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Abstract 

    Aligned single-walled carbon nanotubes (SWNTs) synthesized by the chemical vapor 

deposition (CVD) method have exceptional potential for next-generation nanoelectronics. 

Based on their electronic structure, SWNTs can be classified into semiconducting (s-) 

and metallic (m-) types. For application in logic gates, radio frequency devices and 

sensors, s-SWNTs are especially attractive owing to the presence of a sizable energy 

band gap. However, there are considerable challenges in the preparation of s-SWNTs 

with controlled properties (e.g., density, selectivity, band gap) for their application in 

solving real-world problems. This dissertation summarizes our efforts that aim to 

overcome the limitations by novel synthesis strategies and post-growth treatment, and 

research that demonstrates the application of as-prepared SWNTs as functional devices. 

    The first part focuses on controlling SWNT properties through direct CVD synthesis. 

Chapter 2 describes a CVD strategy to decouple the conflict between density and 

selectivity of s-SWNTs in growth. Using this method, we have successfully obtained 

dense s-SWNTs (∼10 SWNTs/μm) over large areas and with high uniformity. We further 

investigated the importance of diameter control for the selective synthesis of s-SWNTs 

by using high temperature stable and uniform Fe–W nanoclusters as catalyst precursors 

(chapter 3). This study provides an effective strategy for increasing the purity of s-SWNTs 

via controlling the diameter distribution of SWNTs and adjusting the etchant 

concentration. By carefully comparing the chirality distributions of Fe–W-catalyzed and 

Fe-catalyzed SWNTs synthesized with different water vapor concentrations, the 

relationship between the diameter-dependent and electronic type-dependent etching 
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mechanisms was summarized. In chapter 4, we demonstrated the selective synthesis of 

large diameter and highly conductive SWNTs through a thiophene-assisted CVD method.  

    The second part of this dissertation is focused on optimizing properties of CVD-

SWNTs via post-growth treatment and the subsequent applications as functional devices. 

Chapter 5 describes a facile and effective approach to selectively break all m-SWNTs by 

stacking two layers of horizontally aligned SWNTs to form crossbars and applying a 

voltage to the crossed SWNT arrays without gating. Systematic studies show that the 

on/off ratio can reach as high as 1.4 × 106 with a correspondingly high retention of on-

state current compared to the initial current value before breakdown. Overall, this method 

provides important insight into transport at SWNT junctions and a simple route for 

obtaining pure s-SWNT thin film devices for broad applications. In chapter 6, we 

introduced a strain-release approach to enhance the density of horizontally aligned 

SWNTs. This method provides a novel way to obtain densely packed SWNT arrays and 

paves the way to achieve transistors with high performances for the next-generation 

nanoelectronics. Finally, we carried out studies that aim to investigate sensing 

mechanism of SWNT-based sensors by employing the SWNT crossbar device 

configuration (chapter 7). The results indicate that responses are mostly from the 

electrostatic doping effect on the whole nanotubes while the modification of the Schottky 

barrier at junctions only plays a minor part in the process, which motivated us to move 

beyond simple tube/tube crossbar junctions into more complex junction structures in 

order to take full advantage of the structure. 
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Chapter 1: Introduction to Carbon Nanotubes 
 

1.1 Carbon nanotubes: overview 

    A major trend in today’s computer industry is the continuously increasing density of 

transistors on the chip and the shrinking of the feature sizes. It is predicted that within the 

next ten years, the channel length below 10 nm is needed for transistors according to 

Moore’s law.1 However, for traditional silicon metal-oxide-semiconductor field-effect 

transistors (MOSFETs), one of the most significant drawbacks is known as “short 

channel effect” where the ability to control the current in the transistor decreases with a 

smaller channel length.2 The anticipated challenges in current silicon technology have 

resulted in abundant research efforts being focused on the development of molecular 

electronics, which in principle can overcome the fundamental limitations of silicon-based 

devices. Over the last decade, intense research has been directed toward the exploration 

of new materials as device elements to raise the integration level.3-7 However, how to 

build connections between the single molecules to achieve large-scale integration on a 

chip remains challenging. 

Carbon nanotubes (CNTs) are known to be one of the most promising candidates as 

the building blocks for molecular electronics due to the outstanding properties such as 

high mobility,8 high current-carrying capability,9 and high thermal conductivity,10, 11 as 

well as good chemical and mechanical stability.12 It has been demonstrated that sub-10 

nm SWNT transistor outperforms the best competing silicon devices, indicative of the 

great potential of SWNTs for the next-generation electronics.2  
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So what is a CNT? Structurally, CNTs are one type of carbon allotropes in addition 

to the well-known graphite and diamond. A CNT is a cylindrical structure with a hollow 

interior formed entirely by sp2 carbon bonds, which can be viewed as rolling up one or 

several layers of graphene sheet along a chiral vector (Figure 1.1) even through it does 

not describe the actual process for the formation of CNTs.13 Based on the number of 

walls, CNTs can be classified into two categories: single-walled carbon nanotubes 

(SWNTs)  and multi-walled carbon nanotubes (MWNTs), which consist of one single 

layer of side wall and more walls, respectively (Figure 1.2).14  

Over the past two decades, CNTs, particularly SWNTs, have attracted considerable 

attentions in nanoelectronics because of their outstanding properties. Compared to 

MWNTs, SWNTs not only have a higher structural integrity, but are also more 

electronically predictable based on the structure and thus can be readily incorporated into 

electronic devices for applications. In the following part of this dissertation, we will 

mainly focus on the synthesis and engineering of SWNTs. We will first introduce the 

background information for CNT study, and then summarize our efforts that aim to 

overcome the challenges in the research field by novel SWNT synthesis strategies and 

post-growth treatment as well as research that demonstrates the application of as-

prepared SWNTs as functional devices. 
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Figure 1.1. Schematic illustration of a carbon nanotube that is conceptualized as rolling 

up a graphene sheet along a chiral vector. The figure is adapted from Ref [13] with 

permission. 

 
 

Figure 1.2. Schematic illustration of SWNT (a) and MWNT (b). This figure is adapted 

from Ref [14] with permission.  

 

1.2 Discovery of carbon nanotubes 

Most of the research communities attribute the first discovery of CNTs to Sumio Iijima 

at NEC Corporation in Japan in 1991, who reported the observation of MWNTs using 
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Transmission electron microscope (TEM) in Nature (Figure 1.3).15 It is since then that 

CNTs began to be intensively studied by the research field. However, the earliest 

evidence for the observation of MWNTs can be traced back to 1952, when L.V. 

Radushkevich and V. M. Lukyanovich published the image of carbon nanotubes with the 

diameter of 50 nm in a Russian journal.16 Similar results were also demonstrated by 

Oberlin, Endo and Koyama using a vapor growth method in 1976.17  

 
 

Figure 1.3. TEM image of MWNTs reported by Iijima in 1991. This figure is adapted 

from Ref [15] with permission.  
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    Despite various reports prior to 1991, there is no doubt that Iijima’s work published in 

Nature boosted the following studies on CNTs and thus opened an entirely new research 

direction. Till now, CNT study is still a hot topic for materials chemistry and 

nanoscience. 

1.3 Structure and properties 

1.3.1 Lattice structure 

The unique properties of CNTs can be understood by considering the geometric 

structures. In this part, we will discuss the lattice structure of SWNTs with a single layer 

of side wall, which is the simplest model in the CNT family. As mentioned above, a 

SWNT can be described as a rolled graphene sheet capped by two half fullerenes at both 

ends, and the property of the SWNT is determined by the chiral vector which the sheet is 

wrapped along (Figure 1.4).18 
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Figure 1.4. (n, m) SWNT naming scheme that can be viewed as wrapping a graphene sheet 

along the chiral vector Ch. a1 and a2 are the unit vectors of graphene in real space. T is the 

transition vector that denotes the axis of the SWNT. The figure is adapted from Ref [18] 

with permission. 

 

   The chiral vector, also known as the chirality of the corresponding SWNT, can be 

written as 

                                                          Ch = na1+ma2                                                                                        (1) 

    Where a1 and a2 are the unit vectors of graphene in real space, and n and m are 

arbitrary integers (0≤m≤n). The diameter (r) and chiral angle (θ, the angle between the 

chiral vector and the (n,0) direction) are determined by the chirality (n,m), which can be 

calculated according to the formula: 
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                                                               d = 
a√n2+nm+m2

π
                                                  (2)  

                                                             θ = tan-1 √3m

2n+m
                                                     (3) 

    Where a is the lattice constant (2.49 Å) for graphene sheet. Based on the chirality, 

SWNTs can be classified as zigzag (m=0), armchair (n=m), and chiral (0<m<n) (Figure 

1.5).19 The chiral angles for zigzag and armchair SWNTs are 0° and 30°, respectively, 

and those of the chiral SWNTs are between 0° and 30°. The shortest repeat unit along the 

axis of the SWNT (perpendicular to Ch) is called transition vector (T), which can be 

written as: 

                                                                 T = t1a1+t2a2                                                                              (4) 

And t1 and t2 can be derived from the following formula: 

                                                                 t1 = 
n+2m

dR
                                                          (5)  

                                                                 t2 = 
2n+m

  dR
                                                          (6) 

where dR is the greatest common divisor of n+2m and 2n+m. 
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Figure 1.5. Schematic illustration of the structure of armchair, zigzag and chiral SWNTs. 

The figure is adapted from Ref [19] with permission. 

 

1.3.2 Electronic structure 

The electronic property of SWNTs can be derived from that of the graphene, and is 

also affected by the arrangement of carbon atoms (i.e. chirality). Figure 1.6 shows the 

band structure of graphene in the first Brillouin zone using the π-band nearest neighbor 

tight binding model.20 Graphene is known to be a semimetal or zero band gap 

semiconductor because the conduction and valence bands touch at six corners, which are 

known as the K and K’ points.  As shown in Figure 1.7, when the graphene sheet is 

rolled up to form a SWNT, the wave vector k is quantized due to the periodic boundary 
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condition (k×Ch = 2πq, q is an integer). The constraint leads to a set of discrete energy 

states. Based on how the wave vectors cut graphene, SWNTs can be either 

semiconducting (s-) or metallic (m-): when the wave vector passes through the K points 

(MOD (2n+m, 3) = 0), the SWNT is metallic; otherwise when MOD (2n+m, 3) = 1 and 2, 

the SWNT is semiconducting with a sizable band gap. The criterion to determine whether 

a SWNT is metallic or semiconducting based on its chirality is equivalent to whether n-m 

is a multiply of 3, which is being commonly and widely used for SWNT characterizations 

in the research field. However, it should also be noted that among MOD0 SWNTs, only 

armchair SWNTs are truly metallic with zero band gaps while the rest actually have small 

band gaps that can be thermally overcome at room temperature. Such small band gaps at 

Fermi level are sourced from the curvature effect of the SWNTs, which makes the wave 

vectors shift away from the K points.21 

 
Figure 1.6. Band structure of graphene in the first Brillouin zone using the π-band 

nearest neighbor tight binding model. This figure is adapted from Ref [20] with 

permission. 
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Figure 1.7. Discrete wave factor imposed on graphene for the (4, 2) SWNT. This figure 

is adapted from Ref [20] with permission. 

 

Figure 1.8 shows the density of states (DOS) for typical m- (a) and s-SWNTs (b), 

respectively.22 It can be seen that near the Fermi level, there are finite states for the m-

SWNT while the possibility for the occupation is 0 for the s-SWNT. The DOS for both 

types of SWNTs are symmetric with spikes in both the valence and conduction bands, 

which are known as the van Hove singularities (VHS). The band gap of a s-SWNT is 

inversely proportional to its diameter and can be calculated as  

                                                          Eg = 0.9 eV/dt                                                     (7) 

Where Eg and dt are the band gap and the diameter. Because of the dependence of the 

band gap on the diameter, s-SWNTs with larger diameters have smaller energy gaps and 

thus demonstrate lower on/off current ratios in electrical measurement. Due to the 

difference in the electronic structures, m- and s-SWNTs show different behaviors as 

field-effect transistors (FETs) in the transfer characteristics. A s-SWNT behaves like a p-

type semiconductor in ambient atmosphere due to the doping of oxygen and water: a 

negative gate voltage turns the system into the on-state, and a positive gate voltage 

depletes charge carriers from the nanotube (off-state). On the other hand, a m-SWNT 

only demonstrates a weak current modulation with a varied gate voltage. M-SWNTs can 
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carry current density as high as 109 A/cm2, which is 2 to 3 orders of magnitude higher 

than the corresponding capabilities of metals such as copper and aluminum. Such 

outstanding properties in conductivities as well as the high flexibility and transparency 

make m-SWNTs an excellent candidate for transparent conductive films (TCFs). 

 
Figure 1.8. Density of states for m-SWNT (a) and s-SWNT (b). The figure is adapted 

from Ref [22] with permission. 

 

1.3.3 Optical properties 

The 1D confinement in the electronic structure of SWNTs results in VHS as stated 

above, and generates unique optical properties. The energy of a photon that matches the 
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energy difference between the singularities with the same symmetry in the valence and 

conduction bands will trigger the transition. The optical spectroscopy can provide 

information about the electronic structure of the corresponding individual SWNT in a 

nondestructive way, and is therefore widely applied for the characterization of SWNT 

chiralities.  

Commonly used optical characterization approaches include Raman spectroscopy, 

photoluminescence, UV-Vis adsorption spectroscopy and so on.  Among all the 

techniques, Raman spectroscopy is frequently employed in our study and will be 

introduced in details in the following part. The laser photon hits the SWNT and interacts 

with the vibration of the nanotube, resulting in the energy difference between the incident 

photon and scattering photon, which is known as the Raman shift. The shift is closely 

related to the vibration mode of the SWNT, and reflects the structural information of the 

nanotube. The signal will be significantly enhanced if the either the incoming laser 

energy or the scattered radiation can match the allowed electronic transition. The analysis 

of the electronic structure of SWNT is based on Kataura plot (Figure 1.9), which provides 

the allowed electronic transition energies as a function of the diameter of the nanotube, 

and thus information about tubes with which chiralites are resonant under a given 

excitation wavelength can be obtained.23 

Figure 1.10 shows a typical Raman spectrum of a SWNT. For the SWNT, there are 

two dominant Raman features: radial breathing mode (RBM) and G-band. The spectrum 

also contains two weak features, the disorder-induced D-band and G’-band.23 Out of all 

Raman modes, the RBM is a unique characteristics to SWNTs, which detects the 

vibration of carbon atoms in the radial direction as if the nanotube is “breathing”. Such 
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vibrations are related to the diameter of the SWNT, which can be estimated based on the 

formula: 

                                                             ωRBM =  A/dt + B                                              (8) 

Where ωRBM is the Raman shift, dt is the diameter of the SWNT, and A and B are the 

constants based on the environmental effects. For SWNTs on SiO2 surface, A = 248 cm-1 

and B=0. It should be noted that for dt less than 1 nm this relation does not apply due to 

the lattice distortion and for dt larger than 2 nm, the RBM peaks are usually weak and not 

observable. 

   

 

Figure 1.9. Calculated energy separations Eii between van Hove singularities for all (n, 

m) values vs nanotube diameter from 0.4 to 3.0 nm. This figure is adapted from Ref [23] 

with permission. 
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    The G band is formed by the tangential modes which describes the atomic 

displacements along the circumferential direction. For SWNTs, the tangential modes are 

observed in high frequencies around 1590 cm-1. The G band can be used to distinguish m-

SWNTs from the s-counterparts. The major difference is the broaden of the G- peak for 

m-SWNTs due to the existence of free electrons in contrast to the Lorentzian line shape 

of s-SWNTs. The broaden G- peak is usually fit with the Breit-Wigner-Fano (BWF) line, 

which can be observed in a lot of graphene-like materials with metallic properties.24  

 

Figure 1.10. A typical Raman spectrum of SWNTs using the laser excitation wavelength 

of 633 nm. This figure is adapted from Ref [23] with permission. 

 

The disorder-induced D-band is expected in the frequencies from 1300 to 1400 cm-1. It 

is related to the presence of disordered sp2 bonding in carbon nanotubes (e.g., sp1 and sp3 

carbons), such as amorphous carbons and defects. The ratio of the intensities of G band to 

D band is an important parameter to estimate the quality and purity of prepared carbon 
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nanotubes. For SWNTs, the G/D ratio is usually higher than that of MWNTs due to the 

relative structural integrity. 

1.4 CNT synthesis 

    The controllable synthesis of CNTs with high quality and high yield has always been 

one of the hottest research topics in CNT studies since scientists started focusing on 

CNTs after Iijima’s Nature paper in 1991.15 For different applications, a variety of 

synthesis techniques are developed over the years. Based on the carbon source, the 

synthesis methods can be divided into two categories: methods in the first category use 

graphite as the carbon source, such as arc discharge and laser ablation; in the second 

category, carbon-containing compounds are used instead as the carbon feedstock, and 

examples include chemical vapor deposition (CVD) and high-pressure monoxide 

(HiPCO). 

1.4.1 Arc discharge and laser ablation 

Arc discharge and laser ablation methods are the earliest approaches based on solid 

graphite carbon source for CNT synthesis.25-27 The CNTs published in Iijima’s Nature 

paper in 1991 were synthesized by arc discharge.15 In this method, high currents pass 

through two graphite rods and produce inert gas plasma which evaporates carbon atoms 

to form CNTs. Figure 1.11 shows a schematic illustration of the arc discharge apparatus 

for CNT synthesis.19 Because of the high temperature (3000-4000 K) in this method, 

CNTs prepared are usually of high structural integrity. MWNTs can be synthesized 

without metal catalysts while the synthesis of SWNTs does require catalysts. Transition 

metals such as Fe, Co and Ni are commonly used as catalysts. 
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The laser ablation method developed by Smalley et al. is very similar to the arc 

discharge, except that the carbon atoms are evaporated by the ablation of intense laser 

pulses.28 In this method, a graphite is placed in a tube furnace chamber and heated to 

1200 ℃ under a flow of inert gas. The CNT product is brought to the downstream of the 

system by the gas and collected. The schematic illustration of the laser ablation method is 

shown in Figure 1.12. Similar to arc discharge, catalysts should present for the 

preparation of SWNTs, and CNTs prepared by this method has high quality due to the 

high temperature during synthesis. 

Both the arc discharge and laser ablation methods were widely used in the early stages 

of CNT studies. Despite the fact that these two approaches can produce CNT in large 

amount, there are two major drawbacks: 1) high temperature and power consumption are 

required for the vaporization of the solid carbon source. Consequently, the cost for these 

approaches are relatively high; 2) CNTs produced are in bundles, which makes it highly 

difficult to properly separate them for subsequent applications. 
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Figure 1.11. (a) Schematic illustration of arc discharge apparatus for CNT synthesis. (b) 

Image of the arc experiment between the two graphite rods. Extreme temperature reached 

during the experiment is between the two rods (3000-4000 K).  This figure is adapted 

from Ref [19] with permission. 
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Figure 1.12. Oven laser-vaporization apparatus. This figure is adapted from Ref [28] 

with permission. 

