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Abstract 

Abstract 

After more than a half century of scaling down of silicon transistors, bulk-silicon field-

effect transistors will not work reliably at ultrascaled gate lengths. One possible way 

to continue the scaling is to change the channel geometry and/or materials for better 

electrostatic control. Among a number of candidates, the extraordinary electrical 

properties and ultrathin bodies of semiconducting single-walled carbon nanotubes (s-

SWNTs) make them attractive for use in logic transistors. A horizontal array 

configuration has been achieved to realize optimal use of their excellent properties. 

However, coexistence of metallic (m-) SWNTs from conventional growth processes 

causes excessive leakage in the off-state transistors. One promising mean to obtain 

high-purity s-SWNT arrays is direct synthesis of single-crystal substrates, which could 

provide high-density SWNT arrays over a large area. Chirality-controlled growth has 

not realized required purities of s-SWNTs (>99.9999%); therefore, on-chip 

purification need to performed, while s-SWNTs and the original morphology are 

maintained.  

In this thesis, the preparation of purely s-SWNT arrays will be described mainly 

from two points of view; growth and purification (sorting). These aspects are 

developed in harmony with each other to pursue three kinds of scaling at once; namely 

scaling to (1) short-channel, (2) small inter-nanotube separation, and (3) large-scale 

integrated circuits. By proposing a digital isotope coding method for tracing the time-

resolved growth profiles of a variety of individual SWNTs, the growth mechanism of 

SWNTs are re-investigated. The isotope labeling technique offers opportunities to 

analyze numerous SWNTs from one growth cycle without a need for extreme growth 

condition (e.g. ultralow pressure). Focuses is directed not only to the selectivity in 

chirality, but also to the nucleation and termination of SWNT growth to obtain clues 

to the improvement of density and its spatial uniformity. 

In addition, a sorting technique of s-SWNTs is developed as a postgrowth 

treatment on SWNT arrays. Joule self-heating is employed as source of selective 

removal of m-SWNTs because of a considerable difference in electrical conductance 

of two types of SWNTs under gate control. The self-heating in m-SWNTs leads to 

their full-length burning with the assistance of polymer coating, water vapor and 
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electric field, leaving arrays of long s-SWNTs for a scaled-up purification. Lateral 

confinement of the burning within the quasi-1D bodies (~nm) suppresses the damage 

to neighboring s-SWNTs even in densely packed arrays. 

Finally, multiple transistors with various dimensions are fabricated along the s-

SWNTs as a demonstration toward high-performance integrated circuits of SWNT-

based transistors. The fabrication method that utilizes the full-length burning of m-

SWNTs also enables ultrashort channel lengths, as well as the other two kinds of 

device scaling. Further improvement of controlled growth of SWNTs, post-growth 

treatments, and their combination would lead to the effective use of SWNTs in logic, 

high-speed communication and next-generation devices.  
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 Introduction 

Introduction 

1.1 Introduction and overview of the thesis 

Single-walled carbon nanotubes are a new group of material with quasi one-

dimensional (1D) structure of rolled-up graphene sheets, experimentally found in 

1993.[1] In addition, owing to the unique properties of sp2 nanocarbon and the 1D 

structure, there are a lot of possible applications of SWNTs in electronics, mechanics, 

and chemical engineering. Field-effect transistors (FET) are a one of the most 

promising field of this unique material because it has suitable transport properties for 

both electron and holes, and an extremely thin nanowire-like structure for the best gate 

control. In recent years, significant progresses on SWNT transistors are reported; 5-

nm gate length,[2] 40-nm footprint (including gate and metal contacts),[3] both of 

which exceed Si transistors in terms of size and performance. On the other side of 

device scaling, more than one million SWNT-based inverters are implemented into 

three-dimensional complex nanotechnology-based systems, demonstrating large-scale 

compatibility of this material.[4] However, the difficulty of preparing uniform and 

purely semiconducting SWNT arrays over a large area has hindered simultaneous 

achievement of the ultrascaled devices and their integration in large-scale systems.  

In the thesis, such s-SWNT arrays will be studied from the viewpoints of synthesis 

and analysis, post-growth purification, and device fabrication. For practical 

applications of SWNTs, perfect control of chirality would not always result in the best 

performance of devices, unless other properties, such as alignment and density, are 

controlled at the same time. In addition, the compatibility of synthetic processes and 

post-sorting processes has to be optimized to produce the SWNTs that are really 

required for applications. Based on a consistent strategy for preparing large-area, high-

density, and purely semiconducting SWNT arrays, the thesis will deal with synthesis 

and characterization of aligned SWNTs, sorting of semiconducting SWNTs, and the 

fabrication of SWNT-based transistors.   
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1.2 Structural representation of SWNTs 

SWNTs have a structure of a rolled-up graphene sheet. Since this geometry of the 

graphene sheet determines the electronic structure of SWNTs, it is important to 

understand the geometric of graphene at the beginning. Figure 1.1 shows a schematic 

of an SWNT opened-up into a graphene sheet. Structure of the sp2 carbon network of 

a two-dimensional graphene sheet is presented as a hexagonal lattice in Figure 1.1.  

Unit vectors of two dimensional graphene in real space a1, a2 are shown in Figure 

1.1. The real space unit vectors a1, a2 are expressed as below． 

𝐚1 = (𝑎, 0) 
(1.1) 

𝐚2 = (
1

2
𝑎,−

√3

2
𝑎) 

where a = |a1| = |a2| = 2.46 Å is the lattice constant of graphene. A specific vector that 

connects the O atom and the A atom in Figure 1.1 is called the chiral vector Ch, 

surrounding the tubular plane perpendicular to the tube axis. The structure of SWNTs 

is uniquely defined by this single vector, which is expressed using the unit vectors a1, 

a2 as below. 

 

Figure 1.1 Unrolled hexagonal lattice of a SWNT．The chiral vector Ch and translational 

vector T are presented for the case of Ch = 4a1 + 2a2 SWNT. Its unit cell is denoted as 

shadowed area. The angle between a1 and Ch gives the chiral angle θ (0 ≤ θ ≤ 30º). 

a1

a2 Ch

T

θ

Circumferential 

direction

Axial direction (n, m) = (4, 2)

y

x

4a1

2a2

A

O

B
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𝐂h = 𝑛𝐚1 +𝑚𝐚2 ≡ (𝑛,𝑚) (1.2) 

where n,m are integers and called chiral indices. Figure 1.1 shows an example for the 

chiral indices of (4,2) SWNTs. 

𝐓 =
(2𝑚 + 𝑛)𝐚1 − (2𝑛 +𝑚)𝐚2

𝑑𝑅
 (1.3) 

𝑑𝑡 =
𝑎√𝑛2 + 𝑛𝑚 +𝑚2

𝜋
 (1.4) 

𝜃 = cos−1(
2𝑛 + 𝑚

2√𝑛2 + 𝑛𝑚 +𝑚2
)      (|𝜃| ≤

𝜋

6
) (1.5) 

𝑑𝑅 = {
𝑑 ∶ if mod(𝑛 − 𝑚, 3) = 1 or 2 
3𝑑 ∶ if mod(𝑛 − 𝑚, 3) = 0          

 (1.6) 

SWNTs can be categorized into three groups according to their chiral indices 

(n,m). Armchair type has a chiral index of (n,n) and chiral angle of 30°. Zigzag type 

has a chiral index of (n,0) and chiral angle of 0°. These two types are also called achiral 

type. The other chiral indices are categorized into chiral type. Figure 1.2 shows 

schematic structures of typical SWNTs of each type.  

 

 

Figure 1.2 Structures of (a) zig-zag type, (b) armchair type, and (c) chiral type SWNTs. 

Zigzag

(10,0)

d = 0.794 nm

θ = 0º

Armchair

(6,6)

d = 0.825 nm

θ = 30º

Chiral

(8,3)

d = 0.782 nm

θ = 15.3º

(a) (b) (c)
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1.2.1 Electronic structure of SWNTs 

Electronic structure of SWNTs is explained as that of the graphene modulated in 

the circumferential direction according to how the graphene is rolled-up into a tubular 

shape. Therefore, starting from the electronic structure of normal graphene, SWNTs 

are described by imposing a periodic boundary condition. The energy dispersion 

relation of graphene E±
graphene is expressed by the equation below. 

𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒
± (𝒌) =

𝜀2𝑝 ± 𝛾0𝜔(𝒌)

1 ∓ 𝑠𝜔(𝒌)
. 

(1.7) 

where ω(k) is written as below. 

𝜔(𝒌) = √|𝑓(𝒌)|2 = √|exp (𝑖𝑘𝑥𝑎/√3 + 2exp (−𝑘𝑥𝑎/2√3)cos (𝑘𝑦𝑎/2)|
2
. 

(1.8) 

Note that symbols + and – represent antibonding and bonding orbitals. Figure 1.3 

shows the energy dispersion relations of graphene. 

These relations can be applied to the geometry of an SWNT by the zone-folding 

method. In SWNTs, only the limited wave vector in the energy dispersion relations of 

graphene is allowed due to the circumferential periodic boundary conditions. The 

allowed wave vectors all depend on the chirality of SWNTs, which determines the 

electronic structure. In Figure 1.3, the Brillouin zone of graphene and a (6,3) SWNT 

(cutting line) are overlapped in a reciprocal space.  

As shown in Figure 1.4, electrons in SWNTs can have wave vectors along N cutting 

 

Figure 1.3 The energy dispersion relations for graphene plotted as (a) a 3D diagram 

and (b) a contour plot (only * band). 
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lines expressed as below using two vectors K1 and K2. 

𝑘
𝐊2

|𝐊2|
+ 𝜇𝐊1, note that, −

𝜋

𝑇
< 𝑘 <

𝜋

𝑇
，𝜇 = 0,… , 𝑁 − 1 (1.9) 

𝐊1 = [(2𝑛 +𝑚)𝐛1 + (2𝑚 + 𝑛)𝐛2]/𝑁𝑑𝑅 

𝐊2 = (𝑚𝐛𝟏 −𝑚𝐛2)/𝑁 

(1.10) 

Note that b1 and b2 are reciprocal lattice vectors that are written as below. 

𝐛1 = (
1

√3
, 1)

2𝜋

𝑎
, 𝐛2 = (

1

√3
,−1)

2𝜋

𝑎
 

(1.11) 

K1 and K2 correspond to circumferential and axial directions of SWNTs, so only 

K2 discretizes due to the periodic boundary condition. As shown in Figure 1.4(b), only 

wave vectors and energies along cutting lines (black lines in the figure) on the energy 

dispersion relations for graphene are allowed. This can be further projected on YZ 

plane, giving one-dimensional energy dispersion relations as shown in Figure 1.4(c). 

Since the cutting lines for (6,3) SWNTs cross the K point, where the density of states 

of graphene is nonzero at the Fermi level, (6,3) SWNTs are categorized into “metallic” 

SWNTs (or zero-gap semiconductor). In general, SWNTs whose mod(n-−m,3) = 0 are 

metallic, while the other are semiconducting. Semiconducting (s-) SWNTs can be 

further divided into type I (mod(n−m,3) = 1) and type II semiconductors (mod(n-−m,3) 

= 2). The difference of these two types are often found in optical behaviors.  

 

Figure 1.4 (a) Schematic of the expanded Brillouin zone of a (6,3) SWNT with cutting lines. 

(b) The energy dispersion relation of graphene and a (6,3) SWNT. (c) One-dimensional energy 

dispersion relation for a (6,3) SWNT. 
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1.3 Material synthesis and characterization 

1.3.1 Main synthetic approaches of SWNTs 

Synthesis of CNTs can be divided into three methods; arc discharge,[5,6] laser 

vaporization,[7] and chemical vapor deposition (CVD) methods. Multi-walled CNTs 

(MWNTs) were first found by the arc discharge method, where high-voltage is applied 

between carbon rods.[5] Later, SWNTs were obtained by adding metals in the carbon 

rods,[1] and the crystallinity of the SWNTs is high because the SWNTs are grown at 

very high temperature. Although the productivity is not high in comparison with the 

CVD method mentioned later, SWNTs by this method are commercially available. 

The laser vaporization method produces SWNTs by the introduction of strong laser to 

metal-mixed carbon rods in high-temperature furnace. This method also offers poor 

scalability and thus low productivity compared to the CVD method. 

Third method, but most commonly used today, is the CVD method, whereby 

CNTs grow from catalyst nanoparticles (often metals) with the introduction of carbon 

feedstock gases in high-temperature furnaces as shown in Figure 1.5. In a general CVD 

process, carbon precursors are first dissociated and adsorbed on the catalyst 

nanoparticles. Carbon atoms are then dissolved and diffused in/on the catalysts. After 

some time of incubation, carbon atoms precipitate and form caps (nucleation), 

followed by continuous growth of tube walls. This method is widely studied and 

 

Figure 1.5 Schematics to explain the growth process of SWNTs in alcoholic catalytic 

CVD. Gray and green circles represent a catalyst nanoparticle and carbon atoms, 

respectively. 
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utilized for any kinds of application owing to the large productivity and structure-

controllability of CNTs. 

The CVD method produces various morphologies of CNTs, from powder-like 

bulk form, forest-like vertically aligned structures, randomly oriented network thin 

films, and to horizontally aligned individual (not bundled) configuration, depending 

on temperature, carbon feedstock gases, substrates, supports, and density of catalysts, 

and so on. Each type of the CNT morphologies is suitable for different kinds of 

applications. Therefore, the morphology, as well as tube chirality (n,m), has to be 

controlled according to the applications. 

When a single or very sparse SWNTs grow on substrates, such as SiO2/Si, the 

SWNTs have no preference in orientation and usually are winding due to the flexible 

body derived from the thin tubular structure. As the density of SWNTs increases, the 

SWNTs get electrically connected each other and form random networks. This 

morphology could be directly used for channels of thin-film transistors and transparent 

conductive films depending on density, length, and ratio of m- and s-SWNTs. On the 

other hand, when SWNTs are efficiently grown from high-density catalysts supported 

on substrates, the SWNTs are vertically aligned perpendicular to the substrates.[8] 

Since the length of vertically aligned SWNTs is not limited by the substrate area, 

millimeter-tall forests of SWNTs were obtained. Therefore, this kind of growth 

methods are suitable for mass production, if not the best, especially where the aligned 

morphology is required. 

When moderately sparse SWNTs are grown on special substrates with a certain 

plane of crystals, the orientation of SWNTs follows certain directions of the 

lattice.[9,10] This yields horizontally aligned SWNTs. Growth of horizontally aligned 

SWNTs were realized with the guidance of atomic steps on the surface of mi-cut 

crystalline substrates.[11] The morphology of horizontal arrays can be used in 

semiconductor applications of SWNTs, such as transistors, because such applications 

do not require large amounts of SWNTs but high-quality and well-organized materials.  
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1.3.2 Raman scattering spectroscopy 

Characterization techniques of nanomaterials, such as SWNTs, are usually much 

different from bulk materials. Since uniqueness of SWNTs lies not only in their 

geometric structures but also in the difference in electronic structures originated from 

the geometry, conventional optical imaging and scanning probe microscopy cannot 

fully chapter the characteristics of SWNTs. Both electrons and phonons in SWNTs 

behave much differently depending on atomic arrangements (i.e. chirality); therefore, 

Raman spectroscopy, which probes the behaviors of electrons and phonons in 

materials, can be a powerful tool for the probing physical properties of SWNTs.  

When photons are scattered from a material, most photons have the exact same 

energy as the incident photons. A part of photons increase or decrease the energy by 

interacting with vibrations and rotations of materials (phonons in the case of crystalline 

materials like carbon nanotubes). This scattering is particular to each material and thus 

can be used for identification of many kinds of materials. 

In SWNTs, significantly large resonant effects are observed due to the van Hove 

singularities in electronic density of states.[12] When the photon energy of incident 

light matches the optical transition energy of SWNTs, this resonance occurs and 

therefore Raman scattering from even a single SWNT (~1 nm in diameter) can be well 

detectable. SWNTs have several Raman-active phonon modes unique to each chiral 

indices (n,m). G-mode of SWNTs, which appears around 1590 cm−1, is a fingerprint 

for sp2 carbon materials, such as graphite, graphene, and carbon nanotubes, originating 

from an in-plane mode of hexagonal rings of graphite. This G-mode is split into two 

prominent peaks (G+ and G-) in SWNTs because of the rolled-up structures with some 

chiral angles. Radial breathing mode (RBM), which has a relatively low frequency 

originates from radial expansion-contraction of the nanotubes. Therefore the 

frequency is dependent on the diameter, showing little dependence on surrounding 

environment.  

By using lasers with different wavelengths (photon energies), more detailed 

characterization and identification becomes possible than bulk materials. Nonetheless, 

optical systems for Raman spectroscopy measurement is complicated so that available 

wavelengths of excitation lasers area usually limited. Not all SWNTs can be fully 
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detected, and also the assignment of chiral indices is very difficult especially when the 

diameter is large (i.e. the possible indices within similar diameter is numerous).  

 

1.3.3 Electron microscopy 

Electron microscopy is an indispensable tool for nanoscience and nanotechnology, 

where the material size of interest is smaller than the wavelengths of visible light. 

Since wavelengths of electrons (especially with high energy) can be smaller than the 

size of atom (~10−10 m), electron microscopy offers ultrahigh spatial resolution.  

Scanning electron microscopy (SEM) is one of the most frequently used tool to 

characterize SWNTs. When electron beams are scanned over a sample surface, most 

of the incident electrons lose the energy by generating heat, but some electrons in the 

very vicinity of the surface (~10 nm deep) are scattered off the surface as secondary 

electrons. By scanning electron beams and collecting those electrons with detectors, 

images of the sample surface are created. SEM imaging of SWNTs highly depends on 

the acceleration voltage of electrons, substrates, and substances in touch.[13] In 

particular, SWNTs on SiO2/Si substrates (with 1 kV acceleration voltage) “look” much 

thicker than the true diameter due to electron beam induced current in insulator 

substrates, making the spatial resolution of imaging worse.[14] 

Transmission electron microscopy (TEM), in which high-energy electron beams 

(60–200 keV) are transmitted through samples to form images, is another widely used 

tool in many fields. The extremely high resolution of this technique enables the 

observation (visualization) of atomic layers of CNTs, providing diameter and number 

of layers of CNTs. In addition to the direct visualization of atoms, electron diffraction 

is often used in a TEM to form interference patterns by utilizing the wave nature of 

electrons, which for example elucidates the chiral indices (n,m) of SWNTs. Electron 

energy loss spectroscopy (EELS) is also an effective tool to identify the electronic 

structure of SWNTs in which, for example, electrons with narrow range of energies 

lose energy via inelastic interaction with inter-band transitions. EELS can be thus used 

to assign the chirality of SWNTs.[15] 
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1.4 Applications of carbon nanotubes 

Since CNTs, tubular-shaped graphite, have light weight, high aspect ratios and 

large electrical/thermal conductivity, they can be used as electrical/thermal filler in 

low-conductivity materials (such as polymer).[16,17] From their mechanical strength, 

CNTs are also used for load-bearing applications to enhance stiffness and toughness 

of polymers. For example, ~1 wt% of multi-walled CNTs (MWNTs) in epoxy resulted 

in the enhancement of fracture toughness by 23% without deteriorating other 

properties.[18] Not only as fillers in composites, self-standing sheets and strings of 

CNTs have a wide range of applications.[19,20] 

CNTs are also intensively used in energy-related applications, such as battery and 

photovoltaics. For example, high mechanical/chemical stability and electrical/thermal 

conductivity, as well as high surface area, of CNTs can improve the performance of 

Li-ion batteries [21] and supercapacitors.[22] Few-walled CNTs, if outer walls are 

partially unzipped via oxidation, effectively work as electrocatalysts for oxygen 

reduction reaction in fuel cells, while inner walls serves as good electrical 

conductors.[23] For solar cells, CNTs were used in dye-sensitized solar cells as a low-

cost alternative to Pt counter electrodes,[24] then followed by recent applications in 

perovskite solar cells.[25] The application of CNTs in perovskite solar cells makes use 

of high (often, hole) conductivity with relatively large transparency, if CNTs are used 

instead of ITO and FTO.[26] Similar properties led to high efficiency in S-CNT 

heterojunction solar cells.[27] Chirality-sorted semiconducting SWNTs were also used 

as active layers of photovoltaics, though the power conversion efficiency was still 

low.[28] 

The application described above mainly exploit the mechanical strength, chemical 

stability and high electrical conductivity of CNTs. Another unique characteristic of 

(especially, single walled) CNTs is a tunable band gap depending on their diameter 

and chirality (n,m). For example, s-SWNTs are a direct band gap semiconductor, and 

therefore can be used for light emitters [29] with a wide range of wavelengths. For 

quantum information processing and communication technologies, single-photon 

emission of telecommunication-wavelength at room temperature was realized by 

fabricating exciton trapping sites in SWNTs [30] or by utilizing exciton-exciton 
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annihilation in SWNTs.[31] Another promising application of SWNTs as a 

semiconductor is channels in field-effect transistors.[32] Moderate band gap, ultrathin 

bodies, and high carrier mobility both for electrons and holes render SWNTs ideal 

materials for high-performance transistors in logic circuits. Furthermore, SWNTs are 

strong candidates for transparent and flexible electronic devices, such as displays and 

wearable/biocompatible devices, owing to the mechanical flexibility and 

transparency.[33,34] 

 

1.5 Basic sample preparation and measurement 

1.5.1 Transfer of SWNT arrays onto arbitrary substrates 

In this thesis, aligned SWNTs are mostly grown on crystalline quartz substrates. 

Although electronic devices can be directly built owing to the insulating nature of 

quartz, the SWNTs were transferred without changing the morphologies on highly 

doped-Si with a thin oxide layer on the surface for a better platform of devices 

fabrication. Here, Si and SiO2 serve as gate electrodes and gate dielectric layer of field 

effect transistors, respectively. Also, the transfer of SWNTs from quartz substrates is 

important for Raman measurement. Since Raman signals at low frequency (100–300 

cm−1) particular to SWNTs (radial breathing mode) appear close to that of crystalline 

quartz, the SWNTs are often transferred onto SiO2/Si substrates to clearly obtain the 

Raman spectrum from SWNTs. Unfortunately, moving SWNTs from one place to 

another is not easy due to the extremely thin and flexible bodies. Also, once they form 

bundles via the wan der Waals interaction, it is almost impossible to separate them 

without dispersion by the assistance of ultrasonication and surfactants. 

Powerful tools for the transfer is to use thin films of rigid materials, such as 

PMMA,[35] or metallic films supported by rigid tapes [36] (e.g. thermal release tape) 

for intermediation. In the thesis, SWNT arrays were transferred via poly(methyl 

methacrylate) (PMMA) films. After spin-coating of PMMA on quartz substrates, 

PMMA films and the substrates were scratched along the edges with diamond tipped 

scribe to accelerate the etching of substrates in the next. Quartz substrates with PMMA 

films were then immersed in a heated KOH aqueous solution (1 mol/L) for 10 min. 

When the substrates were quietly immersed into deionized (DI) water, the PMMA 
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films were spontaneously peeled off from the substrates and floated on the water. After 

rinsing the PMMA film with another DI water, PMMA films (and SWNTs) were 

picked up by target substrates, followed by natural drying, bake, and immersion in 

acetone to remove PMMA. 

