and doped junction for the CNT(M)@Cu 

models 
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Figure 3.11: Conductor, undoped junction, and doped junction for the Cu@CNT(M) 

models 

Figure 3.12 shows the analysis results for the copper and metallic CNT models, 

indicating that the presence of a junction is a huge disadvantage, in a conduction sense. 

Also, the beneficial effect of the chromium doping is very limited. Note that the mass 

specific conductance for all three conductors is similar.  

 

  

Figure 3.12: Conductance and specific conductance: copper and metallic CNT models 
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Figure 3.13: Conductance and specific conductance: copper and semiconducting CNT 

models 

Figure 3.13 shows the analysis results for the copper and semiconducting CNT 

models. Note that for the undoped junction models, junctions formed by two outer copper 

tubes always outperform junctions formed by two outer CNT’s, no matter what the type of 

CNT. Also note that introducing dopant at a copper-copper junction will have a negative 

effect on conductance, while introducing dopant at a CNT-CNT junction will have a 

positive effect. This result is consistent with published computational results indicating that 

chromium doping of CNT-CNT junctions will increase the ‘coupling’ between the CNTs 

[43]. 

3.3.3 Double Wall CNT  

Figure 3.14 shows the modeled configurations for double wall CNT’s. 
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Figure 3.14: Conductor, undoped junction and doped junction for CNT(M)@CNT(M)  

   

Figure 3.15: Conductance and specific conductance: commensurate CNT models (both 

CNT’s metallic or both semiconducting) 

In Figure 3.15, the results for the analysis of commensurate CNT’s are presented. 

The conductance of a metallic DWCNT conductor is computed to be 4𝐺0, consistent with 

published results [38]. The computed conductance for the undoped junction is consistent 

with previous calculations (see Figure 3.13) that the presence of CNT-CNT junctions is a 

huge disadvantage.  
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Notice that chromium doping has no effect on the performance of semiconducting 

junctions, while the other CNT-CNT junction models show improvement after chromium 

doping. This is due in part to the fact that the semiconducting electrodes have very limited 

conductance. As indicated in Figure 3.15, the conductance of the semiconducting DWCNT 

is almost zero; so when it is used as an electrode in a junction model, the junction 

conductance result is constrained by the electrode performance. By contrast, when the 

electrode has high conductance (e.g. Cu@CNT(S) in Figure 3.13), chromium’s effect on 

the CNT-CNT junction performance is positive. 

 

  

Figure 3.16: Conductance and specific conductance: incommensurate CNT Models (one 

metallic CNT, one semiconducting CNT) 

The analysis results for the incommensurate DWCNT models are shown in Figure 

3.16. Since only one of the two tubes is metallic, the DWCNT conductance is 2𝐺0 . 

Junctions composed of only CNT contacts are still a huge disadvantage. The beneficial 

effects of chromium are very limited for semiconducting CNT junctions.  
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3.4 CONCLUSIONS 

Figure 3.17 compares the specific conductance of all of the double wall conductor 

models. Several conclusions are suggested: (1) double wall copper are the best conductors, 

and (2) replacing copper with CNT reduces conductance and offers (at best) no 

improvements in specific conductance.  

 

 

Figure 3.17: Specific conductance of the double wall models 

Figure 3.18 compares the conductance of all of the doped junction models. It 

suggests two conclusions: (1) CNT(M)@Cu offers the best junction conductance, and (2) 

in general, junction conductance is higher when the outer tube is copper.  
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Figure 3.18: Conductance of the various junction models 
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Chapter 4:  Polyiodide Doped CNT 

4.1 INTRODUCTION 

Iodine has been shown to be an effective dopant for CNT cables, increasing 

electrical conductivity [3], [17]. Published experimental data [3] indicates that the average 

specific conductivity of 18 weight percent iodine doped CNT cables is similar to that of 

copper; the best performance is approximately triple that of copper. In Chapter 2, which 

modeled the use of iodine atoms to dope CNT conductors and junctions, the interaction 

between iodine atoms was negligible. However, in general the performance of iodine doped 

systems may be affected by iodine atom interactions. An example is the presence of iodine 

in polyiodide form, as described in experimental papers [3], [70], which have suggested 

that I3
− and I5

− 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 [71].  