 

1.4.2 Chemical vapor deposition method for CNT synthesis 

In the methods that employ carbon-containing compounds, the carbon feedstock 

decomposes under certain conditions and releases carbon atoms to form CNTs. Among 

them, CVD is being widely used because of its high versatility. Figure 1.13 shows a 

schematic illustration of a typical set up of CVD system for surface growth. Carbon 

precursors, such as ethanol or methane, are introduced into the chamber. An inert carrier 

gas (Ar) and a reduction gas (H2) are usually involved in this process. The substrate with 

catalysts is heated up to the growth temperature, typically between 700 to 1000℃. The 

carbon feedstock decomposes and dissolves into the catalysts. After the carbon 

concentration in the catalysts gets saturated, carbon atoms begin to precipitate to form 

CNTs. The detailed growth mechanism will be further discussed in the next part. In our 

lab, ethanol is used as the carbon feedstock and introduced into the system by gas 

bubbling. The photography of the CVD set up in our lab is shown in Figure 1.14. 
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Figure 1.13. Schematic illustration of a typical set up of CVD system. 

 

 

Figure 1.14. The photograph of the CVD system set up in our lab.  
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Compared to the arc discharge and laser ablation approaches as mentioned above, the 

CVD method features several main advantages: 1) it can readily produce different types 

of CNTs either in bulk form or on target substrates, and CNTs on surfaces can be directly 

used for the fabrication of electronic devices with excellent performances; 2) CVD 

method is more controllable to obtain CNTs with desired properties (e.g., density, 

diameter, electronic types)  by tuning the growth parameters, including grow temperature, 

catalyst components, carbon precursor concentration, gas feeding rate and so on. The 

application of single crystalline substrates also provides the opportunity to growth 

perfectly aligned SWNTs for large-scale device fabrication; 3) the cost and energy 

consumption for CVD method is relatively lower.  

1.4.3 Growth mechanism for CVD synthesis 

Since the development of CVD method for CNT synthesis, abundant experimental and 

theoretical works on understanding the growth mechanism have been reported. However, 

there are still some debates in the details of the mechanism, and no consensus has been 

reached up to now. One generally accepted model is called vapor-liquid-solid (VLS) 

mechanism. As shown in Figure 1.15, the catalyst nanoparticles play important roles in 

the CNT growth.29 The solid catalysts melt into liquid or semiliquid form when heated up 

to the growth temperature. The carbon feedstock decomposes on the surface of the 

catalyst nanoparticle to release carbons, which are dissolved into the catalyst to form 

metal-carbon alloys. After the concentration of carbon in the alloy reaches a certain level 

and gets saturated, carbon atoms begin to precipitate from the droplet to produce the 

fullerene cap. As more sp2 carbons are added to the edge of the cap, tubular CNT is 

formed. In general, it is believed that there are two modes, namely the tip growth and 
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base growth. In the tip growth mode, the catalyst nanoparticle is pushed away from the 

cap and drags the elongating CNT. On the other hand, in the base growth mode, the 

catalyst remains at the same location due to the strong interaction with the support, and 

the CNT gets lifted. Details about the two modes are illustrated in Figure 1.15. 

 

Figure 1.15. Schematic illustration showing the VLS mechanism for CNT growth, 

including base and tip growth. This figure is adapted from Ref [29] with permission. 

 

The growth mechanism stated above indicates that the diameter of a CNT is closely 

related to the nanoparticle that nucleates it, which have been proved by both our and 

other group in recent years.30-33 Therefore, for the study on CNT synthesis, it is generally 

acknowledged that the diameter distribution of CNTs can be tuned by controlling the size 

of the catalyst nanoparticles. That is an important concept that will be applied in the 

following part of this dissertation. 

The VLS growth mechanism can be used to explain a lot of experimental observations. 

On the other hand, however, it should also be noted that the study on the growth 
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mechanism is still far from complete, and many details remain unclear. Accordingly, 

some phenomena observed do not match this proposed mechanism. For example, the 

generally acknowledged correlation between catalyst and the nanotube is based on the 

VLS mechanism which assumes that SWNTs are nucleated from individual 

nanoparticles. However, in 2014, Sanchez-Valencia et al. reported the exclusive growth 

of (6, 6) SWNTs on Pt (1 1 1).34 In addition, there are also debates on whether the 

catalysts can remain in solid states during growth, and Yang et al. demonstrated that there 

might be such a possibility by successfully synthesizing (12, 6) SWNTs using solid alloy 

catalysts.35 Clearly, more studies on the growth mechanism is highly desirable, which 

creates great opportunities for the research communities. 

1.5 Challenges in SWNT preparations 

       As stated above, CNTs, especially SWNTs, are highly attractive as one of the most 

promising candidates for the next-generation nanoelectronics due to the outstanding 

properties. Many research groups reported the successful demonstration of SWNT-based 

electronics, indicating the great potential of SWNT to replace silicon in the near future. 

Despite the success, the application of SWNTs in real practice remains challenging. A 

major reason for this is that till now, the reliable control over the preparation of SWNTs 

with desired properties is still not fully realized. In this dissertation, we will focus on the 

following topics by either direct synthesis or post-growth treatment:  

1) Controlling the electronic types of SWNTs to exclusively synthesize s-SWNTs for 

nanoelectronics, which is also addressed as controlling “selectivity” in most of previous 

publications.  
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2) Controlling the diameter distribution of s-SWNTs to prepare SWNTs with specific 

band gaps.  

3) Controlling the density and placement of SWNTs on target substrate for the scaled 

fabrication of electronic devices.  

4) Understanding the growth mechanism and identifying the bottleneck for further 

improvement.  

5) Achieving these goals simultaneously and decoupling the conflicts between them. 

1.6 Application of SWNTs in nanoelectronics 

    SWNTs have attracted considerable research attentions in a variety of fields such as 

chemistry, physics, materials science and electrical engineering over the past two 

decades, and abundant efforts have been made to realize the application of them in real 

practice. In particular, SWNTs synthesized on substrates are highly attractive for the 

direct and scalable fabrication of electronic devices. Due to the outstanding properties 

and low dimension as mentioned above, great progress has been achieved such as the 

successful demonstration of SWNT-based digital electronics,36 chemical sensors37-39 and 

photodiodes.40 In the following part, we will briefly review the application of SWNTs as 

functional devices. 

1.6.1 Electronic device 

With the rapid development of the computer science and the Internet, recent years have 

witnessed the exponential increase in the capability of nanoelectronics. The further 

development of the Moore’s law leads to the scaling of transistors down to nanoscale. 

SWNTs are of great research interest for the application in all types of transistors because 
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of the electrical, mechanical and thermal advantages. A conventional FET device is 

composed of two electrodes, namely the source and drain, connecting a semiconducting 

channel material and a dielectric layer that tunes the current flow in the channel via a gate 

(Figure 1.16).41 In general, on the basis of different performance metrics, FET can be 

categorized into high-performance transistors and thin-film transistors (TFTs). 

High performance transistors are devices used for computing electronics. For high-

performance transistors, it is necessary to scale the channel length (down to 10 nm) and 

contact length to meet the requirements for technologies targeted at the early 2020s while 

they can be operated at low voltage. We have known for years that traditional silicon 

transistors suffer the “short channel effect” and can not perform properly at the sub-10 

nm scale. One the other hand, the atomic thinness of SWNTs enables effective 

electrostatic control, which means that the aggressively scaled transistors will still be able 

to be switched on at the low operating voltages. In addition to the improved gate control, 

the small effective mass of SWNTs can dramatically enhance the tunneling current and 

boost the on-state.42, 43 Moreover, it has been shown that sub-10 nm SWNTs based 

transistors can outperform all similarly scaled silicon-based transistors at low voltages 

due to the nearly ballistic (zero resistance) transport.2 
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Figure 1.16. Schematic illustration of a back-gate FET.  

 

    There are also applications of transistors that do not require the extreme performance 

as for computing devices. The shortcomings for traditional a-silicon TFTs include bias-

stress instability and low mobility. SWNTs are highly promising for TFTs. High mobility 

can be achieved by simply drop coating the substrate with SWNT solutions to form a thin 

film. Further improvements, including inducing the alignment of SWNTs isolated from 

solution phase or synthesizing horizontally aligned SWNTs on single crystalline 

substrates, will further boost the performance of SWNT TFTs. The current and future 

TFT technologies may find various applications in different fields, such as display, 

sensors, optical detectors, radio frequency (RF) devices and Internet. 

1.6.2 Sensors and sensing mechanism 

    Sensors are of significant importance for health care, environmental monitoring, military 

application and industrial process control. FET is one of the most commonly used sensors 

for the rapid and accurate detections of biomolecules because of the high efficiency, low 

cost and compatibility for mass production. FETs can be highly sensitive to the surrounding 
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environment since the captured molecules can change the electrical properties of the 

channel through an electrostatic/gating effect which will be reflected by a readable output 

signal of the device. 

Great efforts have been devoted to identifying appropriate materials for sensing using 

FETs. Particularly, interests in FETs based on s-SWNTs are fomented because of the 

nanoscale structure, the high aspect ratio, and the sizable band gap that allow ultrasensitive 

sensing. Recent advances in scalable synthesis of SWNTs with perfect alignment also 

provide easy pattern ability for the large-scale production of sensors.  

One of the earliest study on CNT-based sensors was reported by Kong et al. in 2000, 

where shift in threshold was observed in the transfer characteristics of the FET exposed to 

toxic gases (NH3 and NO2).
44 The authors attributed the response to electrostatic doping of 

the gas molecules onto the SWNT. Later, to further investigate the underlying sensing 

mechanism, the analytes were expanded to alcohol,45 O2,
46 benzene,47 and H2.

48 While 

some of the studies confirmed the electrostatic doping effect of target molecules on SWNTs, 

other studies suggested that the adsorption on metal contacts will tune the work function 

of the metal and modify the Schottky barrier between the contact and the s-SWNTs, which 

will change the resistance of the transistor.49 Recently, Boyd et al. also reported that the 

modification on the Schottky barrier at SWNT junctions also plays a role in the signal 

output.37  Clearly, further studies are still needed to fully reveal the fundamental aspects of 

the sensing mechanism.  

    In addition to the investigation on the sensing mechanism, researchers are also 

focusing on improving the sensitivity and selectivity of SWNT-based sensors. In recent 
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years, various approaches have been developed to enable the sensitivity down to the 

single molecule level.50, 51 Compared to the sensitivity, however, the selectivity was 

relatively less addressed in previous studies. One strategy to fulfill this requirement is to 

functionalize the channel with specific ligands to enhance the affinity between the 

channel and the target molecules. This method may enhance the compatibility of SWNT-

based sensors to different systems for the detection of a variety of chemicals. 
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Chapter 2: Growth of High-Density-Aligned and 

Semiconducting-Enriched Single-Walled Carbon Nanotubes: 

Decoupling the Conflict between Density and Selectivity 
 

    The content of this chapter is adapted from our publication (ACS Nano, 2013, 8(1): 

554-562).52  We acknowledge our coauthors, Prof. Kaihui Liu, Mr. Matthieu Pierce and 

Prof. Feng Wang at University of California, Berkeley, for measuring the chirality 

distribution of our carbon nanotube samples. We also acknowledge our coauthors, Dr. 

Shibo Liang and Prof. Lian-Mao Peng at Peking University, for helping us with the 

fabrication of electronic devices. 

2.1 Introduction 

As has been discussed in chapter 1, SWNTs have attracted considerable attention in 

nanoelectronics because of their outstanding electrical and thermal properties. 

Particularly, dense parallel SWNT arrays are found to be of great potential for making RF 

devices due to their considerable improvements in the on-driving current, mobility and 

cutoff frequency.53-55 More recently, researchers at IBM have demonstrated sub-10 nm 

transistors using carbon nanotube for high-speed and power-efficient logic applications.2 

However, in order to realize such applications, high density and high purity 

semiconducting nanotubes are needed because: i) dense SWNT arrays can carry higher 

current and are more robust for integrated circuits and ii) high selectivity for 

semiconducting SWNTs is demanding to obtain high on/off ratios in SWNT-based 

FETs.2, 56-62 Currently, there are two competing approaches: one is to deposit pre-selected 

semiconducting nanotubes on substrate, which has been recently demonstrated by the 

IBM group. The other is the directly controlled growth by CVD method for horizontally 
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aligned SWNT arrays.62, 63 The direct growth method are generally thought to provide 

nanotubes of better quality since the nanotubes do not need to go through purification, 

sonication and separation procedures that are known to create defects on the nanotubes. 

However, the density and selectivity of nanotubes from the direct growth methods are 

still far from ideal. 

Over the past decade, great progress has been made in achieving the goals using CVD 

method. On one hand, the density and alignment of SWNT arrays have been greatly 

improved.53, 54 For example, as reported in a recent work by our group, the density of 

SWNT arrays has been increased to 20-40 SWNTs/μm by using a multiple-cycle and 

ethanol/methanol CVD growth method.55 On the other hand, several groups have 

successfully synthesized predominantly semiconducting or metallic SWNTs,64-70 Despite 

the great success in synthesizing aligned SWNT arrays, the goal of simultaneously 

obtaining high density and high selectivity has not been achieved till now. In general, it is 

believed that within a certain range, the high-concentration carbon feedstock can increase 

the SWNT density.71 However, it is also known that the high concentration of the carbon 

feeding source usually reduces the selectivity of SWNTs, as clearly indicated in the 

recent work published by our group.72 In this sense, a lower carbon feeding rate is 

believed to be necessary for obtaining high-purity semiconducting SWNTs. Thus 

fabricating the aligned SWNT arrays with both high density and high selectivity is 

currently a challenge. It is highly desired to find a reliable method that decouples the 

asynchronous relationship between the density and selectivity of SWNTs. 

In our study, we observed an important fact that random CNTs in the area of the 

catalyst can block the growth of the aligned SWNTs along the lattice structure on quartz 
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surface. Such blocking is one of the main reasons that reduced the total density of the 

aligned nanotubes and created nonuniformity in the SWNT arrays. More interestingly, it 

is found that an appropriate treatment using water as an in situ etchant can exclusively 

remove random CNTs, while most of the aligned SWNTs remain intact. Furthermore, an 

improved multiple-cycle CVD method is demonstrated which uses a low concentration of 

carbon feedstock and introduces water to the system to ensure the high selectivity of 

semiconducting SWNTs. The SWNTs were treated by water after each growth cycle to 

remove the random CNTs. After five growth cycles, the density of SWNT arrays can be 

as high as around 10 SWNTs/μm with significantly improved uniformity, which is 4-5 

times higher than that of SWNTs produced by one-cycle growth method. Micro-Raman 

and single-tube optical spectroscopy measurements further confirm that the SWNTs 

made by this method are of high selectivity.  

2.2 Experimental section 

2.2.1 The improved multiple-cycle growth method 

    CuCl2/poly(vinylpyrrolidone) (PVP) alcohol solution was used as the precursor and 

patterned on Y-cut single crystal quartz wafers for the SWNT growth.73 The substrate 

with catalyst precursor deposited on it was then annealed for 30 min in the 1-inch 

Linderberg furnace in air at 775 ºC to remove the polymers in the catalyst precursor and 

to form CuxOy. After the samples cooled down to room temperature, the furnace was 

heated to and kept at 775 ºC for 25 min in H2 atmosphere at ~367 standard cubic 

centimeters per minute (sccm) to reduce CuxOy nanoparticles to Cu nanoparticles. The 

CVD growth was then performed at 900 ºC. In a typical growth experiment, an argon 

flow through an ethanol bubbler at ~90 sccm, another argon flow through a water bubbler 
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at 30 sccm and a hydrogen flow at ~279 sccm were introduced into the system in the first 

cycle of growth for 10 min. After the first growth cycle, the flow through the water 

bubbler was kept on and the rest of the flows were turned off. An argon flow at ~391 

sccm was introduced into the system to maintain the stable pressure in the chamber of the 

furnace. The etching process took 3 min. The next growth cycle was the same as the first 

one except that the growth time was 5 min instead of 10 min. The experimental flow 

diagram is shown in Figure 2.1. 

 

Figure 2.1. Experimental flow diagram for the synthesis of aligned SWNTs using the 

improved multiple-cycle growth method. The figure is adapted from Ref [52] with 

permission. 
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2.2.2 Characterization 

A scanning electron microscope (SEM, FEI XL30 S-FEG, operated at 1.5 kV), an 

atomic force microscope (AFM, Digital Instruments Multiple Mode SPM Nanoscope 

IIIa, operated at tapping-mode) and a micro-Raman spectroscope (Horiba Jobin Yvon 

LabRam ARAMIS) were used for the characterization of SWNTs synthesized. The 

optical imaging and spectroscopy for the chirality distribution of SWNTs were performed 

following previously reported method.41 

2.2.3 Fabrication of FET device 

    Top-gated FET devices with channel length of 2 μm and width of 100 μm were 

patterned by electron-beam lithography (EBL). 50 nm Pd was deposited by e-beam 

evaporation as the contact metal. The gate dielectric is Y2Ox oxidized with 2.7 nm Y. 20 

nm Ti was used as the gate metal. 

2.3 Results and discussion 

Our study is motivated by the observation that in the catalyst area there are some 

randomly aligned CNTs, which blocked the aligned SWNTs growing along the lattice 

structure on quartz surface. Figure 2.2a shows a representative SEM image describing 

such a fact, and Figure 2.2b is the locally enlarged image. Similarly, the aligned SWNTs 

are also blocked by the random CNTs in the region where catalysts are deposited, as 

shown in the box in Figure 2.2c. From these SEM images, it is very clear that the growth 

of most aligned SWNTs terminates when they reach random CNTs in front and only a 

few of them can cross over. These observations demonstrated that the random CNTs 

caused a sharp decrease in the density of SWNTs and created nonuniformity in the 

sample. Therefore, the presence of random CNTs could be a crucial factor that prevents 
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us from obtaining SWNT arrays with high density. In this sense, it is necessary to remove 

the random CNTs using an etchant in order to obtain dense SWNT arrays. A recent study 

published by us72 showed that water vapor can be used as an effective in situ etchant for 

the metallic nanotubes to selectively grow semiconducting-enriched SWNT arrays on 

quartz substrates. In some experiments, we also observed the disappearance of nanotubes 

in the catalyst regions.55, 72 Is water vapor also capable of removing the random CNTs 

standing on the quartz lattice? To answer this question, a set of experiments has been 

carried out by varying both the water vapor concentration in the CVD chamber carrier 

and the etching time. Surprisingly, after being treated by water vapor at the concentration 

between 356 and 586 ppm for an appropriate time, the random CNTs in the catalyst area 

have been completely removed, while most of the aligned SWNTs remain intact even if 

such a treatment lasts for a long time. Figure 2.3 shows the SEM images of a sample 

before (panel a) and after (panel b) water vapor treatment, where the areas labeled by red 

rectangles are at exactly the same location on the sample and are used as position 

markers. Clearly, as shown by Figure 2.3b, the small misaligned CNTs in Figure 2.3a 

have been removed after water treatment. 
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Figure 2.2. SEM images showing (a) the random CNTs that block the growth of aligned 

SWNTs, (b) the details in the location labeled by the red rectangle in panel (a), and (c) the 

aligned SWNTs blocked by the random CNTs in the region where catalysts are deposited. 