 

1.5.2 Formation of metal contacts (makers) and etching 

To fabricate SWNT-based transistors, SWNTs have to be contacted with (usually) 

metal electrodes. In general, work functions of metal used here affect the band 

alignment and the conduction type of the transistors (n or p type). In this thesis, two 

different ways of the contact between SWNTs and metal electrodes were employed. 

When Pt is used as contacts, Pt were first patterned by photolithography and sputtering. 

Then, SWNTs were transferred on SiO2/Si with pre-patterned Pt electrodes to form 

bottom contact. Since Pt is hard and rigid, Pt serves as probing pads which are not 

damaged by probes. On the other hand, Au contacts were directly patterned on SWNTs 

by thermal evaporation. For both types of metals, bilayer resists 

(polydimethylglutarimide as a sacrificial layer) were used for easiness of the lift-off 

process and for smooth edges of the electrodes. The patterning of metals was done in 

the similar ways, when markers are fabricated for the characterization of SWNTs by 

SEM, AFM, and Raman spectroscopy at the same position. 

 

1.5.3 Electrical measurement/treatment in controlled atmosphere 

In this thesis, most of the measurements of transfer characteristics are conducted 

in air. In some occasion, atmospheres, e.g. pressure and gas composition, for electrical 

measurements and treatments are controlled through measurements in the chamber (E4, 

Riko Boeki) connected to gas cylinders and a rotary pump and a turbo molecular pump. 

The pressure can be decreased to ~1 × 10−2 Pa for the annealing of SWNTs with Joule 

self-heating and the measurement of field emission while avoiding damages to SWNTs. 

Pure oxygen, nitrogen and water vapor can be independently introduced in the 

chamber to obtain desired partial pressures. The temperature of a sample stage is 

controllable from room temperature to >100°C if necessary.  
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1.6 Challenges for SWNT-based computing 

Figure 1.6 displays the properties of SWNTs required to build SWNT-based high-

performance electronics (CMOS inverter). Alignment and position of SWNTs have to 

be controlled to achieve large on-state current and negligible off-state current. 

Crossing SWNTs, which weaken the gate control due to electrostatic screening, should 

be avoided. [37] To this point, lattice-oriented growth of single-crystalline substrate 

(e.g. quartz, sapphire) enables perfect alignment.[38] In addition, significant progress 

has been made on assembly of dispersed SWNTs in liquid,[39,40] which offers 

opportunities to obtain high-density arrays of monodispersed SWNTs via wet 

separation techniques.[41–44]  

To maximize the potential of SWNTs, the contact between SWNTs and (often 

metal) electrodes needs to be carefully designed. First, electrical contact resistance has 

been reduced by band-alignment engineering at the interface because the contact 

resistance dominates the performance of ultrascaled devices; Pd electrodes are 

frequently used to obtain the theoretically minimum value (i.e. quantum limit, RQ = 

1/G0 = h/4e2 ≈ 6.5 kΩ).[46] However, when the device footprints are shrunk and the 

contact length (overlap length of SWNTs and source/drain) accordingly decreases, the 

contact resistance increases because transport between a metal and nanotubes occurs 

 

Figure 1.6 Schematic of SWNT-based inverter. (a–e) Technological issues regarding 

to the application of SWNTs in high-end logic devices, made by reference to ref. [45] 
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not only at the contact edge but also at tube walls; for example, as the contact length 

scaled from 100 nm to 20 nm, the contact resistance increased from 2Rc < 15 kΩ to 

>35 kΩ.[47] An innovative approach of side-bonded contact schemes was formed 

through the reaction of Mo with SWNTs to form carbide, and realizes size-independent 

contact resistance.[48] 

Reliable operation of logic circuits requires the control of polarity and threshold 

voltage of transistors, which can be tuned by doping. Instead of substituting a small 

portion of carbon with other elements, extra carriers are injected from outside for the 

use in transistor channels.[49]  For example, SWNTs behave as a p-type 

semiconductor in air due to water/oxygen (coupling).[50] A more practical and stable 

means of charge transfer doping is to insert proper metal oxide between SWNTs and 

the gate dielectric.[51] Another way to control the threshold voltage and polarity is to 

choose metals with appropriate work functions (e.g. low work function metal is for n-

type transistors),[52] and 240-nm footprint SWNT CMOS inverter was recently 

demonstrated using Sc-Pd contacts.[2] 

Purity of semiconducting SWNTs, density, and its uniformity are still bottlenecks 

of high-end applications (e.g. replacement of Si). Regarding these two aspects, details 

of the development and challenges are described in Chapter 2 and 3. 

 

1.7 Objective of the thesis 

As a theoretical study predicted that SWNT-based digital systems will outperform 

silicon-based devices by several times in terms of both switching time and energy 

efficiency,[53] SWNT transistors have been fabricated with ultrascaled gate lengths 

(down to 5 nm)[2] or footprints including source/drain contacts (down to 40 nm),[3] 

demonstrating better performance than silicon devices. In addition to such excellent 

performances on the individual transistor level, three-dimensional digital systems that 

incorporated more than one million SWNT-based inverters were built for the sensing 

environments, and then for the storing and processing of information.[4] This proved 

that SWNT-based large-scale systems can work reliably and also possess unique 

functions.  
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However, it is still quite difficult to simultaneously achieve large-scale integration 

of ultrasmall transistors because of the difficulty in obtaining “good” SWNT starting 

materials suitable for device fabrication, as the challenges for SWNT application is 

summarized in Figure 1.6. One should start the fabrication from aligned arrays of high-

density (>100 SWNTs/μm) but individual, purely semiconducting (>99.9999%) 

SWNTs over a large area.[54] In order to prepare such SWNT materials, the thesis 

deals with synthesis, purification, and fabrication/characterization of devices. 

Although much progress has been independently reported in s wide range of aspects 

(synthesis, purification, and fabrication), they are not necessary in harmony 

(compatible) with each other. Therefore, in this thesis, growth and sorting methods of 

SWNT arrays are developed in a cooperative manner for the fabrication of SWNT-

based transistors that satisfies three kind of scaling; scaling to large-scale circuits, short 

channel lengths, and to small inter-SWNT spacing. 

 

Structure of the thesis 

The overview of the thesis is summarized in Figure 1.7. Analysis on horizontally 

aligned SWNTs is first described for the control of chirality, length, and density in 

Chapter 2. After basic studies on the aligned SWNTs, an isotope labeling technique to 

 

Figure 1.7 Overview of the thesis. Objective of the thesis is to prepare homogeneous, 

high-density, purely semiconducting SWNT arrays over a large area.  
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trace the growth process of long individual SWNTs ex situ is introduced. In addition, 

observation of horizontally aligned SWNTs by TEM is attempted by fabricating the 

thin film of poly-crystal SiO2 that can be directly put in TEM chamber. This will offer 

insights into the interaction between crystalline substrates and catalysts/SWNTs, and 

also can be combined with the isotope labeling technique.  

Chapter 3 describes the method for on-chip sorting of s-SWNT arrays for high-

performance transistor application. Starting from a finding of a new phenomenon for 

long-length removal of m-SWNTs, thermally and chemically driven etching of 

SWNTs is investigated by experiments and simulations. Finally, the phenomenon is 

then developed into a technology that enabled a reliable sorting of s-SWNTs. 

In Chapter 4, pure s-SWNT arrays are prepared by using the sorting method based 

on the knowledges obtain in Chapter 3. Then, multiple transistors are fabricated and 

characterized in comparison with other purification methods. Also, scalability of the 

sorting and device fabrication method is discussed in terms of large-scale circuit, short-

channel transistors, and inter-SWNT spacing. 
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 Synthesis and Analysis of Horizontal SWNT Arrays 

Synthesis and Analysis of Horizontal 

SWNT arrays 

2.1 Introduction to synthesis of SWNT arrays 

Growth of horizontal SWNT arrays directly on insulating substrates, such as 

single-crystalline quartz and sapphire, would offer the best materials for realizing high-

performance SWNT transistors once chirality or electronic-type of SWNTs are 

perfectly controlled because of the cleanliness, high-degree of alignment, and density 

over a large area.[36] Since the initial reports on aligned growth on those crystalline 

substrates over a decade ago, significant progress has been made on length, density, 

and even chirality selectivity of SWNTs. In this chapter, starting from basic parts of 

SWNT synthesis, focuses are then directed to the SWNT configuration required for 

high-performance transistors and experimental investigation on the growth process of 

aligned SWNTs to achieve the goal. A theoretical study [53] revealed that the density 

of ~200 SWNTs/μm is desirable in terms of both drive current and inter-tube charge 

screening, and inter-tube pitch should be as uniform as possible.  

For horizontally aligned SWNTs, many researchers have tried to control the 

density, length, and chirality of SWNTs for the application. For example, degree of 

alignment and density were improved at the same time by spatially patterning catalysts 

in stripes.[55] Multiple-cycle CVD or implanted catalyst in substrates yielded even 

higher-density SWNT arrays over a large area.[56,57] At the same time, chirality-

controlled growth has undergone considerable progress in recent years by designing 

catalysts.[58,59] Nevertheless, the density and purity of s-SWNTs has not reached the 

levels required for the direct use in high-performance microelectronic 

applications.[54]  
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2.2 Basic analysis on horizontally aligned SWNTs 

Horizontal array configuration of SWNTs obtained on single-crystal substrates is 

an excellent platform for the analysis on SWNT growth,[60,61] not only for the direct 

application of this organized structure. This chapter will deal with analysis on time-

dependent length of aligned SWNTs and characterization of the SWNTs by Raman 

spectroscopy to build the basis for the next section. 

2.2.1 CVD time-dependent length of aligned SWNTs 

First, time-dependent lengths of aligned SWNTs were investigated. The SWNTs 

were grown by CVD with 100 sccm of Ar/H2 and 10 sccm of ethanol. Temperature 

and the total pressure was 800°C and 1.5 kPa, respectively. The substrates were placed 

10 cm away from the furnace edge on an upstream side. Figure 2.1(a) shows SEM 

images of SWNT arrays grown for different CVD times (30s, 3 min, 15 min). 

Histograms of the length of those SWNTs are shown in Figure 2.1(b). Density and 

length clearly increased with the CVD time. Figure 2.2(a) shows the average length of 

SWNTs as a function of CVD time. Error bars represent the standard deviation of the 

length. The average length can be well fitted with the equation reported before; 

L(t) = γ0τ(1−exp(−t/τ)), where L(t) is the average length of SWNTs, γ0 is the initial 

growth rate on average, and τ is the reaction time constant. However, as revealed in 

next section, the growth rate of “individual” SWNTs is constant, and does not change 

throughout their entire lifetime (from nucleation to deactivation).  

 

Figure 2.1 (a) SEM images of SWNT arrays grown with CVD time of 30 s, 3 min, 

and 15 min.(b) Histograms of the SWNT length in (a). 
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To explain the decay of the “average” growth rate in Figure 2.2(b), a simple 

simulation was conducted, where the growth rate for all SWNTs is constant (= γc), but 

the growth stops randomly and suddenly with a certain probability (p = 1/τp) every 

arbitrary time unit. The fitted parameters from Figure 2.2(a) (γ0 = 4.96 μm/min, τ = 

4.16 min) were used as two parameters (γc and τp) for the simulation. Time evolution 

of the simulated average length is plotted in Figure 2.2(b), and can be well fitted with 

the same equation (L(t) = γ0τ(1−exp(−t/τ))). In addition, standard deviations of the 

length is very similar to the experiment. This result independently indicates that the 

growth rate of individual horizontally aligned SWNTs is constant, but the average (or 

summation) follows the exponential decay because the ratio of active (growing) 

SWNTs decreases with time.  

Next, the growth rate was scaled by ethanol partial pressure pEtOH and the heating 

length of carbon feedstocks Lheat. With the growth condition in Figure 2.1 defined as a 

standard, average length evolution of SWNT grown with different Lheat and pEtOH is 

compared in Figure 2.3(a) and (b), respectively. Although the absolute length was 

different for both cases, if the SWNT length LCNT is normalized by the gas heating 

time Lheat or the CVD time tCVD is normalized by ethanol pressure pEtOH, the growth 

 

Figure 2.2 (a) Time evolution of the average length of SWNTs obtained in the experiment. 

(b) Simulated average length of 400 SWNTs recorded every one arbitrary unit. Error bars 

indicate the standard deviation. 
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curves well agree with each other, indicating the relationship γ0 ∝ LheatˑpEtOH, though 

influence on the growth time constant τ might be different for these parameters.  

 

2.2.2 Chirality (n,m) assignment of SWNTs by Raman spectroscopy 

For the analysis of chirality-dependent the growth and the nucleation (population) 

of SWNTs, assignment of the chirality, i.e. chiral indices (n,m), is necessary. 

Enormous efforts have been invested on the chirality assignment, using spectroscopy 

and microscopy. Transmission electron microscopy is a representative method for the 

structural identification of nanomaterials, like SWNTs. In addition to direct high 

resolution imaging of carbon atoms, electron diffraction is often used for the 

assignment of SWNT chirality,[1] which observes diffracted electrons instead of 

transmitted electrons. Scanning tunnel microscopy (STM) is one variety of scanning 

probe microscopy, like atomic force microscopy (AFM), and can directly observe the 

atomic arrangement in SWNTs.[62] However, those microscopy techniques require 

special structures of samples, such as air-suspended or support on metal substrates, 

and also a lot of time for the determination of chiral indices.  

On the other hand, three types of spectroscopy are often used for the chirality 

assignment; Raman spectroscopy, photoluminescence (PL) spectroscopy,[63] and 

 

Figure 2.3 (a) Time evolution of the average length of SWNTs obtained in the experiment. (b) 

Simulated average length of 400 SWNTs recorded every one arbitrary unit. Error bars indicate 

the standard deviation. 
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Rayleigh spectroscopy.[64] Since PL spectrum is difficult to obtain from the SWNTs 

on substrates and m-SWNTs, it cannot be used in this study. Rayleigh spectroscopy 

was introduced as a powerful tool for probing electronic structure and the chirality of 

SWNTs of any kinds, including m-SWNTs, air-suspended structures, and on-

substrates.[64,65] However, the technical difficulty of measurement due to the direct 

observation of elastic scattering makes this technique not available for every 

laboratory. Raman spectroscopy is therefore most frequently used for the 

characterization of SWNTs on substrates or suspended in a liquid, especially when the 

amount is small because of relatively large signals owing to the resonance effect. In 

spite of a number of studies on Raman spectroscopy, the chirality assignment is not 

easy because both the optical transition energy and RBM frequency can be shifted 

depending on the environment; air-suspended, dispersed in liquid (wrapped by 

surfactants), or supported on various substrates.[66] Therefore, Kataura plot has to be 

slightly modified for each type of samples.  

In this study, a number of Raman spectra were obtained from individual 

horizontally aligned SWNTs. First, the SWNT arrays were grown on quartz substrates, 

and then transferred onto SiO2/Si substrates via PMMA thin films. Excitation laser 

with 532 and 488 nm wavelength was used because they can detect a wide range of s-

SWNTs and also has a strong laser power. Among numerous RBM peaks, those with 

peak frequency between 180 and 200 cm−1 (2n + m = 32 family) were studied first 

because the RBM peaks in this region can be assigned relatively easily. 
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The intensity of all the RBM peaks were normalized by G-band intensity and 

plotted as a function of RBM frequency in the bottom panels Figure 2.4(a) and (b) for 

excitation wavelengths of 532 and 488 nm, respectively. In Figure 2,4(a), two branches 

are roughly found in the ranges of 140–170 cm−1 and 170–200 cm−1 with different 

intensity. In the lower frequency range (140–170 cm−1), the group with stronger 

intensity is likely to be assigned to the 2n + m = 43 family, while the weaker one is to 

the 2n + m = 40 family, judging from the energy match of incident photons and optical 

transition of SWNTs. In the lower frequency range (170–200 cm−1), the groups with 

 

Figure 2.4 (a,b) Kataura plot (top panel) and RBM intensity normalized by G-mode intensity 

versus Raman shift (bottom panel) with excitation wavelengths of 532 nm (a) and 488 nm (b). 

X-axis of Kataura plot is shifted from the literature by to 6 cm−1 to positive value for this 

sample. RBM intensity is plotted (c) as a function of RBM frequency ωRBM in 180 < ωRBM< 

200cm−1, (d) as a function of G/D ratio IG/ID for the SWNTs with (15,2) and (13,6) chiralities, 

indicating linear relationship. 
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strong and weak intensity probably belong to the 2n + m = 35 and 32 families, 

respectively. Since it is well known that near-zigzag (smaller chiral angle) SWNTs has 

stronger RBM intensity than near-armchair (larger chiral angle) SWNTs,[67] each 

branch seems to have strong RBM intensity as Raman shift increases. Similar things 

can be applied to the spectra excited by 488 nm laser (Figure 2.4(b)). 

Figure 2.4(c) and (d) shows RBM frequencies ωRBM versus the intensity IRBM. 

Although (16,0) and (15,2) SWNTs have RBM peaks at close frequencies, chirality of 

all the SWNTs with ωRBM ≈ 196 cm−1 was assigned as (15,2) because the growth rate 

of zigzag SWNTs is known to be very slow.[58] Interestingly, SWNTs with the 

apparently identical chirality have much different intensity of RBM peaks. Then, the 

RBM intensity of two representative chiralities (15,2) and (13,6) were plotted as a 

function of G/D ratio in Figure 2.4(d), showing the linear relationship. 

Since it is still difficult to assign the chirality in the low frequency region (large-

diameter SWNTs), another clue for chirality assignment is discussed for the 

horizontally aligned SWNTs on substrates. It is known that G− and G+ modes of 

SWNTs, which is related to an optical in-plane phonon of the graphite, are dependent 

on the diameter, chiral angle, and family pattern.[68] In the previous study, intensity 

 

Figure 2.5 (a) G mode and RBM spectra of the SWNTs whose chiralities were assigned as 

(11,10) and (15,2). Both spectra are normalized by G peaks. Red dashed and solid lines are 

Lorentzian fitting curves for G+ and G− modes, respectively. (b) G− intensity ratio to G+ 

intensity (IG−/IG+) as a function of chiral angle for 2n + m = 32 (black circles) and 43 (red 

rectangles) families. Blue and black arrows indicate the SWNTs shown in (a). Solid and 

dashed lines are obtained by the fitting of the plots with Eq. 2.1 and 2.2, respectively.  
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ratio ∂I = IG−/IG+ was expressed as a function of diameter and chiral angle, but the 

diameter dependence is small when the family is the same. Therefore, it can be simply 

expressed as below. 

∂𝐼(𝑑, 𝜃) =
𝐼𝐺−

𝐼𝐺+
= 𝑎1(1 − cos(6𝜃))     (2.1) 

where a1 is constant and θ is the chiral angle of SWNTs. 

It is relatively easy to assign the chirality for the 2n + m = 32 family because of 

less candidates than larger-diameter SWNTs. Even SWNTs of five different chirality 

((15,2), (14,4), (13,6), (12,8), (11,10)) are selected. Figure 2.5(a) shows the normalized 

G-band and RBM spectra of a (11,10) SWNT and a (15,2) SWNT, where G-band is 

further broken down to G+ and G− modes. ∂I = IG−/IG+ was plotted as a function of 

chiral angle for 11 SWNTs. The data are first fitted by Eq. 2.1 (solid line in Figure 

2.5(b)), but the G− mode does not seem to decrease to zero for the zig zag tubes. 

Therefore, a slightly different equation is introduced for better fitting as below. 

∂𝐼(𝑑, 𝜃) =
𝐼𝐺−

𝐼𝐺+
= 𝑎1(1 − 𝑎2 cos(6𝜃))     (2.2) 

where a2 is constant (0 < a2 <1). This equation well agrees to the experimental data in 

Figure 2.5(b), indicating G-mode of SWNTs is also affected by isotropic force of a 

substrate support. 
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2.3 Digitally coded isotope labeling for monitoring SWNT growth 

For reliable device fabrication from aligned SWNT arrays, especially when a lot 

of transistors integrated into a system, the SWNT arrays must be spatially 

homogeneous over the entire area (e.g. wafers). This means that SWNTs need to be 

long enough if the SWNTs grown from stripe-patterned catalysts on substrates.[55] 

However, in many cases, some SWNTs grow long but some SWNTs stop growing, 

ending up with short segments. This is one of the reason for the ununiformity of density 

of SWNT arrays. 

To elongate the lifetime of SWNT growth and ensure that all the SWNTs start 

growing from one side of catalyst stripe to the other side of the stripe, we first need to 

understand how and why SWNTs terminate their growth. Although there have been 

many studies on the lifetime of SWNTs, most of them observed bulk ensembles of 

CNTs (mainly forests and random networks). Since tube-tube interaction and gas 

diffusion can be a limit of the growth in the high-density forest form, the mechanism 

of growth termination might be different between horizontally/vertically aligned 

SWNTs. Also, each SWNT has a different lifetime, so that time evolution of the 

averaged length does not always give accurate information on an SWNT growth rate. 

In addition, the growth rate is known to depend on chiralities and catalysts properties, 

[69,70] making the analysis on lifetime and growth rate much difficult. 

The other type of studies is in situ Raman/TEM/SEM measurement of individual 

CNTs,[70–74] where a short SWNT is generally observed in one cycle of growth. For 

instance, in situ TEM observation gives real-time CNT images very much in detail; 

however, the growth condition for this technique is much different from that for the 

CNTs for practical application, whose lengths are usually >1 μm (sometimes >1 mm). 

The nature of in situ experiments makes a statistical investigation difficult because the 

number of the CNTs observable in a single experiment is limited and the growth 

condition could subtly change each time.  

 

2.3.1 Tracing the growth histories of horizontally aligned SWNTs 

Isotope labeling with high-purity 13C feedstock has been used for the monitoring 

of bulk SWNTs ensembles and graphene (such as vertically aligned structures).[75–
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79] Unlike graphene synthesis, for which isotope labeling was often used to visualize 

the growth process, growth process of SWNTs have considerably wide varieties, such 

as morphologies, chiralities, and catalyst nanoparticles. This has made the use of 

isotope labeling on individual SWNTs very much limited;[76] one example offered 

information for proving the base growth mechanism of lattice-oriented SWNTs. Costs 

of experiments derived from expensive 13C feedstocks hinder intensive studies using 

carbon isotopes. Hence, the isotope labeling on individual SWNTs has a plenty of 

room to be explored and improved. 

Here, the targets of our interest is narrowed down to lifetime, growth rate, and 

incubation time of SWNTs with identified chiralities. Figure 2.6(a) illustrates the 

concept of digital isotope coding (digitally coded isotope labeling). Since our CVD 

system operates at low pressures (~1 kPa), switching among different species of carbon 

feedstocks can occur very quickly, making the fine labeling on SWNTs. Four different 

ratios (0, 33, 67 and 100%) of 13C ethanol were introduced during the growth process 

to embed binary-like codes in SWNTs. Raman spectra obtained from four different 

 

Figure 2.6 (a) Schematic of isotope labeling to trace the growth of individual SWNTs. (b) 

Raman spectra of SWNTs grown from ethanol with four different fractions of 13C. Isotope 

labels with one-third and two-thirds of 13C are defined as label “0” and label “1”, respectively, 

while SWNTs grown from 100% 13C is named “#”, signaling a start of new binaries. Excitation 

wavelengths was 532 nm. (c) An example of gas flow rate of 12C ethanol and 13C ethanol for 

isotope coding. (d) Intensity of Raman spectra along the axis of a representative SWNT (tube 

A1). 



