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Preface

Ever since the discovery of carbon nanotubes (CNTs) by Iijima in 1991, there have
been extensive research efforts on their synthesis, physics, electronics, chemistry,
and applications due to the fact that carbon nanotubes were predicted to have
extraordinary physical, chemical, mechanical, optical, and electronic properties.
Among the various forms of carbon nanotubes: single-walled and multi-walled,
random and aligned, semiconducting and metallic, aligned carbon nanotubes are
especially important since fundamental studies and many important applications
will not be possible without the alignment. The CNTs have been aligned by
various in situ and ex situ techniques. These aligned CNTs have been widely
applied in various fields including high energy storage batteries, extremely strong
composites, highly sensitive sensors and devices, etc., covering physics, chemistry,
biology, engineering, and more. Up to now there have been thousands of scientific
publications on fabrication, characterization, physical properties, and applications
of aligned CNTs in various aspects. It is the right time now to review the
accomplishments on aligned CNTs.

Although there have been significant endeavors on growing carbon nanotubes in
an aligned configuration since their discovery in 1991, little success had been made
before our first report on growing individually aligned carbon nanotubes on various
substrates by plasma enhanced chemical vapor deposition (PECVD) [1]. Aligned
CNT arrays have been extensively studied as field emission devices, optical
devices, chemical sensors, and biosensors. Based on a recent review article [2],
we further expanded to include more recent work on aligned CNTs to write this
book. In the book, we introduce the main results of aligned CNTs including CNT
growth mechanisms and techniques, CNT microstructures and physical properties,
alignment techniques, applications of aligned CNTs, and related physical
mechanisms.

In this book, we first review the fundamental structures of CNTs and their
unique anisotropic properties in Chap. 2 (Carbon Nanotubes), general growth
methods in Chap. 3 (Growth Techniques of Carbon Nanotubes) and in Chap. 4
(Chemical Vapor Deposition of Carbon Nanotubes). Because of the wide and
important application of DC-PECVD method to align CNTs, Chap. 5 (Physics of
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viii Preface

Direct Current Plasma-Enhanced Chemical Vapor Deposition) is specially dedi-
cated to discuss the experimental setup, physical principle, and experimental
parameters in more detail. Various in situ and ex situ alignment techniques are
introduced in Chap. 6 (Technologies to Achieve Carbon Nanotube Alignment).
Major fabrication methods are illustrated in detail, particularly the most widely
used PECVD growth technique on which various device integration schemes are
based. The orientation of aligned CNT systems is vertical, parallel, or at other
angles to the substrate surface. The techniques to examine the alignment of CNTs
are discussed in Chap. 7 (Measurement Techniques of Aligned Carbon Nano-
tubes). These chapters provide the necessary initial techniques for the following
in-depth introduction of the state of-the-art applications of aligned CNT arrays that
we talk about in Chap. 8 (Properties and Applications of Aligned Carbon Nano-
tube Arrays) and in Chap. 9 (Potential Applications of Carbon Nanotube Arrays).
In these two chapters, we introduce the applications of aligned CNTs in field
emission, optical antennas, nanocoax solar cells, subwavelength light transmis-
sion, electrical interconnects, nanodiodes, and many others. At the end, the current
limitations and challenges are discussed to lay down the foundation for future
developments.

In the book, we list detailed experimental procedures and explain the physical
mechanisms of sensors and devices to help the readers to understand the aligned
CNTs for practical devices. At the same time, a lot of references including review
papers and books are also listed. The book can be used as a textbook on aligned
CNTs for beginners, and a reference book for advanced readers. In order to
understand the aligned CNT well, we strongly encourage the readers, especially
beginners on CNTs to first read other books on CNTs, such as Carbon Nanotubes:
Synthesis, Structure, Properties, and Applications (Edited by M. S. Dresselhaus,
G. Dresselhaus, and P. Avouris, Springer, 2000), Carbon Nanotubes: Preparation
and Properties (Edited by T. W. Ebbesen, CRC Press, 1996), and Physics of
Carbon Nanotube Devices (Authored by F. Léonard, William Andrew Inc., 2008).