The figure is adapted from Ref [52] with permission. 
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Figure 2.3. SEM images of a sample before (a) and after (b) water vapor treatment. The 

areas labeled by red rectangles are at exact the same location of the sample and are used as 

a marker. The figure is adapted from Ref [52] with permission. 

 

The selective etching effect of water vapor for the random CNTs can be understood 

as follows. First, more catalyst particles around the random CNTs may accelerate the 

etching reaction.74, 75 In addition, the random CNTs consist of random SWNTs and 

MWNTs, which have more defects and hence could be easily attached by oxidants such 

as water. In contrast, the aligned SWNTs are more stable and can not be etched by the 

oxidant (water) due to their structural integrity. 
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Based on the observations above, we designed a growth method which synthesizes 

SWNTs repetitively after removing the random CNTs in the catalyst area by treating 

them with water vapor, hoping to increase the density of aligned nanotubes. Figure 2.4 

shows results before and after the second-time growth. There are some new SWNTs 

appearing after the new cycle of growth, indicating that some catalyst particles still keep 

their activity after the first growth cycle. However, as shown in Figure 2.4b and d, the 

newly-grown SWNTs are not well aligned. To better understand this observation, we 

annealed the sample in the air at 900 ºC until all the CNTs were removed. Then a new 

cycle of growth was performed on the same substrate and it is found that nearly all 

newly-grown SWNTs are curved, as shown in Figure 2.5a. Considering the fact that the 

growth conditions were kept the same during our experiments, we came up with two 

possible explanations for the misalignment of the newly-grown SWNTs: i) the lattice 

structure of quartz wafer could be destroyed, and ii) the catalyst could have aggregated 

after the repetitive heating and cooling and the long-time treatment under high 

temperature. 
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Figure 2.4. SEM images of two CNT samples before (panels a and c) and after (panels b 

and d) the second-time growth. The figure is adapted from Ref [52] with permission. 
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Figure 2.5. SEM images of misaligned CNTs on the wafer annealed after the second time 

of growth (a) and well aligned CNTs on the same wafer catalyzed by new catalyst after 

removing all the curved CNTs (b). The figure is adapted from Ref [52] with permission. 

  

To test which hypothesis is correct, the same sample was annealed in the air at 900 ºC 

to remove all the CNTs again. Then new catalysts were re-deposited on the quartz wafer 

and another growth cycle was performed. As shown in Figure 2.5b, the newly-

synthesized SWNTs are well aligned, which confirms the second hypothesis. This is 

consistent with previous results that the diameter distribution of SWNTs is closely related 

to the size of the catalyst particles.71 The increase of the size of catalyst particles may 
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lead to the larger diameters of SWNTs and the alignment force tends to decrease as the 

diameters of SWNTs increase,53, 73 which may cause the SWNTs to become misaligned. 

In fact, the AFM measurement result shows that the curved nanotubes have larger 

diameters than normal aligned SWNTs synthesized by one-cycle growth method (see 

Figure 2.6).66, 73, 76 

 

Figure 2.6. AFM image of misaligned CNTs on the wafer annealed after the second-time 

of growth. d1-d5 represents the diameter of CNTs at different location marked by the white 

arrows. d1=5.1 nm, d2=2.7 nm, d3=1.1 nm, d4=2.3 nm, and d5= 1.7 nm. The figure is 

adapted from Ref [52] with permission. 
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To limit the aggregation of the catalyst, one strategy is to avoid the repetitive heating 

and cooling procedures as well as the long-time treatment under high temperature. This 

can be achieved by combining all growth cycles and etching cycles in one process (see 

Experimental section for details). We refer to such a method as the improved multiple-

cycle growth method to distinguish it from the multiple-cycle growth method discussed 

in our previous work.55 Figure 2.7 shows the SEM images of horizontally aligned SWNT 

arrays after the one-, two-, four-, and five-cycle growth, respectively.  

 

Figure 2.7. SEM images of horizontally aligned SWNTs on quartz surface by one-cycle 

growth (a), two-cycle growth (b), four-cycle growth (c) and five-cycle growth (d) under 

the same CVD growth condition (Ethanol=90 sccm, H2O=30 sccm, and H2=279 sccm). 

The figure is adapted from Ref [52] with permission. 
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From these results it is clear that the density of SWNT arrays increased from 1-2 

SWNTs/μm for the one-cycle growth (panel a) to 2-4 SWNTs/μm for the two-cycle 

growth (panel b) and 4-6 SWNTs/μm for the four-cycle growth (panel c), and finally 

reached around 10 SWNTs/μm (panel d). Figure 2.8 shows the diameter distributions for 

SWNT arrays prepared via the one-cycle, three-cycle and five-cycle methods measured 

by AFM. It is observed that the average diameters obtained from these three steps are 

1.89, 1.97, and 2.01 nm, respectively, showing a slight up-shift trend of the nanotube 

diameter. This is consistent with the theory of Ostwald ripening.77, 78 It should be noted 

that no further increase in the density of SWNT arrays was observed when more growth 

cycles were performed, which might be attributed to the deactivation of the catalyst 

particles under high temperature. Obviously, this improved multiple-cycle growth 

method significantly increased the density of SWNT arrays by using a low carbon 

feeding rate and introducing water into the system which are necessary for obtaining the 

high-purity semiconducting SWNTs. 
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Figure 2.8. AFM characterization on diameter distribution for SWNT arrays prepared via 

the one-cycle (a), three-cycle (b), and five-cycle (c) growth methods under the condition 

described in Experimental section. The figure is adapted from Ref [52] with permission. 
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Another issue we are concerned about is the selectivity of as-prepared SWNT. To 

answer this question, Resonant Raman spectroscopy (RRS) was used to characterize the 

SWNT arrays prepared via the five-cycle growth method. It is well known that RRS is an 

exceedingly powerful tool for characterizing SWNTs to reveal the electronic and phonon 

properties of SWNT arrays. The RBM of Raman spectrum assigns and distinguishes the 

semiconducting and metallic SWNTs. We used lasers with two different wavelengths of 

633 and 785 nm and characterized 15 spots on the sample prepared via the five-cycle 

growth method. The measured results are shown in Figure 2.9, where the black and red 

rectangles marked with M and S correspond to frequency ranges where RBM peaks of 

metallic and semiconducting SWNTs are expected, respectively, and the peaks at 128, 

205, and 264 cm-1 marked with black arrows are sourced from the quartz substrate.  
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Figure 2.9. Raman spectra of the SWNT array prepared via the five-cycle growth. The 

spectra were collected from 15 different spots on the sample surface with excitation laser 

lines of 633 (a) and 785 (b) nm. The peaks at 128, 205, and 264 cm-1 marked by the arrows 

are sourced from quartz substrate. The black and red rectangles marked with M and S 

correspond to the frequency ranges where RBM peaks of metallic and semiconducting 

SWNTs are expected, respectively. The figure is adapted from Ref [52] with permission. 

 

When a 633 nm laser was used for excitation, as shown in Figure 2.9a, in the red 

rectangle, the frequency range where RBM peaks of semiconducting SWNTs are 

expected, we observed evident signals of semiconducting SWNTs and the distribution of 

the RBM frequencies is between 146 and 161 cm-1. From the experimental relationship 
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between a SWNT diameter (d, in nm) and a RBM shift (ω, in cm-1), ω=248/d,20 the 

diameters of these observed semi-conducting tubes are estimated to be between 1.5 and 

1.7 nm. In contrast, no other peaks but those from quartz substrate at 205 cm-1 are visible 

in the black rectangle that corresponds to the frequency range where RBM peaks of 

metallic tubes are expected. From the Raman data shown in Figure 2.9a, it is believed 

that the improved multiple-cycle growth method produces a large proportion of 

semiconducting SWNTs. When a 785 nm excitation laser was used, no RBM peaks of 

semiconducting tubes are visible (Figure 2.9b). This is because at 785 nm laser only the 

semiconducting tubes with a diameter smaller than 1.13 nm can show RBM signals. On 

the other hand, in Figure 2.9b, there are also not any observable RBM peaks of metallic 

tubes, indicating the presence of few metallic SWNTs within the diameter range from 1.5 

to 1.9 nm. The current results confirm that the improved multiple-cycle CVD method 

predominantly synthesizes semiconducting SWNTs in the diameter range smaller than 2 

nm. In addition, the disorder band (D-band) was barely observed in the Raman spectra, 

meaning that the water vapor treatment did not bring about significant defects of SWNTs. 

To further investigate the selectivity of the as-prepared SWNT arrays, a detailed 

study on chirality distribution was performed on substrate by our newly-developed 

polarization-based optical homodyne microscope/spectroscopy combined with a 

supercontinuum laser light source.79 This technique was proved very powerful to identify 

the chiral index of individual nanotubes with high accuracy and efficiency. Figure 2.10a 

and 2.10b show the distribution of semiconducting and metallic SWNTs within different 

diameter ranges via the one-time and three-cycle growth methods under the same growth 

condition which is described in the Experimental section (Figure 2.10a was also used for 



 
46 

 

one of our earlier publications79). Note that the density of SWNTs prepared by five-cycle 

growth is too high to provide optical spectrum for assigning the chirality of individual 

tubes. As shown in Figure 2.10, the ratios of the semiconducting SWNTs to the metallic 

counterparts (S/M ratios) are 1.48 and 1.92, respectively, and both of the values are much 

higher than that of the controlled group synthesized by the same recipe but without water 

(0.97, see Figure 2.11). The result confirms that the improved multi-cycle growth method 

provides increased density and selectivity for semiconducting SWNTs simultaneously. 

Interestingly, it is shown that the S/M ratios are not equally distributed within 

different diameter ranges: for both the one-time and three-cycle growth methods, the 

semiconducting SWNTs are highly enriched in the diameter range of 1.5-2.2 nm and the 

S/M ratios are 4.68 and 5.20, while for the SWNTs synthesized without water the value is 

only 1.26. Figure 2.12 shows the transport properties of top-gated FET based on SWNT 

arrays prepared by the five-cycle growth method. According to the observed chirality 

distribution, we proposed that not only the electronic structure of SWNTs but also the 

diameter and the concentration of water significantly influence the reactivity between 

SWNTs and water. For SWNTs of small diameter, local strain plays a more important 

role than the electronic structure since oxidation is preferential in areas of high 

curvature.80-82 Consequently all small-diametered SWNTs are sensitive to water and no 

obvious selectivity can be found under some certain growth condition. For SWNTs 

within the diameter range from 1.5 to 2.2 nm, the concentration of water optimized in this 

study could mainly etch the metallic SWNTs while the majority of semiconducting 

SWNTs can survive. 
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Figure 2.10. Diameter and chirality distribution of the SWNTs synthesized via one-time 

growth (15 min, panel a) and three-cycle growth (panel b) under the same growth condition 

mentioned in the Experimental section measured by the optical imaging and spectroscopy. 

The figure is adapted from Ref [52] with permission. 
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Figure 2.11. Diameter and chirality distribution of the SWNTs synthesized under same 

growth condition mentioned in the Experimental section but without water measured by 

the optical imaging and spectroscopy. The figure is adapted from Ref [52] with permission. 
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Figure 2.12. On/off ratio measurement result of the SWNTs synthesized by the five-cycle 

growth method. The channel width is 100 μm and the test device contains about 1000 

SWNTs. The length of the gap between the two metal contacts (40 nm Pd) is 2 μm. The 

bias voltage VDS=0.1 V. The initial on/off ratio was around 2.9 for the devices, continued 

measurement of the devices showed a gradual increase of the on/off ratio to 43.0. The cause 

of this observation is still not clear and under further study. It could be the elimination of 

defective metallic nanotubes during measurement or elimination of conducting paths 
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through carbonaceous surface contamination layer formed during CVD synthesis on quartz 

substrate. The figure is adapted from Ref [52] with permission. 

 

To support this hypothesis, one additional group of experiment was performed using 

the same growth condition mentioned in the Experimental section with 50 min post-

synthesis etching (water concentration: 506 ppm). The chirality distribution of as-

prepared SWNTs was mapped out in Figure 2.13. The diameter-dependent etching rule 

still applies even after post-synthesis etching for 50 min. This fact indicates that the water 

concentration and the property of SWNTs have a combined action on the selectivity. 

Though detailed study on the diameter-dependent selectivity is still needed, the current 

results shed light on the future research direction in further improving the selectivity for 

semiconducting SWNTs: diameter control and selective etching should be combined. 

 

Figure 2.13. Diameter and chirality distributions for SWNTs prepared by one-time growth 

with post-synthesis etching for 50 min (water concentration: 506 ppm) measured by the 

optical imaging and spectroscopy. The figure is adapted from Ref [52] with permission. 
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For comparison, we also did Raman measurement on SWNTs made by the previous 

multiple-cycle growth method (see Figure 2.14).55  

 

Figure 2.14. Raman spectra of the SWNT array prepared via our previous three-cycle 

growth method. The spectra were collected from 15 different spots on the sample surface 

with excitation laser lines of 633 (a) and 785 (b) nm. The peaks at 128, 205, and 264 cm-1 

marked by the arrows are sourced from quartz substrate. The black and red rectangles 

marked with M and S correspond to frequency ranges where RBM peaks of metallic and 

semiconducting SWNTs are expected, respectively. The figure is adapted from Ref [52] 
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with permission. 

According to Figure 2.14, RBM signals are not found in either the metallic or the 

semiconducting regions. It is well known that RBM signals of SWNTs with diameters 

larger than 2 nm are hardly detected by Raman spectroscopy. Thus the absence of RBM 

signals in Figure 2.14 is attributed to the large diameter of SWNTs synthesized using the 

previous multiple-cycle growth method.55 That is also supported by the AFM result that 

shows the diameter distribution of SWNTs made in our previous work is 2.4 ± 0.5 nm. In 

contrast, the present improved multiple-cycle growth method can synthesize the SWNT 

arrays with relatively smaller diameters, as shown in Figure 2.10. The FETs often showed 

a low on/off ratio, indicating little, if any, selectivity for SWNT arrays made by the 

previous method. The uniqueness of the improved multiple-cycle growth method is that it 

synthesizes high density and high selectivity SWNT arrays with smaller diameters. 

2.4 Conclusion 

In summary, the work in this chapter shows that i) the random CNTs in the catalyst 

area are a crucial factor that prevents us from obtaining the high-density and high-quality 

semiconducting SWNTs, and ii) the repetitive treatment of samples under high 

temperature can result in the aggregation and deactivation of the catalyst. More 

interestingly, we have found that the selective removal of random carbon nanotubes can 

be achieved by the treatment using an appropriate amount of water vapor. And most 

importantly, we have presented an improved multiple-cycle growth method to synthesize 

high-density, high-quality and semiconducting-enriched SWNT arrays on quartz 

substrates. Using the improved multiple-cycle growth method, we have obtained the 

dense semiconducting-enriched SWNT arrays (~10 SWNTs/μm) over large areas and 
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with high uniformity. We have successfully decoupled the asynchronous relationship 

between the density and selectivity of SWNTs. Such understanding on the growth 

mechanism will be shown to be very useful for future nanoelectronics applications. 
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Chapter 3: Importance of Diameter Control on Selective 

Synthesis of Semiconducting Single-Walled Carbon Nanotubes 
 

    The content of this chapter is adapted from our publication (ACS Nano, 8 (8), 8564-

8572).32 We acknowledge our coauthors, Prof. Kaihui Liu, Mr. Sihang Liang and Prof. 

Feng Wang at University of California, Berkeley, for measuring the chirality distribution 

of our carbon nanotube samples. We also acknowledge our coauthors, Mr. Chung-Ting 

Ke and Prof. Gleb Finkelstein at Duke University, for helping us with the fabrication of 

electronic devices. 

3.1 Introduction 

Based on the electronic structures, SWNTs can be either semiconducting or metallic, 

denoted as s- and m-SWNTs, respectively. For application in logic gates, RF devices and 

sensors, s-SWNTs are especially attractive owing to the presence of a sizable energy 

band gap. However, the coexistence of s- and m-SWNTs in prepared samples limits the 

application of SWNTs because the current through m-SWNTs can only be modulated 

very weakly, resulting in a high leakage current in FETs. Therefore, over the past decade, 

abundant research efforts have been made towards obtaining pure s-SWNTs. 

Over the past decade, great progress has been made trying to solve this problem. Many 

research groups developed various separation methods to obtain either pure s-SWNTs or 

pure m-SWNTs.57, 83-87 However, the separation steps, which usually involve surfactant 

wrapping and sonication, can result in contamination, shortened nanotube length, higher 

defect density and substantial bundling, thus reducing the quality of the SWNTs for 

device applications. Further, the controlled placement of s-SWNTs from solution phase is 

a formidable challenge that as yet requires significant improvement.57, 88, 89  
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As an alternative, the CVD method has been proven to be a reliable and effective way 

to directly synthesize s-SWNTs with high quality on target substrates. Previously, both 

theoretical and experimental studies showed that m-SWNTs are more reactive than s-

SWNTs due to the lower ionization energy.75, 90, 91 Accordingly, different strategies have 

been developed to selectively eliminate m-SWNTs from the as-prepared nanotubes with 

mixed electronic structures made by CVD method, including using etchants such as 

methanol,66 oxygen,92 water72, 93 and hydrogen,94 applying isopropyl alcohol as the –OH-

containing carbon feedstock,64 introducing UV light during growth,65 or choosing 

oxidative catalyst supports.67  However, some recent studies reported that the etching of 

SWNTs is not only electronic type-dependent but also diameter-dependent.80, 95 

Particularly, as mentioned in chapter 2, our group discovered that there is a very narrow 

“optimal range” of SWNT diameter under certain etching conditions where most m-

SWNTs are eliminated while s-SWNTs survive, and for SWNTs with diameters out of 

the “optimal range”, no obvious selectivity is observed. These facts indicate that the 

electronic type-dependent and diameter-dependent etching mechanisms may entangle 

together during growth, which makes the selective synthesis of s-SWNTs more complex 

since both mechanisms should be taken into consideration. 