27 

 

Synthesis and Analysis of Horizontal SWNT Arrays 

 

positions of the same SWNT are show in Figure 2.6(b). Excitation wave length of 532 

nm was used in all experiments, unless otherwise mentioned. A 33% difference of 13C 

ethanol content resulted in >10 cm−1 shift of the G-band, and thus each label can be 

easily distinguished. An example of CVD time versus ethanol flow rate is shown in 

Figure 2.6(c). Table 1 explains the concept of digital coding with isotope labels. The 

Raman intensity map along the tube axis (Figure 2.6(d)) shows a clear sequence of 

isotope codes. 

Note that naturally evaporated ethanol at room temperature can be introduced into 

a reaction chamber because the total pressure in the reaction chamber was as low as 

1.5–1.7 kPa. The low pressure growth was beneficial to obtain relatively a large gas 

velocity (~0.4 m/s) to fasten the switching of two isotope ethanol gases in the chamber. 

Figure 2.7(a) shows a schematic of the CVD system for digital isotope coding. 

Computer-controlled mass flow controllers have quick response, enabling the accurate 

introduction of two types of carbon isotopes (Figure 2.7 (b)).  

Table 2.1. Example of 2-bit isotope coding. 

2 bit 
            

label number 0 1 2 3 4 5 6 7 8 9 10 11 
13C ratio (%) 100 33 33 100 33 67 100 67 33 100 67 67 

label type # 0 0 # 0 1 # 1 0 # 1 1 

group 0 1 2 3 

 

 

Figure 2.7 (a) Schematic of the CVD system for isotope-labeled growth. Buffer gas (Ar or 

Ar/H2 mixture) and 12C/13C ethanol were introduced into a CVD reactor (quartz tube). Two 

types of ethanol was separately and precisely controlled via a computer program (LabVIEW, 

National Instruments). During the CVD, pressure of the reactor was reduced <2 kPa to let 

ethanol flow into the reactor without heating. (b) Set and measured flow rate of two types of 

ethanol. 
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SEM and Raman mapping images were obtained from the same area as shown in 

Figure 2.8(a) and (b), respectively. Blue, yellow, green, and red parts are 

corresponding to pure 12C nanotubes and isotope labels (0,1 and #), respectively. In 

Figure 2.8(b), label type is affixed on three SWNTs (tube A1–4). The isotope labels 

introduced later (e.g. 1-0-#-1-1) appeared near the original catalyst position, clearly 

indicating the base-growth mode for all the SWNTs observed in this study (more than 

100 tubes). The result agrees well with the study on horizontally aligned SWNTs 

grown on sapphire from iron catalysts,[76] but disagrees with the ones grown on ST-

cut quartz from copper catalysts.[80] For an SWNT with a high growth rate (~20 

μm/min), continuous transition of G-band position was observed, which provides a 

hint on gas flow inside the CVD chamber.  

 

Figure 2.8 SEM image (a) and Raman mapping image (b) of the same SWNT arrays. 

Named SWNTs (tube A1–4) are labelled with white letters (digital codes) in (b). 
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2.3.2 Growth histories of individual SWNTs 

Aligned SWNTs were grown at 800° C for 12 min (tCVD = 12 min) with one 

minute intervals (Δt = 1 min) of 2-bit isotope labeling (Figure 2.9(b)). One CVD cycle 

consumed only <20 μL (<15 mg) of 13C ethanol but yielded more than one million 

SWNTs. Each SWNT needs at least two or three labels for the identification of the 

exact time under this condition. Time evolution of lengths and growth rates of three 

representative SWNTs is plotted in Figure 2.9(a). One SWNT (tube A4) started to 

grow in timing with the ethanol supply and kept elongating at a constant rate (dγ/dt ≈ 

0) until the growth termination at t ≈ 6 min. The other SWNTs (tube B1 and B2) 

initiated the growth after the incubation and were still growing when the ethanol 

 

Figure 2.9 (a) Time evolution of lengths and growth rates of representative SWNTs obtained 

from isotope labeling. Crossed marks (x) represent termination of growth before the end of a 

CVD cycle at 12 min. One (black circle) stopped growing abruptly at 5 < t < 6 min. The others 

(open square and triangle) were still growing when the ethanol supply was stopped. (b) Time 

evolution of length (black) and growth rate (red) of two SWNTs with same chirality (14,4). 

Inset: RBM spectra of both SWNTs had a peak at 190 cm−1 (c,d) Growth rate as a function of 

chiral angle (c), and tube diameter (d). (e) Growth rate versus incubation time of the growth. 

Green circles and blue triangles indicate the same (n,m) SWNTs. Top panel: Histogram for the 

incubation time. f, Incubation time versus growth lifetime for SWNTs with tCVD = 24 min. Right 

panel: Histogram for the lifetime. 
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supply was stopped (t = 12 min). It is worth mentioning that this is the first report for 

time-resolved growth process of individual SWNTs with a practical form for 

semiconductor applications (>100-μm aligned arrays). 

The abrupt termination was predicted in the previous study which analyzed the 

length distribution of ultralong CNTs and concluded that CNT lengths follows Schulz-

Flory distribution.[81] For all the SWNTs, the growth rate did not change much with 

time, unlike the growth mechanisms reported in many literatures.[70,82–85], but in 

good agreement with other literatures that claimed the abrupt termination.[81,86] 

However, it was found that average length L of many SWNTs follows the exponential 

decay (Figure 2.2(a)), which is consistent with previous reports on bulk 

SWNTs.[82,83,87] This is because the number of actively grown SWNTs decreased 

with time. A simple simulation that assumes a constant growth rate and the random 

termination with a certain probability (Figure 2.2(b)) shows a clear exponential 

evolution (L = γ0τ(1−exp(−t/τ)[83]) of average length. The iron nanoparticles were thus 

likely to keep the catalytic activity at the same level right until the growth termination, 

which is probably caused by encapsulation with amorphous carbon.[88] This is 

supported by the fact that the catalyst size did not change much during the CVD 

process. These results indicate that the catalyst lifetime could be extended by some 

sort of reactivation, e.g. removal of amorphous carbon on catalysts.  

It is still controversial whether the growth rate of SWNTs depends on their 

chirality.[61,69,70,89] This needs to be addressed because the difference in growth 

rate has been a key to achieve chirality-controlled synthesis of SWNTs, together with 

thermodynamic control of the nucleation. One might wonder whether the growth rate 

of SWNTs with the same chirality is the same under the identical CVD condition. 

Figure 2.9(b) shows an example of two SWNTs with radial breathing mode (RBM) 

frequency of ~190 cm−1, which had similar lengths but much different growth rate (~8 

and ~15 μm/min). This result indicates that linking growth rates to the chirality usually 

needs to be done in a statistical manner to take into account this kind of variation. 

This difference in growth rate even for identical chiralities may originate from the 

variation of catalyst nanoparticles, as a recent TEM study revealed that smaller 

tube/particle diameter ratios led to larger growth rates due to the difference of growth 

modes (so-called “tangential” and “perpendicular” modes).[72,89] Our CVD 



31 

 

Synthesis and Analysis of Horizontal SWNT Arrays 

 

conditions are likely to yield SWNTs rather by a perpendicular mode because the 

tube/particle height ratio widely ranged around 0.25–0.73 according to AFM 

measurements. 

Figure 2.9(c) shows the growth rate as a function of chiral angle θ. The length of 

analyzed SWNTs ranged from 10 to 220 μm. There are seem to be a weak tendency 

that near-armchair SWNTs grew faster than other SWNTs, in accordance with 

previous studies.[69,70] However, the growth rate has a large variation among the 

SWNTs with similar chiral angle, which indicates the growth rate cannot be uniquely 

determined by the chiral angles. Note that the density of SWNTs was higher near 

catalyst stripes than the spatial resolution of Raman measurement in the present growth 

condition, and therefore the abundance of SWNTs cannot be accurately discussed here 

(see Figure 2.11 for length bias by Raman measurement). 

As the chirality (chiral angle) does not uniquely determine the growth behavior, 

growth rate is then plotted against the tube diameter. Here, excitation wavelengths of 

488 and 532 nm were used to cover a wide range of diameter. Figure 2.9(d) shows the 

overall tendency that smaller-diameter SWNTs grew faster. Note that this result does 

not necessary mean there is an intrinsic dependence of the growth rate on chirality or 

diameter of SWNTs because this tendency can also be explained by other factors such 

as the size ratio between SWNTs and catalysts.[89] 

In Figure 2.9(e), the growth rate is plotted against incubation time τinc for the 12 

min CVD process. Digital isotope coding revealed that each SWNT had much different 

incubation time from ~0 to ~10 min, though it was previously reported that incubation 

 

Figure 2.10 (a–c), Average growth rate of SWNTs which had different chiral angle (a), tube 

diameter (b), and incubation time (c). Error bars show 90% confidence interval. 
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time strongly depends on the pressure of carbon feedstock.[90,91] In addition, there is 

a trend that fast-growing nanotubes had shorter incubation time for first 5 min (see 

also Figure 2.10(c)). The correlation is not biased by the limitation for the lengths of 

analyzable SWNTs, as SWNTs too short (<10 μm) would be plotted in the gray region 

in Figure 2.10(e). Since the pressure of carbon precursors has a positive and negative 

correlation with growth rate and incubation time, respectively, this result implies each 

SWNT felt different driving force of the growth. The SWNTs with different chiralities 

are denoted with red and blue stars for (12,8) and (14,4) indices, respectively. Four 

SWNTs with (12,8) chirality had much different growth rate and incubation time.  

Figure 2.10(c) shows the average growth rate and 90% confidence intervals (error 

bars) of SWNTs with similar incubation time. In the theory of bulk crystal growth, a 

barrier height of Gibbs free energy for nucleation ΔG* has a relation with a growth 

driving force (or a difference of chemical potential between gas and solid phases) (ΔG* 

∝ Δμ−2). Nucleation rate is thus proportional to exp(ΔG*/kBT) (∝ τinc
−1). On the other 

hand, growth rate is simply proportional to the chemical potential difference (γ ∝ Δμ). 

The relationship between the growth rate and the incubation time is written as below. 

γ = (𝐶1 ln  𝑖𝑛𝑐 + 𝐶2)
−
1
2 

(2.1) 

where C1 and C2 are constants. In Figure 2.11(c), the equation describes the growth 

well for the first 5 min. This indicates each SWNT feels different driving forces even 

under the same condition (pressure and temperature). The difference probably 

originates from the variation of catalyst nanoparticles, so microscopic observation 

such as TEM should be combined with the isotope labeling analysis. 
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Another CVD for 24 min was conducted to discuss the growth lifetime. The length 

of analyzed SWNTs was 50–230 μm. In Figure 2.9(f), the growth lifetime τlife is plotted 

against the incubation time τinc. The plots are randomly scattered, and there seems to 

be no correlation between the incubation time and the lifetime of SWNT growth. This 

is reasonable if the growth termination is indeed induced by accidental encapsulation 

of catalyst nanoparticles with amorphous carbon, as the growth rate was constant 

throughout the CVD process. No data points exist in the gray area and hatched area 

due to shortage of CVD time (tCVD < τinc + τlife) and insufficient number of labels to 

identify the time (τlife < (k+1)Δt), respectively. Considering such biases in a histogram 

of the lifetime (right panel of Figure 2.9(f), the lifetime of SWNT growth was 

randomly determined. 

Figure 2.11(a) shows the length, growth rate and incubation time of the SWNTs 

characterized here. It should be stressed that the all the SWNTs cannot be analyzed by 

this technique due to the poor spatial resolution (~1 μm) of Raman measurement. Since 

the SWNTs were grown from catalyst nanoparticles patterned in stripes, it was easier 

to distinguish the labels in long SWNTs than those in short SWNTs in crowded area. 

The length distribution is shown in Figure 2.11(b), in comparison with that obtained 

 

Figure 2.11 (a) Length, growth rate and incubation time of 30 SWNTs characterized by 

Raman. The size of black circles is proportional to the diameter of SWNTs. (b) Length 

distribution of SWNTs counted by SEM and Raman spectroscopy. Both SWNTs were grown 

on the same substrates. The difference of the length is biased by the difficulty of Raman 

characterization of short SWNTs when the density is high. 
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by SEM, though even SEM cannot distinguished all the SWNTs if they are closely 

lying or too short. 

The D-band of CNTs is often related to structural defects. The growth rate is 

plotted against D/G ratio (ID/IG) in Figure 2.12(a). The growth rate and D/G ratio have 

positive correlation. This seems to be explained by, for example, less defect-healing 

time allowed for fast-growing SWNTs.[92] However, D/G ratio also has positive 

correlation with RBM frequency (inverse of diameter), which, for example, originated 

from the diameter-dependent sensitivity to the environment (substrates, polymer 

residues and so on). Also, a theoretical study reported that thinner SWNTs more easily 

form topological defects.[92] If D-band intensity does have intrinsic diameter 

dependence, Figure 2.12(a) just shows the diameter-dependence (Figure 2.12(c)) in a 

different way. In order to rule out such dependencies, comparison of the similar 

relation among the same (n,m) SWNTs was performed (Figure 2.12(c)). Correlation 

 

Figure 2.12 (a) Growth rate is plotted against the D/G ratio of Raman spectra, showing 

positive correlation. Spectra obtained with excitation wavelengths of 488 and 532 nm are 

plotted in blue and green, respectively. (b) Relation between RBM frequency (diameter) and 

D/G ratio, clearly showing positive correlation. (c) Growth rate is plotted against the D/G 

ratio for three different chiralities. (d) Raman spectra of three SWNTs. (e) D/G ratio along 

the SWNT with intramolecular junction (tube C1). 
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of the growth rate and D/G ratio is not prominent to claim the dependence. This leaves 

rooms for further investigation. 

Typical Raman spectra of three different chirality (diameter) are shown in Figure 

2.12(d). Figure 2.12(e) shows transitions of D/G ratio and RBM frequency along the 

tube C1. D/G ratio was large at the intramolecular junction. Note that for the identical 

SWNTs that were resonant to both blue (488 nm) and green (532 nm) lasers, Raman 

spectra excited by blue laser had 20–40% larger D/G ratio. 
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2.3.3 Analysis on spontaneously formed intramolecular junctions 

Intramolecular junctions (IMJs) of SWNTs were found and analyzed optically 

and electrically in previous studies.[93,94] In this study, SWNT IMJs are utilized to 

elucidate the intrinsic chirality-dependent growth rate of SWNTs because differences 

in catalytic activity among different nanoparticles can be ignored. Figure 2.13(a) 

shows a schematic of SWNTs with IMJs. Though the chirality change along an SWNT 

is a rare event, isotope-labeled ex situ measurements enable the identification of length 

evolution of such SWNTs with IMJs.  

 

Figure 2.13 (a) Schematic of the SWNT with spontaneous intramolecular junction. (b) 

Raman spectra along an SWNT (tube C1) at four different points in a Raman mapping image 

on right. (c) Frequencies of G-mode and RBM signals of the SWNT (tube C1) versus distance 

from the catalyst. Root part (0 < x < 30 μm) and tip part (30 < x < 95 μm) have RBM 

frequencies around 139 cm−1 and 144 cm−1, respectively. (d) Time evolution of length (black, 

left axis) and growth rate (red, right axis) of the SWNT. Chirality change occurred around t 

= 8.5 min, decreasing the growth rate. 
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As shown in Figure 2.13b, two different RBM spectra were obtained from an 

SWNT at different positions, while the G-band was uniform over a whole length. 

Figure 2.13(c) shows peak positions of G-band and RBM signals long the axis of a 

representative SWNT with an IMJ. The digitally coded isotope labels are clearly 

observed both in G-band and RBM, indicating that the SWNT is an individual one, 

and not multiple SWNTs. Peak position of RBM is obviously shifted from 139 cm−1 

to 144 cm−1 at x = 32 μm. The time evolution of length and growth rate is plotted in 

Figure 2.8(c). This clearly shows an abrupt change in growth rate from 10.2 μm/min 

to 8.1 μm/min at t = 8.5 min, when the RBM frequency changed from 139 to 144 cm−1.  

Including several more SWNTs with IMJs, chiralities and growth rate before and 

after the chirality change are summarized in Table 2.2. The relative change of growth 

rate that originated from IMJs can be a powerful tool to discuss the chirality-dependent 

growth rate. This cannot be easily achieved just by observing the growth of many 

SWNTs because the growth rate of different SWNTs grown from different catalyst 

nanoparticles cannot be directly compared due to the variation of catalysts (Figure 2.9).  

Table 2.2 | Summary of the growth rate of SWNTs with IMJs.  

name   γ (μm/min) ωRBM (cm−1) n,m dt (nm) θ (°) 

tube C1 
tip 10.2 139(.4) 14,13 1.83 28.8 

root 8.1 144(.4) 14,12 1.76 27.5 

tube C2 
tip 8.7 141(.8) 17,9 1.79 19.9 

root 15.0 145(.8) 18,7 1.75 15.7 

tube C3 
tip 8.1 169(.3) 14,7 1.45 19.1 

root 9.0 167(.0) semicon. (1.47) ― 

tube C4 
tip 5.0 173(.5) 15,5 1.41 13.9 

root 11.6 169(.5) 14,7 1.45 19.1 

tube A2 
tip 6.8 ― metallic ― ― 

root 9.1 174(.3) 15,5 1.41 13.9 

tube D3 † 
tip 9.0 173(.0) 11,10 1.42 28.4 

root 4.8 152(.9) ‡ 18,5 1.67 16.5 

† The SWNT was grown at 750°C; ‡ RBM spectrum was obtained with 633 nm 

excitation. The first decimal place in brackets of RBM frequency ωRBM is not 

important features because each SWNT has some variation along its axis. 
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2.3.4 Response to ethanol pressure change during CVD 

As already demonstrated, the digital-coded isotope labeling can elucidate the time 

evolution of the single SWNT growth, not only the growth rate revealed by isotope 

labeling with a certain time-interval. To maximize this advantage, responses to the 

changes in growth conditions, such as pressure and temperature, were studied. Pressure 

of carbon feedstocks is another important parameter for the growth of SWNTs, and 

therefore has been chosen carefully to improve the quality and selectivity.[95] Some 

studies changed the pressure of carbon feedstocks during the CVD for probing SWNT 

growth dynamics.[88,96] Also, it is well known that the growth rate of CNTs has 

positive correlation (e.g. proportional relation) with the pressure of carbon 

feedstocks.[82,87,97] However, such investigations were usually done in a statistical 

manner for bulk samples.  

In this experiment, ethanol flow rate was elevated step-by-step from 3 to 9 sccm 

during CVD, while keeping other conditions constant, such as temperature, the flow 

rate of Ar/H2 buffer gas (50 sccm), and the extent of vacuum pumping (top panel of 

Figure 2.14(a)). Thus the ethanol partial pressure is proportional to the flow rate. 

 

Figure 2.14 (a) 13C ethanol flow rate (red bars) and total flow rate (black line) with 3-bits 

digital coding (top). Ethanol partial pressure was almost in proportion with the ethanol flow 

rate in our CVD system. Time evolution of length (black) and growth rate (blue) of two 

representative SWNTs. (middle panel) SWNT growth was accelerated with increase of ethanol 

pressure. (bottom panel) Growth was interrupted when the flow rate increased from 7 sccm to 

9 sccm, and then the growth rate drastically increased. (b) Growth rate of individual SWNTs 

as a function of flow rate. Inset: Average growth rate versus ethanol flow rate (~pressure). 

Error bars represent the standard deviation. (c) Growth rate (with an ethanol flow rate of 7 

sccm) as a function of incubation time. SWNTs initiated the growth only after the ethanol flow 

rate was increased from 3 to 5 sccm. 
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Thirty-two 13C isotope labels were incorporated in SWNTs with 30 s interval. Figure 

2.14(a) shows growth curves for a typical SWNT (tube E1, middle panel) and an 

SWNT (tube E2, bottom panel) with unusual behavior. The growth was accelerated in 

tune with the increased ethanol pressure. This kind of response to the pressure change 

was observed for many SWNTs, in good accordance with other studies on bulk 

SWNTs.[82,87]  

Figure 2.14(b) shows the growth rate of 18 individual SWNTs at each growth 

stage. Trend of the growth rate with 5 sccm and 7 sccm ethanol was similar, but the 

growth rate of each SWNT is not always proportional to the flow rate. Interestingly, 

the growth rate of some SWNTs had a negative relation between the pressure of carbon 

feedstocks and growth rate. Similar relation was slightly found in bulk SWNT 

samples.[82,87] This result suggests that each SWNT has a different sweet spot of 

growth conditions. Nevertheless, the average of all SWNTs was proportional to the 

ethanol flow rate (inset of Figure 2.14(b)). 

In Figure 2.14(c), the growth rate with 7 sccm ethanol supply is plotted against 

the incubation time. No SWNT was nucleated with the supply of 3 sccm ethanol 

 

Figure 2.15 (a) Raman mapping image of SWNT arrays grown from elevated ethanol flow 

(Figure 2.14). (b) Raman spectra along the SWNT between white arrows in (a). This SWNT 

is referred to as “tube E2” in Figure 2.14.   
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among 18 SWNTs studied here, and some SWNTs initiated the growth when the 

ethanol flow rate was increased to 5 sccm. In contrast, when the initial flow rate of 

ethanol was 5 sccm (Figure 2.8), many SWNTs started the growth within a few 

minutes. This suggests the presence of threshold pressure for the nucleation of 

SWNTs.[96] Similarly to the result in Figure 2.8, a trend of slower growth rate was 

observed for the SWNTs with longer incubation time.  

Interestingly, some SWNTs temporally stopped the elongation for 1–2 min in 

timing with the flow rate increment, but then restarted the growth and changed the 

growth rate drastically as shown in the bottom panel of Figure 2.14(a) (tube E2). 

Raman mapping image (Figure 2.15(b)) and Raman intensity map along the SWNT 

clearly shows that the SWNT is very likely a single nanotube. The significantly 

increased growth rate after 12 min (from 19 to 37 μm/min) suggests a change in a 

growth mode, though the chirality kept the same all along the tube. Further 

experiments and discussion are needed to understand the suspension and restart of the 

SWNT growth that is induced by a sudden pressure change. 
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2.3.5 Temperature-dependent growth along an individual SWNTs 

In addition to the pressure of carbon feedstocks, the temperature of a reaction 

chamber is another important parameter for the growth of SWNTs. Many experiments 

changed the growth temperature and compared the obtained SWNTs, and some studied 

the effect of temperature change on individual SWNTs during CVD.[98] Since this 

technique has relatively high time-resolution and can monitor the growth evolution of 

long SWNTs individually, temperature dependence of the growth of variety of SWNTs 

can be investigated in details by varying the temperature during a CVD process.  

In this experiment, the ethanol flow rate was kept constant (5 sccm, corresponding 

to partial pressure of ~130 Pa)). CVD synthesis of SWNTs started at 750°C, and then 

the set temperature was changed to 800, 850, and 800°C at t = 6, 12, and 18 min. 