Based on TEM images of iodine doped CNT [3], the iodine distribution in doped 

CNT cables is speculated to consist 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 structures (note that the present model is formulated at the 

electronic structure level, no molecular structure is imposed). Here the interaction of both 

metallic and semiconducting CNT’s with polyiodides is investigated. 

4.2 MODELING CONFIGURATION  

The modeled CNT are metallic CNT(5, 5) and semiconducting CNT(8, 0), with 

diameters 7.1 Å and 6.4 Å respectively. Note that the smallest energetically stable CNT 

has diameter of 4 Å [72]. 
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Figure 4.1: CNT(5, 5) (left) and CNT(8, 0) (right) 

The following iodine doped system configurations were modeled, for both metallic 

and semiconducting CNT. In some configurations, dopant weighting was also varied.  

 CNT conductors with aligned doping (relaxed)  

 CNT conductors with random doping (relaxed)  

 CNT conductors with interstitial doping (relaxed)  

 CNT junctions with interstitial doping (unrelaxed)  

In this chapter, an equilibrium calculation is first performed at the molecular level, 

using a Universal Force Field [73], and the results are then processed in a SIESTA 

calculation. All electronic structure calculations are performed using a generalized gradient 

approximation (GGA) for the exchange-correlation functional as parameterized by 

Perdew-Burke-Ernzerhof [50]. A single-zeta basis set is employed for both the carbon and 

the iodine atoms. The cutoff radii for the orbital basis functions are determined by setting 

the energy shift to 0.0036 Ry (50 meV) [38]. The k-point is chosen using a Monkhorst-

Pack mesh [52]. For the relaxation calculations, the k-grid has dimensions 1 × 1 × 4 [43]. 

For the conductance calculations, the k-grid dimensions are 1 × 1 × 9 [38], [56]. The 
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fineness of the real space mesh is controlled by setting the energy cutoff to 200 Ry [53]–

[55].  

Two problems have been encountered in performing relaxation calculations using 

SIESTA: (1) In some configurations the equilibrium calculation will not converge, in 

particular this problem arises in complex doped junction configurations, and (2) in some 

cases the calculation will converge on high energy local equilibrium configurations. To 

address these problems, the following procedures have been applied: 

The modeled system was relaxed using a two-step process. First, geometry 

optimization is performed at the molecular level using Avogadro [74], which employs a 

Universal Force Field [73]. Often this produces a starting configuration which will allow a 

SIESTA equilibrium calculation to converge to a low energy equilibrium. 

In the second step, the Avogadro results are ‘optimized’ in SIESTA. The SIESTA 

relaxation computes the electronic structure; optimization will stop when the maximum 

atomic force falls below 0.04 eV/Å [56], [57]. In those cases where the SIESTA 

equilibrium calculation is still unable to converge (typically complex doped junction 

models), atom positions in the SIESTA conduction calculation are taken from simplified 

models whose symmetry properties allowed the SIESTA equilibrium calculations to 

converge. 

4.3 RESULTS AND DISCUSSION 

Chapter 2 described the conductance properties of CNT’s and CNT junctions doped 

with atomic iodine. This section describes the conductance properties of CNT’s and CNT 

junctions with polyiodide doping. Section 4.3.1 presents the results for the doped 

conductors (both metallic and semiconducting). Section 4.3.2 presents the results for the 

doped junctions (both metallic and semiconducting). 
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4.3.1 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. The doping geometries are illustrated in the 

figures which follow. 

  

Figure 4.2: Metallic CNT(5, 5) model with aligned 0.7 iodine/unit cell (left), aligned 1.0 

iodine/unit cell (center), random 2.3 iodine/unit cell (right) 

Figure 4.2 shows the modeled single metallic nanotube configurations. The first 

and second models assume ‘aligned’ dopant atoms, with 0.7 iodine atoms per unit cell and 

1.0 iodine atoms per unit cell respectively. The third model depicts the random doping 

pattern. In the case of the metallic CNT’s, the electrodes were left undoped. 