In this chapter, an effective approach was developed to successfully synthesize highly 

selective s-SWNTs with a narrow diameter distribution. It has been suggested that there 

is a positive correlation between the diameters of SWNTs and the size of the catalyst 

particles.31, 33, 96, 97 Therefore, a possible way for controlling the diameter of SWNTs is to 

select a catalyst that can be uniformly dispersed on the substrate surface. In our typical 

CVD growth method, iron is used as the catalyst because of its high nucleation activity. 
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However, Fe nanoparticles have a relatively low melting point among metals and could 

be in the liquid state with considerable mobility under high temperature during CVD 

growth (900 C),98 which results in a broad distribution of the catalyst particle size 

according to Ostwald Ripening mechanism.78 Recently, it was reported that tungsten-

containing nanoclusters are not only uniform in size but also stable during CVD synthesis 

due to the high temperature stability of W.35  Thus, in this chapter, a Fe–W nanocluster 

was chosen as the catalyst precursor to obtain diameter-controlled SWNTs on the quartz 

substrate. It is discovered that by applying water vapor as the etchant to the growth 

environment, the selectivity of s-SWNTs reaches up to ~95% on quartz based on results 

from electrical measurement and in situ optical spectroscopy on individual nanotubes.79 

By comparing the selectivity of Fe–W-catalyzed and Fe-catalyzed SWNTs grown under 

different etching conditions, the relationship between the electronic type-dependent and 

diameter-dependent etching mechanisms was revealed.  

3.2 Experimental section 

3.2.1 Preparation of nanocluster catalyst precusors 

    The Fe–W nanoclusters were synthesized according to previous literatures.99, 100 15 mg 

polystyrene-b-poly(2-vinylpyridine) was dispersed in 15 mL toluene to form micelles and 

~1 mg nanoclusters was subsequently added. The suspension was vigorously stirred for 7 

days and spin-coated onto the substrate for CNT growth. For the control group, ~1 mg 

FeCl3 was used with other conditions being the same. 

3.2.2 Growth of horizontally aligned SWNTs on quartz substrate 

    The quartz substrates with catalysts precursors were annealed in the air at 775 C in the 

1-inch Linderberg furnace for 30 min to remove polymers before cooled down to room 
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temperature. Then the furnace was heated up to 775 C and the catalysts precursors were 

reduced under a H2  flow at 367 sccm for 15 min. For a typical CVD growth process, a H2 

flow at 279 sccm, an Ar flow at 70 sccm through an ethanol bubbler and another Ar flow 

at varied rates (0, 30, 65 and 231 sccm) through a water bubbler were introduced to the 

system. The bubblers were kept in a mixture of ice and water to maintain a constant 

temperature around 0 C. The growth lasted for 15 min at 900 C. The system was cooled 

down to room temperature with the protection of H2. 

3.2.3 Characterization 

    A SEM (FEI XL30 S-FEG, operated at 1.5 kV), an AFM (Digital Instruments Multiple 

Mode SPM Nanoscope IIIa, operated at tapping-mode) and a micro-Raman spectroscope 

(Horiba Jobin Yvon LabRam ARAMIS) were used for the characterization of SWNTs 

synthesized. The wavelength of the excitation laser for Raman spectroscopy was 633 nm. 

The optical imaging and spectroscopy for the chirality distribution of SWNTs followed 

the previously stated approach.79 

3.2.4 Fabrication and measurement of back-gate FETs 

The SWNTs on quartz were transferred from quartz to SiO2/Si substrate with 280 nm 

oxide layer by using the previously reported polymer-assisted method.66 Electrodes were 

patterned by EBL with the channel length of 2 μm. Ti (1.2 nm)/ Pd (20 nm)/ Au (40 nm) 

were deposited by e-beam evaporation. Another lithography step was taken to remove 

SWNTs outside the channel by oxygen plasma. The electrical measurement was 

performed by a Keithley 4200-SCS semiconductor characterization system. The bias 

voltage was 10 mV. 



 
57 

 

3.3 Results and discussion 

In order to obtain information on the size distribution of the catalyst particles, the 

molecular nanoclusters Na16K12[H56P8W48Fe28O248]·90H2O (denoted as Fe–W clusters) 

were synthesized and dispersed on SiO2/Si substrate (see Experimental section for 

details). The clusters were annealed in the air and then reduced in hydrogen. For 

comparison, FeCl3 solution was also prepared and treated under the same condition to 

form Fe nanoparticles. A typical CVD growth procedure of 15 min was performed using 

both catalyst precursors. Afterwards, areas between nanotubes were imaged by the AFM. 

The reason for treating the nanoparticles under the same CVD growth conditions is to 

confirm whether the Fe–W nanoparticles have a more uniform size distribution during 

and after the high temperature process (including both the catalyst reduction and growth 

steps). Figure 3.1 shows the AFM images and size distributions of the Fe–W (a, b) and Fe 

(c, d) nanoparticles, respectively. Clearly, Fe–W nanoparticles are more uniformly 

distributed on the substrate surface. It should be noted that in Figure 3.1, the Fe–W 

catalyst nanoparticles are sparse on the substrate compared with Fe nanoparticles. To 

clarify the effect of the catalyst precursor concentration on the particle size distribution, 

we performed another group of experiment, where the FeCl3 solution was diluted to 1/10 

of the original concentration and then spin-coated onto the substrate. As shown in Figure 

3.2, both the average size and standard deviation of as-prepared Fe nanoparticles slightly 

decreased compared with those from the undiluted solution. However, these values are 

still larger than those of Fe–W nanoparticles and some aggregations can be observed. 

This fact indicates that even though the concentration is playing a role, the intrinsic 

property of the catalyst nanoparticles is a crucial factor determining their size 



 
58 

 

distribution. Because of its size uniformity and high temperature stability, the Fe–W 

nanocluster is considered to be a better catalyst precursor to obtain SWNTs with a narrow 

diameter distribution. 

 

Figure 3.1. (a, c) AFM images for Fe–W (a) and Fe (c) nanoparticles on the SiO2/Si 

substrate, (b, d) size distributions for Fe–W (b) and Fe (d) nanoparticles after CVD growth 

for 15 min at 900 C. Over 100 particles were measured for each sample. The figure is 

adapted from Ref [32] with permission. 
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Figure 3.2. AFM image (a) and size distribution (b) of Fe nanoparticles with a diluted 

density (~1/10 of those in Figure 3.1c) on the SiO2/Si substrate. The figure is adapted 

from Ref [32] with permission. 

 

Figure 3.3a shows the SEM image of the horizontally aligned SWNTs synthesized on 

36° Y-cut quartz substrate using Fe–W nanoparticles. The SEM images at a higher 

magnification of both Fe–W-catalyzed and Fe-catalyzed SWNTs are shown in Figure 3.4. 

Interestingly, it is found that Fe–W catalysts tend to nucleate shorter SWNTs with lower 

density. The observation could be understood by considering the relatively slower SWNT 

nucleation speed on the Fe–W catalyst than on the Fe catalyst due to the decrease of the 

active Fe component. Both Fe–W-catalyzed and Fe-catalyzed SWNTs show some hook-

shaped structures (the latter is clear only when zoomed in), which are found to be a 

common phenomenon for SWNTs nucleated by spin-coated catalysts.41 For Raman 

characterization and device fabrication, the as-prepared SWNTs were transferred from 

quartz to SiO2/Si substrate by using the previously reported polymer-assisted method.66 

The low D/G ratios under the excitation laser of 633 nm for Raman Spectroscopy confirm 

the existence of SWNTs (Figure 3.3b). Note that not all nanotubes show RBM peaks. 
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According to Kataura plot, under the 633 nm laser excitation the expected Raman Shift 

frequency (ω) ranges from 120 to 170 cm-1 for s-SWNTs and from 180 to 230 cm-1 for m-

SWNTs. Based on the experimental relationship, ω =248/d (d is the diameter in nm), s-

SWNTs and m-SWNTs that can be detected are estimated to be within the diameter 

ranges of from 1.5 to 2.1 nm and from 1.1 to 1.4 nm. The result indicates that the 

diameters of some nanotubes are out of the ranges mentioned above, leading to fewer 

RBM peaks in Figure 3.3b. As determined by AFM, the Fe–W-catalyzed SWNTs show a 

narrower diameter distribution (Figure 3.3c) compared to Fe-catalyzed SWNTs (Figure 

3.3d). The AFM images for Fe–W-catalyzed SWNTs and Fe-catalyzed SWNTs are shown 

in Figure 3.5. The average diameter of as-prepared SWNTs is larger than the previously 

reported average diameter of tubes grown on quartz, which is normally 1.2-1.6 nm, which 

can be attributed to two possible reasons: on one hand, the present Fe–W catalyst favors 

the nucleation of SWNTs with larger diameter, and on the other hand, smaller diameter 

SWNTs are generally more reactive because of the strain and thus are more easily 

eliminated from the mixed array.  
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Figure 3.3. (a) SEM image of Fe–W-catalyzed SWNTs synthesized on quartz substrate 

with the water vapor concentration of 522 ppm, (b) Raman spectra of Fe–W-catalyzed 

SWNTs showing RBM peaks, D bands and G bands under the excitation laser of 633 nm, 

(c,d) diameter distributions of Fe–W-catalyzed SWNTs (c) and Fe-catalyzed SWNTs (d) 

measured by AFM. The figure is adapted from Ref [32] with permission. 

 

 

Figure 3.4. SEM images of Fe–W-catalyzed (a) and Fe-catalyzed (b) SWNTs on quartz 

substrates. The figure is adapted from Ref [32] with permission. 
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Figure 3.5. AFM images of Fe–W-catalyzed (a, b) and Fe-catalyzed SWNTs (c, d) 

(synthesized on quartz and transferred to SiO2/Si substrates). The figure is adapted from 

Ref [32] with permission. 
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Figure 3.6. (a) Schematic illustration of an individual tube FET device, (b) SEM image of 

an individual tube device with the channel length of 2 μm, (c) Subthreshold curves of a 

representative semiconducting SWNT (black line) and a metallic SWNT (red line), (d-f) 

histograms of the on/off ratio of each individual tube device based on Fe–W-catalyzed 

SWNTs synthesized without water vapor (d), with the water vapor concentration of 1036 

ppm during growth (e), and with the water vapor concentration of 594 ppm after growth 

(f). The figure is adapted from Ref [32] with permission. 
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    Electrical measurements of FETs based on individual SWNTs were performed to 

evaluate the selectivity of as-synthesized SWNTs. In a typical process, the fabrication of 

FETs was conducted on SiO2/Si substrates with 280 nm SiO2 dielectrics and the channel 

length was 2 μm (see Experimental section for details). Highly doped Si was used as the 

back gate and the source-drain voltage was 10 mV. Figure 3.6a and Figure 3.6b show the 

schematic illustration and SEM image of a representative device. The subthreshold 

curves of a m-SWNT (red line) and an s-SWNT (black line) are provided in Figure 3.6c. 

The statistics of on/off ratios of Fe–W-catalyzed SWNTs synthesized without water 

vapor is shown in Figure 3.6d. Out of the 30 devices, 10 transistors were found to have 

on/off ratios lower than 10, which indicates the metallic properties of the corresponding 

SWNTs. Considering the fact that m-SWNTs should account for 1/3 of all the tubes if the 

nanotubes with each chirality have equal opportunities to grow during CVD synthesis, 

only using Fe–W catalysts does not obviously result in selective enrichment of s-SWNTs.  

When an appropriate amount of water vapor was introduced into the CVD system 

during synthesis, a significant increase in the selectivity was observed. Figure 3.6e shows 

the statistics of the on/off ratios of devices based on SWNTs synthesized under the same 

growth condition as in Figure 3.6d except the addition of water vapor with a 

concentration of 1036 ppm during synthesis. The statistics of the on-state current of each 

device is shown in Figure 3.7 to demonstrate that the devices are of good performance. 

Two SWNTs with the on/off ratio lower than 10 were identified out of 39 randomly 

selected nanotubes. Based on this result, the ratio of s-SWNTs is roughly estimated to be 

~95%. To have a more complete understanding, different etching conditions were tested 

on the Fe–W-catalyzed SWNTs, and it was found that high selectivity can be 
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reproducibly obtained either by in situ or post-synthesis water vapor treatment. For 

instance, it is shown in Figure 3.6 that the ratio of s-SWNTs is ~90% for Fe–W-catalyzed 

SWNTs treated with water vapor (concentration=594 ppm) for 20 min after CVD growth. 

It was also noticed that an excessive amount of etchant will cause a decrease in the 

selectivity. As shown in Figure 3.8, when the water vapor concentration during CVD 

growth was increased to 2629 ppm, the ratio of s-SWNTs dropped to ~70%. This is 

consistent with the result in our previous publication.72 A possible explanation for such 

an observation is that both m- and s-SWNTs can be oxidized under high water vapor 

concentrations and consequently, the etching is no longer selective towards the electronic 

structures of SWNTs. 

 

Figure 3.7. Statistics of the on-state current of devices based on individual Fe–W-catalyzed 

SWNTs synthesized under the water vapor concentration of 1036 ppm (VDS=10 mV). The 

figure is adapted from Ref [32] with permission. 
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Figure 3.8. Histograms of the on/off ratio of each individual tube device for Fe–W-

catalyzed SWNTs synthesized with the water vapor concentration of 2629 ppm. The figure 

is adapted from Ref [32] with permission. 

 

The other important factor identified in achieving high selectivity growth of s-SWNTs 

is the narrow diameter distribution. To demonstrate the diameter-dependent effect, Fe–

W-catalyzed SWNTs were compared to Fe-catalyzed SWNTs using the electrical 

measurement of FET device containing 2-12 nanotubes (see Figure 3.9). Figure 4b shows 

the electron transfer characteristics of a representative device based on Fe–W-catalyzed 

SWNTs and the on/off ratio is ~80,000. For Fe–W-catalyzed SWNTs synthesized with 

water vapor concentration of 1036 ppm, ~68% devices showed an on/off ratio larger than 

10 (Figure 3.9 and 3.10a). In contrast, for Fe-catalyzed SWNTs with water vapor etching, 

only four devices out of 22 (~18%) were identified to have the on/off ratio above 10, 

indicating that the diameter-controlled SWNTs have better selectivity under the 

optimized growth condition (see Figure 3.9d and Figure 3.10b). 
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Figure 3.9. (a) SEM image of a multiple tube device with the channel length of 2μm, (b) 

transfer characteristics of a representative multiple tube device, (c, d) histograms of the 

on/off ratio of each multiple tube device based on Fe–W-catalyzed (c) and Fe-catalyzed (d) 

SWNTs under optimized  water vapor concentration during growth. The figure is adapted 

from Ref [32] with permission. 
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Figure 3.10. Displays of the on/off ratio of the multiple tube devices in Figure 3.9c and 

Figure 3.9d for Fe–W-catalyzed SWNTs (a) and Fe-catalyzed SWNTs (b) under the 

optimized etching conditions. The figure is adapted from Ref [32] with permission. 

 

The newly developed polarization-based optical spectroscopy combined with a 

supercontinuum laser light source was also used to further demonstrate the diameter and 

chirality distributions of individual Fe–W-catalyzed SWNTs.79 Such method has been 

proven to offer fast and accurate characterization of the chirality of SWNTs. Figure 3.11 

shows the optical spectra of a (21,11) SWNT (a, semiconducting) and a (25,13) SWNT 

(b, metallic). 
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Figure 3.11. Optical spectra of a (21,11) s-SWNT (a) and a (25,13) m-SWNT (b). The 

diameters of the s-SWNT and m-SWNT were calculated to be 2.21 nm and 2.62 nm, 

respectively. The figure is adapted from Ref [32] with permission. 

 

The optical spectroscopy further confirms that all the as-prepared nanotubes are singe-

walled because MWNTs often show coupled spectral features, i.e., more resonant peaks 

and higher optical signal, which were not detected in our samples. For each sample, the 

(n, m) values of over 50 SWNTs were determined by the optical spectroscopy and the 

diameters were calculated accordingly. Figure 3.11 shows the diameter and chirality 

distributions of Fe–W-catalyzed SWNTs synthesized with the water vapor concentration 

of 522 ppm. The detailed statistics of the (n, m) values is shown in Table 3.1. The ratio of 

as-prepared SWNTs that fall into the diameter range from 2.0 nm to 3.2 nm is ~90%. It 

should be noted that the calculated average diameter is larger than that measured by 

AFM, and that could be understood by considering that the interaction between SWNTs 

and the substrate/AFM tip might cause the deformation of the tubes, which is consistent 

with our early study. More Fe–W-catalyzed SWNTs under different etching conditions 

were characterized and it was identified that with the water vapor concentration between 

522 ppm and 1036 ppm, s-SWNTs account for 81%-85% of all the measured tubes. 
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These ratios are lower than the value of 95% determined by the electrical measurement 

on individual SWNTs (water vapor concentration=1036 ppm). The difference can be 

explained as that the “semimetallic” SWNTs (n-m=3i, and i is an integer) having small 

bandgaps may show an on/off ratio larger than 10.42 In fact, according to Table 3.1, only 

one tube out of 52 has the armchair structure (n=m), and the semiconducting and 

semimetallic SWNTs account for ~98% of all the tubes. For comparison, the chiralities of 

Fe-catalyzed SWNTs with water vapor etching during growth (496 ppm) were also 

mapped out. A much broader diameter distribution was observed, as shown in Figure 

3.12b (this figure was modified from our previous publications).52, 79 The diameter range 

for the best selectivity is found to be approximately from 1.2 nm to 2.2 nm, where ~80% 

tubes are categorized to be s-SWNTs based on the (n, m) values. However, the growth 

and etching condition does not demonstrate a selective effect for SWNTs out of this 

range, resulting in the low overall s-SWNT percentage. Interestingly, it was also noticed 

that the “best selective ranges” of the diameters for the Fe–W-catalyzed and Fe-catalyzed 

SWNTs mentioned above are different under the water vapor etching conditions around 

500 ppm. This fact implies that the catalysts could have more functions, such as 

predetermining the structures of nucleated nanotubes or affecting the etching reaction, 

than just controlling the diameter of SWNTs. Details on the roles of catalysts are worth 

further study and have already been underway in our group. 
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Figure 3.12. (a) Diameter and chirality distributions of the Fe–W-catalyzed SWNTs under 

the water vapor concentration of 522 ppm, (b) diameter and chirality distributions of the 

Fe-catalyzed SWNTs under the water vapor concentration of 496 ppm, (c) schematic 

illustration of the diameter-dependent and electronic type-dependent etching mechanisms. 

The figure is adapted from Ref [32] with permission. 

 

Table 3.1. Chiralities of Fe–W-catalyzed SWNTs synthesized with water vapor 

concentration of 522 ppm. The table is adapted from Ref [32] with permission. 