Response of the temperature was not so quick as shown in the top of Figure 2.16(a) 

due to the large heat capacitance of the electronic furnaces. Representative growth 

evolutions are plotted in Figure 2.16(a). This clearly shows that the growth rate γ 

 

Figure 2.16 (a) Evolution of SWNT lengths grown at varied temperature (red line, right axis) 

with tCVD = 24 min.(b) Arrhenius plots of the temperature-dependent growth rate generated from 

an individual SWNT (tube D1: blue diamonds) in (a). Activation energy of the growth of these 

particular SWNTs were 0.91 eV. Each plot corresponds to a growth rate recorded every 45 s. (c) 

G-band and RBM frequency along the SWNT (tube D2) plotted in black circles in (a). No change 

of chirality was observed. The peak position especially of RBM was noisy due to weak resonance. 

G-band down shift marked by a star near the catalyst originates from another short SWNT. 
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increased/decreased as the temperature increased/decreased for all the SWNTs. This 

agrees well with the experiments for bulk SWNTs. By labeling on individual SWNTs, 

temperature dependence can be traced along an SWNT without considering the 

difference in catalyst size/composition. For example, Figure 2.16(b) shows an 

Arrhenius plot of growth rate γ obtained from a single SWNT marked by blue 

diamonds in Figure 2.16(a). Each plot corresponds to the growth rate recorded every 

45 s at different temperature. The Arrhenius plot yields the activation energy (= 0.91 

eV) of the rate-limiting process for the growth of this particular SWNT. This value 

and the activation energy calculated from another SWNT (1.23 eV, orange triangle in 

Figure 2.16(a)) is close to that of carbon bulk diffusion in a Fe catalyst.[99]  

 

Figure 2.17 (a) Overlapped image of SEM and Raman mapping for the growth with modulated 

temperature (shown in Figure *). White numbers represent the label number, and those in brackets 

are other candidates. (b) Transition of the flow rate of 13C ethanol and CVD temperature. (c) Raman 

spectra of two SWNTs that seem to have intramolecular junctions. Excitation energy is 2.33 eV 

(532 nm). 
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This method of isotope labeling on individual SWNTs offers a chance to see 

differences among numerous SWNTs that grew under the exact same condition but in 

a different way. By identifying the rate-limiting process of each SWNT, the keys that 

determine growth rates, lifetime, and even chirality might be investigated in detail.  
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2.4 Direct growth of aligned SWNTs on TEM grids 

In this section, a new approache for the observation of aligned SWNTs by TEM 

is described. Normally, the aligned SWNT arrays are grown on single-crystalline 

substrates, such as quartz or sapphire, and thus the TEM observation of the SWNTs 

requires transfer onto TEM grid. During the transfer process, the alignment, the 

catalysts, and the interaction between SWNTs and the crystalline surface tend to be 

lost. Therefore, it is difficult to directly investigate the origin of SWNT alignment in 

an atomic scale. Also, the SWNT grown from same type of catalysts on amorphous 

and crystalline substrates shows different behaviors, not only about the alignment. 

Interaction between catalysts and crystalline substrates needs to be explored; otherwise 

controlled growth on amorphous substrates (e.g. SiO2/Si) does not always work on 

quartz or sapphire. 

2.4.1 Aligned growth on NaCl-induced cristobalite substrates 

In most case, single-crystalline substrates, such as quartz or sapphire, were used 

to get lattice-oriented aligned SWNTs because such substrates are easy to prepare and 

the SWNT orientation can be restricted to one or a few in a whole area. Although 

mechanisms of the alignment on those substrates were discussed from several aspects; 

alignment of SWNTs along atomic steps, van der Waals interactions between SWNTs 

and the surface of crystalline substrates, no experimental evidence from crystal 

structures was presented. Furthermore, the effect of crystallinity of the substrates on 

catalyst formation has not been discussed, especially of an atomic scale.  

A recently proposed in-plane TEM technique, where ultrathin SiO2 membrane 

serves as a support for SWNT growth and a TEM grid at the same time, enables direct 

observation of SWNTs and catalysts without any transfer processes. As the SiO2 

membrane is chemically the same as frequently used Si/SiO2 substrates, which is much 

different from conventional carbon membrane in TEM grids, the growth on normal 

substrates can be directly reproduced on TEM grids. Here, Si substrates with thin oxide 

layers are used to make in-plane TEM grids. The grids are fabricated by partially 

removing the Si on the back side with wet/dry etching and leaving thin SiO2 suspended. 

Since morphology and population of SWNTs remains unchanged, this technique is 

highly suitable for the observation of horizontally aligned SWNTs grown on quartz or 



45 

 

Synthesis and Analysis of Horizontal SWNT Arrays 

 

sapphire substrates. However, it has been difficult to prepare a crystalline membrane 

thin enough for a high resolution TEM observation, so the morphology and even 

catalysts were lost when the SWNT arrays were transferred onto in-plane TEM girds. 

One approach for the direct observation of crystalline substrates, SWNTs, and 

catalysts with TEM is start the fabrication of in-plane TEM grids from thin crystalline 

SiO2 layers on top of Si substrates. This can be made possible by crystallizing the oxide 

layer with some sort of annealing methods.  

Alkali impurities, such as sodium and potassium, in SiO2 are known to catalyze 

the formation of cristobalite and significantly reduce the temperature for the 

crystallization. Alkali ions weaken the Si-O network and lower the viscosity through 

the formation of bonds to the network. In a previous study in 2009, cristobalites formed 

on SiO2/Si substrates by the introduction of NaCl were used for the growth of radially 

aligned SWNTs.[100] Although it was not suitable for device application because the 

 

Figure 2.18 (a) Horizontally aligned SWNTs grown on multi-domain cristobalite. (b,c) SEM 

and dark-field optical images of cristobalite substrates with metallic markers. (d) High-

density SWTN arrays on cristobalite with slightly different orientations grown from isolated 

catalyst region (white parts). (e) High-magnification SEM image in (d). 
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orientation cannot be narrowed down to one, it can be used for the fabrication of thin 

layers of (poly)crystal for TEM observation as mentioned above. 

In this study, NaCl aqueous (0.15 mol/L) was used for crystallization of 

amorphous SiO2 and Si substrates. Small amount of NaCl was loaded on SiO2/Si 

substrates the dip-coating method. After drying in air, the substrates were annealed at 

900°C for 12 h in air, followed by spin-coating FeCl3 solution (0.05 mmol/L in 

ethanol) as a catalyst precursor. The substrates were baked at 750°C for 5 min in air to 

oxidize the catalysts. Figure 2.12 shows horizontally aligned SWNTs grown on 

cristobalite. Since the obtained cristobalite was poly-crystalline, orientation of the 

SWNTs in Figure 2.18(a) can be categorized into three directions as colored by red, 

blue, and yellow. The cristobalite grown in air had a large surface roughness which 

can be easily observed by dark-field optical microscopy as shown in Figure 2.18(c). 

Numbers and vertical lines are photolithographically patterned Au markers. SWNTs 

in Figure 2.18(b) have a similar orientation to the surface tranches, which may be the 

interfaces of cristobalite domains. 

 

Figure 2.19 (a) Bright-field optical of the cristobalite surface. (b) AFM image measured in 

the black square in (a) and cross-section profiles. (c) SEM image and (d) AFM image of the 

SWNTs transferred on normal SiO2/Si substrates. 
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When isolated catalysts were pattered on the cristobalite, for instance from the 

scratches with iron tweezers, the density and the degree of alignment were increased 

to the similar level to that on single-crystal quartz substrates (Figure 2.18(d)), and the 

density was as high as >12 SWNTs/μm (locally >20 SWNTs/μm) in Figure 2.18(e). 

The length of long and aligned SWNTs found on cristobalite was 160 μm, indicating 

that the cristobalite can be a proper platform for the growth of isotope-labeled SWNTs. 

Although the formed cristobalite had a large roughness observable by optical 

microscopy (Figure 2.19(a)), it does not mean that is the origin of alignment. Figure 

2.19(b) shows an AFM image of the cristobalite measured in the area outlined with a 

dashed black box in Figure 2.19(a). Some trenches were as deep as ~15 nm and 

optically observable; however the SWNTs grew aligned on most of the region (Figure 

2.19(c)) even where no surface trenches were found. Another AFM image was taken 

after the SWNT arrays were transferred onto very flat SiO2/Si substrates (as-

purchased) as shown in Figure 2.19(d). The degree of alignment is comparable to the 

SWNTs grown on single-crystal quartz substrates, though the alignment is always 

degraded during the transfer process.  

2.4.2 In-plane TEM grids from Si with cristobalite layer 

 

Figure 2.20 (a,b) Photograph of a fabricated TEM grid from (a) top side and (b) back side. 

(c,d) Bright/dark-field microscope images the TEM grid. 
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TEM grids with ultrathin SiO2 layers for in-plane observation are commercially 

available. Those grids are fabricated by normal dry/wet etching of SiO2/Si substrates. 

This process is compatible with the cristobalite substrates described above. As a first 

step, the fabrication of normal TEM grids with amorphous SiO2 were tested as shown 

in Figure 2.20. Photoresists were patterned on the back side of Si waters with 100 nm 

oxide layers, and then dry etching was performed on the back side. An example of the 

fabricated TEM grid is shown in Figure 2.20 (a) and (b). Since the etching rate depends 

on the hole size and position in the etching chamber, the full-depth of Si was etched 

through only near the wafer edge and for large holes. 
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 Upscalable on-Chip Sorting of s-SWNT Arrays 

Upscalable on-Chip Sorting of  

s-SWNT Arrays 

3.1 Introduction to SWNT sorting 

3.1.1 Liquid-phase separation methods of s-SWNTs 

Since SWNTs can be dispersed in water once wrapped by surfactants, liquid-

phase separation is a promising and scalable approach for the preparation of s-SWNT 

films for semiconductor applications. First liquid-phase separation of semiconducting 

and metallic SWNTs was reported in 2003,[101] taking advantage of the difference of 

the relative dielectric constants. A number of further developments followed this, such 

as sorting SWNTs by diameter, bandgap and electronic type using density gradient 

ultracentrifugation (DGU),[41] DNA-[42] or polymer-wrapping,[43] gel-

chromatography,[44] and aqueous two-phase separation.[102] All those separation 

methods are based on the differences of chemical/physical adsorption of wrapping 

materials and SWNTs. Since assembly into aligned arrays is done after the sorting, the 

purity can be improved by multiple-cycle of separation, though the total amount of 

target-type of SWNTs (e.g. s-SWNTs) is sacrificed. Recent studies that purified s-

SWNTs with the purity up to 99.99% demonstrated high-performance transistors that 

outperformed silicon-based metal-oxide-semiconductor technologies by assembling s-

SWNTs into high-density arrays.[103] Despite the scalability and controllability of 

density and chirality, one challenge for this approach is the lower degree of alignment 

of post-sorting assembly techniques[39,40,104–106] than lattice-oriented growth.[55] 

Crossed s-SWNTs have smaller charge density due to the inter-SWNT screening, 

leading to weaker gate-channel coupling especially for scaled devices.[37] 
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3.1.2 Growth-phase sorting methods of s-SWNTs 

The growth-phase sorting, in other words, selective growth of s-SWNTs or even 

chirality-specific growth has been intensively studied for long. This approaches would 

be preferable in terms of cleanliness of SWNTs because no additional treatment is 

necessary. Also, the selective growth can be directly combined with lattice-oriented 

aligned growth on crystalline substrates. Origin of selective growth is divided roughly 

into two categories. One approach is to selectively etch m-SWNTs based on the 

difference of electronic structures, while growing s-SWNTs more efficiently than the 

etching process.[107] The other approaches is to match the atomic arrangements of 

SWNT edges with atomic lattice structures of catalysts by using solid (alloy or carbide) 

catalysts.[59,108]  

However, due to a relatively subtle difference of geometries and formation energy 

at nanotube/catalyst interfaces among a number of possible chiralities, the purity of s-

SWNTs realized by those selective growth methods is not sufficient for logic 

applications (>99.9999%).[54] Therefore, post-growth purification processes are 

necessary to push it up to the required level.  

3.1.3 On-substrate purification methods 

To exploit the excellent morphologies of the lattice oriented growth and the 

selective growth of semiconducting or specific-chirality SWNTs, on-substrate 

purification is one of the best approaches to obtain s-SWNT arrays over a large area. 

One straightforward strategy is to chemically etch m-SWNTs by exploiting the 

difference of chemical reactivity, while keeping s-SWNTs relatively intact.[109,110] 

Since those chemical etching can be uniformly applied over a large-area, the 

purification process can be easily scaled up. Chemical reactivity of SWNTs, however, 

highly depends on diameter (curvature of walls) , not only on the metallicity (metallic 

or semiconducting).[111] Also, s-SWNTs are damaged due to the subtle difference of 

the reactivity, and small segments of m-SWNTs often remain after the etching process, 

making it difficult to fabricate short-channel devices. 

The difference of electronic structures between m- and s-SWNTs appears in 

interaction with light (photons), i.e. light absorption.[112] Since optical transition 

energies are uniquely determined by chirality, choice of appropriate wavelengths 
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enables diameter- or metallicity-selective oxidation without physical contact to 

SWNTs. It requires a quite strong light source, but the selectivity appears only when 

the diameter of SWNTs are narrow. Similar to this, metallicity of SWNTs can be 

recognized by the difference of dielectric constant, and thus m- and s-SWNTs possess 

different response to microwave. This enables preferential heating of m-SWNTs,[113] 

though the selectivity of the heating is not sufficient. Other simple and upscalabe 

approaches are to peel-off or wash-off either type of SWNTs via scotch tapes or 

surfactants by exploiting the difference of chemical/physical adhesion [114,115]. 

Similar to other approaches described above, the selectivity needs to be much 

improved to achieve the required purity of s-SWNTs (99.9999%). Although multiple 

sorting processes might increase the purity, it will also significantly deteriorate the 

density of SWNTs of interest (e.g. s-SWNTs). 

As is clear from the large on-off current ratio (~106) of s-SWNT transistors, the 

off-state current, which is proportional to Joule self-heating, of s-SWNTs and m-

SWNTs is different by several orders of magnitudes for parallel channel configurations. 

Therefore, applying a large bias across SWNTs while s-SWNTs are turned-off by gate 

leads to highly selective heat-induced oxidation of m-SWNTs (electrical 

breakdown).[116] Compatibility with high-density arrays (>100 SWNTs/µm) makes 

this method a suitable tool for the fabrication of high-performance transistors 

[117,118]. One of the drawbacks is the difficulty in large-scale fabrication because 

only local portions (~100 nm) of m-SWNTs are removed and therefore one-by-one 

voltage application is required for a number of electrode pairs. To overcome this 

problem, electrical breakdown using comb-shaped temporal electrodes has been 

successfully demonstrated for chip-scale circuit fabrication [119,120]. However, 

electrical breakdown of ultrascaled devices faces degradation of the on-current 

retention because an extremely strong field is required to cut the m-SWNTs due to 

strong heat-sinking to the metal contacts [121,122]. 

Another type of m-SWNT removal based on Joule self-heating is reported, in 

which SWNT arrays embedded in organic resists are subjected to bias voltage along 

the axis.[123,124] Selective Joule heating in m-SWNTs opens up the organic films in 

the vicinity, followed by reactive ion etching of the exposed m-SWNTs over a long-

length. It is further extended from direct current injection to microwave absorption 
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amplified by microstrip dipole antennas [125] and mid-infrared light absorption [126] 

towards larger-area and simpler purification processes. However, relatively large 

widths of trenches formed through thermocapillary flows in the organic resists 

(hundreds of nanometers) limits the scaling to ultrasmall inter-SWNT spacing (<10 

nm) for the array density of >100 SWNTs/µm. 

The objective of this chapter is to develop a new approach for the sorting of the 

s-SWNT arrays. As described in Chapter 2, horizontal SWNT arrays on quartz 

substrates are an ideal structure to start with for high-performance transistors and their 

integration into large-scale circuits. Such applications require ultra-selective removal 

of m-SWNTs while preserving all s-SWNTs during post-growth purification on 

substrates. One target of the purity of s-SWNTs for logic application is >99.9999%. 

Also, this selectivity has to hold when the SWNTs are densely packed and the inter-

tube distance is small (compatibility to high-density SWNT arrays). As the target 

density is ~125 SWNTs/μm [54] or even ~250 SWNTs/μm,[53] the SWNTs that are 

placed ~8 nm away from the m-SWNTs destroyed have to be intact. Furthermore, the 

wafer-scale purification is desired. 

 

3.2 Long-length burning of m-SWNTs on substrates 

3.2.1 Self-sustained burning of m-SWNTs 

Joule self-heating of SWNTs can be a promising tool to achieve ultrahigh selectivity 

for purification processes because the difference of off-state conductance between s- 

and m-SWNTs is what makes them desirable and undesirable in transistor channels, 

respectively. Since the electrical breakdown method has demonstrated excellent 

selectivity [118] even when the density of SWNT arrays reached ~100 

SWNTs/μm,[117] full-length removal of m-SWNTs based on electrical breakdown 

could provide us with one of the best solutions for this goal.  

Previously we showed that the film coating of polymer or other organic molecules 

on SWNT arrays occasionally induced the burning over more than several 

micron,[128] in contrast to conventional electrical breakdown, whereby only ~100 nm 

gaps are created. That opened a new, but primitive way for the large-area purification 

of s-SWNT arrays; however the organic film-assisted burning was not so reproducible 
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and sometimes did not give any difference from the conventional method in spite of 

the same parameters. Also, even when the burning was successfully enhanced, the 

length of removed parts of SWNTs (removed length) varies from sub-micron to more 

than 10 μm. Roughness of substrate surface, chemical functionalization of SWNT 

walls, temperature of substrates, and partial pressure of oxygen were previously tuned 

to achieve reproducible and improved burning of SWNTs. However, no significant 

improvement was obtained. 

To go straight to the bottom line, the dependence of SWNT burning on the 

ambient gas conditions, especially on water vapor, was investigated. Here, the Joule 

heating-induced burning was initiated by application of a ramp voltage along the tube 

axis. Two types of gas conditions were used for the burning of SWNTs embedded in 

PMMA thin films. 1) dry oxygen gas, and 2) oxygen gas saturated with water vapor at 

room temperature (wet oxygen). The former and latter are referred to as dry polymer-

assisted (DPA), and water- and polymer-assisted (WPA) conditions, respectively. For 

both conditions, the total pressure was ~90 kPa. 

Figures 3.1(a) and (b) show SEM images before and after voltage application (up 

to 60 V) to the array of 10-μm-long SWNTs under the DPA condition, respectively. 

Lengths of the removed parts of the SWNTs remained very small (~160 nm on 

average), even with the assistance of PMMA coating, as shown in Figure 3.1(c). This 

 

Figure 3.1 (a,b) Typical SEM images of SWNT arrays before (a) and after (b) breakdown under 

the DPA condition. Arrows denote the breakdown position. (c) Distributions of the removed 

length. Adapted with permission from ref. [127].Copyright 2017 Springer. 
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value is almost the same as that obtained by conventional electrical breakdown [116] 

without organic film coating, This clearly indicates that the self-sustained burning of 

SWNTs cannot be realized only under pure oxygen environment with PMMA coating. 

Note that the location of breakdown was widely distributed in the 10-μm channels in 

these experiments, while in a previous study on in-air breakdown of shorter-channel 

transistors, the majority of SWNTs were cut near the middle due to thermal dissipation 

to the metal contacts.[129] The breakdown position in the present study was  probably 

influenced by randomly occurring defects or buckling of SWNTs [130] which were 

frequently derived from the synthesis and transfer processes. 

Figures 3.2(a–c) show typical SEM images before and after the voltage 

application to the array of 10-μm-long SWNTs under the WPA condition, and the 

distribution of the burning length. The average burning length was significantly 

increased to ~5.5 μm just via the introduction of saturated water vapor, which accounts 

for 53.7% of the total original length (10.3 μm). This indicates that water vapor plays 

a significant role in propagating the burning of SWNTs. The limited reproducibility of 

the burning length in the previous study, which was [128] conducted in air with 

PMMA coating, can be explained by a strong dependence on the ambient humidity. 

Moreover, the removed length of SWNTs was decreased when the substrates were 

heated during voltage application treatment.[131] This suggests that water molecules 

 

Figure 3.2 (a,b) Typical SEM images of SWNT arrays (a) before and (b) after burning. 

Arrows denote the burned SWNTs. (c) Distributions of the removed length of SWNTs 

treated under the WPA condition. Adapted with permission from ref. [127].Copyright 2017 

Springer. 
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adsorbed on the SWNT surfaces,[132] rather than those in gas phase, are critical for 

the self-sustained burning of SWNTs. 

Note that the long-length removal of m-SWNTs benefits a single FET, as well as 

large-scale fabrication of microelectronic devices, from two points of view. For 

example, if the m-SWNTs are fully eliminated from the channels, total gate-to-channel 

capacitance and thus the switching delay of circuits will be reduced.[133] Also, the 

formation of m-SWNT nanogaps will localize and amplify the electric field in the 

vicinity, and should be avoided because it could lead to unintentional tunneling or  

3.2.2 One-way burning from random breaking points 

Although the burning length was considerably increased with the combination of 

water vapor exposure and PMMA coating, it still had a wide distribution from sub-

micron to their full-length (~10 μm). To understand the origin of the large variation, 

focus was then directed on the length of the remaining m-SWNTs on both the cathode 

(left in the SEM images) and anode (right) sides. Figures 3.3(a) and (b) show 

histograms of the remaining SWNT lengths after DPA breakdown and WPA burning, 

respectively. Interestingly, the remaining SWNTs on the cathode side (top panel) had 

similar length distributions for both conditions, while the other side (bottom panel) 

possessed totally different features. The remaining SWNT length on the anode side 

after the DPA breakdown was as widely distributed as that on the other side. In contrast, 

 

Figure 3.3 Distributions of the length of SWNTs remaining at both the cathode and anode 

sides (top and bottom, respectively) for (a) the DPA burning and (b) WPA burning. Adapted 

with permission from ref. [127]. Copyright 2017 Springer. 
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most of the remaining SWNTs on the anode side after WPA burning were <100 nm, 

and the majority of the SWNTs on the anode side (>80%) were completely burned. 

These facts imply that SWNTs were very likely to burn only on the anode side (one-

way burning) from the breakdown position, where oxidation of the SWNTs first took 

place.  

3.2.3 Evaluation of purified SWNT arrays from device performance 

Before going further to the mechanism of the SWNT burning, the effectiveness 

of the WPA burning over the conventional electrical breakdown was simply evaluated 

through the fabrication of two FETs after the purification process; a very first step to 

upscaling of the purification. The original FETs are defined according to the first 

electrodes used, i.e. those with SWNTs before and after burning, are denoted as FETs 

A (Figure 3.1(a) and Figure 3.2(a)), and A’ (Figure 3.1(b) and Figure 3.2(b)), 

respectively. After WPA burning or DPA breakdown of the m-SWNTs, second 

electrodes were placed between the original source and drain (initial anode and 

cathode), as illustrated in Figure 3.3. The two newly defined FETs on the cathode and 

anode sides are denoted as FETs B and C, respectively. 