 

Figure 4.3: Conductance for the metallic CNT models  
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Figure 4.3 shows the computed conductance for the doped metallic CNT’s (for 

comparison, the conductance for an undoped metallic CNT is shown with the label ‘None’). 

The results indicate that the effect of doping a single metallic CNT is to reduce 

conductance, or at best to break even. Note the relatively heavy doping in the randomly 

doped configuration, which shows that the iodine distribution is important. 

 

   

Figure 4.4: Semiconducting CNT(8, 0) model with aligned 1.0 iodine/unit cell (left), 

aligned 1.5 iodine/unit cell (middle), random 4.9 iodine/unit cell (right) 

Figure 4.4 shows the modeled single semiconducting nanotube configurations. The 

first and second models assume ‘aligned’ dopant atoms, with 1.0 iodine atoms per unit cell 

and 1.5 iodine atoms per unit cell respectively. The third model depicts the random doping 

pattern. In the randomly doped model for the semiconducting CNT, the electrodes were 

doped. 

Figure 4.5 shows the computed conductance for the doped semiconducting CNT’s 

(for comparison, the conductance of an undoped semiconducting CNT is shown with the 

label ‘None’). The effect of doping the semiconducting CNT was negligible. Note the 

relatively heavy doping in the randomly doped configuration, and that all the doped 

semiconducting CNT have poor conductance.  
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Figure 4.5: Conductance for the semiconducting CNT models 

 

 

Figure 4.6: Interstitially doped metallic CNT(5, 5) with unrelaxed 1.3 iodine/unit cell 

(left), relaxed 1.3 iodine/unit cell (center), relaxed 2.0 iodine/unit cell (right) 

Figure 4.6 shows the modeled dual metallic nanotube configurations. In the first 

model, the iodine atoms were uniformly spaced and the model was unrelaxed. The second 

and third models analyzed relaxed configurations, with 2.0 and 3.0 iodine atoms per unit 

cell respectively. The computed conductance results, provided in Figure 4.7, again indicate 

that iodine doping of the metallic tubes reduces conductance.  
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Figure 4.7: Conductance of interstitially doped two CNT(5, 5) 

 

Figure 4.8: Interstitial doped semiconducting CNT(8, 0) with unrelaxed 2.0 iodine/unit 

cell (left), relaxed 2.0 iodine/unit cell (middle), relaxed 3.0 iodine/unit cell 

(right) 

Figure 4.8 shows the modeled dual semiconducting nanotube configurations. In the 

first model, the iodine atoms were uniformly spaced and the model was unrelaxed. The 

second and third models analyzed relaxed configurations, with 2.0 and 3.0 iodine atoms 

per unit cell respectively. The computed conductance results, provided in Figure 4.9, 

indicate that polyiodide doping has the potential to greatly improve semiconducting CNT 

performance; however efficient distribution of the dopant is critical. 
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Figure 4.9: Conductance of interstitially doped dual CNT(8, 0) 

4.3.2 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. Hence the 

junction models were constructed by removing carbon atoms from a relaxed model of the 

interstitially doped CNT’s depicted in Figures 4.6 and 4.8. 

Figure 4.10 depicts doped metallic nanotube junctions, at two different overlaps 

(junction overlap was varied from 2 to 10 unit cells in the metallic CNT junction models). 

Figure 4.11 shows the computed conductance results. Note that the result indicated by the 

red box in Figure 4.11 is used in the nanowire performance calculations discussed in 

Chapter 5. Overall the analysis suggests that polyiodide doping has the potential to greatly 

improve junction conductance. 
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Figure 4.10: Doped metallic CNT(5, 5) junction with overlap equals to 2 unit cells (left) 

and 10 unit cells (right) 

 

Figure 4.11: Conductance of metallic CNT(5, 5) junction  

Figure 4.12 depicts doped semiconducting nanotube junctions, at two different 

overlaps (junction overlap was varied from 0.7 to 4.7 unit cells in the semiconducting CNT 

junction models; unit cell lengths differ between the metallic and semiconducting CNT’s). 