Number Electronic Type n m 

1 Semiconducting 16 15 

2  18 17 

3  22 12 
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4  23 6 

5  25 21 

6  22 9 

7  27 8 

8  24 14 

9  25 17 

10  19 14 

11  33 4 

12  28 9 

13  16 15 

14  24 11 

15  21 7 

16  22 18 

17  24 11 

18  20 13 

19  17 16 

20  22 12 

21  24 11 

22  16 15 

23  25 12 

24  32 9 

25  23 10 

26  23 18 

27  19 18 

28  23 22 

29  18 17 

30  25 8 

31  27 14 

32  20 16 

33  15 14 

34  19 18 

35  32 4 

36  33 1 

37  27 5 

38  16 15 

39  22 6 

40  21 20 

41  20 15 
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42  18 17 

43 Semimetallic 19 16 

44  22 10 

45  34 16 

46  20 11 

47  30 24 

48  33 12 

49  27 24 

50  30 24 

51  37 13 

52 Metallic 20 20 

 

To better elucidate the correlation between the diameter-dependent and electronic type-

dependent etching mechanisms, the chirality and diameter distributions of Fe-catalyzed 

SWNTs synthesized under different growth conditions were also carefully investigated. 

Figure 3.13 shows the diameter and chirality distributions of SWNTs synthesized without 

water vapor (a) and with a considerable amount of water vapor (2541 ppm) (b) (Figure 

3.13a was modified from our previous publication). It is shown in Figure 3.13a that Fe-

catalyzed SWNTs synthesized without water vapor do not have any overall selectivity, 

which is similar to the electrical measurement result on the corresponding Fe–W-

catalyzed SWNTs. Nevertheless, it was found that as-prepared SWNTs with the diameter 

smaller than 1.4 nm are all semiconducting.  
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Figure 3.13. Chirality and diameter distributions of Fe-catalyzed SWNTs synthesized 

without water vapor (a) and under the water vapor concentration of 2541 ppm (b). The 

figure is adapted from Ref [32] with permission. 

 

A possible reason for such a fact is that the carbon feedstock, ethanol, contains the –

OH group and can act as a weak etchant. It was reported that small-diameter SWNTs are 

more reactive than large diameter counterparts because of the higher curvature.80-82 

Therefore, small-diameter m-SWNTs were the first to be removed under this growth 

condition. When the water vapor concentration was increased to 2541 ppm, SWNTs with 

the diameter smaller than 2.8 nm show no selectivity. However, all m-SWNTs with 



 
75 

 

diameter beyond 2.8 nm disappear and the only two SWNTs detected are 

semiconducting. The difficulty in finding more s-SWNT are due to the fact that for the 

diameter range larger than ~3.0 nm, m-SWNTs seem to have a higher chance to be 

nucleated, as clearly shown in Figure 3.12a, 3.12b and 3.13a and the observation also 

implies that if the diameter of most SWNTs could be tuned to larger than 3.0 nm, high 

selectivity for m-SWNTs could be achieved. This set of data indicates that the diameter 

range within which selectivity was observed tends to have an up-shift as the water vapor 

concentration increases. Figure 3.14 summarizes the selective etching window for Fe-

catalyzed SWNTs under different water vapor concentrations in agreement with this 

conclusion. 
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Figure 3.14. Selective etching windows of Fe-catalyzed SWNTs under the water vapor 

concentration of 0 (red), 496 ppm (green) and 2541 ppm (blue). The figure is adapted from 

Ref [32] with permission. 

 

 Thus, the relationship between the diameter-dependent and electronic type-dependent 

etching mechanisms can be summarized as following: i) for SWNTs with a predefined 

diameter, there is a “selective etching window” of the water vapor concentration under 

which high selectivity can be achieved. The water vapor concentrations below the range 

are not strong enough to totally eliminate the m-SWNTs (underetching) and the ones 

above this range might oxidize SWNTs with both electronic structures, which makes the 

etching reaction no longer selective (overetching). ii) The “selective etching window” is 

diameter-dependent due to the difference in strains. In the meantime, it should also be 
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pointed out that the proposed rules do not necessarily apply to carbon nanotubes with a 

high defect density, such as MWNTs, where the etching reaction might be mainly defect-

dependent. The schematic illustration for the as-stated mechanisms is summarized in 

Figure 5c. As a result, for SWNTs with a broad diameter distribution, selective etching 

was only observed within a narrow diameter range under a certain growth condition. By 

controlling the diameter using the Fe–W catalysts, an effective etching concentration 

window can be identified to obtain a high selectivity of s-SWNTs. 

3.4 Conclusion 

In conclusion, horizontally aligned s-SWNTs with a high selectivity were successfully 

obtained on Y-cut quartz substrate by the strategy of combining diameter control and 

electronic type-selective etching. Statistics on electrical measurement of individual 

SWNTs shows that the selectivity can reach up to ~95%. The comparison between the 

performances of FETs based on Fe–W-catalyzed and Fe-catalyzed SWNTs verified that 

the diameter control is a critical factor in obtaining highly selective s-SWNTs. The newly 

developed optical imaging technique further confirms that the as-prepared SWNTs are of 

high selectivity and uniform diameter when Fe–W catalysts are used. In addition, the 

relationship between the diameter-dependent and electronic type-dependent etching 

mechanisms was proposed by systematically exploring the diameter and chirality 

distributions of Fe–W-catalyzed and Fe-catalyzed SWNTs under different etching 

conditions. Although detailed mechanisms on the etching reaction might vary due to 

different catalysts, substrates and carbon feedstocks, we believe that this method could 

potentially become a general approach to obtain s-SWNTs with high purity.  
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Chapter 4: Selective Synthesis of Large Diameter and Highly 

Conductive Single-Walled Carbon Nanotubes by Thiophene-

Assisted Chemical Vapor Deposition Method 
 

4.1 Introduction 

    S-SWNTs are highly attractive for logical gates, sensors and RF devices because of the 

sizable energy band gap. On the other hand, SWNTs with metallic properties (including 

both m-SWNTs and small band gap s-SWNTs) possess high conductivity, high 

transparency, and high flexibility, and therefore are promising candidates for the 

fabrication of transparent conductive films (TCFs) that can potentially compete with the 

indium tin oxide technology.101  

    To realize the application of SWNTs in TCFs, it is crucial to selectively prepare highly 

conductive SWNTs since the conductivity of SWNT networks is limited by 

semiconducting pathways.102 However, compared to the success in the selective synthesis 

of s-SWNTs,32, 52, 64, 66, 67, 72, 103, 104 there are relatively fewer studies on how to grow 

SWNTs with metallic properties.35, 70, 105-107 It is generally acknowledged that m-SWNTs 

are more reactive upon chemical etching because of the lower ionization potential, and 

the selective synthesis of s-SWNTs usually takes the advantage of the preferential 

removal of m-SWNTs.92  As a result, till now, the reliable and direct synthesis of highly 

conductive SWNT film on target substrates remains challenging, and the growth 

mechanism is still not thorougly investigated. 

    In our earlier studies, it was found that the reactivity of m-SWNTs with chemical 

etchants is related to not only the electronic strcuture but also the diameter: in general, m-

SWNTs with large diameters can be more stable than the small-diameter counterparts 
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which have weaker sp2 C-C bonding due to the larger curvature.32 Additionally, it is well 

known that the band  gap of a s-SWNT is inversely proportional to its diameter. With an 

increasing diameter, a s-SWNT will eventually lose the capability to be turned off and 

become basically metallic, siginificantly enhancing the conductivity of the SWNT 

network. Therefore, one strategy to prepare highly conductive SWNTs is to explore ways 

to up-shift the diameter distribution. Previous studies show that the diameter and chirality 

distributions of SWNTs synthesized by CVD method are closely related to the growth 

conditions. For example, For example, our group reported that under a fixed growth 

condition, only catalyst nanoparticles with the optimized size can be activated: smaller 

particles can poisoned due to carbon overcoating, and larger particles are underfed for 

carbon nanotube nucleation.71 Recently, it was also reported that sulfur-containing 

compounds can induce SWNTs to alter toward different chiral species, double-walled 

carbon nanotubes (DWNTs), or MWNTs.108-110 On the basis of these observations, it is 

reasonable to hypothesize that the introduction of sulfur-containing species into the 

synthesis system can  result in the change of the growth atmophere and thus increase the 

average diameter of SWNTs. 

In this chapter, we present demonstration on the selective synthesis of large diameter 

and highly conductive SWNT networks by a thiophene-assisted CVD method. A small 

amount of thiophene is mixed with ethanol and acts together as the carbon feedstocks. It 

is found that the addition of thiophene leads to the shift of the diameter distribution 

toward larger values. Electrical measurement results show that as-prepared SWNTs 

contain ~95% nanotubes with an on/off ratio smaller than 100. It is further demonstrated 

that this approach can be applied to directly grow TCF on transparents substrates such as 
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fused silica. This study provides a simple route for obtaining highly transparent and 

conductive SWNT films for broad applications. 

4.2 Experimental section 

4.2.1 Thiophene-assisted CVD method 

    The growth substrate (SiO2/Si and fused silica) was cleaned by being treated with 

boiling H2SO4/H2O2 (2:1) solution for 0.5 h. 0.1 mmol FeCl3 was dissolved in 10 mL 

ethanol as the catalyst precursor and spin-coated onto the substrate at the speed of 4000 

rpm. For the growth of individual SWNTs with lower density for electrical measurement, 

the catalyst precursor solution was further diluted by 10 times. 

    The substrates with catalysts precursors were annealed in the air at 750 C in the 1-

inch Linderberg furnace for 15 min before cooling down to room temperature. Then the 

furnace was heated up to 900 C, and the catalysts precursors were reduced under a H2  

flow at 367 sccm for 3 min. For a typical CVD growth process, a H2 flow at 130 sccm, an 

Ar flow at 81 sccm through an ethanol bubbler containing 0.1% thiophene and another Ar 

flow at 30 sccm through a water bubbler were introduced to the system. The bubblers 

were kept in a mixture of ice and water to maintain a constant temperature around 0 C. 

The growth lasted for 15 min at 900 C. The system was cooled down to room 

temperature with the protection of H2. For the control group, a pure ethanol bubbler 

without thiophene was used instead with the rest conditions being the same. 

    For the growth of denser SWNTs for sheet resistance measurement, a methanol 

bubbler was used instead of the water bubbler, and the Ar flow rate was 326 sccm. The 

multi-cycle growth strategy previously reported by our group55 was applied to 
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repetitively increase the density of SWNT networks. Transparent fused silica substrate 

was used for growth. 

4.2.2 Characterization 

    A SEM (FEI XL30 S-FEG, operated at 1.0 kV), an AFM (Digital Instruments Multiple 

Mode SPM Nanoscope IIIa, operated at tapping-mode) and a high-resolution 

transmission electron microscope (HRTEM, Tecnai F20 FEG-TEM, operated at 200 kV) 

were used for the characterization of SWNTs synthesized. The electrical measurement 

was performed by a Keithley 4200-SCS semiconductor characterization system. The 

sheet resistance of SWNT networks was measured by a Keithley four-probe station. 

4.2.3 Device fabrication 

    Back-gate FETs were fabricated on Si substrate having 280 nm SiO2 as the dielectrics, 

and the highly doped Si was used for gating. EBL was used to pattern the electrodes with 

the channel length of 2 μm. Then Ti (1.2 nm)/Pd (20 nm)/Au (40 nm) were deposited by 

electron-beam evaporation. After that, another lithography process followed by O2 

plasma exposure was conducted to remove SWNTs that bridged the electrodes outside of 

the channel area.  

4.3 Results and discussion 

To realize the role of the sulfur-containing compound during the synthesis of carbon 

nanotubes in our CVD method, different amounts of thiophene were mixed with ethanol 

and introduced as the carbon feedstocks through gas bubbling (see Experimental section 

for details). It was observed that even with ~0.1% thiophene, the side wall of the 1-inch 

quartz tube at the downstream of the gas flow easily turned black after growth (Figure 
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4.1), indicating that with the addition of thiophene, the growth system demonstrates a 

higher carbon decomposition rate than using pure ethanol. We found that the 

concentration of thiophene is the key factor influencing the type of carbon nanotubes 

produced: when the concentration is too low, it is not enough to induce obvious shift in 

the diameter distribution; on the other hand, an excessive amount of thiophene would 

result in the presence of double-walled and triple-walled carbon nanotubes as well as 

amophous carbons. Based on these observations, Figure 4.2a schematically illustrates the 

proposed mechanism for the design of our experiment: a thin layer of sulfur coated onto 

the catalyst particles can promote the assembly of carbon atoms on the surface and thus 

increase the carbon yield.108 The poisoning of nanoparticles smaller than the optimized 

size by excessive carbon feeding results in the deactivation of such particles for carbon 

nanotube nucleation. Consequently, only nanotubes with larger diameters can be 

nucleated and elongated. Upon the test of different thiophene concentrations, an 

optimized growth condition was identified with the thiophene concentration of 0.1% (see 

Experimental Section for details). Figure 4.2b shows a SEM image of the carbon 

nanotube networks on the SiO2/Si substrate under this growth condition. Such carbon 

nanotubes were transferred onto copper grid for HRTEM characterization, which 

confirms that as-prepared nanotubes are of large diameter and retain single-walled 

structure. 
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Figure 4.1. Downstream of the quartz tube after SWNT growth using thiophene-assisted 

method (a) and normal CVD method. 

 

Figure 4.2. (a) Schematic illustration showing the growth mechanism by normal CVD 

method and our thiophene-assisted CVD method. (b) SEM image of as-prepared SWNT 

networks on SiO2/Si substrate. (c, d) TEM images showing that carbon nanotubes 

synthesized by this method have large diameters and are single-walled. 
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In order to evaluate the selectivity of as-synthesized SWNTs, electrical measurements 

of FETs based on individual SWNTs were performed. Here a diluted catalyst 

concentration was used to avoid the formation of SWNT bundles which might introduce 

uncerntainty to the statistics. The device fabrication was directly conducted on the growth 

substrate with 280 nm SiO2 as the dielectrics. Highly doped silicon was used for back-

gating, and the channel length was 2 μm. Figure 4.3a shows the SEM image of a 

representative device. The transfer characteristics of the device is provided in Figure 

4.3b, and the on/off current ratio is estimated to be 1.2, indicating the metallic property of 

the corresponding SWNT. More devices were tested, and the histogram of the on/off 

ratios are plotted in Figure 4.3c. Out of the 19 randomly selected SWNTs, 14 (74%) 

demonstrated on/off ratios lower than 10 and 18 (~95%) lower than 100. Previous studies 

by our group showed that a typical growth procedure using ethanol as the carbon 

feedstock usually leads to the ratio of m-SWNTs to be 33% if we assume that SWNTs 

with all chiralities have the euqal opportunity to be nucleated. Clearly, introducing 

thiophene in CVD synthesis results in the enrichment of SWNTs with metallic properties. 
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Figure 4.3. (a) SEM image of a representative individual SWNT device. The channel 

length is 2 μm. (b) Transfer characteristics of an individual SWNT with the on/off ratio of 

1.2 (VDS= 0.1 V). (c) Histograms of on/off ratio of devices based on individual SWNTs 

synthesized with 0.1% thiophene. 

 

To confirm our hyphothesis for the growth mechanism, AFM was used to characterize 

the diameter distribution of these SWNTs. Figure 4.4a shows the AFM image of a 

representative SWNT with the diameter of ~2.9 nm. The statistics of the diameter as a 

function of the on/off ratio of the corresonding SWNTs is plotted in Figure 4.4b. It is 

found that all devices demonstrating on/off ratio between 1 to 2 contain nanotubes with 

the diamter larger than 2.5 nm. The bar chart in Figure 4.4c demonstrates the diameter 

distribution upon the measurement of individual SWNTs by AFM, with the average and 

standard deviation of 3.2 and 1.0 nm, respectively.  In order to obtain information about 

the selectivity among more SWNTs, we further conducted electrical measurement on 

FETs based on multiple SWNTs. The SEM image of a representative device is shown in 

Figure 4.5a. On the basis of the output characteristics of two test devices both containing 

43 SWNTs prepared with (Figure 4.5b, red) and without (Figure 4.5b, black) 0.1% 
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thiophene (the rest of the growth condition is the same), we found that the former group 

demonstrates a 70% lower resistance than the latter. By measuring more devices from 

both groups, the distributions of resistance per tube are summarized in Figure 4.5c and d. 

The average values are 360 and 710 kΩ per tube, respectively. According to the electrical 

measurement result, the thiophene-assisted CVD method leads to enriched amount of 

SWNT with metallic properties and therefore results in higher conductivity in the SWNT 

networks. 

 

Figure 4.4. (a) AFM image of an individual SWNT with the diameter of ~2.9 nm. (b) The 

diameters of SWNTs in Figure 4.3c as a function of the on/off ratios. (c) Diameter 

distribution of SWNTs prepared by the thiophene-assisted CVD method. The average and 

standard deviation are 3.2 and 1.0 nm, respectively.  
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Figure 4.5. (a) SEM image of a representative multi-SWNT device with the channel length 

of 2 μm. (b) Output characteristics of two representative devices based SWNT prepared by 

the normal CVD method (red) and the thiophene-assisted CVD method. Both devices 

contain the same number of SWNTs. (c, d) Histograms of the per-tube resistance 

distribution of devices based on SWNTs made by the thiophene-assisted CVD method (c) 

and the normal CVD method without thiophene (d). 

 

Next, we consider the potential application of such highly conductive SWNT networks 

as TCFs. To achieve this goal, CVD growth was performed on transparent fused silica 

substrate. The previously reported multi-cycle growth method55 was used in order to 

maximize the SWNT density, and here ethanol, methanol and thiophene together acted as 
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the carbon feedstock (see Experimental section for details). Figure 4.6a shows the 

photograph of SWNT networks on the transparent substrate obtained by one-cycle, three 

cycle and five cycle growth and the corresponding SEM images are provided in Figure 

4.6b, 4.6c and 4.6d, respectively. The sheet resistance of networks was determined by the 

four-probe measurement. It was found that for samples with similar density, the sheet 

resistance changes from 249.2 to 52.6 kΩ/sq after adding thiophene (one growth cycle). 

By enhancing the density of the networks using the multi-cycle growth, the sheet resistance 

can be further decreased to 24.0 kΩ/sq for three-cycle growth and 12.1 kΩ/sq for five-cycle 

growth. 

 

Figure 4.6. (a) Photograph of a blank transparent fused silica substrate and SWNT random 

networks prepared by the multi-cycle growth method on substrates. (b-d) SEM images of 

SWNT random networks synthesized on fused silica substrates by the one-cycle (b), three-
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cycle (c), and five cycle (d) growth method. The sheet resistances are 52.5, 24.0 and 12.1 

kΩ/sq, respectively. 

 

4.4 Conclusion 

    To summarize, we demonstrated a thiophene-assisted CVD method to selectively 

synthesize highly conductive SWNTs on target substrate. It was found that the diameter 

distribution can be effectively up-shifted by adding sulfur-containing compound into the 

carbon feedstock. Under the optimized condition, CNTs with high conductivity can be 

obtained, which are confirmed to be single-walled and have large diameter. Based on the 

electrical measurement results, the ratio of SWNTs with on/off ratios lower than 100 is 

estimated to be ~95%.  It was further shown that such a method can be applied for the 

direct growth of SWNTs on transparent fused silica substrate for the fabrication of TCFs. 