 

Figure 3.4 (a) Schematics of the fabrication of multiple FETs after a WPA burning process. 

Two FETs were newly defined by the deposition of an extra gold electrode between the original 

source and drain contacts, after WPA burning of the m-SWNTs. Adapted with permission from 

ref. [127]. Copyright 2017 Springer. 
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Figure 3.4(a) shows an SEM image of FETs B (left) and C (right) fabricated from 

the identical SWNT array shown in Figure 3.2(b). The on/off current ratios of the FETs 

A, A’, B and C are plotted for both WPA burning and DPA breakdown in Figure 3.5(d). 

The FETs A always showed on/off ratios of <10, which indicates the coexistence of 

both m- and s- SWNTs in the original channels (typically contain of ~30 SWNTs). 

The FETs A’ after both WPA burning and DPA breakdown showed on/off current 

ratios in the range of 103–106. This in turn indicates that all the m-SWNTs were broken 

down. Importantly, the FETs C at the anode side after WPA burning had on/off ratios 

almost as high as the FETs A’ because the m-SWNTs that remained at the anode side 

were very short. In contrast, the FETs B on the cathode side showed low on/off ratios 

due to the short circuit caused by the m-SWNT impurities that remained on the cathode 

side. This result is agree well with the SEM observation shown in Figure 3.2. The 

 

Figure 3.5 (a) SEM image of redefined FETs. Left (cathode side) and right (anode side) 

FETs are denoted as B and C, respectively (b,c) Typical transfer characteristics for the four 

types of FETs subjected to (b) WPA burning and (c) DPA breakdown. VDS = −1 V. (d) On/off 

ratios of FETs A, A’, B, and C for WPA burning (left). Similar data for DPA breakdown are 

plotted on the right for comparison. Adapted with permission from ref. [127]. Copyright 

2017 Springer. 
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device performance confirmed that the long length of the m-SWNTs was indeed 

removed by the WPA burning process. In addition, Raman spectroscopy, optical 

microscopy with crossed polarizers,[135] and atomic force microscopy (AFM) 

measurements supported the selective and long-length removal of m-SWNTs by the 

WPA burning process. In contrast, for DPA breakdown, whereby the remaining 

SWNT length on both the cathode and anode sides was quite long, the FETs B and C 

had on/off ratios of less than 10. Conventional electrical breakdown is thus not suitable 

for the fabrication of multiple transistors, unless shapes of electrodes for breakdown is 

optimized. 

Figures 3.5(b) and (c) show transfer characteristics of the FETs A (black), A’ 

(green), B (blue), and C (red) after the WPA burning and DPA breakdown processes, 

respectively. The on-state current was decreased by 75 ± 19% after WPA burning, 

while that after DPA breakdown was 79 ± 23%. This indicates that additional water 

vapor did not deteriorate the selectivity in the electrical breakdown of m-SWNTs. It 

should be stressed that the reduction of on-state current after WPA burning is rougly 

comparable to that after Joule heating-induced thermocapillary flows and reactive ion 

etching,[123] where all s-SWNTs were considered to be preserved with the assumption 

of a typical ratio of population and conductance of s- and m-SWNTs. Under the similar 

assumption, the population-based purity of s-SWNTs was calculated to be ~99.8% for 

the WPA burning based on the performance of transistors. Further discussion on the 

damage to s-SWNTs will be discussed in Chapter 4 

The fabrication of multiple FETs thus demonstrated the potential of WPA burning 

as a large-scale purification process; however, the burning length should be further 

improved to be employed in microelectronic applications, where the purity of s-

SWNTs must be as high as 99.9999%. Uniformity of SWNT density and m-SWNT 

impurities is also required. The way to overcome the problem that originates from 

imperfect removal of m-SWNTs will be discussed in Chapter 4. 

 

3.2.4 Discussion on the roles of water and polymer in the burning process  

Here, a focus is directed back to the mechanism of WPA burning. A possible role 

of water molecules in the burning process is substantial enhancement of the oxidation 
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rate of both SWNTs and PMMA films through adsorption on the SWNTs. The addition 

of water vapor to the feed gases (typically oxygen) is generally increase the oxidation 

rate of carbon materials, such as graphite.[136] Water itself can also be used in 

hydrogen production through coal gasification.[137] 

The interval time of oxygen collision with carbon atoms in SWNTs under the 

experimental conditions employed in this study (~90 kPa oxygen) is typically ~10–9 s. 

This is much larger than the thermal relaxation time (~10−10 s) [138] of an SWNT 

directly on a SiO2 substrate. Furthermore, the reaction rate is even much smaller than 

the collision rate due to the activation barrier of reactions. Therefore, the oxidation 

induced by gas molecule collision is unlikely to result in a chain reaction of SWNT 

oxidation. 

Instead, one proposal is that the adsorbed water acts as an oxidizer which 

significantly increases the oxidation rate of both SWNTs and PMMA because water 

molecules can be adsorbed on SWNT surfaces and readily involved in the reaction 

with SWNTs. Three is still unclear point about an energy balance before and after the 

reaction. Since the oxidation of SWNTs by water (C(s) + H2O(l) → CO(g) + H2(g)) is 

an endothermic reaction, this reaction cannot be self-propagated. Chemical reaction 

products, such as CO and H2, might generate heat by reaction with oxygen in the 

vicinity of the SWNTs. Water may thus contribute to the burning of SWNTs rather 

catalytically through multiple complicated reactions. Further studies are needed to 

elucidate the mechanism of water-assisted burning of SWNTs. 

Dynamic changes of SWNT temperature and water molecules need to be also 

considered. When the SWNTs are broken down, and nanogaps are formed and quickly 

cooled down to room temperature, water molecules can be adsorbed/encapsulated 

[139] on/in the SWNTs. The bias voltage is still continuously applied after nanogap 

formation, so the amplified field at the nanogaps can induce the burning of SWNTs on 

the anode side. Although the temperature of the burning SWNT edge is very high, the 

hot region is localized near the reaction front. In addition, the velocity of SWNT 

burning should be greater than ~1000 m/s for the chain reaction to be self-sustained, 

according to the simulation (shown later in this chapter). Therefore, it is quite possible 
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that the adsorbed water molecules are involved in the reaction with SWNTs before 

they desorb from the SWNTs during the WPA burning. 

The burning length of SWNTs was also measured in wet oxygen gas but without 

PMMA coating to evaluate the importance of the PMMA film.[127] The length of 

removed part of SWNTs was increased to 1.3 μm (from 0.3 μm) on average by the 

addition of water vapor, but this was still much smaller than that under the WPA 

condition. In addition, when polymer-assisted burning was performed in air with a 

relative humidity of <20%, the PMMA coating slightly increased the average removed 

length from 0.3 to 0.8 μm. Therefore, the combination of PMMA coating and high-

pressure water vapor is inevitable for the full-length removal of m-SWNTs. It should 

be stressed that PMMA coating has another role to avoid the lateral etching, which is 

caused by the interconnection of SWNTs via the occasional formation of water 

droplets on the substrates under high humidity. Therefore, PMMA coating facilitates 

the high selectivity of electrical breakdown between s- and m-SWNTs in the presence 

of water vapor. 

 

Figure 3.6 Distribution of breakdown power density (a, b) and breakdown voltage (c. d) in 

wet oxygen (a, c) or dry oxygen (b, d). Total pressure for both conditions is 90 kPa, and all the 

set up was kept at room temperature. SWNTs were embedded in PMMA films. Channel length 

was ~10 μm. 
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PMMA thin films (~26 nm thick) are unlikely to suppress the supply of oxygen 

to SWNTs. The power needed to break SWNTs was strongly dependent on the 

collision frequency of oxygen, which is proportional to the oxygen partial 

pressure.[127] On the other hand, the coating of SWNTs with PMMA did not 

significantly change the breakdown power (Figure 3.6), while thicker PMMA films 

(~500 nm) increased the breakdown power by >10%. This indicates that the thinner 

coating has less influence on gas diffusion in the vicinity of the SWNTs, and is likely 

to be beneficial to the self-sustainable burning of SWNTs. 

In addition, PMMA coating on SWNTs was previously used as a passivation layer 

to reduce hysteresis in the transfer characteristics of FETs by the removal of water 

from the vicinity of the SWNTs.[140] In contrast, the PMMA-coated FETs in the 

present experiments were p-doped by exposure to the wet oxygen and exhibited a 

reduction of ambipolar features compared to that measured in a vacuum. Therefore, 

oxygen and water molecules are likely to easily penetrate through the PMMA thin 

films employed in this study.  

 

3.2.5 One-way burning from random breaking points 

3.2.6 Simulation study on burning SWNTs  

To discuss the role of the polymer coating in the enhancement of SWNT burning 

in detail, numerical simulations of m-SWNT burning were modeled and then 

performed with a device configuration that represents the SWNT samples used in this 

study. Here, the theory of conventional combustion waves is adopted in a similar way 

to that in a previous study on the combustion of CNT-polymer composites.[141] For 

simplicity, only one-dimensional distribution of temperature (based on equation of 

heat conduction) and oxidation reaction (based on Arrhenius equation) was considered 

for both (1) an SWNT and (2) a 2-nm-thick polymer layer in the vicinity of the SWNT 

(hereafter referred to as the “inner PMMA”). Figures 3.7(a–c) show schematics of the 

SiO2 substrate and the PMMA film other than the inner PMMA (denoted as “outer 

PMMA). The substrate and outer PMMA are kept at room temperature (T0) because 

the temperature will not be increased significantly due to a large thermal boundary 
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resistance with SWNTs compared to its size. The total system can be described by the 

following equations: 

𝜌1𝑐1𝐴1
𝜕

𝜕𝑡
𝑇1(𝑥,  ) = 𝜅1𝐴1

𝜕2𝑇1

𝜕𝑥2 +
𝜌1𝐴1𝑄1

𝑀W1

𝜕𝜂1

𝜕𝑡
− 𝑔sub(𝑇1 − 𝑇0) − 𝑔poly(𝑇1 − 𝑇2), (3.1) 

𝜕

𝜕𝑡
𝜂1(𝑥,  ) = 𝑘1(1 − 𝜂1) exp (−

𝐸a1

𝑅𝑇1
) ,       (3.2) 

𝜌2𝑐2𝐴2
𝜕

𝜕𝑡
𝑇2(𝑥,  ) = 𝜅2𝐴2

𝜕2𝑇2

𝜕𝑥2 +
𝜌2𝐴2𝑄2

𝑀W2

𝜕𝜂2

𝜕𝑡
− 𝑔out(𝑇2 − 𝑇0) − 𝑔poly(𝑇2 − 𝑇1), (3.3) 

𝜕

𝜕𝑡
𝜂2(𝑥,  ) = 𝑘2(1 − 𝜂2) exp (−

𝐸a2

𝑅𝑇2
),      (3.4) 

where subscripts 1 and 2 indicate an SWNT and the inner PMMA layer, respectively, 

ρ is the mass density, c is the specific heat capacity, T is the temperature as a function 

of axial position x and time t, κ is the thermal conductivity, A is the cross-section, Q is 

the heat of combustion, Mw is the molecular weight, gsub is the thermal boundary 

conductance (TBC) at the SWNT/SiO2 interface per unit length, gpoly is the TBC at the 

SWNT/PMMA interface, and gout is the TBC at a virtual interface of the inner/outer 

PMMA. η is the extent of oxidation (0 ≤ η ≤ 1), Ea is the activation energy of the 

oxidation reaction, k is the Arrhenius prefactor (collision rate), and R is the gas 

constant. Parameters used in the simulation are listed in Table 3.1.[142–145] gsub and 

Ea1 were estimated from preliminary experiments.[127] gout is assumed to be 30 

MW/mK, based on a two-dimensional temperature simulation.[127] Note that an 

appropriate value of the Arrhenius prefactor k for the oxidation of SWNTs and PMMA, 

especially when water molecules are involved in the oxidation reaction, has not been 

reported. Therefore, after determining the other parameters, the Arrhenius prefactor 

was adjusted to be 1×1014 s−1, so that oxidation of PMMA-coated SWNTs was self-

propagated. This extremely large value roughly corresponds to the frequency of 

molecular vibration and can be interpreted as the direct supply of water molecules as 

an oxidant from the adsorbed layers. 
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In order to simulate the burning initiated by voltage-driven etching (described 

later in Figure 3.8), the temperature of the SWNT edge (20 nm in length) and the 

surrounding inner PMMA was given at 573 K as an initial condition. The burning of 

the SWNTs coated with PMMA was self-propagated along the axis, as clear from the 

temperature-time profiles of the SWNT (bottom) and inner PMMA (top) in Figure 

3.7(d). Figure 3.7(e) shows the 1D temperature distribution along the SWNT and inner 

PMMA at three different times (t = 10, 500, and 1000 ps) after ignition. Since the 

thermal conductivity of SWNTs is much higher than that of PMMA, the SWNT 

conducted more heat along the axis and had a less steep temperature gradient than 

PMMA. 

 

Figure 3.7 (a) Schematic of the simulation setup. One side of an SWNT on SiO2 (= T0) is 

connected to metal contacts (= T0). (b) Cross-section and (c) side views of the heat flow model. 

For simplicity, the 2-nm-thick PMMA layer has variable temperature and is further surrounded 

by the outer PMMA film, which is kept at room temperature (= T0). (d) Simulated time-profile 

of temperature distribution along a PMMA-coated SWNT. The burned regions of the SWNT 

and PMMA are shown in gray. (e) 1D temperature profiles of the SWNT (blue) and the inner 

PMMA (red) at various times. (f) Dependence of the simulated burning length at t = 500 ps on 

TBC at the SWNT/PMMA interface. Results for high Arrhenius prefactor k1,2 and low SWNT 

thermal conductivity κ1 are also shown in red and blue, respectively. Adapted with permission 

from ref. [127]. Copyright 2017 Springer. 
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Figure 3.7(f) shows the burning length at t = 500 ps plot against the TBC of the 

SWNT/PMMA boundary with various Arrhenius prefactors k, or thermal conductivity 

of SWNTs, κ1. When the TBC gpoly was lower than the threshold, burning did not 

propagate at all. Efficient heat flow between SWNTs and PMMA films is thus required 

for the self-sustained burning. On the other hand, SWNT burning without the PMMA 

coating can be simulated by setting the TBC at the SWNT/PMMA interface to zero, 

which results in no propagation of burning, even when the temperature of the edge is 

set much higher than 573 K. Simulation for low thermal conductivity of SWNTs, as 

shown in Figure 3.7(f) (blue), indicates that thermal conductivity is also an important 

factor to achieve self-propagation of SWNT-PMMA burning. SWNTs are one-

dimensional materials that have high thermal conductivity only in the axial direction; 

therefore, lateral propagation of the burning via the PMMA thin films, which could 

result in the removal of s-SWNTs, is unlikely to occur. It should be stressed that when 

the Arrhenius prefactor is set at 1×109 s−1, which is similar to the collision frequency 

of oxygen to carbon atoms of SWNTs in ambient air, the oxidation reaction was very 

quickly terminated. 

The self-sustained burning mechanism of SWNTs and PMMA is summarized as 

follows. First, the inner PMMA begins to oxidize (step i in Figure 3.7(c)) prior to 

SWNT due to its lower activation energy, and then heats the SWNT from the outside 

(step ii). This in turn induces SWNT oxidation (step iii). Heat at the reaction front is 

transferred along the tube axis (step iv). The transferred heat then induces subsequent 

Table 3.1 Parameters used in the simulation of SWNT-PMMA burning. All the simulation 

results were obtained using these parameters, unless otherwise mentioned. 

Chirality 

(n,m) 

Lch 

[μm] 

κ1 (@ 300 K) 

[W m-1 K-1] 

κ2 

[W m-1 K-1] 

k1,2 

[s-1] 

gsub/dt 

[W m-1 K-1] 

gpoly/Awall 

[W m-1 K-1] 

Ea1 

[eV] 

Ea2 

[eV] 

10,10 3 1×103† 0.2 1×1014 2.0×107‡ 1.3×107 1.4 0.6§ 

† The same temperature dependence [142] as that in the literature was given for the thermal 

conductivity κ1. An intermediate value between theoretical [145] and experimental [142] 

studies was employed as the absolute value of κ1 in this study. 
‡ The TBC at the SWNT/polyethylene interface based on molecular dynamics [143] was 

used instead of that at the SWNT/PMMA interface. 
§ Among the various levels of PMMA oxidation, the lowest activation energy based on 

thermogravimetry [144] was used here. 
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oxidation of the PMMA in the vicinity (step v). This cycle (steps i–v) takes place 

repeatedly, and results in self-propagation of oxidation reaction of SWNTs and PMMA. 

It was previously considered that uniform Joule self-heating along SWNTs is 

necessary to achieve full-length burning, by assuming that oxidation should propagate 

before the electrically heated SWNTs are cooled down.[128] However, the assumption 

is contradicted by the simulation without Joule self-heating (when TBC is zero in 

Figure 3.7(d)). The importance of uniform Joule self-heating is also excluded by the 

experimental results for re-burning from nanogaps (explained later in Figure 3.14). 

The burning of SWNTs is self-sustained, despite the ultrafast cooling, so it would 

propagate over any length until contacts with the metal electrodes, unless non-

uniformities are present along the axis.[127] Ideally, an arbitrary length of SWNTs can 

be therefore removed by WPA burning, as experimentally demonstrated by the full-

length burning of 29-μm-long SWNTs.[127] 
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3.3 Secrets behind the one-way burning 

3.3.1 Remote etching during electrical breakdown 

The burning-based purification method basically utilizes Joule-self-heating in m-

SWNTs to obtain the selectivity in a similar manner to the electrical breakdown 

method, which successfully worked for the SWNT arrays with the density of >100 

SWNTs/μm.[117] However, the voltage needed to break m-SWNTs (breakdown 

voltage, VBD) proportionally increases as the SWNT (or channel) length becomes 

longer. In general, discharge or electric arc starts under high bias voltage, making 

things complicated and much different from a low voltage regime. Therefore, such 

phenomena particular to a high voltage regime has to be taken into account to explore 

the possibility of the burning-based purification method toward the high-performance 

transistor application.  

In this section, SWNT array especially after a breakdown are carefully observed 

before/after a high voltage application along the axis. Electrical breakdown of SWNT 

arrays was performed in air to form nanogaps in m-SWNTs. This process was done at 

~100°C to make the initial gas smaller (the reason will be described later) than 100 

nm. A positive gate voltage (VG = 10 V) was applied to selectively break m-SWNTs. 

Left panel of Figure 3.8 shows SEM images of a typical SWNT nanogap. After gap 

 

Figure 3.8 (a) SEM images of an SWNT after gap formation and gap extension in air. The 

initial gap was formed with a ramp voltage up to Vmax = 25 V on a heated substrate, followed 

by subsequent application of Vmax = 20, 40, 60 and 85 V at room temperature. (b) Schematic 

for time evolution of gap size and applied voltage. Inset shows the gap size change that follows 

the stepwise increase of voltage. Adapted from ref. [131]. Published by The Royal Society of 

Chemistry. 
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formation, ramp voltages from 0 to Vmax = 20, 40, 60, and 85 V were applied to the 

same SWNT array in air at room temperature.  

Figure 3.8(a) shows SEM images of an identical SWNT after the several voltage 

ramps. This clearly shows that the gap was extended only in the anode direction (one-

way gap extension). The initial and final gap sizes were 63 and 337 nm, respectively. 

AFM was also used to observe the etched SWNTs, confirming the removal of the 

SWNT. It should be noted that the etching of SWNTs on the anode side self-terminated 

in a very short time, as is clear from time-independence of gap size. Therefore, the 

etching length is simply determined by applied voltage, rather than by the product of 

etching rate and etching time. In this experiment, the voltage was increased stepwise 

due to instrument machine constraints, so that the gap size changes immediately after 

the voltage goes up (when F > F0) and keeps the same size until the next voltage 

increment (when F = F0) as schematically explained in Figure 3.8(b). 

Figures 3.9(a–c) show SEM images of SWNT nanogaps before and after gap 

extension up to Vmax = 40 V, and an AFM image of the extended gaps in the region 

outlined in the SEM image. The AFM image also shows that the SWNTs on the anode 

 

Figure 3.9 (a,b) SEM images of SWNTs just after nanogap formation and (b) after gap 

extension with ramp voltage up to 40 V. (c) AFM image of the region outlined in red in (b). 

Initial gap location is denoted by arrows. (d) Cross-section profiles of two SWNTs. Red lines 

indicates the profiles at the nanogaps, showing non-existence of SWNTs. Adapted from ref. 

[131]. Published by The Royal Society of Chemistry. 
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side were etched from the initial gap location denoted by arrows. Only residues thinner 

than the SWNTs remained on the substrate, as cross section profiles from two SWNTs 

exhibit (Figure 3.9(d)). 

Experiments similar to that in air were performed for SWNT arrays with channel 

lengths of Lch = 6.2 and 8.3 μm, by changing the maximum voltage from Vmax = 40 to 

100 V in 20 V steps. Ten SWNTs were typically broken down for the following gap 

extension experiment under each condition, while most s-SWNTs were preserved by 

gate control. Each maximum voltage was applied to different SWNT arrays for the 

same length of time, though the size of gaps extended with a constant voltage applied 

for 1 s did not further change even after 1000 s in a control experiment. The sizes of 

the extended SWNT gaps with Lch = 6.2 and 8.3 μm are plotted as a function of Vmax 

in Figure 3.10. Here, error bars indicate the standard deviation of the extended gap 

 

Figure 3.10 Gap size as a function of maximum applied voltages under various gas conditions 

(in air, dry O2, and wet O2). Circles (black) and open rectangles (blue) indicate the size of 

SWNT gaps extended in air with Lch = 6.2 and 8.3 μm, respectively. Inversed triangles (green) 

represent the size of the gaps formed by electrical breakdown in dry oxygen. Red triangles 

correspond to identical gap arrays further extended in wet oxygen with the same maximum 

voltages. Lch = 5.1 μm. Solid lines represent the best-fit of the data for each condition with 

Equation (3.7). Adapted from ref. [131]. Published by The Royal Society of Chemistry. 

 

0 50 100
0

500

1000

1500

Maximum Voltage (V)

G
a
p
 S

iz
e
 (

n
m

)

in wet O2 (5.1 μm)

in air (6.2 μm)

in air (8.3 μm)

in dry O2 (5.1 μm)



69 

 

Upscalable on-Chip Sorting of s-SWNT Arrays 

 

size. Similar gap sizes and voltage-dependence were obtained for SWNT arrays of 

both lengths.  

3.3.2 Size determination of nanogaps produced by electrical breakdown 

A possible mechanism for the SWNT gap size obtained by electrical breakdown 

on substrates is proposed as follows. The gaps initially have a gap size of sub-10 nm 

immediately after the breakdown of SWNTs, as such small gaps were obtained in a 

previous study,[127] and they are readily extended by continuous application of the 

voltage. One might wonder if chain-reaction burning of SWNTs results in large gap 

formation, as already discussed in Chapter 3.2 and or in a previous publication on 

organic film-assisted burning of SWNTs.[128] However, the oxygen-induced chain 

reaction is not expected as long as the SWNTs are directly exposed to dry air and are 

in contact with the substrates. This is because the collision frequency of oxygen 

molecules with SWNTs in air (~109 s−1) is relatively small compared to the thermal 

relaxation time of SWNTs on substrates (<100 ps).[138] Furthermore, if chain-

reaction burning dominates the gap formation process, then heating of the substrates 

during electrical breakdown should lead to larger gap formation. In contrast, the 

experimental results indicated the opposite.[131] The electrical breakdown of SWNTs 

on substrates did not indicate a clear dependence of the gap size on oxygen partial 

pressure,[131] which also excludes the chain-reaction burning as a reason for the gap 

extension. 