The writing is partly supported by the US Department of Energy under Contract
Number DOE DE-FG02-00ER45805 (Z.F.R.), partly by the Defense Threat
Reduction Agency under grants HDTRA1-10-1-0001 and HDTRA 122221 (YCL).

Chestnut Hill, MA Zhifeng Ren
Yucheng Lan
Yang Wang

References

1. Z.F. Ren, et al., Science 282, 1105-1108 (1998)
2. Y.C. Lan, et al., Adv. Phys. 60, 553-678 (2011)

This copy belongs to 'eichhorn



Acronyms

1D

2D

3D

AAOQO
AC
AFM
CMOS
CNF
CNT
CRT
CVD
DC
DNA
DWCNT
EDS
FED
FIB
HRTEM
IC

ITO

IR

LCD
MWCNT
PECVD
ppm

PPn

ppb

PS

PVA

RC delay
RF

One-dimensional
Two-dimensional
Three-dimensional

Anodized aluminum oxide
Alternating current

Atomic force microscopy
Complementary metal-oxide semiconductor
Carbon nanofiber

Carbon nanotube

Cathode ray tube

Chemical vapor deposition

Direct current

Deoxyribonucleic acid
Double-walled carbon nanotube
Energy X-ray dispersive spectrum
Field emission display

Focused ion beam
High-resolution transmission electron microscopy
Integrated circuit

Indium tin oxide

Infrared

Liquid crystal display
Multi-walled carbon nanotube
Plasma-enhanced chemical vapor deposition
Parts per million

Polyphenol

Parts per billion

Polystyrene

Polyvinyl alcohol

Resistive capacitive delay

Radio frequency

XV

This copy belongs to 'eichhorn’



Xvi

RNA
SAED
SEM
S/N ratio
STM
STEM
SWCNT
TCO
TEM
TIM
XRD

Acronyms

Ribonucleic acid

Selected area electron diffraction
Electron scanning microscopy
Signal-noise-ratio

Scanning tunneling microscopy
Scanning transmission electron microscopy
Single-walled carbon nanotube
Transparent conductive oxide
Transmission electron microscopy
Thermal interface material

X-ray diffraction

This eapybelongs to 'éichhota!



Contents

1 Introduction to Carbon . ... .......... ... . ... ............

References

2 Carbon Nanotubes. . . ............. ... .. .. ...
2.1 Historyof Carbon Nanotubes « v v« v s cssssmmmanss sws on o

2.1.1

Histoty Before 1991  :vvsssicoscsnannnssmssan

2.1.2 History Since 1991 . .. ..ot eovirommvnssnssosns
2.1.3  History of Aligned Carbon Nanotubes . ............
2.2 Structures of Carbon Nanotubes . ........sccevcmvcmenns
220 Graphitecc.ccc cisiisiesssivasnnanmnmssesens
2.2.2  Single-Walled Carbon Nanotubes . ...............
2.2.3  Double-Walled Carbon Nanotubes. . . .............
224  Multi-Walled Carbon Nanotubes . . . ..............
2.2.5 Bamboo-Like Carbon Nanotubes. .. ..............
226 CNT Y-Junctions. . .. ......cvovimeeunneeennnenn
22.7 Carbon Nanobuds ...........................
22.8 CNT Nanotorus and Micro-Rings . ...............
229 Carbon Microfubes :::s::5545 53 ennnnmnpnessess
2.2.10 Amorphous Carbon Nanotubes .. ................
2.2.11 Coiled Carbon Nanotubes. . . ...................
2.2.12 Flattened Carbon Nanotubes . . . .................
2.2.13 Other Carbon Nanomaterials. . . .................
2.3 Physical Properties of Carbon Nanotubes . . .. .............
2.3.1  Anisotropic Mechanical Properties. . . .............
2.3.2  Anisotropic Electrical Properties . . .. .............
2.3.3  Anisotropic Thermal Conductivity. . .. ............
23.4  Anisotropic Thermal Diffusivity . ................
2.3.5 Anisotropic Seebeck Coefficient . .. ..............
23.6  Other Anisotropic Physical Properties .............
RETELBICES: . . . - o o 055 9151 2 6 v o TR 35 3008 8 8 4 o o o e s o