Such SWNT thin films may find great potential in the development of transparent 

conductive devices with excellent performances.  
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Chapter 5: Gate-Free Electrical Breakdown of Metallic 

Pathways in Single-Walled Carbon Nanotube Crossbar 

Networks 
 

    The content of this chapter is adapted from our previous publication (Nano Letters, 

2015, 15(9), 6058-6065).102 We acknowledge our coauthor, Prof. Aaron D. Franklin at 

Duke University, for the discussion in analyzing and understanding the electrical 

measurement results of our devices. 

5.1 Introduction 

    In previous chapters, we have discussed our recent progress in selective growth of 

SWNTs. However, despite of the success, the reliable synthesis of 100% pure s-SWNTs 

remains challenging. In addition, how to prevent the formation of defects on s-SWNTs in 

a well-controlled fashion so as to avoid significant current drop in devices is also an open 

question.  

The other effective strategy for purification of SWNTs bound to a substrate is to 

electrically break down the m-SWNTs in devices using current-induced Joule heating. In 

2001, Collins et al. first demonstrated the wall-by-wall electrical breakdown of MWNTs 

by depleting semiconducting walls from charge carriers with a positive gate voltage.111 

This concept—taking advantage of differing heat generation in s- and m-SWNT—has 

been successfully extended to purifying SWNT arrays in later studies and has proven to 

be highly effective since it directly relies on the difference in electrical properties of s- 

and m-SWNTs.112-115 Most of the reports involve the use of a transistor gate stack 

(dielectric and metal) and the application of an appropriate gate voltage to ensure the 

complete charge depletion in s-SWNTs; it was reported that under non-gating conditions 
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(i.e., floating gate), s-SWNTs can still exhibit substantial conductance, compromising the 

selectivity of the breakdown process.116 A disadvantage to the electrical breakdown 

method is the need for a bottom gate (the m-SWNTs must be exposed to reactant species 

in the air in order to break down, so a top gate will not suffice). Hence, the application of 

s-SWNTs on unconventional materials (e.g., plastic, flexible and stretchable substrates) is 

restricted due to the absence of a back gate. Recently, Rogers group successfully 

demonstrated laser-117 and microwave-118 induced selective heating to m-SWNTs to 

expose them in a thermocapillary resist, followed by their removal using reactive ion 

etching. However, the density of SWNT arrays that can be purified by this method is 

limited by the width of trenches on the resist opened by the thermocapillary flow.119 

Therefore, it is highly desirable to develop a more accessible solution that allows 

exclusive breakdown of m-SWNTs in dense arrays and without gating.  

For selective breakdown, it is necessary to properly control the current flow in s- and 

m-pathways so that they can be clearly distinguished. According to previous studies, the 

current in SWNT networks is limited by the Schottky barriers at s-m inter-nanotube 

junctions,120-122 and the resistance of such junctions is reported to be at least one order of 

magnitude higher than that of individual SWNTs.123, 124 Several groups have sought to 

utilize carrier transport at SWNT junctions by fabricating all-carbon nanotube FETs.104, 

125, 126 Other studies have shown the ability to improve device performance via 

nanosoldering at SWNT junctions.127, 128 In this chapter, a unique implementation of 

SWNT junctions provides a facile, effective, clean, and gate-free method to selectively 

break down m-SWNTs by flowing current through perpendicularly cross-stacked SWNT 

arrays. The present approach uses an amplification of the difference in Joule heat 
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generation in m- and s-pathways by introducing junctions, which allow for complete 

breakdown of m-SWNTs while keeping s-SWNTs intact, without gating. By adding 

voltage to SWNT junctions, significant increases in on/off current ratios of not only 

junction-based but also junction-less devices can be achieved, and the on/off ratio after 

breakdown can reach as high as 1.4×106 with a current retention of ~50%. Our 

systematic studies show that the junction-based electrical breakdown is much more 

selective than directly adding voltage across junction-less SWNT arrays. Furthermore, 

the behaviors of three types of junctions (s-s, s-m and m-m) are carefully investigated to 

reveal fundamental aspects of the gate-free breakdown mechanism. This study provides 

better understanding of SWNT junctions and a promising way to produce pure s-SWNTs 

for future device applications. 

5.2 Experimental section 

5.2.1 Preparation of perpendicularly cross-stacked SWNTs 

Horizontally aligned SWNTs were synthesized on 36° Y-cut quartz following the 

previously reported method.73 Then the quartz substrate was spin-coated with 495 

poly(methyl methacrylate) (PMMA) A8 and baked at 180 C to allow the solvent 

evaporation. SWNTs were lifted off with the carrier polymer from the quartz surface by 

being etched in hot KOH (1M) for 8 minutes. Afterwards, the thin film was put on a 

SiO2/Si substrate and dried. PMMA was washed away by hot acetone vapor. Finally 

another layer of SWNT arrays was stacked onto the first one following the same 

procedures and the orientation of the second SWNT layer was aligned to be 

perpendicular to the first one. For the fabrication of single SWNT junctions, SWNT 
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arrays with a diluted density were used as the starting material with the rest of the 

experimental conditions being the same. 

5.2.2 Characterization of as-prepared SWNTs 

     A SEM (FEI XL30 S-FEG, operated at 1.5 kV), an AFM (Digital Instruments 

Multiple Mode SPM Nanoscope IIIa, operated at tapping-mode) and a micro-Raman 

spectroscope (Horiba Jobin Yvon LabRam ARAMIS) were used for the characterization 

of SWNTs synthesized. The wavelength of the laser excitation for Raman spectroscopy is 

633 nm. 

5.2.3 FET fabrication 

    Back-gate FETs were fabricated on Si substrate having 280 nm SiO2 as the dielectrics 

and the highly doped Si was used for gating. EBL was used to pattern the electrodes with 

the channel length of 10 μm. Then Ti (1.2 nm)/Pd (20 nm)/Au (40 nm) were deposited by 

electron-beam evaporation. After that another lithography process followed by O2 plasma 

exposure was conducted to remove SWNTs that bridged the electrodes outside of the 

channel area.  

5.2.4 Electrical breakdown and measurement 

The electrical measurement was performed by a Keithley 4200-SCS semiconductor 

characterization system. For the electrical breakdown, a fixed bias voltage (20 V) was 

added to allow the stepwise drops of ID. The current value was monitored and collected 

every 0.1 s. According to empirical observation, a high selectivity could be obtained after 

ID drops to 1/6-1/3 of the starting value. Occasionally, owing to the existence of the so-

called “semi-metallic” SWNTs with small band gaps which usually demonstrate higher 

on/off ratios than zero-band gap m-SWNTs with armchair chiralities,129 it would be 
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difficult for ID to quickly drop below 1/3 under the bias of 20 V. In this case a higher 

voltage (added in a step of 5 V) was used after the first breakdown cycle. Our result 

showed that the current could eventually fall into the range of 1/6-1/3 of the starting 

value with the bias voltage not exceeding 30 V. The junction-less breakdown without 

gating follows the same procedure. For the junction-less breakdown with gating, a 

positive gate voltage (40 V) was applied to deplete s-SWNT from charge carriers. A 

fixed source-drain voltage (25- 35 V) was added across the array until breakdown was 

complete, which was confirmed by ID-VGS sweeps.   

For the breakdown of individual SWNTs and junctions formed by two cross-stacked 

SWNTs, the breakdown process was conducted by ramping up the bias voltage gradually 

to obtain a better understanding on the breakdown voltage and current. The voltage did 

not go beyond 80 V to avoid possible failures of the dielectrics. 

5.3 Results and discussion 

5.3.1 Operation principle of junction-based electrical breakdown 

For the fabrication of cross-stacked SWNTs, two layers of horizontally aligned SWNT 

arrays (~4-6 SWNTs/μm), synthesized using a previously reported method,66 are 

transferred from the quartz growth substrate to a silicon substrate having 280 nm SiO2. 

The 2nd SWNT array is oriented perpendicular to the first layer, forming a crossbar 

structure. Figure 5.1a shows the diameter distribution of the SWNTs measured by AFM 

with an average and standard deviation of 1.82 and 0.49 nm, respectively. Based on the 

diameter distribution, the band gap range of SWNTs used in our study is estimated to be 

0.3-0.9 eV.12 The frequently detected RBM peaks using Raman spectroscopy confirm 

that as-prepared nanotubes are all single-walled (Figure 5.1b). A representative SEM 
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image of the cross-stacked SWNTs is shown in Figure 5.2a. Four electrodes (1.2 nm 

Ti/20 nm Pd/40 nm Au) are deposited to connect the two aligned arrays and 

photolithography followed by O2 plasma exposure is used to remove SWNTs outside of 

the channel (Figure 5.2b and c). A schematic illustration of the gate-free breakdown 

process for as-prepared devices appears in Figure 5.2d-f. First, as indicated in Figure 

5.2d, a source-drain voltage is applied to electrodes E1 and E2 and maintained to allow 

the stepwise breakdown of SWNTs. It is clear that from E1 to E2, all charge carriers need 

to go through at least one SWNT junction and the metallic pathways formed by two 

metallic nanotubes (m-m junctions) carry much higher current than those involving s-m 

or s-s junctions. To ensure a complete breakdown of the metallic pathways, such a 

“burning” process is repeated between electrodes E2-E3, E3-E4 and E1-E4 (Figure 5.2f). 

More experimental details can be found in the Experimental section where the process 

flowchart of the breakdown process is shown in Figure 5.3. As a consequence, after the 

breakdown treatment, increases in the on/off current ratios of transistors are observed not 

only in the junction-based devices (named as devices 0102, 0203, 0304 and 0104) but 

also in the junction-less devices (0103 and 0204). 

 

Figure 5.1. (a) Diameter distribution of individual SWNTs used in our study characterized 
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by AFM. The average and standard deviation are 1.82 and 0.49 nm, respectively. (b) Raman 

spectra collected from individual SWNTs showing RBM peaks, D bands and G bands. The 

laser excitation wavelength is 633 nm. The figure is adapted from Ref [102] with 

permission. 

 

 

 

Figure 5.2. (a) SEM image of cross-stacked SWNT arrays. (b, c) Representative SEM 

images of a set of FETs based on as-prepared SWNT crossbars. Each aligned array is 

connected by a pair of electrodes with a channel length of 10 μm. The surrounding SWNTs 

outside of the channel area are removed by O2 plasma etching. (d-f) Schematic illustration 

of the gate-free breakdown process on cross-stacked SWNT arrays: (d) a bias voltage is 

added between electrode E1 and E2 (device 0102) to trigger current-induced breakdown of 

metallic pathways. (e) After breakdown, open defects are created on m-SWNTs. (f) The 

breakdown process is repeated on device 0203, 0304 and 0104 to ensure sufficient 

breakdown of all metallic pathways. The figure is adapted from Ref [102] with permission. 
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Figure 5.3. Process flowchart of the junction-based breakdown as illustrated in Figure 

5.2d-f. The figure is adapted from Ref [102] with permission. 

  

5.3.2 Efficiency and selectivity  

The electrical properties of two representative devices from the same group before and 

after breakdown, following the procedures mentioned above, are illustrated in Figure 5.4. 

Figure 5.4a shows the drain current (ID) of a crossbar junction FET versus time under a 

fixed source-drain bias voltage (20 V). Abrupt drops in ID correspond to breakdown 

events. Similar current drop trends are also observed in the other 3 crossbar junction 
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devices from the same group. Our empirical observation suggests that the decrease of ID 

to 1/6-1/3 of the starting current value is an appropriate range for the selective 

elimination of the metallic pathways (see the Experimental section). The output 

characteristics of a representative device after breakdown is provided in Figure 5.4b. 

Figure 2c shows the subthreshold curves of device 0103 (junction-less) and 0203 

(junction-based) before and after the electrical breakdown. Interestingly, the junction-less 

device (0103) exhibits a lower on-state current before and after breakdown compared to 

the crossbar device (0203), which might be attributed to: 1) a slightly lower number of 

SWNTs in the 0103 array compared to 0204 and 2) shorter channel lengths for the s-

SWNTs in the 0203 branch via conduction through m-SWNTs. To analyze the on/off 

current ratio, VGS sweeping from 40 V to -40 V is used. In the two representative devices 

shown in Figure 5.4c, the on/off ratios increased from 5.5 and 10.4 to 8.1×103 and 

3.7×103 with current retentions (defined as Ion-after/Ion-before) of 36% and 50%, respectively. 

These on/off ratios represent the complete breakdown of all metallic pathways because 

the minimum current in the off-state is smaller than that of a single metallic pathway.  

Figure 5.4d shows SEM images before and after breakdown with the open defects of 

SWNTs indicated by red circles.  
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Figure 5.4. (a) Current versus measurement time of a crossbar junction-based FET under 

a fixed bias voltage (20 V) during the electrical breakdown process. The sudden drops in 

ID indicate breakdown events. (b) Output characteristics of a representative device after 

electrical breakdown. VGS varies from -40 to 40 V with a step of 10 V. (c) Subthreshold 

curves of a junction-less FET (device 0103) and a junction-based FET (device 0203) from 

the same group before and after electrical breakdown (VDS = 1 V). (d) SEM images 
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showing SWNTs in the representative device before and after electrical breakdown. Open 

defects of SWNTs are indicated by the red circles. (e) Display of on/off current ratios of 

devices (including 20 crossbar junction devices and 10 junction-less devices) before and 

after the junction-based electrical breakdown. (f) The on-state current retentions of devices 

in Figure 5.4e as a function of the on/off ratios after electrical breakdown. The figure is 

adapted from Ref [102] with permission. 

 

To be more rigorous, devices with similar densities in the two crossing arrays were 

tested, and the on/off ratios of all devices, including junction-based and junction-less, 

before and after breakdown are plotted in Figure 5.4e. All of the devices demonstrate 

significant increase in the on/off ratio after the breakdown process, with the median 

shifting from 5.1 to 7.5×103. Considering the fact that each device contains no more than 

30 SWNTs (average: 11), it is safe to conclude that metallic pathways are completely cut 

off. It should also be noted that several devices in Figure 5.4e demonstrate relative low 

on/off ratios(<200: 1 junction-based; 200-500: 4 junction-based and 3 junction-less), 

which is due to the higher percentage of semi-metallic SWNTs (SWNTs with small but 

finite band gaps) contained in the corresponding FETs. Our results show that these 

devices can eventually be purified to reach higher on/off ratio levels by applying either a 

longer breakdown time or a higher breakdown voltage. Figure 5.5 illustrates examples of 

such a case, where the on/off ratios of a junction-based device and a junction-less device 

are increased from ~200 after the first breakdown cycle (Figure 5.5a) to 3.1×104 and 

1.9×103 after the second cycle (Figure 5.5b).  
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Figure 5.4f shows the on-state current retentions of all devices in Figure 5.4e as a 

function of the on/off ratios after electrical breakdown. The average and median values of 

the current retention are 49% and 44%, respectively, which are reasonable for the 

preservation of most s-SWNTs if we assume that about 2/3 nanotubes are s-SWNTs 

which carry somewhat smaller current than m-SWNTs because of the higher contact 

resistance.61 The highest on/off ratio after breakdown is achieved when a negative bias 

voltage (-1 V) is used during the measurement as it supports the more favorable injection 

of holes into the valence band at the source with a smaller barrier height than electron 

injection into the conduction band. As shown in Figure 5.6, the on/off ratios of a 

junction-based and a junction-less FET both reach ~1.4×106 with the current retention of 

~33% and ~50%, respectively. 

 

Figure 5.5. Subthreshold curves showing the on/off ratios of a junction-based device and 

a junction-less device are increased from ~200 after the first breakdown cycle (a) to 

3.1×104 and 1.9×103 after the second cycle (b) (VDS= -1 V). The figure is adapted from Ref 

[102] with permission. 
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Figure 5.6. Subthreshold curves of a junction-based FET (device 0203) and a junction-less 

FET (device 0204) before and after breakdown measured under a negative bias voltage 

(VDS = -1 V). The on/off ratios of a junction-based and a junction-less FETs both reach 

~1.4×106 with the current retention of ~33% and ~50%, respectively. The figure is adapted 

from Ref [102] with permission. 

 

To further investigate the influence of SWNT density on the breakdown efficiency and 

selectivity, the same approach was also applied on SWNT crossbars with a density twice 

or three times (10-15 SWNTs/μm) higher than those used above (see Figure 5.7 for SEM 

image) and it is found that this method is still effective.  
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Figure 5.7. (a) SEM image of SWNT arrays with higher density (10-15 SWNTs/μm). (b-

c) Source-drain current of a junction-based device with higher SWNT density as a 

function of time under the bias voltage of 10 V (b) and 15 V (c). (d) Subthreshold curves 

of a junction-based and a junction-less FET with higher SWNT density before and after 

breakdown under 15 V (VDS= 1 V). The figure is adapted from Ref [102] with 

permission. 

 

For these higher density crossbar arrays, it is necessary to start with a lower breakdown 

voltage to avoid damages to s-SWNTs caused by correlated breakdown.130 As shown in 

Figure 5.7b, current drops start to be observed in a representative device when 10 V is 

applied for breakdown instead of 20 V as was used for the arrays with lower density. The 



 
104 

 

application of 15 V allows the complete breakdown of all m-pathways (see Figure 5.7) to 

obtain high on/off ratios for both the junction-based (8.4×103) and junction-less (4.7×103) 

devices with a current retention of 53% and 60%, respectively (Figure 5.7d). However, 

performing junction-based breakdown on such dense crossbars with VDS above 25 V 

increases the possibility of deactivating s-SWNTs. Considering that no gate is present in 

our breakdown method, we believe that it is crucial to limit the operating voltage to avoid 

damages to s-SWNTs for higher density SWNT arrays.  

It should also be noted that in order to achieve the best results, similar numbers of 

SWNTs in each of the crossbar arrays (i.e., devices 0103 and 0204) are preferred. This is 

because during the junction-based breakdown process, when the two arrays carry the 

same level of current and the resistances differ greatly, the breakdown tends to happen 

where the resistance is the highest rather than randomly according to the equation Q=IR2, 

where Q, I and R equal to Joule heat, current and resistance, respectively, leaving the 

denser array less affected compared to the other array with a lower density. Figure 5.8 

illustrates an example where the density of one array is four times that of the other and 

breakdown happens in the less dense array (Figure 5.8b), as expected, which is marked 

by the red circle. It should be emphasized that there is a chance that all breakdowns 

happen in one array and applications of bias can not break the metallic pathways through 

s-m junctions. In our experiment, however, such an event is found to happen only when 

the density of the two crossing arrays differs significantly (for instance, one is more than 

twice of the other) as mentioned above due to the difference in resistance. Thus, to 

minimize the statistical probability for such an event, it is important that two crossing 
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SWNT arrays with similar densities are used in our experiments so that the breakdown 

will happen randomly. 

 

Figure 5.8. SEM images of a pair of cross-stacked arrays before (a) and after (b) electrical 

breakdown. Device 0103 contains 1 SWNT and Device 0204 contains 4 SWNTs. 