Figure 4.13 shows the computed conductance results. Note that the result indicated by the 

red box in Figure 4.13 is used in the nanowire performance calculations discussed in 

Chapter 5. Again the overall analysis suggests that polyiodide doping has the potential to 

greatly improve junction conductance.  
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Figure 4.12: Doped CNT(8, 0) junction with overlap equals to 0.7 unit cells (left)  and 

4.7 unit cells (right) 

 

Figure 4.13: Conductance of semiconducting CNT(8, 0) junction 

Note that the unrelaxed polyiodide model indicates high conductance. One possible 

explanation for the enhanced conductance is charge transfer in an ordered polyiodide 

structure, in which case the electrical conduction mechanism may be a Grotthuss 

mechanism [75], [76]. Published work indicates that the latter mechanism can transport 

charge, without mass transport, in polyiodide materials [77]. Current explanations of the 

effects of iodine doping on CNT conductance focus on iodine as p-type dopant for the CNT 
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[31], [78]. The mechanism proposed here suggests that iodine can also serve as a separate 

conductor, in ordered polyiodide form (Grotthuss mechanism). Note that published 

experimental observations on iodine doped CNT have identified a helix chain structure for 

polyiodide located inside the CNT [71]. Note that ‘ordered’ polyiodides obtained by: (1) 

location within a CNT [71], or (2) the confinement effects of multiple external CNT’s [3] 

may lead to fundamental improvements in iodine doped CNT system conductance. 

4.4 CONCLUSIONS 

The results presented in this chapter suggest that polyiodide doping can greatly 

improve CNT system conductance. Fundamental improvements in the performance of 

doped semiconducting CNT conductors and junctions may be due to charge transfer within 

the polyiodide, for example via a Grotthuss mechanism. For CNT cables constructed of a 

mix of metallic and semiconducting tubes, the overall effect of iodine doping appears to be 

an improvement of as much as 300% in specific conductivity [3]. 
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Chapter 5: Transmission Line Model 

5.1 INTRODUCTION 

In this chapter a nanowire is modeled as a transmission line consisting of a set of 

conductors, each with a length no greater than the 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 previous chapters. The assumed model, shown in Figure 5.1, is inspired by 

experimental measurements on CNT networks [79]. Estimates of the mean free path for 

the conductor materials are taken from the literature [22], [23], [80]. 

 

 

Figure 5.1: Transmission line model 

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

determined by the conductor resistance 𝑅𝑐, junction resistance 𝑅𝑗, conductor mass per 

unit length �̂�𝑐 , and added mass per junction 𝑚𝑗
𝑎𝑑𝑑 , all determined from the models 

described in previous chapters, and by the mean free path (𝐿𝑚 ) of an electron in the 

conductor. Adopting the product of mass per unit length and resistance per unit length as 

performance metrics for a nanowire, define 𝑀 using 
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𝑀
=

𝜌

𝜎
=

𝑚

𝐿
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𝑅

𝐿
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𝑎𝑑𝑑
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where the number of junctions per unit free path is 

�̂� =
𝑛

𝐿 𝐿𝑚⁄
 

and 𝑛 is the number of junctions in a transmission line of length 𝐿. 

The plots which follow employ the metric 𝑀  to estimate the performance of 

nanowires fabricated using the various material systems considered in previous chapters. 

Specifically, they plot the relative specific conductivity 𝑀/𝑀𝑟𝑒𝑓 versus the number of 

junctions per unit mean free path (�̂�) for each material system, where 𝑀𝑟𝑒𝑓  is a reference 

value for the chosen metric. The reference value is the ratio of electrical conductivity to 

mass density for pure copper, readily available in the literature. Note that for the minimum 

value of �̂� = 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 assume a mean free path of 50 nm for copper [80], and 

100 nm to 1,000 nm for the CNT’s [22], [23]. 