It should be emphasized that the dependence of gap size on the applied voltage 

can be used to explain the previous finding that electrical breakdown of longer SWNTs 

resulted in larger gap formation.[146,147] It is approximated here that the extended 

gap size is proportional to the maximum voltage for small gaps (Lgap = k1Vmax, where 

k1 is a constant). The breakdown voltage, the voltage required to heat up the SWNTs 

to oxidation temperature (typically ~600°C), is proportional to the SWNT length (VBD 

= k2Lch, where k2 was determined as 4.48 V/μm in the previous studies) for long 

SWNTs (Lch > 1 μm).[122,148] If the voltage is ramped until an SWNT is broken, then 

the extended gap size will also be proportional to the SWNT length (Lgap = k1VBD = 

k1k2Lch). Therefore, the use of shorter SWNTs (small Lch) is preferable for nanogap 

applications in energy-efficient and highly-integrated devices. 
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3.3.3 Effects of ambient water on the remote etching 

The dependence of the extent of gap extension on the ambient gas conditions was 

then examined. Figure 3.10 (green inverted triangles) shows the size of gaps formed 

in SWNTs with Lch = 5.1 μm by electrical breakdown up to four different Vmax in the 

flow of dry oxygen. The gap size here represents the extended gap size due to voltage 

application after cutting of the SWNTs, though gap formation and gap extension 

processes were not separated. The gaps formed in dry oxygen were smaller than those 

in ambient air (Figure 3.10), which suggests that oxygen molecules are not critical for 

the SWNT gap extension phenomenon. Some other gas species in air play a key role. 

The gaps were further extended in wet oxygen with the same maximum voltages 

as those in dry oxygen. Figure 3.10 (red triangles) shows that the extended gap size 

achieved in the presence of water is much larger than that under other conditions with 

lower relative humidity (RH) (wet oxygen ~100%RH, dry oxygen ~0%RH, and 

laboratory ambient air 30–60%RH). Gap extension experiments conducted in wet 

nitrogen (data not shown) revealed similar results to those in wet oxygen, which also 

denys the importance of oxygen in the gap extension process. Since higher humidity 

resulted in larger gap sizes, water vapor plays a key role in the voltage-driven extension 

of SWNT gaps. Based on this knowledge, the smaller gap formation by breakdown in 

Ar gas flow (Lgap = 30–100 nm) than in air (Lgap = 30–200 nm), as reported 

previously,[147] can be explained by the low humidity in the Ar gas flow, rather than 

by low oxygen partial pressure. Therefore, to further decrease the SWNT gap size, 

electrical breakdown should be performed in high-pressure dry oxygen. This is not 

only because dry gas prevents gap extension, but also because high-pressure oxygen 

lowers the breakdown voltage of SWNTs.[131] 

3.3.4 Field emission at SWNT nanogaps 

The SWNT gap extension process must involve charge transfer and an etching 

reaction; therefore, the current-voltage (I-V) characteristics during gap extension in air 

were carefully observed.[131] Although no conductive materials should be left at the 

gaps after breakdown of all SWNTs, a small and unstable current was still observed 

through the SWNT gaps. Recently, field emission (Fowler-Nordheim tunneling) at 

SWNT gaps on substrates with Lgap = 23–125 nm were examined using an electrostatic 
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force microscopy technique.[149] For gaps of m-SWNTs with any gap size or s-

SWNTs with Lgap > 60 nm, field emission was revealed to be the dominant charge 

transfer mechanism. In addition, field emission during electrical breakdown has been 

briefly discussed in the literature; however, there has been no detailed 

investigation.[150] 

To elucidate the charge transfer mechanism at the SWNT gaps in the present work, 

field emission properties at m-SWNT nanogaps were measured in a vacuum (~0.02 

Pa) to avoid damage to the anode SWNTs (gap extension). An experimental device 

was fabricated that contains a single SWNT, as shown in Figures 3.11(a) and (b). I-V 

characteristics were measured for SWNT gaps with Lgap of ~80 and ~300 nm (Lch = 8.2 

and 14.1 μm, respectively) by ramping the bias voltage from 0 V, while the gate 

voltage was kept equal to the cathode voltage. Figure 3.11(c) shows I-V characteristics 

for these gaps, where steep current increases in the sub-nA range were observed at 

 

Figure 3.11 (a,b) SEM images of single SWNT gaps with Lgap = 80 and 300 nm, respectively. 

Insets show enlarged images of the gaps. (c) I-V characteristics in vacuum and (d) FN plots of 

the SWNT gaps shown in (a,b). Red solid and blue dashed lines represent the fitted field 

emission properties with the data for the 80 nm gap and the expected field emission properties 

of geometrical features of the 300 nm gap, respectively. (e) I-V characteristics of three SWNT 

gaps formed with voltage application up to Vmax = 20 V. Inset: The current at 20 V (=Vmax) is 

estimated by extrapolation of the FN plot. Adapted from ref. [131]. Published by The Royal 

Society of Chemistry. 
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35 V (line (a) in Figure 3.11(c)) and 110 V (line (b) in Figure 3.11(c)). Fowler-

Nordheim (FN) plots for the measurement (Figure 3.11(d)) yield straight lines (solid 

lines show the best-fits). When it is assumed that the electrons were emitted into 

vacuum from SWNTs with work function of 4.8 eV,[151] the field enhancement 

factors γ for the gaps shown in Figures 3.11(a) and (b) are calculated from the slopes 

[152] to be 460 and 273, respectively. Note that γ = F/E, where F and E are a local 

field at the emitter surface and the macroscopic field (applied voltage V divided by the 

inter-electrode distance Lch), respectively. Despite the large difference in a sample 

configuration, the field enhancement factors roughly comparable to a previous report 

for free-standing SWNT field emitters (γ = 515).[152] 

The field emission characteristics for three similar SWNT gaps were also 

compared. Following gap formation by electrical breakdown on heated substrates 

(~100°C), the gaps were extended with Vmax = 20 V in air at room temperature. The 

sizes of all the extended gaps were around 70 nm. As shown in Figure 3.11(e), the I-V 

characteristics of these gaps in vacuum show onset voltages around 25–35 V, which 

were slightly larger than the maximum voltage (Vmax = 20 V) for gap extension. These 

gaps were extended with Vmax = 20 V; therefore, the minimum current required for in-

air gap extension (threshold current) can be estimated from the emission current at V 

= 20 V in vacuum. Extrapolation of the FN plot for the gap drawn in blue yielded a 

threshold current of 0.1–1 fA at V = 20 V (inset of Figure 3.11(e) and Figure 3.12), 

which was beyond the range of measurement due to noise in the present setup. The 

field emission properties of SWNTs can be affected by the adsorption of oxygen and 

water molecules in air.[153,154] Note that the linear current component obtained from 

the device without SWNTs (I/V = 14.9 [fA/V]) was deducted in Figure 3.11(e) to 

exclude leakages that did not originate from the SWNTs. 

Although the field emission current was measured in vacuum, the surface leakage 

current via water adsorbed on the substrates must be considered as another conduction 

mechanism in the presence of water vapor. Charge transfer between SWNTs and water 

electrolyte (electrochemical reaction) requires an electric field with a specific strength 

at the interface. Therefore, a higher voltage is required to maintain the constant field 

strength for larger SWNT gaps, which may appear as the observed relation between 

the applied voltage and gap size (Figure 3.10). Even in that case, the field emission 
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measurement in a vacuum is useful for quantification of the field enhancement at 

SWNT tips. 

3.3.5 Threshold field for gap extension: gap size versus voltage 

Here, the validity of the field emission electron as one of the driving forces of 

SWNT etching is evaluated. The emission current is assumed to keep the same 

(threshold current, I0) during the gap extension process because the gap size changes 

according to the ramp voltage. The FN law gives the relation between the emission 

current I [A], and the local field at the emitter surface F [V/m], as:[155] 

𝐼 = 𝐴
1.5×10−6

𝜙
𝐹2 exp (

10.4

√𝜙
) × exp(−

6.44×109𝜙
3
2

𝐹
) ,   (3.5) 

where A [m2] is the emission area and φ [eV] is the work function of the SWNT 

emitters. The local field F is obtained from the macroscopic field E and the field 

enhancement factor γ at the emitter surface. The FN law indicates that the local field 

F (= γE) is a constant value of F0 during the gap extension under this premise, though 

F0 differs according to the ambient gas conditions. Even when the water-mediated 

leakage current is the main charge transfer mechanism, the local field F at the nanotube 

tips also dominates the electrochemical oxidation (i.e. gap extension). Previous studies 

have reported models to estimate the field enhancement factor γ from geometric 

features, such as the length of the CNT emitter h, the distance between the flat anode 

and CNT tips D, and the radius r, for free-standing CNT emitters.[152,156,157] When 

 

Figure 3.12 (a) Fitting line for the experimental I-V characteristic [in red in Figure 3.11(c)] 

with the FN law [I = C1V2exp(−C2/V)]. (b) Similar fitting for the FN plots for the same gap. 

Since the gap was extended by bias voltage of V = 20 V, these fittings yield the threshold 

current for gap extension in air of I = 0.56–1.70 fA. (c) The same fitting was applied to the 

gap drawn in blue in Figure 3.11(e). This gap yields the threshold current of I = 0.33 fA. 
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the inter-electrode distance is large compared to the height of CNT, the field 

enhancement factor γ is simply estimated by the CNT height and the nanotube radius 

( 𝛾0 ∝ 1 + √ℎ/2𝑟 ).[157] For the case of small D, γ = 

γ0×{1+a×[D/(D+h)]−1−b×[D/(D+h)]} is often used as the modified relation,[152] 

where a and b are constants. The relation can be further rewritten to match the 

configuration of the present samples: 

𝛾 = 𝑐 (1 + √
𝐿ch−𝐿gap

4𝑟
) (1 + 𝑎

 𝐿ch

𝐿gap
− 𝑏

𝐿gap

𝐿ch
),    (3.6) 

where c and Lch are a constant and the channel length (original SWNT length) of the 

device, respectively. From the relation F = γVmax/Lch, the maximum voltage Vmax that 

gives the constant local field F0 at the SWNT tips for any gap size Lgap is expressed as: 

𝑉max( gap) =
𝐹0𝐿ch

𝛾
.       (3.7) 

Equation 3.7 was fitted to the experimental data in Figure 3.10 with a and F0/c as 

fitting parameters. The diameter of all the SWNTs was assumed to be 1.5 nm.[97] 

When a = 0.11, the fitting lines corresponded well with the trend of the experimental 

data under all the conditions, as shown in Figure 310. The b constant has little effect 

on the fitting results; therefore, b was set at zero. Compared to the threshold field F0,air 

obtained from the data in air (Lch = 6.2 μm), the other threshold field strengths for the 

gap extension in wet oxygen (Lch = 5.1 μm), in air (Lch = 8.3 μm), and in dry oxygen 

(Lch = 5.1 μm) were 0.47F0,air, 1.04F0,air, and 1.80F0,air, respectively. Enhancement of 

the emission current at a given field by water adsorption on SWNTs [154,158] can 

account for the lower threshold field under higher humidity conditions. Also, 

switching of the major charge transfer mechanisms from field emission to water-

mediated surface leakage current is another possible explanation for the low threshold 

field in the presence of water vapor. 

This relation was applied again to the calculation of I-V characteristics for field 

emission using the FN law (Equation 3.5). Here, an SWNT diameter dt of 1.5 nm and 

φ = 4.8 eV are supposed for simplicity. The emission area A is estimated from the y-

intercept of the FN plot to be 7.0×10−12 m2. First, c = 0.66 was obtained by fitting with 

the field emission characteristics of the 80 nm gap shown in Figure 3.11(c) (red line). 

The I-V characteristics for the 300 nm gap were then predicted from the gap 
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configuration using Equations 3.5 and 3.6. As shown in Figure 3.11(c), the predicted 

I-V characteristics (blue dashed line) are in good accordance with the experimental 

results. This indicates that the relationship between the geometric features and the field 

enhancement factor γ (Equation 3.6) can be used to predict the field emission 

characteristics at SWNT gaps on substrates, and also that the gap extension is 

dominated by the geometrically-derived field enhancement at the SWNT tips. Note 

that Lch of 12.5 and 11.5 μm were substituted into Equation 3.6 for 80 and 300 nm 

gaps, respectively, because the length of the SWNTs on the cathode side rather than 

the distance between two metal (Pd) contacts influence the field enhancement. The 

threshold field strength in air F0,air = 1.7×109 V/m was obtained from the threshold 

current I0 = 0.1–1 fA. Field emission into vacuum was assumed here, though a similar 

comparison of the 80 nm and 300 nm gaps is possible for field emission (FN tunneling) 

into SiO2 with slight modification of the parameters. 

Taking field-emission electrons and water molecules into account, two 

mechanisms for SWNT etching are proposed as follows. In ambient air, the SWNT 

surface is covered with a few layers of water molecules.[66,132] The first possible 

mechanism is electrochemical etching of anode SWNTs,[159] where charge transfer 

occurs via field emission or water-mediated surface current. Electrochemical oxidation 

first occurs on surfaces, which forms covalently functionalized groups on SWNTs. 

The locally functionalized SWNTs are then removed through further oxidation. The 

total reactions can be expressed as C(SWNT) + 3OH- → CO3
2- + 3H+ + 4e-. In contrast 

to the electrochemical etching of SWNTs in bulk electrolytes, physisorbed water from 

the air is unlikely to form an electric double layer under the conditions of the present 

experiments, which typically strengthens the field at the SWNT-electrolyte interfaces. 

Instead, field enhancement at the SWNT tips due to the ultrahigh aspect ratio may play 

an important role in the oxidation process. SWNT etching may continue either until 

the gaps are extended to a sufficient extent for the emission current to be negligible or 

until the local field at the tips become weak enough to not cause the electrochemical 

reaction. 

A second possible explanation for the gap extension is as follows. Electrons 

emitted from cathode tips are accelerated by an electric field while flowing in the 

SWNT gaps. Physisorbed water molecules on the SWNT tips are ionized by 



76 

 

Chapter 3 

 

accelerated electrons and turn into highly reactive species, such as OH·, H·, and HO2· 

radicals. These species then etch neighboring carbon atoms of the SWNTs to form CO, 

CO2, and various hydrocarbons. A similar etching phenomenon was reported in studies 

on CNT cutting [160] and the machining of CNT forests,[161] where CNTs were cut 

with a low-energy focused electron beam (inside an SEM chamber) in the presence of 

water vapor. 

As already discussed, electrical breakdown on heated substrates resulted in 

smaller gap formation because water molecules on the SWNT surfaces desorb at high 

temperature, even under the same water vapor pressure.[131] This indicated the 

importance of adsorbed water molecules rather than water molecules in the gas phase, 

which supports both mechanisms proposed here. Even when the emission current is 

sufficiently large, the gaps are not extended in the absence of water molecules on anode 

side SWNTs (e.g., in vacuum).  

 

3.3.6 Remote etching among adjacent SWNTs  

The remote etching phenomenon of anode SWNTs parallel to cathode SWNTs 

with small inter-SWNT spacing is found, as shown in Figure 3.13(a). Here, the 

SWNTs that connect only with metal anodes or cathodes are referred to as A-SWNTs 

or C-SWNTs, respectively. Gaps were first formed at a red arrow position and then 

extended to an Lgap of a few microns, whereas the other two gaps were only extended 

to an Lgap of a few hundreds nanometers. This can be explained by field enhancement 

between side walls of A- and C-SWNTs,[162] which induces the etching of adjacent 

A-SWNTs, as schematically explained in Figure 3.13(b). Red and blue in the 

schematic indicate high and low electric potentials, respectively. A-SWNTs (red) 

within a certain distance from C-SWNTs (inside the gray region) can be etched away. 

Although this etching mechanism is intrinsically the same as the gap extension 

discussed so far, the extent to which the SWNTs are etched away is determined by the 

distance between the two gaps of A- and C-SWNTs.  

In addition, whether etching occur or not is dependent both on the inter-SWNT 

spacing of parallel SWNTs and the applied voltage. If uniformly dense SWNT arrays 

can be grown and also m- and s-SWNTs are intentionally cut near cathodes and anodes, 
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respectively, then this etching in parallel SWNTs could be used to eliminate only m-

SWNTs by utilizing selective field emission from the side wall of s-SWNTs. 

On the other hand, this type of etching might deteriorate the removal selectivity 

during electrical breakdown through the cutting or damage of the adjacent s-SWNTs. 

For example, the SWNT that did not bridge two metallic contacts due to electrical 

breakdown was cut again around the neighboring nanogap, as indicated by a blue 

arrow in Figure 3.14(c). This indicates that SWNTs can be broken down without Joule 

self-heating if nanogaps are present in the vicinity. The SWNT segment between the 

red and blue arrows had a low contrast to the substrate in the SEM image, which also 

indicates the physical isolation of the SWNT segment from other SWNTs and metal 

electrodes.[163] 

If ionization of water molecules by accelerated electrons induces the cutting of 

unbridged SWNTs, then processing with voltages smaller than the ionization energy 

of water (~12.7 eV) would be helpful to avoid deterioration of the removal selectivity. 

 

Figure 3.13 (a) SEM images of five parallel SWNTs. Each image was taken after voltage 

application up to Vmax as indicated. The red and yellow arrows indicate the initial gap location 

on the anode and cathode SWNTs (A- and C-SWNTs), respectively. Two A-SWNTs in the 

middle were etched from over a few microns because of right C-SWNTs. (b) Schematics of 

the electric potential at two stages of the SWNT array in (a). Left: after the gap formation at 

the red arrow position, corresponding to 20 V < Vmax < 60 V. Right: after the remote etching 

of A-SWNTs, corresponding to Vmax = 60 V. Field emission from C-SWNTs can affect A-

SWNTs inside the gray area. (c) SEM images for the double cutting of a single SWNT. 

Secondary cutting of the middle SWNT occurred at the position marked by blue arrow. 

Adapted from ref. [131]. Published by The Royal Society of Chemistry. 
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The electrical breakdown of SWNT arrays (~20 SWNTs/μm, Lch = 2 μm), where a bias 

voltage of 20 V was applied, resulted in the correlated breakdown of neighboring 

SWNTs,[164] though this was previously explained in a different way.[134] In 

contrast, the electrical breakdown of higher-density but shorter SWNT arrays (>100 

SWNTs/μm, Lch = 400 nm), where the breakdown voltage is always <8 V, successfully 

cut only m-SWNTs (current retention >20%).[117] Note that a relatively thick gate 

dielectric (Al2Ox, 25 nm equivalent oxide thickness) compared to the inter-SWNT 

spacing (<10 nm) was used, and high electric field (>10 V/μm) was applied.[117] The 

results of adjacent SWNT etching will thus provide a guide to the design of appropriate 

device structures and the processing conditions required for successful breakdown of 

m-SWNTs. 

 

3.3.7 One-way burning from pre-formed nanogaps 

Keeping the voltage-induced etching in mind, the focus is then directed back to 

the water- and polymer-assisted burning of SWNTs. Burning of the SWNTs from the 

nanogaps formed by electrical breakdown was performed to confirm whether one-way 

burning could occur during voltage application treatment under the WPA condition. 

Observations of nanogaps similar to the last section were conducted after electrical 

breakdown under the WPA condition. 

Electrical breakdown of uncoated SWNTs was conducted in air while the 

substrate was heated at 100C to produce small gaps (~100 nm). Three different ramp 

 

Figure 3.14 (a) SEM images of two parallel SWNTs (upper one is semiconducting, the lower 

one is metallic). Pristine SWNTs before electrical breakdown (top), after nanogap formation 

(middle), and after the burning from pre-formed nanogaps (bottom). (b) Gap size versus the 

voltage applied across the SWNTs for three different conditions. (c) Schematics showing how 

the one-way burning occurs and determine the removed length of SWNTs. Adapted with 

permission from ref. [127]. Copyright 2017 Springer. 
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voltages (up to 40, 60, and 100 V) were sequentially applied to the broken SWNTs 

with gaps under the WPA and DPA conditions, and in wet oxygen without the PMMA 

coating. The top panel of Figure 3.14(a) shows an SEM image of two parallel SWNTs, 

one of which was electrically broken down in air (middle). After spin-coating of 

PMMA and second voltage application under the WPA condition, only the anode side 

of the lower SWNT was completely eliminated, while the upper s-SWNT was not 

burned or damaged (bottom). Figure 3.14(b) shows the average size of extended gaps 

as a function of the applied voltage for the three conditions examined. The gaps treated 

under the DPA condition and under wet oxygen without the PMMA coating were 

enlarged as the applied voltage was increased, similar to the experiments in Chapter 

3.3.[131] In contrast, all the SWNTs on the anode side from the nanogaps were 

completely removed after the first voltage application (40 V) under the WPA condition, 

and no voltage dependence was observed. 

The full-length removal on the anode side under the WPA condition can be 

attributed to self-sustained burning triggered by voltage-driven etching [131], as 

schematically presented by steps 2 and 3 in Figure 3.14(c). Broken SWNTs with 

nanogaps, which do not generate Joule heating, will be surrounded by water molecules. 

Due to the high field localized and amplified in the nanogaps, the SWNT edges on the 

anode side begin to be etched (step 2). This continuously leads to self-sustained 

 

Figure 3.15 SEM images of an SWNT array before (a) and after (b) re-burning under WPA 

condition. Arrows indicate the SWNT gaps formed by electrical breakdown. 40 V bias was 

applied to re-burn broken SWNTs. A relatively large gap indicated by a red arrow was not 

extended, even after voltage application up to 100 V. (c) Close-up images of outlined region 

in (a) and (b). Yellow arrows indicate (re-) burned SWNTs, while red does an unburned SWNT. 
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burning of the SWNTs at the anode side in the presence of polymer thin films, which 

can propagate along the tube axis without further application of an external voltage 

(step 3). 

It should be emphasized that the full-length removal shown in Figure 3.14(a) was 

not caused by voltage-driven etching,[131] where the gap size increases according to 

the applied voltage. Small gaps (~100 nm) were always fully extended, but a relatively 

large gap (~1 μm) was not extended at all after the voltage application even up to 100 

V, as shown in Figure 3.15. This is likely because the gap was too large for voltage-

driven anode etching to trigger burning of the SWNT. Importantly, this result excluded 

voltage-driven etching as the mechanism for the full length removal of SWNTs at the 

anode side. Therefore, WPA burning can be applied to high-density SWNT arrays 

without damage to adjacent s-SWNTs via voltage-driven etching. This will be 

discussed in detail as an important aspect of the scaling of SWNT-based transistors. 
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 Scalable Fabrication of SWNT Transistors 

Scalable Fabrication of SWNT 

Transistors 

4.1 Three types of scaling of SWNT transistors 

4.1.1 Ultrascaled channels and contacts 

There are three scaling requirements for high-performance and energy-efficient 

electronics. One is the scaling to short channel lengths. In logic transistors, speed, 

power-efficiency, and costs have been exponentially improved by scaling down the 

dimension of transistors for nearly half a century, and the size is almost approaching 

10 nm nowadays in the commercial products. However, planar bulk-Si transistors do 

not work reliably at the ultrascaled gate length below 10 nm due to so-called short-

channel effects [165]. For the better gate control on channels, new structures of 

gate/channels that incorporate more than one gate per device have been developed. One 

strategy for further scaling is to make the channel thinner using silicon on insulator 

(SOI) substrates. Another approach to break the scaling limit is three-dimensional 

channel configuration, such as FinFET (dual gate), tri gate, and gate-all-around. 