Breakdown (marker by the red circle) happens on the side with the smaller density. The 

figure is adapted from Ref [102] with permission. 

 

5.3.3 Comparison with junction-less electrical breakdown 

Next, the effectiveness of the junction-based electrical breakdown is compared to that 

of directly applying a voltage across parallel nanotube arrays (namely junction-less 

breakdown) under non-gating conditions. Figure 5.9a shows a device with SWNT arrays 

directly bridging the two electrodes before and after breakdown. Similarly to the 

junction-based breakdown, defects can be observed after the process (marked by red 

circles). For the representative device, the current as a function of time was monitored 

and the breakdown was terminated after current dropped to ~1/5 of the starting level 

(Figure 5.9b).  
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Figure 5.9. (a) SEM images of a representative device before and after the junction-less 

breakdown. The defects of SWNTs are marked by the red circles. (b) Source-drain current 

as a function of time during the junction-less breakdown without gating. The current drops 

to ~1/5 of the initial value. (c) Subthreshold curves of the representative device before and 

after the junction-less breakdown without gating (VDS = 1 V). The on-state current degrades 
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to ~10% of the initial value. (d) Source-drain current as a function of time during the 

junction-less breakdown with gating (VGS = 40 V). (e) Subthreshold curves of a 

representative device before and after junction-less breakdown with gating. (f) Statistics of 

current retentions for junction-based breakdown (green) and junction-less breakdown 

without (red) and with (black) gating. The large boxes represent the percentage from 25% 

to 75%. The error bars represent the minimum and maximum values. The mean values are 

indicated by the small squares. The figure is adapted from Ref [102] with permission.   

 

Afterwards, it is found that the on-state current of the device degrades to ~10% of the 

value before breakdown. The subthreshold curves before (dark brown) and after (red) the 

junction-less breakdown are given in Figure 5.9c. Current retentions of more test devices 

operated by the junction-less breakdown are plotted in Figure 5.10. The average value 

and median for the junction-less breakdown are 17% and 10%, which are in sharp 

contrast with the corresponding values of 49% and 44% for junction-based breakdown as 

mentioned above. Clearly, during the junction-less breakdown process, both m-SWNTs 

and a portion of s-SWNTs are damaged. Different current drop levels before stopping the 

junction-less breakdown process were also studied, but it is difficult to realize a general 

protocol that allows high on-state current retentions as well as high on/off ratios for all 

test devices simultaneously. This fact indicates the presence of floating threshold voltages 

of s-SWNTs probably caused by both the doping of molecules in the air and the surface 

charge trapping. According to the results, one can conclude that the junction-based 

breakdown amplifies the conductivity difference between s- and m-pathways under non-
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gating conditions, leading to the highly selective scission of metallic pathways while 

preserving the transport properties of the s-SWNTs much better.  

To compare the utility of our junction-based breakdown with the current state-of-the-

art technique, we further conducted junction-less breakdown with gating, which has been 

commonly and widely used to purify SWNT arrays in previous studies.115, 131 Herein, a 

positive gate voltage (VGS = 40 V) is applied to deplete charge carriers from s-SWNTs 

and a bias voltage is added across the junction-less devices to allow stepwise drops of ID 

in a way similar to the junction-based breakdown (Figure 5.9d, and see Experimental 

section for details). Figure 5.9e shows the subthreshold curves of a representative gated 

junction-less device before (blue) and after (green) breakdown. The on/off ratio is 

increased from 8.3 to 7.5×104 and the current retention is 25%. Upon testing more 

devices, the median on/off ratio after gated junction-less breakdown is found to be 

2.5×103, and the median and average value of current retention are 48% and 49%, 

respectively. Details on the on/off ratios and current retentions of all test devices are 

shown in Figure 5.11. The corresponding values for junction-based breakdown are 

7.5×103, 44% and 49%. For comparison, the box charts in Figure 5.9f summarize the 

distributions of current retentions of devices operated by the junction-based breakdown 

(green) and junction-less breakdown without (red) and with (black) gating. On the basis 

of the results stated above, it is believed that the efficiency and selectivity of our 

junction-based breakdown are comparable to those of the state-of-the-art approach, yet 

they can be achieved without a gate. 
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Figure 5.10. Display of current retentions of the devices in Figure 5.9d operated by the 

junction-less breakdown. The figure is adapted from Ref [102] with permission. 

 

 

Figure 5.11. (a) Display of on/off ratios of devices before and after junction-less 

breakdown with gating (VGS = 40 V). (b) The on-state current retentions of devices in 

Figure 5.11a as a function of the on/off ratios after junction-less breakdown with gating. 

The figure is adapted from Ref [102] with permission. 
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5.3.4 Mechanism of amplification effect in junction-based breakdown 

So far we have demonstrated the effective and selective breakdown of m-SWNTs 

based on nanotube junctions. To further investigate the breakdown mechanism, devices 

of junctions formed by crossbar of two individual nanotubes were fabricated and tested. 

Figure 5.12 shows the SEM image of a representative device, the configuration of which 

allows determination of the electrical properties of both the individual SWNTs and the 

junction. The behaviors of junction-less individual SWNTs during breakdown are first 

explored. Figure 5.12b shows the subthreshold curves of an s-SWNT and a m-SWNT, 

respectively. To have a better understanding on the breakdown current and voltage, the 

process is conducted by gradually ramping up VDS till 80 V (VDS beyond 80 V is not 

applied to avoid possible failures in the dielectrics). The breakdown curves of two 

SWNTs used in Figure 5.12b are shown in Figure 5.12c. The current of the m-SWNT 

increases almost linearly under low voltages and then the slope decreases slightly, which 

is attributed to the increase of phonon scattering132 before the m-SWNT is broken down 

at 13.9 V. For the s-SWNT, at the initial stage only a very low current is observed. After 

the voltage reaches ~7.5 V, however, the current increases rapidly and the s-SWNT 

eventually breaks down at 36 V, which can be explained by the current injection caused 

by tunneling due to the avalanche effect.133 Table 5.1 provides a collection of information 

on breakdown voltage and current of more individual SWNTs. It is found that all SWNTs 

can ultimately be broken down with the maximum breakdown voltage for m- and s-

SWNTs being 18.7 and 66 V, respectively. 
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Figure 5.12. (a) SEM image of a representative device with a single junction formed by 

two individual SWNTs. (b) Subthreshold curves of junction-less devices: an s-SWNT 

(black) and a m-SWNT (red) (VDS = 1 V). (c) Electrical breakdown curves of the junction-

less devices in Figure 4b. (d) Subthreshold curves of m-m (red), s-m (blue) and s-s (black) 

junctions formed by individual SWNTs (VDS = 1 V). (e) Electrical breakdown curves of 

the three junctions shown in Figure 5.12d. (f) I-V curves of a s-m junction showing 
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asymmetric transport behavior (insets: corresponding schematic band diagrams at the s-m 

junctions under zero, positive and negative bias). Here the bias voltage (Vm-s) is applied to 

the m-SWNT while the s-SWNT is grounded. The Fermi level, conduction band and 

valence band are marked as EF, EC and EV, respectively. The figure is adapted from Ref 

[102] with permission. 

 

Similarly, devices based on junctions formed by two individual SWNTs are examined. 

Figure 5.12d shows the subthreshold curves of m-m (red), s-m (blue) and s-s (black) 

junctions, and the corresponding subthreshold curves of the junction-less SWNTs that 

form the three junctions are given in Figure 5.13. Note that the s-m junction carriers 

higher on-state current than the s-s junction, which can be attributed to the shorter 

channel length of s-SWNT via conduction through the m-SWNT. The junctions are 

subject to the same breakdown process as the individual SWNTs and the ID-VDS curves 

are illustrated in Figure 5.12e. It is found that the m-m junction behaves entirely like a m-

SWNT in the subthreshold curve with an on/off ratio of ~3.5. The current also increases 

linearly under applied VDS in a way similar to m-SWNT and the breakdown voltage is 

13.1 V, indicating that the resistance of the m-m junction is negligible. For the s-m 

junction and s-s junction shown in Figure 5.12d, both demonstrate semiconducting 

properties with a strong current modulation; however, for the output curves, the currents 

stay at relatively low levels that are not enough to break down a nanotube and no drop is 

observed with VDS all the way up to 80 V (for the s-s junction, the curve levels off at 

~3×10-8 A, see Figure 5.14 for details). More test device data is included in Table 5.1. It 

is observed that among all the s-SWNT-involved junctions, only 1/3 can be broken down 
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under the same test conditions as that for the individual SWNTs, which is consistent with 

our hypothesis that the disparity between the resistance of s- and m-pathways is amplified 

in the junction crossbar structure. The results that the currents of s-SWNT-involving 

junctions saturate at relatively low levels and such junctions have a lower chance to be 

broken down compared with individual s-SWNTs support that the presence of junctions 

adds resistance to pathways involving s-SWNTs due to the Schottky barriers generated at 

the junctions. Consequently, the current output in s-pathways is suppressed while that of 

m-pathways is not significantly affected because of the negligible m-m junction 

resistance, which enables selective breakdown upon the application of a bias voltage. 

Figure 5.12f illustrates an asymmetric transport behavior at a s-m junction under 

positive/negative bias that suggests a mismatch in work functions between the m- and s-

SWNT, as schematically depicted in the corresponding band diagrams, which indicate the 

formations of Schottky barriers with different heights. It is believed that the height of the 

Schottky barrier plays an important role determining the carrier injection: when the 

barrier gets higher, it will be more difficult for carriers to tunnel through and therefore, 

the current in the corresponding s-pathway will be more obviously suppressed. It was 

reported that s-SWNTs with larger band gaps form higher Schottky barriers with metals 

(in our case m-SWNTs).134 So generally, we believe factors (e.g., diameter of SWNT, 

surface adsorbates) that increase the band gaps of s-SWNTs will enhance the disparity 

between s- and m-pathways, and vice versa. On the other hand, we also point out that our 

method should work with similar efficiency and selectivity for SWNTs out of the present 

measurement range (0.93-2.87 nm) as long as the Schottky barrier is significant enough 
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to distinguish s-pathways from m-counterparts. This study opens the way for further 

explorations of carrier transport behaviors at nanotube junctions. 

 

Figure 5.13. Subthreshold curves of the individual SWNTs that form the m-m (a), s-m (b) 

and s-s (c) junctions in Figure 5.12 (VDS = 1 V). The figure is adapted from Ref [102] with 

permission. 
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Figure 5.14. Enlarged breakdown curve of the s-s junction shown in Figure 5.12e. The 

figure is adapted from Ref [102] with permission. 

 

Table 5.1. Electrical breakdown voltage and current of two types of SWNTs and three types 

of junctions.a The table is adapted from Ref [102] with permission. 

Electrical property Breakdown voltage （V） Breakdown current （A） 

m 

m 

13.9  

18.7  

1.0×10-5  

2.7×10-6  

m 17.6  3.5×10-6  

s 36  8.0×10-6  

s 33.5  8.3×10-6  

s 56  9.0×10-6  
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s 66  7.2×10-6  

s 33  8.0×10-6  

m-m 13.1  1.1×10-5  

s-m 36  5.0×10-6  

s-m 23.6  4.0×10-6  

s-m 36.5  4.0×10-6  

s-m NA NA 

s-m NA NA 

s-m NA NA 

s-m NA NA 

s-s NA NA 

s-s NA NA 

a NA indicates that the corresponding device cannot fail with VDS all the way up to 80 

V. 

 

5.4 Conclusion 

In conclusion, a facile and effective approach is developed to selectively break down 

m-SWNTs by flowing currents into cross-stacked SWNT arrays without gating. The 

results show that m-SWNTs can be completely broken while most, if not all, s-SWNTs 

remain intact. Accordingly, FETs with high on/off ratios as well as high on-state current 

retentions can be obtained. This method enables the capability of selectively breaking 

down m-SWNTs in horizontally aligned array by adding voltage across SWNT junctions. 

In addition, the junction-based electrical breakdown is compared with the process that 
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involves directly applying voltage across aligned SWNT arrays (junction-less 

breakdown) and it is further confirmed that the former is more selective and less 

damaging to the s-SWNTs. This method features the amplification of conductivity 

difference between s- and m-pathways by forming junctions. Even for a device requiring 

top gate/dielectrics, this approach can be applied if the junction-based breakdown is 

conducted before the deposition of the top layers. For instance, in thin-film nanotube 

devices on plastic or glass substrates where no back-gate is present, junction-based 

breakdown can be used to purify arrays prior to top gate fabrication. Finally, the 

mechanism of the amplification effect is carefully investigated by studying the 

breakdown behavior of three types of junctions created by individual SWNTs. It is 

believed that the formation of Schottky barriers in s-SWNT-involving junctions plays a 

significant role in suppressing the conductivity of s-pathways. Overall, this method 

provides a simple and promising way to obtain FET devices based on SWNT arrays with 

very high on/off ratios as well as opens the possibility for new discoveries regarding 

carrier transport through nanotube junctions. 
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Chapter 6: Enhancing Density of Horizontally Aligned Single-

Walled Carbon Nanotubes Using Strain-Release Method 
 

6.1 Introduction  

It has been shown that parallel SWNT arrays are advantageous for scalable device 

fabrication in terms of the easy pattern ability, high robustness, large current output, and 

small device-to-device variations. One of the major goals of studies on SWNT arrays is 

to obtain high nanotube density in order to improve the device performance including the 

on-state current density, transconductance, and mobility.  

Recently, some research groups have made significant progress achieving this goal. 

One of the most commonly used methods is to assemble pre-sorted SWNTs into dense 

arrays on a target surface via dielectrophoresis,135 self136 or linker-induced137 assembly, 

and Langmuir Schaeffer method.138 An alternative and important strategy to obtain the 

high density SWNT array is to directly synthesize horizontally aligned nanotubes on 

single-crystalline substrates using the chemical vapor deposition (CVD) method by 

optimizing the growth condition,139 performing repetitive synthesis,52, 53, 55 stacking 

SWNTs by multi-cycle transfer,54 or using “Trojan catalysts”.140 CVD-SWNTs are 

reported to have a lower level of structural defect and longer length than solution-

processed counterparts. Moreover, syntheses of not only highly selective semiconducting 

but also single-chirality SWNTs on surface were successfully demonstrated over the two 

past decades,32, 34, 35, 64, 67, 72, 103  which makes CVD-SWNTs even more competitive when 

considering their potential application in future nanoelectronics. However, despite of the 

methods mentioned above, studies on making close packed CVD-SWNT arrays are still 

limited and the density is not enough to compete with those obtained by the solution-
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based approaches.  Therefore, it is highly desirable to develop a reliable and effective 

strategy that produces CVD-SWNTs with good alignment and sufficient density to 

broaden their potential applications. 

In this work, a novel approach was developed to densify SWNT arrays through 

releasing the strain of an unconventional pre-stretched elastomeric substrate (e.g., 

poly(dimethylsiloxane), PDMS). Upon the release of PDMS with a pre-strain of ~100%, 

beyond which point PDMS cracks, the transversely pre-aligned SWNT arrays on the 

substrate shrink with the elastomer and thus the density can be doubled. We also showed 

that the densified SWNTs can be transferred onto SiO2/Si substrates for device 

application, and FETs based on as-prepared SWNTs were fabricated and characterized, 

which demonstrates the compatibility of this approach with the well-developed rigid 

nanoelectronics techniques. The strain-release method provides a simple and promising 

way for obtaining SWNT arrays with a high and well-controlled density. 

6.2 Experimental section 

6.2.1 Preparation and functionalization of PDMS 

PDMS was prepared using SYLGARD 184 silicone elastomer kit. The ratio of 

elastomer base to curling agent was 10:1. After PDMS was stretched, the surface was 

treated by O2 plasma for 5 minutes to add hydroxyl groups. For the functionalization, 40 

μL APTES (3-aminopropyltriethoxysilane) was dissolved in 100 mL anhydrous ethanol 

and the stretched PDMS was then soaked in the solution for 3 h. After that PDMS was 

rinsed with ethanol for several times. 
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6.2.2 Strain-release method to increase SWNT density 

    Horizontally aligned SWNT arrays on quartz synthesized by CVD method was used as 

the starting material. As-prepared SWNTs were transferred to the pre-stretched and 

functionalized PDMS by the well-known PMMA-assisted method using KOH etching.66 

The orientation of SWNT arrays was carefully aligned perpendicular to the direction of 

the pre-strain. After the film was dried, PMMA was washed away by acetone. Finally, the 

pre-strain of PDMS was slowly released. 

6.2.3 Transfer of SWNTs from PDMS to rigid substrates 

    0.1 g PS was dissolved in 10 mL toluene and the solution was spin-coated onto PDMS 

with SWNTs. The substrate was baked at 180 ℃ for 12 min to eliminate toluene. One 

edge of the PS film was scratched by a tweezer to allow water penetration and afterward, 

the PS-SWNT-PDMS sheet was soaked into hot water at 100 ℃ for 3 h to loosen the 

interaction between PS and PDMS. The film was then carefully peeled off from PDMS, 

placed on rigid substrates such as SiO2/Si and dried. Finally, PS is dissolved by 1:1 

acetone/cyclohexane solution. 

6.2.4 FET fabrication  

    FETs were fabricated on highly doped silicon with a 280 nm oxide layer and the 

silicon was used as the back gate.  EBL was applied to pattern electrodes and the channel 

length was 200 nm. Ti (1.2 nm)/Pd (20 nm)/ Au (40 nm) was evaporated as the contact 

metal. Another lithography process was conducted to remove undesired SWNTs outside 

the channel. The electrical measurement was performed using Keithley 4200-SCS 

semiconductor characterization system. The bias voltage was 1V. 
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6.2.5 Characterization 

A SEM (FEI XL30 S-FEG, operated at 1.0 kV) and a micro-Raman spectroscope 

(Horiba JobinYvonLabRam ARAMIS) were used for the characterization of SWNTs 

synthesized. For the imaging of on PDMS, a thin layer of the silver pastes was added to 

the edges to avoid the charging effect. The wavelength of the excitation laser for Raman 

spectroscopy was 633 nm. 

6.3 Results and discussion 

The experimental design is schematically illustrated in Figure 6.1. CVD-SWNT arrays 

synthesized on quartz are used as the starting material. By applying the well-known 

poly(methyl methacrylate) (PMMA)-assisted transfer method with KOH etching and 

washing away the polymer with acetone (see Figure 6.2),66 SWNTs are transferred onto a 

PDMS sheet that is uniaxially stretched to twice of the initial length (pre-strain=100%) 

and the orientation of the nanotubes is carefully aligned perpendicular to the axial 

direction (Figure 6.1a). After that, the pre-strain is gently released, and the SWNTs on 

PDMS are accordingly compressed along the axis (Figure 6.1b). Then the PDMS sheet is 

spin-coated with a layer of polystyrene (PS) (Figure 1c). The PS-SWNT-PDMS assembly 

is soaked in 100℃ water for 4 h to allow water penetration between PDMS and PS, and 

the PS thin film is carefully peeled off from the substrate with SWNTs on it due to the 

hydrophobic interaction (Figure 6.1d). The PS-SWNT film is picked up by a silicon 

substrate with an oxide layer and dried (Figure 6.1e). Finally, PS is removed with 1:1 

acetone/cyclohexane solution (Figure 6.1f). Figure 6.1g and h show a PDMS-SWNT 

assembly with a pre-strain of 100% before (g) and after (h) the strain-release, which 
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shrinks from 1.4 cm to 0.7 cm, operated by a homemade apparatus. More details about 

the experiment can be found in the Experimental section. 