5.2 CONSISTENCY CHECK   

The specific conductivity metric (𝑀) has the functional form 

𝑀 = 𝑀(𝑅𝑐, 𝑅𝑗 , �̂�𝑐, 𝑚𝑗
𝑎𝑑𝑑, 𝐿𝑚, �̂�) 

Assuming an ideal nanowire configuration in which 𝑅𝑗 = 0, 𝑚𝑗
𝑎𝑑𝑑 = 0, �̂� = 1, for 

the two copper-copper tube models (D = 13.6Å and D = 14.1Å) analyzed in chapter 3, and 

a mean free path of 𝐿𝑚 = 50 𝑛𝑚 for the copper, the transmission model line indicates  

𝑀 = 𝑀(𝑅𝑐, 0, �̂�𝑐, 0, 50𝑛𝑚, 1) = 0.98 𝑀𝑟𝑒𝑓     𝐷 = 13.6Å 

𝑀 = 𝑀(𝑅𝑐, 0, �̂�𝑐, 0, 50𝑛𝑚, 1) = 0.95 𝑀𝑟𝑒𝑓     𝐷 = 14.1Å 
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These agree well with the expected results (𝑀 = 𝑀𝑟𝑒𝑓). This check suggests that 

the conductance values computed by SIESTA are consistent with published data on the 

room temperature mean free path of copper. 

5.3 RESULTS AND DISCUSSION  

5.3.1 Double Wall Tube with Copper and CNT  

All combinations of copper-CNT conductors and junctions, and the best 

configurations of DWCNT based conductors and junctions, were selected for nanowire 

analysis in this chapter and are shown in Table 5.1. 

 

 

Figure 5.2: Performance evaluation for the copper-CNT nanowires 

For the Cu-CNT nanowires, as shown in Figure 5.2, the best performance is 

obtained using a metallic CNT inside a copper tube. In this case the junctions will be 

formed by two adjacent copper tubes. Even in the best case, the estimated performance is 

less than 15 percent of that for conventional copper wires. Note that ‘excess’ junctions 
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significantly degrade performance, and the same effect is observed in all of the nanowire 

models. 

 

 
1

𝑅𝑐  
(

𝐺

𝐺0
) 

1

𝑅𝑗  
 (

𝐺

𝐺0
) �̂�𝑐  (

𝑎𝑚𝑢

Å
) 𝑚𝑗

𝑎𝑑𝑑  (𝑎𝑚𝑢) 

Cu@Cu D=13.6A 21.64 2.06 774.6 1988.5 

CNT(M)@Cu 16.82 2.24 614.0 1587.0 

Cu@CNT(M) 12.54 0.54 453.4 1185.5 

Cu@Cu D=14.1A 21.68 2.03 804.9 2064.2 

CNT(S)@Cu 17.78 1.87 638.1 1647.2 

Cu@CNT(S) 10.90 1.27 471.2 1230.0 

CNT(M)@CNT(M) 3.99 0.87 292.8 784.0 

CNT(S)@CNT(S) 0.03 0.00 304.3 812.7 

CNT(S)@CNT(M) 1.99 0.97 300.6 803.5 

CNT(M)@CNT(S) 1.99 0.12 308.4 823.0 

Table 5.1: Computational predictions of copper-CNT model in transmission line model 
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Figure 5.3: Performance evaluation on CNT-CNT nanowires 

In the selected high performance cases shown in Figure 5.3, the nanowire junctions 

are formed by two metallic CNT’s. The CNT-CNT configurations with an outer 

semiconducting CNT incorporate junctions are nearly open-circuit. For the CNT-CNT 

nanowires, the best performance is obtained using double wall metallic CNT’s. The 

estimated nanowire performance depends strongly on the assumed mean free path. For a 

mean free path of one micrometer, the best estimated performance exceeds that of 

conventional copper wires by more than seventy percent (at the minimum junction count). 