Ultimate restructuring of 3D transistors is nanowire channels that are all wrapped by 

gate for the best electrostatic control.  

Carbon nanotubes, which have extremely thin nanowire-like bodies by nature, can 

serve as the best channel material in terms of electrostatic control by gate. Furthermore, 

SWNTs have the high carrier mobility much exceeding Si (same for both electron and 

holes) and perfectly seamless structure even at ~1 nm diameter regime. Aggressive 

scaling of SWNT transistors less than 10-nm channel lengths was first reported in 2012. 

The ultrascaled transistor (LCH ≈ 9 nm) exhibit excellent switching with subthreshold 

swing (SS) of <100 mV/dec despite a single bottom gate because of the quasi 1D 

structure. More recently, carbon nanotube transistors with 5-nm gate lengths was 
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fabricated and showed a superb switching behavior (SS≈73 mV/dec), which is much 

better than Si MOS FETs with planar gate or multigate of the same dimensions. 

Although graphene contacts were used to reduce contact resistance, a footprint of 

transistors, which determines the degree of integration, were not discussed in the report. 

For the real application, the scaling of contact lengths, as well as channel lengths 

or gate lengths, becomes equally important. First systematic study on the contact 

scaling showed that the contact resistance between the ideal metal (Pd) increased by 

several times as the contact length was scaled to similar dimensions to the channel 

lengths (<20 nm). A new concept of end-bonded contacts was presented as size-

independent contact resistance for ultrascaled high-performance transistors, which 

exhibit advantages over conventional side-contacts in a sub-20 nm regime[48]. Upon 

such recent progress, ultrascaled carbon nanotube transistors with a 40-nm footprint 

was fabricated[3]. In terms of a footprint size, where the lengths of channels and both 

sides of contacts are included, even 7-nm-node Si and SiGe have footprints of ~60 nm. 

Though no data on the performance of 7-nm-node devices is available, the carbon 

nanotube transistor outperformed Si transistors with 10-nm-node FinFET and nanowire. 

These recent developments reinforce our conviction that carbon nanotubes can replace 

Si in high-performance computation and accelerate the further scaling. 

4.1.2 Densely packed SWNT channels 

Early demonstrations of SWNT-based transistors started from single SWNT 

channels.[49,166] However, for SWNTs to compete with and outperform silicon-based 

transistors, their density needs to be highly controlled. Theoretical study predicted that 

SWNT density as high as 250 SWNTs/μm is desirable to obtain performance gains 

over silicon devices in terms of .[53] Since synthesized SWNTs are usually a mixture 

of s- and m-SWNTs, it was difficult to use multiple SWNTs as a channel. First 

breakthrough for incorporating multiple SWNT channels was based electrical 

breakdown of unwanted SWNTs, where only m-SWNTs were oxidized with Joule-self 

heating in three-terminal devices (source, drain and gate).[116] Another approach was 

to use the low-density random networks composed of both types of SWNTs, so that the 

density of m-SWNTs does not exceeds the percolation threshold.[167]  
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Aligned growth of SWNTs on single-crystalline substrates, such as quartz[9,168] 

and sapphire[10,11], brought in a considerable improvement of the density and the 

compatibility with the electrical breakdown method. By patterning the catalysts in an 

isolated region, average density was increased around SWNTs/μm.[38] In addition, 

multiple loading of catalysts,[169] multiple-cycle growth,[170] and multiple transfer 

of aligned SWNTs [171] drove the density improvement forward up to ~45, 20–40, and 

~100 SWNTs/μm, respectively. Recently, ultrahigh density (>130 SWNTs/μm) was 

achieved by a single step of synthesis using the catalyst-dissolving and -releasing 

processes during CVD.[57] This value reaches one of the targets for the SWNT 

density.[54] Remaining challenges are to improve the uniformity of inter-nanotube 

separation over a large area, and elimination of m-SWNTs from as-grown arrays. 

For the high-performance application of SWNTs, selective removal of m-SWNTs 

has to keep its selectivity even when the SWNTs are densely packed. In this sense, 

sorting methods which sacrifice the s-SWNTs near m-SWNTs cannot be an ideal 

option, though some approaches achieved the ultrahigh selectivity of full-length 

removal between s- and m-SWNTs.[123,125,172] In contrast, a previous study showed 

that electrical breakdown reliably worked at the ultrahigh density arrays (~100 

SWNTs/μm). However, it is also predicted that electrical breakdown will fail in 

ultrascaled channel lengths.[117] Very recently, a new concept for shrinking the lateral 

spacing of as-grown SWNT arrays was proposed to increase the density with a less risk 

of crossing and bundling of SWNTs, which deteriorates the electrostatic control of 

SWNT channels.[173]  

Another ways to obtain high-density s-SWNTs is briefly described. Liquid-phase 

sorting of SWNTs [41] also opened the pathway to the use of high density random 

networks. Progresses in the preparation of aligned arrays from solution significantly 

increase the degree of alignment and the controllability of nanotube 

density.[39,40,106,174] By starting from high-purity s-SWNT solution (>99.99%), 

SWNT-based transistors whose current density exceeds Si and GaAs was fabricated at 

~100-nm node.[31] Remaining challenges for this sort of approach are to further 

improve the alignment to avoid failure at ultrascaled channels,[37] to realize global 

alignment of bun-monolayer films, and to obtain higher purity of s-SWNT (99.9999%). 
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4.1.3 Large-scale integration of SWNT transistors 

The third scaling requirement is the scaling to large circuits. To put this new 

material in practical use, billions of nanotube-based transistors have to be produced and 

integrated in a complex circuit. This requires ultrahigh yields and small variability 

among transistors. Medium-scale integrated digital circuits were successfully 

fabricated on flexible plastic substrates using sub-monolayer SWNT networks.[33,175] 

Despite the high yield over a large area, these studies employed as-grown low-density 

network nanotubes as channels, and therefore other approaches are necessary for high-

performance (e.g. large current density) electronics. The use of high-purity s-SWNT 

solution improved the performance through the densification of SWNTs while keeping 

the high on/off current ratio and spatial uniformity over a large area.[176,177]  

Techniques for large-scale compatible removal of m-SWNTs and the design of 

imperfection-immune systems drove forward the use of horizontally aligned SWNTs 

in large-scale.[120] Started by a first nanotube computer which was composed of 178 

transistors in 2013,[119] more than one million SWNT-based inverters (logic and 

sensors) were integrated into three-dimensional systems together with silicon logic 

circuits and RRAM.[4] Since the current fabrication had to employ the electrical 

breakdown methods, which will fail in ultrascaled channels (<20 nm), other ways of 

m-SWNT removal with high reliability and the three types of scalability need to be 

developed to realize SWNT-based performance large-scale circuits. 

 

4.2 Purely semiconducting SWNT arrays via full-length burning 

4.2.1 Site-controlled formation of nanogaps 

Horizontally aligned SWNTs were grown on r-cut quartz substrates by the alcohol 

CVD method [178] as described in detail elsewhere.[97] The SWNTs were transferred 

via polymer thin films [35] onto Si/SiO2 substrates (100 nm thick oxide) with pre-

patterned metal probing pads (Ti/Pt: 1/24 nm). Unwanted SWNTs outside the active 

region were etched away by oxygen plasma, followed by patterning of Au contacts (25 

nm thick) directly onto the SWNT arrays. All transistors were modulated by a Si back-

gate with SiO2 as a dielectric. 
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Observations of the SWNTs were conducted using SEM (0.7–1.0 kV) and AFM. 

Electrical measurements of transistors were performed in air at room temperature, and 

all other voltage treatments were conducted in a chamber filled with pure oxygen (O2: 

90 kPa) or wet oxygen (O2/H2O: 90/2.4 kPa) as described elsewhere in detail.[127]  

Figures 4.1(a−d) show the purification procedures for the full-length burning of 

m-SWNTs. Third (middle) Au contacts, as well as other two (top and bottom) contacts, 

were patterned on the SWNT arrays (Figures 4.1(a)) to form nanogaps in the vicinity 

of the bottom metal contacts, to which a lower potential was applied (cathode). A 

corresponding SEM image is shown in Figures 4.2(a). Electrical breakdown of the 

SWNTs was performed in dry oxygen environment to create as small nanogaps as 

possible between the middle and bottom contacts. The reason for this will be described 

later. Etching of the middle metal contacts with an iodine-based gold etchant left eight 

nanogaps in the m-SWNTs beside the bottom contacts, at the position indicated by the 

red circles in Figure 4.2(b). The transfer characteristics of the transistor defined by the 

middle and bottom contacts indicate that all the m-SWNTs were successfully broken 

down, as shown by the red curve in Figure 1h. The reduction of the on-state current 

after the removal of middle contacts (Figure 4.2(d), blue curve) is simply attributed to 

the change in the channel length LCH, from ~2 to ~10 μm. 

 

Figure 4.1 Schematics for procedures of-chip sorting of s-SWNTs from the as-grown aligned 

arrays. (a) SWNTs were first embedded in three Au contacts. Electrical breakdown was 

performed between the two (middle and bottom) contacts to form nanogaps in m-SWNTs. (b) 

After the gap formation, the middle contacts were selectively etched away, leaving the nanogaps 

near the bottom contacts (cathode). (c) Spin-coating of PMMA thin films, followed by WPA 

burning of m-SWNT from the pre-formed nanogaps. (d) Purely s-SWNTs remained after 

PMMA removal with acetone. Adapted with permission from ref.[179]. Copyright 2017 

American Chemical Society. 

Metallic
Semiconducting

Gap formation
Middle-contact removal

Polymer coating
m-SWNT burning

Polymer removal

(a) (b) (c) (d)
water/oxygen

Top-contact

Middle-contact

Bottom-contact



86 

 

Chapter 4 

 

4.2.2 One-way burning site-controlled nanogaps 

Once the nanogaps were formed, WPA burning from nanogaps, which was studied 

in Chapter 3, was utilized to remove any remaining m-SWNTs. The SWNT arrays 

(Figure 4.2(b)) were embedded in PMMA thin films by spin-coating of 1 wt% PMMA 

(MW ≈ 996,000) solution in anisole. A ramp voltage (up to 35 V) was then applied to 

the SWNT arrays in a wet oxygen environment. Figure 4.2(c) shows an SEM image of 

the SWNT arrays after m-SWNT burning from site-controlled nanogaps and removal 

of the PMMA with acetone. Since burning from nanogaps occurs in the SWNTs 

connected to the metal contact to which a higher potential is applied (anode), SWNT 

fragments at the anode side of the nanogaps were eliminated. Thus, almost full lengths 

of the m-SWNTs were removed, except for very short fragments in the designated area 

 

Figure 4.2 SEM images of SWNT arrays during the of-chip sorting of s-SWNTs. (a) SWNTs 

were first embedded in three Au contacts. Electrical breakdown was performed between the two 

(middle and bottom) contacts to form nanogaps in m-SWNTs. (b) After the gap formation, the 

middle contacts were selectively etched away, leaving the nanogaps near the bottom contacts 

(cathode). (c) Purely s-SWNTs remained after WPA burning of m-SWNTs and PMMA removal 

with acetone. (d) Transfer characteristics of transistors before and after the gap formation (black 

and red curves), after the burning from pre-formed nanogaps (green). (e,f) Current transition 

during (e) gap formation and (f) burning from the nanogaps. Adapted with permission from 

ref.[179]. Copyright 2017 American Chemical Society. 
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close to the bottom contact. Therefore a purely semiconducting SWNT array was 

obtained in the selected area. Note that during this purification process, SWNTs can be 

kept very clean because only PMMA, Au, and photoresists, which can be easily 

removed,[47,117] are in direct contact with the SWNTs. 

The residues thinner than the original SWNTs were observed in an AFM image 

(not shown) after the SWNTs were burned from the nanogaps. For example, a 1-nm-

thick residue remained after the burning of an SWNT with the diameter of 2 nm. To 

rule out the unintentional conduction through the residue, metal contacts were placed 

on the burned m-SWNT area. Measurement of current-voltage characteristics 

confirmed that this type of thin residue from the m-SWNT was not conductive. 

 

4.3 Multiple transistors along identical array of s-SWNTs 

4.3.1 Fabrication and characterization of multiple transistors 

Since m-SWNTs were selectively removed in almost full length, multiple 

transistors are then fabricated along the s-SWNTs to discuss their performance. After 

dissolving the entire Au layers used for the purification process (Figure 4.3(b)), a row 

of metal contacts was patterned by electron beam lithography, thermal evaporation of 

Ti/Au (0.2/35 nm), and a lift-off process (Figure 4.3(c)). Finally, the devices were 

annealed at 230°C in air for 1 h to improve the contact between the SWNTs and the 

metal. Figure 4.3(d) shows a false-colored SEM image of fabricated transistors with 

various channel lengths (200–960 nm).  

Figure 4.3(e) shows the transfer characteristics of five transistors on the same 

SWNT array. All the transfer characteristics of SWNT transistors show excellent 

switching behavior, which confirms again that no m-SWNTs remained in the region 

where the transistors were fabricated. Figure 4.3(f) shows that the on-state current ION 

increased linearly with a reduction in the channel length, while the on/off ratio ION/IOFF 

remained almost constant (~105). This indicates that the s-SWNT array was uniform 

along the axis, as the long SWNT arrays were originally used after the removal of m-

SWNTs.  
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There are nine s-SWNTs in the channel, so that the averaged conductance of each 

s-SWNT was calculated to be 4.6 μS, which is the same order as that of previously 

reported devices with a single as-grown s-SWNT and similar dimensions [180] (see 

also Figure 4.9). The conductance can be improved by further vaporizing the polymer 

(PMMA and resists) residue before patterning of the metal contacts. It should be 

stressed that although only five transistors were fabricated in this experiment due to the 

constraint of measurement setup and device structure, the number of transistors 

fabricated on the s-SWNT array could be increased much by reducing the device 

dimensions. This method will therefore enable device integration with ultrasmall 

channel/contact length and freedom of circuit design in contrast to the electrical 

breakdown method.[120] 

4.3.2 Potential for channel scaling 

Half-lengths of m-SWNTs were intentionally removed, for the preparation of both 

purified and unpurified SWNT arrays from the identical set of long SWNTs, as shown 

 

Figure 4.3 (a-c) Schematics for the fabrication of multiple transistors from the fabricated s-

SWNT array. (a) Before and (b) after the m-SWNT removal procedure. (c) Schematic and (d) 

false-colored SEM image of the transistor array fabricated from the s-SWNT array. (e) 

Transfer characteristics of five transistors with different channel lengths. (f) On current ION 

(left axis), and on/off ratio ION/IOFF (right axis), as a function of the channel length, LCH. VDS = 

−0.1 V. Adapted with permission from ref.[179]. Copyright 2017 American Chemical Society. 
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in Figures 4.4. Since the unpurified SWNT array was not subjected to any voltage 

application, the effect of the purification process on the SWNTs could be directly 

evaluated through the fabrication and characterization of transistors with the exact 

same dimensions on purified and unpurified arrays. 

In Figure 4.4(c), transistors on the unpurified array (black curves) show typical 

characteristics of short circuits caused by m-SWNT impurities, while those on the 

purified array (red curves) reflect purely semiconducting behavior. Therefore, the 

purification process increased the on/off ratio from <10 to ~104, as shown in Figure 

4.4(d). From the data with LCH = 200 nm in Figure 4.4(e), the reduction in the on-state 

current induced by purification was ~70%, which is quite modest considering that m-

SWNTs conduct more current than s-SWNTs.[181] In both types of transistors, the on-

state current was increased with a reduction in the channel length because the SWNT 

arrays were uniform along the axis. 

 

Figure 4.4 Comparison between transistors fabricated from purified and unpurified SWNT 

arrays. (a) Schematic for the preparation of purified and unpurified arrays originally from 

identical SWNTs. (b) Optical image of two transistor arrays fabricated from purified (bottom) 

and unpurified (top) SWNT arrays. (c) Transfer characteristics of the transistors fabricated 

from purified (red) and unpurified (black) arrays. (d) On/off ratio ION/IOFF for the transistors on 

the purified array (red circles) as a function of the channel length LCH. Plots for the transistors 

before and after electrical breakdown of the transistors fabricated from the unpurified array 

(black and open squares, respectively). (e) Similar set of plots for channel length LCH vs. on 

current ION. (f) Channel length LCH vs. breakdown voltage VBD. Adapted with permission from 

ref.[179]. Copyright 2017 American Chemical Society. 
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Conventional electrical breakdown [116] was performed on individual transistors 

on unpurified arrays for comparison with those obtained via full-length WPA burning. 

All the transistors tested here were composed of the same set of SWNTs. The electrical 

breakdown method has shown its applicability in the fabrication of digital systems 

using CVD-grown SWNT arrays by combining design and processing,[119] even when 

the SWNT density exceeds 100 tubes/μm.[117] However, the method is quite sensitive 

to channel length and is expected to fail in ultrascaled devices.[121] A ramp voltage 

(VDS) was applied to the transistors on the unpurified array until the on/off ratio reached 

103, while s-SWNTs were turned off by gate. For the longer channel devices (LCH ≥ 

600 nm), on-state current retention was comparable for both the WPA burned devices 

and the electrical breakdown devices, as shown in Figure 4.4(e). On the other hand, the 

on-state current was significantly degraded when the channel was scaled further (LCH 

≤ 400 nm). Therefore, our fabrication procedure, where m-SWNTs are completely 

removed from long SWNT arrays and then source and drain contacts are defined on the 

semiconducting arrays, is more beneficial than conventional electrical breakdown for 

a reduction in device dimensions without sacrifice of the on-state current. 

The large degradation of the on-state current by electrical breakdown can be 

explained in terms of heat dissipation and electrostatic problems at the gate. First, a 

higher electric field (VDS/LCH) is required to cut shorter SWNTs (Figure 4.4(f)) because 

axial heat sinking to metal contacts, rather than to the substrate below, becomes 

predominant for short-channel devices[122] (see also Figure 4.5(b) for calculated 

temperature profiles). This increases the off-state current in s-SWNTs significantly by 

the time the m-SWNTs are broken down. Second, gate control becomes weak as the 

channel is scaled due to so-called short-channel effects. The off-state current is 

increased because of this effect, even at the same voltage. These two effects reduce the 

difference in the breakdown voltage of s- and m-SWNTs (Figure 4.5(d)), which 

restricts the use of the electrical breakdown method in scaled devices. Note that the 

present devices were not optimized in terms of gate electrostatics, and have much room 

for reduction of the off-state current in s-SWNTs during the electrical breakdown 

process. 
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4.3.3 Thermal properties during electrical breakdown of short SWNTs 

In order to investigate the reason why electrical breakdown failed in short-channel 

devices, analytical calculation [148] was conducted for temperature of SWNTs with 

various lengths. Thermal conductivity of the SWNT was assumed to be 1,000 W/mK 

and Joule heating was uniform and the same for all the case. Since the metal contacts 

on both sides of the SWNT remain almost at room temperature, heat flux to the contacts 

strongly affects the temperature profile along axis. As SWNT length become shorter, 

the highest temperature decreases (Figure 4.5(b)), which means higher field (voltage 

per certain length) is needed to break m-SWNTs.  

 

Figure 4.5 (a) Schematic for analyzed SWNT devices with various lengths heated by uniform 

Joule heating along the axis. (b) Analytical temperature profiles of SWNTs of various lengths. 

(c) Channel lengths vs simulated breakdown power VBD (left axis) and equivalent electric field 

(VBD/LCH) (right axis). (d) Breakdown voltage VBD vs channel lengths LCH for s- and m-SWNTs 

(left axis). Red circles represent the VBD ratio of s-SWNT to m-SWNT (right axis). Adapted 

with permission from ref.[179]. Copyright 2017 American Chemical Society. 
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A numerical simulation for the breakdown voltage (voltage needed to heat SWNTs 

up to 600°C) was also performed as shown in Figure 4.5(c). Here, electrical contact 

resistance (voltage drop at the contacts with metal) and temperature dependence [142] 

of thermal conductivity of SWNTs are taken into account, and other simulation details 

are described elsewhere.[127] The simulation result showed a similar trend to the 

experiment shown in Figure 4.4(f). Here, error bars here represent the change in 

breakdown voltage when the thermal conductivity of SWNTs increases/decreases by 

10%.  

Figure 4.5(d) shows the breakdown voltage VBD of s- and m-SWNTs of various 

lengths. Although the s-SWNT was broken down at higher bias than m-SWNTs, the 

difference of VBD (VBD,s/VBD,m, red circles on right axis) became small as channel 

lengths LCH were reduced. This indicates the low selectivity of removal between s- and 

m-SWNTs for scaled devices. 

4.3.4 Suppressed damage to s-SWNTs 

It should be stressed that the purification process that involves the pre-formation 

of nanogaps caused little damage to the s-SWNTs. In a control experiment, the on-state 

conductance (at VDS = −1 V) of the s-SWNTs was gradually decreased when a large 

VDS bias (>5 V/μm) was applied, especially when the s-SWNTs were under the PMMA 

 

Figure 4.6 (a) Transition of on-state current in single s-SWNT transistors embedded under 

various conditions (with or without PMMA coating, gas environments). Crossed marks 

represent the breakdown of SWNTs during next voltage application. LCH = 10 μm. (b) Similar 

data obtained in dry oxygen without PMMA coating for the transistors with different channel 

lengths. The current dropped before electrical breakdown for short channel lengths. 
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films. Figure 4.6(a) shows transition of on-state current of transistors with as-grown 

10-μm-lomg s-SWNT channels in various conditions. Two types of damages to the s-

SWNTs were observed here; (1) heat-induced damage which physically cuts the 

SWNTs when IDS was too large (>1 μA in this experiment) and (2) high field-induced 

damage. Heat-induced damage suddenly appears as electrical breakdown (represented 

by crossed marks) without showing any degradation beforehand. On the other hand, 

the transistors showed gradual decrease in on-state conductance prior to the breakdown, 

especially when s-SWNTs were in the PMMA thin films and VDS exceeded ~50 V 

(5 V/μm). This indicates that nanogaps formation in the designated region prior to the 

burning prevented s-SWNTs from the filed-induced degradation during the purification. 

A similar experiment was conducted for the transistors with various channel 

lengths located on a single, identical s-SWNT in dry oxygen with no PMMA coating. 

As shown in Figure 4.6(b), on-state current showed deterioration just before electrical 

breakdown for the transistors with small LCH, consistent with the result shown in 

Figure 4.4(e). This is probably because higher field was needed to break s-SWNTs for 

shorter-channel devices due to large heat dissipation to metal contacts. This indicates 

that the electric field rather than Joule heating was responsible for the gradual 

degradation of s-SWNT conductance. 