This copy belongs to ‘eichhorn’

-

10
11
16
16
17
18
19
19
20
21
23
24
25
26
26
28
30
30
30
31
32
34
34
35

ix



Contents

3 Growth Techniques of Carbon Nanotubes. . . .. ..............

3:ll ATCINSChAEE: s s vnsnssasaees e s s meybe aasonE s s HHss
3.2 Laser ADlation i« cssvsssssassnmmnnesss sansaisss s
3.3 Chemical Vapor Deposition . .........................
3.4 Hydrothermal Methods. . . . ....... ... ... ... ... ......
35 Flame Method: « s s swenmmpsnasosmessseessssssss
3.6 Disproportionation of Carbon Monoxide. . . .. .............
3.7 Catalytic Pyrolysis of Hydrocarbons . ...................
3.8 EICCIOLYSIS. & v v 55 05 v v o v o wes w06 0 s v 0 s 1
3.9 SOEBACIEY: v :cscucnvanansassemesssniss oy aaEessses
RELETEIICETS 51551 o 6 0 e i 25 5 Gt B 5 8 . e 6 18 5B 5 B o e s 05

Chemical Vapor Deposition of Carbon Nanotubes. . . .. ........
4.1 Thermal Chemical Vapor Deposition. . ..................
4.1.1  Hot-Wall Chemical Vapor Deposition . . ...........
4.1.2  Hot-Wire Chemical Vapor Deposition . .. ..........
4.1.3  Thermal Chemical Vapor Deposition Growth
Mechanism of Carbon Nanotubes . ...............
4.1.4  Experimental Condition of Carbon Nanotube
Array Growth . . .. ... ... ... .. o oL
4.2 Plasma-Enhanced Chemical Vapor Deposition . ............
4.2.1  Direct Current Plasma-Enhanced Chemical
Vapor Deposition . . .........................
4.2.2  Radio-Frequency Plasma-Enhanced Chemical
Vapor DEPoOSItion. . .xxsessdsstss pumanwnonpan s
4.2.3  Microwave Plasma-Assisted Chemical
Vapor Deposition: ;.= a s i cmmawis i s5sasssaess s s
4.2.4  Plasma-Enhanced Chemical Vapor Deposition
Growth Mechanism of Carbon Nanotube Alignment . . .
4.2.5 Experimental Conditions of Plasma-Enhanced Chemical
Vapor Deposition Growth. . .. ..................
REICIeNtRs v v o mumm s s d s pavss vy msnhs s b b wemmeaswg s 68

Physics of Direct Current Plasma-Enhanced Chemical
Vapor Deposition: : ..: s ssssupanaasscs s vwe s e s s 588 55
5.1 Equipment Setup and Growth Procedure . ................
5.2 Substrate and Underlayer . . .. ........................
5.3 Growth Temperature . .. ... ...... ..ottt iinnenen..
5.4 Plasma Heating and Etching Effects . ...................
55 Plasma.StalEs o vv s s ivssnsssaarssn e s mesmy & eEs s e
5.6 Catalyst Crystal Orienfation : cc: s 5 srmssvssssas 9 naemss s
5.7 Electric Field Manipulation. . .. .......................
5.8 DC-PECVD Growth Mechanism. . .....................
5.8.1  First Stage: Randomly Entangled CNT Growth. ... ...

45
45
47
48
52
56
57
59
59
60
61

67
67
68
70
71

73
75

76

78

78

80

83
86



Contents

5.8.2
5.8.3
5.84
References

Second Stage: Partially Aligned CNT Growth. . .. .. ..
Third Stage: Fully Aligned CNT Growth . .. ........
DC-PECVD Growth Mechanism . . ...............