5.3.2 Polyiodide doped CNT 

The high performance combinations of iodine doped CNT conductors and 

junctions, selected for nanowire analysis in this chapter, are shown in Table 5.2. The 

selected junction data is highlighted (using red boxes) in Figures 4.11 and 4.13. 
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 CNT(M) CNT(M) CNT(S) 

Conductor 

Undoped CNT Aligned 1.0 iodine/u.c. Interstitial 3.0 iodine/u.c. 

 
  

 1/𝑅𝑐 = 2.00𝐺0 1/𝑅𝑐 = 2.08𝐺0 1/𝑅𝑐 = 3.00𝐺0 

�̂�𝑐 = 98.6 𝑎𝑚𝑢/Å �̂�𝑐 = 150.8𝑎𝑚𝑢/Å �̂�𝑐 = 275.5 𝑎𝑚𝑢/Å 

Junction 

Interstitial dopant Interstitial dopant Interstitial dopant 

   

1/𝑅𝑗 = 1.52𝐺0 1/𝑅𝑗 = 1.52𝐺0 1/𝑅𝑗 = 1.83𝐺0 

𝑚𝑗
𝑎𝑑𝑑 = 2538.1𝑎𝑚𝑢 𝑚𝑗

𝑎𝑑𝑑 = 2538.1𝑎𝑚𝑢 𝑚𝑗
𝑎𝑑𝑑 = 1395.9𝑎𝑚𝑢 

Table 5.2: High performance combinations of iodine doped CNT  
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Figure 5.4: Performance evaluation on iodine doped CNT system 

Figure 5.4 shows that when �̂� = 1, 𝐿𝑀𝐹𝑃 = 500𝑛𝑚  the relative specific 

conductance 𝑀/𝑀𝑟𝑒𝑓  of iodine doped CNT is around 1~3, which means that the 

performance of the CNT nanowire is one to three times better than that of copper, in terms 

of specific conductivity. This is consistent with published experimental results [3] on the 

performance of iodine doped CNT cables. This figure also suggests that the number of 

junctions per mean free path (�̂�) dominates the transmission line performance. The number 

of junctions in the cable should be limited in order to obtain high performance. 
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Chapter 6: Conclusions 

In this chapter, general conclusions on the copper-CNT systems and polyiodide 

doped CNT systems analyzed in previous chapters will be discussed. In addition, the 

research contributions of the thesis will be summarized. 

6.1 DOUBLE WALL CARBON AND COPPER TUBES 

The analysis of Chapter 5 suggests a number of conclusions for the copper-CNT 

nanowires (the assumed mean free path is 50 nm):  

 

 

Figure 6.1: Relative performance of double wall tube systems (For copper-CNT 𝐿𝑚 =
50𝑛𝑚, for CNT-CNT 𝐿𝑚 = 100𝑛𝑚, for all �̂� = 1) 

 In terms of specific conductivity, conventional copper wires are better, by an 

approximate factor of nine. Longer junction overlaps and different dopants may 

change this result  

 The best configuration is CNT(M)@Cu  
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 The second best configuration is CNT(S)@Cu  

 Improvements of the above two configurations on Cu@Cu are modest, as shown in 

Figure 6.1 

 In the case of the Cu@CNT configurations, CNT(S) outperforms CNT(M) by an 

approximate factor of two 

The analysis of Chapter 5 suggests a number of conclusions for the CNT-CNT 

nanowires (the assumed mean free path is 100 nm):  

 In terms of specific conductivity, conventional copper wires are better, by an 

approximate factor of six. Longer junction overlaps and different dopants may 

change this result  

 The best configuration is CNT(M)@CNT(M)  

 The second best configuration is CNT(S)@CNT(M)  

 The above two configurations improve on Cu@Cu by an approximate factor of two 

as shown in Figure 6.1 

 In configurations with CNT(S) as the outside tube, the junctions are nearly open 

circuit 

Overall, the Chapter 5 analyses of the dual wall (Cu-CNT and CNT-CNT) systems 

suggest several overarching conclusions:  