In the first electrical breakdown process in the full-length removal of m-SWNTs, 

most of the SWNTs, which are embedded in Au contacts, were not subjected to a high 

electric field. In the subsequent burning process, the on-state current of the transistor 

defined by the top and bottom contacts did not decrease as shown by the blue and green 

curves in Figure 4.2(d). This is because the burning from pre-formed nanogaps can be 

triggered by the application of a low voltage (35 V), which is much lower than the 

electrical breakdown voltage (~70 V for 10-μm-long SWNTs by the extrapolation of 

Figure 4.4(f)). Therefore, the selectivity for the removal of s- or m-SWNTs is 

dominated by the initial electrical breakdown to form nanogaps, which is almost high 

enough for logic applications (>99.99%).[118] Furthermore, the voltage required to 

trigger the burning is independent of the SWNT length due to field localization within 

the nanogaps, and thus breakdown of the gate dielectric can be avoided even when the 

purification process is scaled up. 
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According to a basic heat transfer theory, when LCH = 1.5 μm or more, the 

temperature profile along the tube axis is uniform in the middle (Figure 4.5(b)), and is 

not affected by heat dissipation to the metal contacts. Therefore, the selectivity of 

removal between s- and m-SWNTs is sufficiently high for devices with LCH ≥ 1.5 μm, 

which is clear from the almost constant breakdown field (VBD/LCH) shown in Figure 

4.4(f). To further scale up the purification process and reduce the area ratio of 

unpurified to purified arrays, the distance between anodes and cathodes for the burning 

process should be increased while all SWNTs are kept connected to both metal contacts. 

Since the proposed mode for SWNT burning suggests a self-sustained burning without 

a limit of length,[127] the growth of long SWNTs is a key to further improve the process. 

 

4.3.5 Applicable to high-density arrays? 

When the sorting technique is applied to high-density SWNT arrays, deterioration 

of the selectivity caused by inter-tube interaction, i.e., the influence of the burning 

SWNTs on other SWNTs in the vicinity, can be a concern. There are two possible ways 

of damage to intact s-SWNTs; voltage-induced tip-to-wall etching and wall-to-wall 

spreading of chemical reaction via PMMA. The author examined the minimum inter-

SWNT spacing for which m-SWNTs burned from nanogaps and caused no damage to 

neighboring s-SWNTs, and the results are shown in Figure 4.7. With respect to the first 

type of damage, the experimental result shows that an s-SWNT 60-nm away from the 

tip of a broken m-SWNT did not burn down, even when 50 V was applied to burn the 

m-SWNT (Figure 4.7(a), bottom). In addition, the burning of the m-SWNT did not 

propagate to the s-SWNT when the minimum inter-SWNT distance was as small as 40 

nm (Figure 4.7(a), top). This implies that this method can be applied to SWNT arrays 

with a density of 16 SWNTs/μm or more. 

In contrast, when a nanogap was located close to the anode, an s-SWNT 120-nm 

away from the nanogap was burned away, even with application of a smaller voltage 

(40 V), as shown in Figure 4.7(b). This is because the difference in the electric potential 

between the m-SWNT tip and the s-SWNT wall was greater, as schematically shown 

in Figure 4.7(d). This implies that burning from site-controlled nanogaps near the 
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cathode is also beneficial to avoid unintentional damage to neighboring s-SWNTs, and 

is thus applicable to higher-density SWNT arrays.  

There are two possible damages to s-SWNTs during the burning of m-SWNTs. 

Tip-to-wall damage is electrochemically induced[131] because of field enhancement 

between the tip of m-SWNTs and sidewall of adjacent s-SWNTs. On the other hand, 

wall-to-wall damage is caused by chemical reaction of the polymer mediating two 

SWNTs. Extreme case of this damage occurs when m-SWNTs and s-SWNTs are 

bundled.[128] Figure 4.7(b) shows the burning from nanogaps located near the anode, 

to which higher potential was given during the burning of m-SWNTs. Although only 

40 V was applied to trigger the burning of the middle m-SWNT, an s-SWNT ~120 nm 

away from the tip (nanogap) of the m-SWNT was also burned. 

 

Figure 4.7 (a) SEM image of three parallel SWNTs after gap formation by electrical 

breakdown of the middle SWNT. Enlarged images of two regions before and after burning of 

the middle SWNT under WPA conditions by the application of 50 V are also shown. s-SWNTs 

were kept intact, though the minimum tip-to-wall and wall-to-wall distance in these SWNTs 

were 60 and 40 nm, respectively. (b) SEM images of s-SWNTs and an m-SWNT with a 

nanogap formed nearby the anode before (top) and after (bottom) the burning by the 

application of 40V. A neighboring s-SWNT was also burned. (c) Schematic of the electric 

potential for different gap positions (near anode or cathode). Adapted with permission from 

ref.[179]. Copyright 2017 American Chemical Society. 
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The values presented above (40, 60 nm) are not the lower limit of inter-tube 

spacing with which s-SWNTs remain unaffected. A straightforward way to investigate 

the lower limit is to prepare SWNT arrays with various inter-tube spacing down to <10 

nm (desirable density is >100 SWNTs/μm). However, growth of such high-density 

SWNTs and maintaining the inter-tube distance without forming bundles is not easy 

because the SWNTs have to be transferred from crystalline quartz substrates for gate 

control unless a top gate configuration is available. Instead, a simple model is presented 

to describe the damage to s-SWNTs given by m-SWNT nanogaps based on field 

enhancement at the SWNT tips introduced in the last section. Upon the assumption that 

the burning from nanogaps is triggered by field emission and anode etching due to field 

enhancement at the SWNT tip, the author roughly estimated the upper limit of the 

density of SWNTs to which this purification method can be applied without sacrificing 

s-SWNTs. By ignoring the difference of field enhancement between tip-to-tip and tip-

to-wall configurations for simplicity, the field enhancement factor γ at SWNT tips can 

be expressed in a similar manner to a previous study[131] about the field enhancement 

on substrates as below, 

𝛾 = 𝑐 (1 + √
2𝐿cathode

4𝑟
) (1 + 𝑎

2𝐿cathode+𝑠𝑖𝑛𝑡𝑒𝑟

𝑠inter
− 𝑏

𝑠inter

2𝐿cathode+𝑆𝑖𝑛𝑡𝑒𝑟
),  (4.1) 

where a, b, and c are constants and taken from the previous study,[131] Lcathode is the 

length of broken m-SWNTs connected to the cathode, sinter is the inter-tube spacing, 

and r is a tube radius. Since the electric potential of unbroken s-SWNTs has a gradient 

along the axis, the voltage difference Vinter between the tip of anode m-SWNTs and the 

wall of the other side of s-SWNTs is written as Vinter = VDSLcathode/LCH. If the threshold 

field at the SWNT tips for initiating the burning is constant (Fth = γVinter/(2Lcathode+sinter)) 

and can be estimated from the burning occurring at tip-to-tip, where typically ~30 V 

was necessary to burn m-SWNTs from 70-nm-nanogaps, the threshold voltage that 

causes the m-SWNT-induced burning of s-SWNTs (Vs-burn) is obtained as below, 

𝑉s−burn( cathode, 𝑠inter) =
𝐹th(2𝐿cathode+𝑠inter)

𝛾
×

𝐿CH

𝐿cathode
.   (4.2) 
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Figure 4.8(c) shows a color contour plot of the voltage calculated by Equation 4.2 

when the LCH for the burning process is 10 μm (similar to Figure 4.2). The examples of 

the nanogaps shown in Figure 4.7(a) and (b) are plotted as a blue triangle (Vs-burn ≈ 67 

V > VDS = 50 V) and a red square (Vs-burn ≈ 32 V < VDS = 40 V), respectively, which 

suggests this simple modeling is consistent with the experimental results. VDS for 

triggering the m-SWNT burning has to be smaller than Vs-burn to avoid the undesirable 

removal of s-SWNTs. Since the channel length for the first nanogap formation process 

can be reduced down to 1.5 μm while keeping the selectivity of breaking m-SWNTs 

high enough, the inter-tube spacing can be reduced to ~10 nm without sacrificing s-

SWNTs under the application of VDS = 35 V (a dashed line in Figure 4.8(d)). This 

implies the sorting method of s-SWNTs could effectively work for the SWNT arrays 

with density up to ~100 SWNTs/μm owing to the control of gap position. Note that it 

is assumed that ~70-nm-nanogaps are formed by the breakdown of 99.99% (within four 

standard deviations) m-SWNTs with VDS = 20 V, and then the m-SWNTs are burned 

by the further application of VDS = 35 V (as in Figure 4.2). Scaling up of the purification 

process (which corresponds to larger LCH in Equation 4.2) is also beneficial in further 

 

Figure 4.8 Schematics for (a) the configuration of SWNTs of interest, and (b) the simplified 

tip-to-tip configuration to estimate the damage to s-SWNTs induced by m-SWNT nanogaps 

with a separation of sinter. Unbroken s-SWNT in (a) has a gradient along the axis, and an s-

SWNT in (b) is assumed to have the same potential (=VDSLcathode/LCH) as the point closest to the 

m-SWNT nanogap. (c) (d) Color contour plot of the calculated threshold voltage that 

unintentionally causes the burning of s-SWNTs, as a function of gap position (x-axis) and inter-

tube spacing (y-axis). Two examples from Figure 4.7 are plotted in a blue triangle and a red 

square, respectively. Adapted with permission from ref.[179]. Copyright 2017 American 

Chemical Society. 
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reducing the inter-tube spacing. Therefore, the sorting method in combination with 

selective growth of long and high-density s-SWNT arrays[57,182,183] opens the 

possibility of the practical use of SWNT transistors in large-scale and high-

performance logic circuits. 

 

4.3.6 On-state conductance per tube 

Transistors with various channel lengths LCH were also fabricated along single as-

grown SWNTs as shown in Figure 4.9(a). Among the three SWNTs (one metallic and 

two semiconducting tubes), the transfer curves of the transistors on the best SWNT are 

shown in Figure 4.9(b), which indicate the contact resistance of 2Rc = 13 kΩ and on-

state conductance of 18 μS at LCH = 200 nm. On the other hand, other two SWNTs 

fabricated simultaneously had lower on-state conductance of 2.8 and 1.3 μS at the same 

dimension. This variation probably comes from imperfect fabrication process, such as 

quality of contact metals and residues on SWNTs. From this point of view, the average 

on-state conductance per tube (= 4.6 μS) after the burning of m-SWNTs (Figure 4.3(f)) 

is comparable to the unprocessed as-grown SWNTs. 

Although the s-SWNT array sorted by full-length WPA burning of m-SWNTs has 

as large conductance as the unprocessed individual SWNTs, it is still much lower than 

the reported highest value with the similar dimension.[103] Since the SWNTs in this 

study were imaged with SEM many times for the record, the device performance might 

 

Figure 4.9 (a) Optical image of transistors built along an identical SWNT with various channel 

lengths. (b) Transfer curves of s-tube transistor (LCH = 100, 200, 400, 600, 800, 1000, 1500, and 

2000 nm). (c) Channel length LCH vs on-state resistance Rtot for two s-SWNTs and an m-SWNT 

grown on the same chip. The best s-SWNT showed the contact resistance of 2Rc = 13 kΩ, though 

other SWNTs showed much higher resistance. 
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be affected by electron beam irradiation during SEM imaging. To assess this effect in 

our experiments, SWNT transistors were fabricated without any sorting processes 

(electrical breakdown or WPA burning), and transfer characteristics were measured. 

The SWNT transistors was imaged by SEM for various lengths of time and 

magnifications, and measured transfer characteristics again. This clearly shows that 

larger dose of EB irradiation resulted in smaller current both for on-state and off-state. 

Since the SWNT arrays shown in Figure 4.3 went through at least four times of 20 s 

irradiation with ×8000 magnification (corresponding to relative EB irradiation of 256 

in Figure 4.10(b)), the conductance of the devices in the presented article was probably 

deteriorated by EB irradiation. 

 

  

 

Figure 4.10 (a) Transfer curves of transistors before (black) and after (red) SEM imaging with 

small (solid line) and large (dashed line) does of electron beam. The transistors contained s- 

and m-SWNTs. (b) Current retention of on-state (black) and off-state (red) of transistors after 

different amount of electron beam irradiation. Relative EB irradiation (x-axis) is normalized 

by a dose of 1.06×1019 C/cm2. 
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5.1 Conclusions 

The thesis is concluded from three points of view; synthesis, purification, and 

fabrication of transistors. First, a novel isotope labeling method with digital coding 

was proposed to trace a variety of the growth processes of horizontally aligned 

individual SWNTs. By periodically switching the fraction of 13C ethanol in four 

different levels, binary-like codes were embedded in SWNTs. The programmed 

sequence of the digital-coded isotope labels identify time-resolved growth evolution 

of individual long SWNTs (>100 μm), including the information about growth rate, 

incubation time, lifetime, and even pause time. The SWNTs usually started growing 

after certain times of incubation, and were elongated without changing the growth rate 

until abrupt termination. One exception of non-constant growth rate along an SWNT 

was spontaneous chirality change via an intramolecular junction. The growth under 

modulated conditions was also traced, such as temperature and the partial pressure of 

carbon feedstocks, resulting in the finding of unusual phenomena, such as the growth 

suspension induced by sudden increase of ethanol pressure.  

In chapter 3, the water- and polymer-assisted burning of m-SWNTs towards the 

formation of s-SWNT arrays was presented. The addition of water vapor to the system 

significantly enhanced the oxidation rate of SWNTs, which led to self-sustained 

burning of the SWNTs. This phenomenon was studied by means of experiments and 

simulations. One-way burning from nanogaps formed at random location to the anode 

side resulted in the residual m-SWNT segments near one side. As a possible trigger of 

the one way burning, voltage-driven gap extension phenomena for SWNTs was found 

and studied. The gap extension clearly showed one-directionality and dependence on 

the applied voltage and humidity. The I-V characteristics of single gap devices in 

vacuum indicated FN tunneling features. Electrochemical oxidation and charge 
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transfer via field emission are thus possible driving forces of SWNT gap extension and 

therefore the one-way burning with the assistance of polymer coating and water vapor. 

Based on the knowledge obtained in Chapter 3, fabrication of multiple transistors 

on a long purely s-SWNT array was demonstrated via the on-chip purification method. 

An s-SWNT array was obtained by selective burning of m-SWNTs in full length from 

as-grown aligned SWNTs with the assistance of water vapor and polymer coating. 

Since burning from site-controlled nanogaps was triggered by the application of a 

relatively low voltage, there was negligible damage to s-SWNTs through the sorting 

process. All the transistors fabricated along the purified array showed superb switching 

behavior and larger on-state currents than those processed by conventional electrical 

breakdown for short-channel devices. The simple modeling of field enhancement at 

SWNT tips implied the applicability to the arrays with ~100 SWNTs/μm density. 

Therefore, the sorting method satisfices three kinds of scaling, i.e. scaling to large 

circuits, short channel lengths, and small inter-SWNT spacing, hopefully leading to 

the upscaled integration of ultrascaled SWNT transistors for high-performance logic 

applications. 

 

5.2 Prospects 

The digital isotope labeling has just demonstrated the simple experiments to 

figure out hidden mechanisms in the growth process of SWNTs. Compatibility of this 

technique with other growth conditions will open a chance to restudy and improve the 

methods found in literatures. Since it was found tube chirality (n,m) does not uniquely 

determined the growth behavior of the SWNTs, there must be hidden but important 

factors that govern the nanotube growth. Therefore, other promising opportunities for 

future work include the quest for hidden parameters (e.g. catalysts) governing the 

SWNT growth, in conjunction with other characterization methods, such as TEM and 

nanoscale optical spectroscopy. These studies can provide detailed information on 

catalyst structure and tube/catalyst interfaces, and thus accelerate the understating on 

the growth process and in turn synthetic approaches. 

In addition, the isotope technique can be used to probe the origin of the selectivity 

of SWNTs structures (chirality, length and so on). For example, by changing feedstock 



103 

 

Conclusions 

composition with time during CVD and linking the growth initiating time and the tube 

characteristics, systematic studies can be performed significantly efficiently. 

Comparison of a variety of catalysts through the labeling method may accelerate the 

understanding on the growth mechanism. 

If the controlled synthesis of SWNTs is further developed, the burning-based 

sorting methods should be applied to the grown SWNT arrays to produce high-density 

purely s-SWNT arrays over a large area. Once it is realized, the s-SWNT arrays can 

be excellent starting materials to build large-scale circuits of ultrasmall SWNT 

transistors.  
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Appendix 

A1 (n,m) assignment for isotope labeled SWNTs 

For the SWNTs grown from 12C ethanol, relationship between diameter dt and RBM 

frequency ωRBM was roughly given by ωRBM = 217.8/dt + 21.7. On the other hand for 

the SWNTs synthesized from 12C and 13C ethanol (in Chapter 2), the relationship ωRBM 

= 217.8/dt + 20.2 gives better assignment for pure 12C nanotube parts, though the 

substrates and the transfer process of SWNTs were the same for both SWNT samples. 

Another difference is that the SWNTs with 13C labels has less near-zigzag SWNTs. 

Growth condition was same except for 13C ethanol introduction, but subtle difference 

of sample preparation and growth condition could affect the chiral-angle selectivity 

and even the relationship between RBM frequency and tube diameter. Since the 

SWNTs belong to different families and therefore had different level of resonance with 

incident laser, intensity of G-band and RBM was much different, making the 

assignment of (n,m) possible for similar RBM frequency. In Figure A.1(a), red lines 

show the chirality assignment used in Figure 2.9 and 2.12. For the SWNTs whose 

chiralities have other candidates, measured data (open circles) are connected to the 

other (n,m) with black dashed lines. Filled circles in gray represent the resonance of 

the same SWNTs with other wavelengths (only G-band), though not all SWNTs were 

 
Figure A.1 (a) (n,m) assignment for the SWNTs shown in Chapter 2. (b) RBM frequency 

ωRBM versus the inverse of diameter 1/dt. The relation ωRBM = 217.8/dt + 20.2 (shifted by +4.5 

cm−1 from the literature[184]) gives better assignment this sample. Only the spectra whose G-

peak appears at >1588 cm−1 are plotted (i.e. not including 13C-mixed parts). Redness of the 

plots represents the G-band intensity. 

140 160 180 200

2

2.2

2.4

2.6

L
a

s
e

r 
e

n
e

rg
y
 (

e
V

)

Raman shift (cm
−1

)

*1*2

*2

*1: weak resonance and small IRBM/IG

*2: large IG-/IG+

*3: relative intensity of RBM

*3

(a)

0.6 0.8 1

150

200

1/dt (nm
−1

)

R
B

M
 f

re
q

u
e

n
c
y
 (

c
m

−
1
)

Ref. [184]

+4.5

+4.5

32

29

35

40 34

43
41

41

38

37

(b)



118 

 

Appendix 

measured with multiple excitation wavelengths. Relationship between the (inverse of) 

diameter and RBM frequency for the present samples is shown in Figure A.1(b). 

 

A2 Influence of 13C ethanol on growth behavior 

Since 13C-enriched ethanol (Cambridge Isotope Laboratories, Inc., ethanol (1,2-13C2, 

99%) (<6% H2O) may contain more impurities (such as isopropanol and water) than 

normal ethanol, introduction of 13C ethanol could affect the growth by inducing 

nucleation or termination, and by changing the growth rate. Figures A.2(a) and (b) 

compare the introduction of 13C ethanol and the timing for nucleation (bottom) and 

termination (middle) of the SWNT growth for 12 min CVD and 24 min CVD, 

 
Figure A.2 (a,b) Introduction of 13C ethanol (top panel) and distribution of incubation time 

(bottom panel) for the 12 min CVD growth (a) and 24 min CVD growth (b). (c) Time evolution 

of flow rate of 13C ethanol (top) and the SWNTs lengths (bottom). Growth time was 3 min. (d) 

G-band peak position along the axis of two SWNTs (blue and black plots in (c)). 
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respectively. Judging from two sets of data, introduction of 13C was unlikely to 

influence the nucleation and termination of the SWNT growth.  

However, when the 12C and 13C ethanol was introduced in order as shown in the 

top panel of Figure A.2(a), the growth rate was faster with 12C ethanol supply than that 

with 13C ethanol. The difference is probability caused by impurities in 13C ethanol, 

though the detailed information is missing. Digital isotope coding reduced the cost and 

such a negative effect arising from the isotope ethanol. It should be stressed that the 

Raman spectra in Figure A.2(d) were obtained from SWNTs on quartz substrates and 

therefore upshifted.[183] Digital coding of isotope labels is tolerant to such shifts of 

spectra and also cover long-time CVD by increasing digit number (e.g. 2-bit and 3-bit 

for Figure A.2(a) and (b), respectively), compared to analog isotope labeling in which 

the fraction of 13C was gradually changed with time.[78] 

 

A3 Ununiformity of RBM peaks along the tube 

Raman spectrum is sensitive to the environment, and RBM frequency changes 

depending on physical adsorbates (other SWNTs, water, substrates, and etc.).[66] 

Even under the seemingly same environment (on thermal oxide of Si), RBM spectra 

can be upshifted and broadened, while G-band was relatively uniform along the axis 

of tube A1, as shown in Figure A.3(a). RBM spectrum even disappeared, though it was 

usually accompanied by a weak G-band signal. Since RBM frequencies of overall parts 

are the same, the chirality is very likely to be identical. 

Some SWNTs had much more fluctuated RBM as shown in Figure A.3(b). Unlike 

the SWNTs shown in Figure 2.13, shifts of RBM frequency and change in growth rate 

(fast on tip side and slow on root side) is not linked. RBM spectra of pure 12C SWNT 

parts with various RBM frequencies are shown in Figure A.3(c). In addition, full width 

at half maximum (FWHM) and intensity of RBM is plotted against the frequency. This 

clearly shows that higher frequency RBM has broader and weaker peaks. Since RBM 

with lowest frequency and sharpest is considered to be less affected by environments 

and has small variation, the lowest frequency was used for (n,m) assignment and 

estimation of the diameter. 
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Figure A.3 (a) Typical Raman spectra (G, D and RBM) and RBM frequency along an isotope-

labeled SWNT (tube A1). RBM signals were locally weakened and upshifted. (b) Unusual 

Raman spectra, in which RBM frequency and intensity fluctuated several times along the axis. 

(c) RBM spectra obtained from the same SWNT in (b). (d) Full width at half maximum 

(FWHM) and peak intensity of RBM plotted against RBM frequency. 
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AFM: atomic force microscopy 

CNT: carbon nanotube 

CVD: chemical vapor deposition 

DPA: dry polymer-assisted 

FET: field-effect transistor 

IMJ: intramolecular junction 

MWNT: multi-walled carbon nanotube 

PL: photoluminescence 

PMMA: poly(methyl methacrylate) 

RBM: radial breathing mode 

sccm: standard cubic centimeters per minute 

SEM: scanning electron microscopy 

STM: scanning tunnel microscopy 

SWNT: single-walled carbon nanotube 

s-SWNT: semiconducting single-walled carbon nanotubes 

m-SWNT: metallic single-walled carbon nanotubes 

TEM: transmission electron microscopy 

WPA: water- and polymer-assisted 