 

Figure 6.1. Schematic illustration of the strain-release method for increasing the density 

of SWNT arrays. (a) Horizontally aligned SWNTs are transferred onto a pre-stretched 

PDMS sheet. (b) The pre-strain of PDMS is released and PDMS and SWNT arrays shrink 

by 50%. (c) A polymer (polystyrene) is spin-coated onto the PDMS sheet to form a thin 

film. (d) The polymer-SWNT assembly is peeled off from PDMS. (e) The thin film is 

placed and dried on a SiO2/Si substrate for characterization. (f) The polymer is dissolved 

in 1:1 acetone/cyclohexane solvent. Images of a PDMS-SWNT sheet (indicated by the red 

arrows) with a pre-strain of 100% before (g, ~1.4 cm) and after the strain-release (h, ~0.7 

cm) operated by a homemade stretching apparatus. 
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Figure 6.2. SWNTs transferred by the carrier polymer PMMA (red arrow) from quartz 

onto PDMS with a pre-strain of 100% (blue arrow). 

 

We have found that a key challenge for this method is about how to prevent the SWNT 

delamination from PDMS surface and maintain the alignment during the shrinking 

process. It was reported that upon the strain-release, nanotubes can show an out-of-plane 

buckling, which is certainly undesirable for our experiment since the alignment and 

uniformity of SWNTs would be destroyed.141 Indeed, we noticed that SWNTs tend to 

form bundles after the shrinking step (Figure 6.3a, and Figure 6.4 shows more SWNTs 
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bundles), indicating the fact that the tube-tube interaction is stronger than tube-substrate 

adhesion, which causes SWNTs to leave the surface and then stick together.  

 

Figure 6.3. (a) SEM image of SWNTs on unfunctionalized PDMS after the strain-release. 

(b) Schematic illustration of PDMS functionalization with APTES. (c) SEM image of 

SWNTs on functionalized PDMS after the strain-release. (d) SWNTs  transferred onto 

SiO2/Si substrate by using PMMA. (e) SWNTs (indicated by the red arrow) left on PDMS 

after the PS-assisted transfer. 
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Figure 6.4. SEM image of SWNT bundles formed on unfunctionalized PDMS upon 

the strain-release. 

 

To solve this problem, the PDMS surface was first treated with oxygen plasma to add 

hydroxyl groups and then functionalized with –NH2 by being soaked in APTES/ethanol 

solutions (see the Experimental section for details). The mechanism for the 

functionalization is illustrated in Figure 6.3b. Previous studies showed that –NH2 can 

interact with the sidewall of SWNTs by Columbic attractions and thus enhance the 

adhesion between nanotubes and the substrate.142, 143 Figure 6.3c shows compressed 

SWNTs with a relatively low density for visual convenience on functionalized PDMS 

sheet after gently releasing the pre-strain (a sudden release would also result in the 

misalignment even on a functionalized substrate, see Figure 6.5). SWNTs and PDMS 
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wrinkles are marked by the red and black arrows, respectively. No bundling or 

delamination was observed, suggesting a stronger adhesion between SWNTs and PDMS 

after the surface functionalization. 

 

Figure 6.5. SEM image of misaligned SWNTs caused by a sudden release of the pre-

strain of PDMS. 

 

For subsequent characterizations and device application, it is necessary to transfer as-

prepared SWNT arrays to rigid surfaces such as SiO2/Si which is the most commonly 

used substrate for semiconductor industry. However, such a transfer of SWNTs from 

PDMS is challenging due to the inertness of PDMS to chemical etching. Recently, it was 

demonstrated that a surface-energy-assisted transfer method can be employed to transfer 

2D materials without etching substrates.144, 145 But unlike 2D materials, peeling off 

SWNTs is much more difficult because of both the small surface area of SWNTs and the 
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lack of tube-tube interactions in aligned arrays. We found that the frequently used carrier 

polymer PMMA is not suitable for the transfer of SWNTs on PDMS due to its relatively 

weaker adhesion with nanotubes.  Figure 6.3d shows that only part of the initial SWNTs 

can be lifted off and a lot empty spaces between nanotubes are observed. To ensure a 

complete transfer, here polystyrene was used instead, which can interact with SWNTs 

strongly enough to overcome the interaction with PDMS.145 As shown in Figure 6.3e, 

only several SWNTs could be identified after the polystyrene film was peeled off, 

indicating a higher transfer efficiency.  

After the successful transfer of SWNTs from PDMS, we further demonstrated that this 

strain-release method for enhancing the SWNT density can be repetitively conducted for 

multi-cycles on the same sample, resulting in an exponential density increase in the initial 

arrays. To test the proof-of-concept, SWNTs with a density of ~5 SWNTs/μm were used 

as an example of the starting material (Figure 6.6a, the same as that used in Figure 6.3d). 

It is shown in Figure 6.6b that the density of the arrays could be elevated to ~10 

SWNTs/μm and almost completely transferred to SiO2/Si substrates after the first strain-

release cycle with a well retained alignment (Figure 6.7 shows an image of the same 

sample over a larger area). Such SWNTs were subject to another strain-release cycle, and 

the density was doubled again to reach ~20 SWNTs/μm (Figure 6.6c). To determine the 

influence of the strain-release process on the quality of SWNTs, the micro-Raman 

spectroscopy was applied with an excitation laser line of 633 nm. Figure 6.6d shows the 

spectra collected from SWNTs on SiO2/Si before (black) and after (red) the strain-release 

treatment. The D band to G band intensity ratio (ID/IG), which is widely used as an 

indicator of SWNT qualities, almost remains unchanged for SWNTs before and after the 
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treatment (~0.03), implying that no obvious defects were introduced during this process. 

The broadening of the G band of SWNTs after the strain-release indicates an enhanced 

tube-tube interaction in the densified arrays which is consistent with the density increase 

(Figure 6.6e).54  

 

Figure 6.6. SEM images of SWNT arrays before the strain-release (a, ~5 SWNTs/μm) and 

after the first (b, ~10 SWNTs/μm) and second (c, ~20 SWNTs/μm) time of strain release 

(transferred onto SiO2/Si substrates). Raman spectra showing the D band, G band (d) and 

G band (f) of SWNTs before (black) and after strain-release (red) with an excitation laser 

line of 633 nm.  



 
129 

 

 

Figure 6.7. SEM image of SWNTs transferred back to SiO2/Si substrate after the first 

strain-release cycle. 

 

Additionally, it should be noted that here the density increase per cycle is limited by 

the maximal stretch ability of PDMS (~100%). The possibility of further improvements 

was also explored by using 3M VHB 4905 acrylic elastomer (VHB) which can be pre-

stretched to 300% biaxially. It was found that for random SWNT networks, the density 

could be increased to 16 times of the starting value (see Figure 6.8a and 6.8b) upon such 

a biaxial strain-release. As for aligned SWNTs arrays, uniaxial strain-release was 

conducted following similar procedures to that on PDMS and SWNTs still maintained a 

good alignment over large areas (see Figure 6.8c and 6.8d). Interesting follow-up studies 

could be focused on reliable and efficient transfer of nanotubes from such elastomers. 
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Figure 6.8. SEM images of random SWNT networks before (a) and after (a) the strain-

release on a biaxially pre-stretched VHB tape (pre-strain=300%), and SEM images of 

aligned SWNT arrays (c, and d) after the strain-release on a uniaxially pre-stretched VHB 

tape (pre-strain=300%). 

 

FETs were fabricated to evaluate the electrical properties of the densified SWNTs 

prepared by the strain-release method. The fabrication was conducted on silicon 

substrates with 280 nm SiO2 as the dielectrics and the highly doped silicon was used for 

back-gating. The channel length was 200 nm (see Experimental section for fabrication 

details).  Figure 6.9a and b show the design of a device and a SEM image. Figure 6.9c 
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exhibits the transfer characteristics of FETs based on SWNTs after strain-release cycles 

of different numbers as shown in Figure 6.6a-c. We observed that with enhanced SWNT 

density, the on-state current density (in μA/μm) increased accordingly as expected. More 

devices were tested, and the on-state current densities are summarized and plotted in 

Figure 6.9d. It is shown that the on-state current densities of the initial SWNTs and those 

after the second strain-release cycles are 13.4 ± 3.15 and 44.4 ± 13.1 μA/μm, 

respectively, with the highest value of the latter being 57.5 μA/μm. 

 

Figure 6.9. (a) Schematic illustration of a back-gated FET based on SWNT arrays. (b) 

SEM image of a representative FET based on SWNTs after the second strain-release cycle. 

The channel length and width are 200 nm and 10 μm, respectively. (c) Transfer 

characteristics of FETs based on the initial SWNTs (blue), and those after the first (red) 

and the second (black) strain-release cycle shown in Figure 6.6a-c. Distribution of the on-
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state current density (d) and per-μm-in-width resistance (e) of the initial SWNTs and those 

after the second strain-release cycle.  

  

In addition, we also investigated the per-μm-in-width resistance of as-fabricated FETs 

at the off-state by performing two-terminal device measurement. The resistance 

distributions are shown in Figure 6.9e. Similar to the trend demonstrated in Figure 6.9d, 

the per-μm-in-width resistance of as-prepared SWNTs decreased from 104.5 ± 23.5 kΩ to 

41.4 ± 16.8 kΩ after the second strain-release cycle. On the basis of the results stated 

above, it is safe to conclude that the strain-release method is an effective approach to 

increase the density of SWNT arrays and thus enhance the performance of the 

corresponding devices. It is believed that by conducting more strain-release cycles, 

higher current output can be achieved. 

6.4 Conclusion 

    In summary, a facile and unique way to increase the density of horizontally aligned 

SWNTs by shrinking the pre-stretched elastomer with SWNTs on it was demonstrated. 

The importance of surface adhesion for maintaining the alignment of SWNTs was 

explored and discussed. We further showed that as-prepared SWNTs can be transferred 

from elastomeric substrates to rigid ones, and such a method can be repetitively 

employed to increase the density of the starting arrays exponentially. Finally, FETs were 

fabricated, and it was found that the performances can be improved due to the increase of 

SWNT density increase in terms of lower resistance and higher on-state current output. 

This method is believed to have a high potential in obtaining interconnects such as 
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SWNTs and other 1D materials with high and well-controlled density for future 

nanoelectronics. 
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Chapter 7: Study on Sensing Mechanism of Single-Walled 

Carbon Nanotube Crossbar Transistors 
 

7.1 Introduction 

The monitoring and detection of trace amount environmental pollutant is of significant 

importance for military, commercial, and civilian purposes. Among air pollutants, smog, 

which is originally named for the mixture of smoke and fog, contains a variety toxic 

gases such as NO2, NH3, SO2 and H2S. Smog is one of the most common species of 

pollutants that cause not only environmental problems but also severe disease and death. 

Therefore, it is crucial to develop gas sensors with high performance that can selectively 

detect target gases with a short response time and high sensitivity by investigating the 

sensing mechanism. 

 SWNTs are known to be one of the most promising candidates as the building blocks 

for ultrasensitive gas sensors due to the high surface to volume ratio and small 

dimension. Over the past two decades, abundant research efforts have been made on the 

demonstration of SWNT-based sensors.38, 45, 146, 147 Despite of the successful 

demonstration of SWNT-based sensors, majority of previous and current research on 

SWNT-based devices are focusing on the use of nanotubes as the only functional channel 

material with the performance of the devices dominated by the properties of the 

nanotubes. The main challenge in this approach is the precise placement of the nanotubes 

over large areas and the selective synthesis/separation of SWNTs with different 

electronic types. An alternative method is to use nanotube crossbar junctions as the 

functional units. The advantages of the approach include but are not limited to high 

device density (which is only restricted by the size of the contact pads) and simplest 
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interconnection structure with each nanodevice individually accessible for more 

complicated sensing and computing functions.148 In addition to the excellent properties of 

SWNTs as mentioned above, the structure of SWNTs with extremely low dimension 

down to sub-nm scale makes the tube/tube junctions tremendously sensitive to the 

surrounding environment and thus an ideal structure for sensing with high sensitivity and 

short response time. Moreover, the unique intertube junctions introduce more possibilities 

to design and fabricate complex junction-based device structures for desired purposes. In 

recent years, progress has been made in the fabrication of SWNT crossbar devices and 

the study on their electrical properties.122, 127, 128, 148-151 

Till now, the reliable and well-controlled synthesis of SWNT crossbar devices with 

high density and individually addressable junctions remains challenging, and the 

potential of the application of such devices in real practice is not fully explored. 

Additionally, there are long-standing debates on whether the sensitivity of FETs based on 

SWNTs are sourced from electrostatic doping on channel materials or the Schottky 

barrier modification (including both the barriers at electrode/SWNTs and SWNT/SWNT 

interfaces).37-39 The carrier transport behavior at the SWNT junctions and how it will 

affect the sensing performance are worth further study. In this chapter, we carried out 

studies that aim to resolve this problem by employing the SWNT crossbar chemical 

sensor configuration as described above. The SWNT crossbar sensor feature two 

advantages: i) as-prepared crossbars can be purified to breakdown all metallic SWNT 

pathways on arbitrary substrates (e.g., flexible, stretchable, plastic) without gating using 

the method as described in chapter 5; and ii) the well-defined device structure and 

junction/SWNT ratios allow us to directly investigate the sensing mechanism. 
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7.2 Experimental section 

 7.2.1 Preparation of SWNT crossbar sensors 

Horizontally aligned SWNTs were synthesized on 36° Y-cut quartz following the 

previously reported method.66 As-prepared SWNT arrays were then transferred onto 

highly doped silicon substrate with 280 nm oxide layer to form crossbar structures 

following the same procedure as described in chapter 5. EBL was used to pattern the 

electrodes with the channel length of 10 μm. Then Ti (1.2 nm)/Pd (20 nm)/Au (40 nm) 

were deposited by electron-beam evaporation. After that another lithography process 

followed by O2 plasma exposure was conducted to remove SWNTs that bridged the 

electrodes outside of the channel area. 100 nm SiO2 deposited by electron-beam 

evaporation was used to passivate the electrodes.  

7.2.2 Characterization 

     A scanning electron microscope (SEM, FEI XL30 S-FEG, operated at 1.0 kV) was 

used for the characterization of SWNTs synthesized. 

7.2.3 Gas sensing 

The fabricated devices were connected to a chip carrier through wire bonding and then 

sealed into our well-established gas sensing system. Toxic gases with varied 

concentrations were mixed with carrier gas Ar in air bags and introduced into the sensing 

chamber. 

7.3 Results and discussion 

By applying the gate-free electrical breakdown method, the on/off ratios of the sensing 

devices can reach up to 106 on arbitrary substrates, which serve as excellent platform for 

gas detection due to the strong current modulation. Figure 7.1 shows the transfer curves 
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of a junction-based and a junction-less device from the same group before and after 

breakdown. The devices are used for the subsequent gas sensing in our home-built 

sensing system (Figure 7.2).  

 

 

Figure 7.1. Transfer curves of a junction-based and a junction-less device from the same 

group before and after breakdown (VDS = 1 V). 
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Figure 7.2. The gas sensing chamber used for our experiment. The gas inlet, outlet and 

wiring access are indicated by the black arrows.  

In our study, it is observed that both the junction-less and junction-based device 

demonstrate decreases in conductivity in the p-type branch of the transfer curve as well as 

shifts in the threshold voltage under the exposure to NH3 with different concentrations 

(Figure 7.3). 

 

Figure 7.3. Transfer curves of a junction-less (a) and a junction-based (b) device from the 

same group without electrode passivation under the exposure to NH3 with different 

concentrations. 
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 To unambiguously investigate the sensing mechanism, 100 nm SiO2 is used to 

passivate the metal electrode and metal/SWNT interface regions (Figure 7.4a). The 

passivation layer extends several microns beyond the electrode edges to ensure the 

complete coverage. By studying electrode-passivated devices, it is found that devices still 

demonstrate similar levels of current drop under NH3 exposures, which suggests that the 

adsorption of gas molecules on the metal plays a minor role in the change of the transfer 

characteristics. Surprisingly, it is also noticed that the electrode-passivated junction-less 

(Figure 7.4b) and junction-based device (Figure 7.4c) show very similar signal changes, 

indicating that responses are mostly from the electrostatic doping effect on the whole 

nanotubes while the modification of the Schottky barrier at junctions only plays a minor 

part in the process. We further tested the response of the crossbar devices to different 

chemicals such as NO2 (Figure 7.5), and the results suggested the same conclusion. 

However, there are also publications showing the importance of nanotube junctions in 

sensing.37, 38 Possible reasons for the different observations include the nature of the 

contact metals and different channel lengths used in the experiments. We are in the 

process to study the property of the junctions and compare results from different systems. 

The results also motivated us to move beyond simple tube/tube crossbar junctions into 

more complex junction structures in order to take full advantage of the structure. 

 



 
140 

 

 

Figure 7.4. (a) SEM images of a group of crossbar devices with electrode passivation using 

100 nm SiO2. (b, c) Transfer curves of a junction-less (b) and a junction-based (c) device 

from the same group with electrode passivation under the exposure to NH3 with different 

concentrations. 

 

 

 

Figure 7.5. Transfer curves of a junction-less (a) and a junction-based (b) device from the 

same group with electrode passivation under the exposure to NO2 with different 

concentrations. 
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7.4 Conclusion 

    In this chapter, we observed that the electrostatic doping on SWNTs is the main reason 

for the response of devices regardless of the existence of junctions. One hypothesis 

explaining the phenomenon is that the resistance of SWNT-SWNT junction is not high 

enough to dominate the transport behavior of the carrier transport pathway. These results 

suggest that in order to fully utilize the function of junctions, carefully designing the 

detailed structure is highly desirable. The uniqueness of the crossbar junction structure is 

that we can introduce additional functional unites very easily using methods such as sol 

gel or atomic layer deposition that might not only enhance the sensitivity of the device 

but also expand the species of chemicals the device will response to since pure SWNTs 

are only sensitive to limited types of gases. This study may open a new and fruitful 

research area that fully captures the uniqueness of the structure. We believe that our 

research will motivate more researchers in the field to realize the powerfulness of this 

approach and design/perform more advanced devices and experiments that can benefit 

from the robust and truly nanoscale junctions. 
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