 Although the doped junction conductance and double wall specific conductance 

calculations favor the copper-copper and copper-CNT configurations, at the 

nanowire level the CNT-CNT configurations appear to offer the most potential  

 If the CNT mean free path is increased by an order of magnitude (to one 

micrometer), the predicted CNT-CNT nanowire performance exceeds that of 

conventional copper by more than seventy percent  
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 In all cases, the parasitic mass and resistance associated with ‘excess’ junctions 

significantly degrades nanowire performance  

 The junction models considered here included minimal overlap and only chromium 

as a dopant; calculations with larger overlaps and different dopants are needed 

6.2 POLYIODIDE DOPED CNT 

The analysis of Chapter 5 suggests a number of conclusions on polyiodide doped 

CNT nanowires: 

 The analysis results are consistent with published experimental results [3], which 

indicate that iodine doped CNT conductors can offer specific conductivity in the 

range of one to three times that of copper  

 The analyses 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]  

 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 [81] 

 In the case of iodine doping, realizing high specific conductivity appears to require 

very mass efficient use of the dopant 

 If significant charge transport does occur within the polyiodide, the latter 

conduction process may perhaps be due to a Grotthuss mechanism 

6.3 THESIS CONTRIBUTIONS 

Over the course of the last two decades, considerable experimental research has 

investigated the ballistic conduction performance of SWCNT [25], MWCNT [35], doped 

CNT [3], [31], [82]–[84], CNT composites [85], [86], CNT junctions [49], and CNT 
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networks [79]. Complimentary computational research on these topics has also been 

performed [30]-[47], although the computational literature has been, by comparison, rather 

limited in scope, due in large part to the high computational cost of ab initio modeling. 

Given this substantial knowledge base, current experimental and computational research 

has shifted in focus, in order to address the development of macroscale carbon based 

conductors intended to replace copper in weight sensitive engineering applications. An 

example application is the development of high specific conductivity power and data 

cabling for civilian and military aircraft. 

The contributions of this thesis, although fundamental in nature, reflect the 

aforementioned shift in experimental and computational research towards the engineering 

realization of new carbon based conductors, which may offer fundamental improvements 

on conventional copper cabling. The contributions are in three areas, all of which extend 

previous work in order to address problems associated with the design and manufacture of 

nanostructured conductors: 

(1) the first contribution is a systematic analysis of ballistic conductance properties 

for random, aligned, and interstitial doping patterns in metallic and semiconducting CNT’s 

and CNT junctions, for atomic iodine and polyiodide dopants; understanding the effects of 

such doping is of central importance in the development of carbon based conductors, since 

the large scale CNT arrays used to fabricate engineering cables are expected to include a 

diverse mix of metallic, semiconducting, single wall, and multiwall tubes incorporating a 

multitude of junctions and only coarsely aligned by the extrusion [87], gel spinning [17], 

or other processes used in macroscale manufacturing. 

(2) the second contribution is a systematic analysis of the ballistic conductance 

properties of dual wall tube conductors, including metallic and semiconducting CNTs and 

CNT-copper nanocomposites; understanding the effects of multiwall structures on 
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conductor and junction performance is of central importance in the development of carbon 

based conductors, since: (a) as previously noted, multiwall configurations are the typical 

product of large scale CNT manufacturing processes, and (b) copper-CNT composites are 

at present the principal competitor [60] to ‘pure’ CNT systems in the development of high 

performance nanostructured cable systems. 

(3) the third contribution is the development of a fully quantum based model of the 

specific conductivity of nanowires composed of doped CNT’s, doped CNT junctions, and 

Cu-CNT composites; understanding the effects of mass density, added dopant mass, 

junction structure, component ballistic conductance, and electron mean free path on 

nanocomposite wiring is of central importance in the development of carbon based 

conductors, since such models are essential to: (a) estimating realistic performance goals 

in engineering development efforts, and (b) quantifying cost and performance tradeoffs 

associated with the pursuit of alternative nanoscale cable architectures. 

The research completed in this thesis, 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 [84], KAuBr4 [82], and others, (2) 

the modeling of multi-tube interactions (as computational costs permit), based on the 

experimentally observed complexity [88] of CNT cable architectures, and (3) 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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