6 Technologies to Achieve Carbon Nanotube Alignment. . .. ... ...
6.1 In Situ Techniques for Carbon Nanotube Alignment . .. ... ...

6.1.1

6.1.7

Thermal Chemical Vapor Deposition

with (Crowding Efféct: « . v oo e amme s ssms s mes o
Thermal Chemical Vapor Deposition Growth with
Imposed Electric Field . . . ....c..oiiiniinnenenss
Thermal Chemical Vapor Deposition Growth Under
Gas FIoW FHEldS ¢« 5 w55 5 & 0w s mom m mim 10 5 0w v
Thermal Chemical Vapor Deposition

Growth with Epitaxy .. ........... ... ... ......
Thermal Chemical Vapor Deposition Under

Magnetic Fields: « : sasnvspovassnpasszassss s s
Vertically Aligned Carbon Nanotube Arrays Grown

by Plasma-Enhanced Chemical Vapor Deposition . . . . .
Other In Situ techniques. . .. ........ .. ... ......

6.2 Ex Situ Techniques for Carbon Nanotube Alignment. . . ... ...

6.2.1
6.2.2
6.2.3
6.2.4
References

Ex Situ Alignment Under Electric Fields . .. ........
Ex Situ Alignment Under Magnetic Fields . . . . ... ...
Ex Situ Mechanical Methods . ..................
Other Ex Sitt MethodsS: « s : s sssvavsossssssssiss

7 Measurement Techniques of Aligned Carbon Nanotubes . . . . . ...
7.1 Scanning Election MICIOSCOPY s s v » « s 5 s s 055 & 3 85 s w o e
12, Bragg DiffTaCtion: « s e sws 545 3 5 5 5 5 5 o6 o5 ot 5 5050 85 5

7.2.1
122
123
7.2.4

X-Ray Diffraction . . . ... ... ... L ...
Neutron Diffraction . .. .......................
Electron Diffraction. ... ......................
Light DUTaCtion.: s s s 5565 5 asasmsbnnsmadends s

7.3 Small-Angle Scattering. . . .. ........ ... .. ... ... ...,

7.3.1
7.3.2

Small-Angle X-Ray Scattering .. ................
Small-Angle Neutron Scattering . ................

74 Raman SPECOSCOPY ¢ s o sme wsw ds 54 5 55 5 585 8 8 & 38 6w
7.5 Transmission Electron Microscopy . ....................
7.6  Scanning Tunneling Microscopy . . . .....o v i,
7.7 Atomic Force MiCroscopy . . ... ......couiiminenena...
7.8 Other Techniques . ........ ... .. ... .. ...,

References

This copy belongs to 'eichhorn

xi



xii Contents
8 Properties and Applications of Aligned Carbon
INONOtODE ATTAYS . . ¢ < : s s v sassanbsneseasBneoMEssE s §s 183
8.1 Field Emission Devices . . ........................... 183
8.1.1  Field Emission of Aligned Carbon Nanotube Arrays ... 184
8.1.2  Carbon Nanotube Array Emitters. . .. ............. 187
8:1.3 High-Intensity Electron Sources . ... .«.ussessemss 188
814 Lighting: sz susussss s ensssss s ns e s mm e 189
8.1.5  Field Emission Flat Panel Displays . .............. 191
8.1.6  Incandescent Displays . ....................... 193
8:1.7 X-Ray GERETatOrS : « s s 5.6 0500 00 w60 w0 v mm s 55 % 508 6 5 194
8:1.8 Microwave Devices. . : - .« cvvmanmmmssmsmmmnn - 195
8.1.9  Other Field Emission Devices. . ... .............. 197
82 OptCal DEVICES . « ¢ o 15 s 556 55 5 ¢ 8 6% 55 50 5 5 6 0000 05 4000 0 6 3 198
821 PholoniCiCEYStAS. - o« ¢ v v s5 s vsvnssnspwsssmsss 198
822 Optical Antennae. . .. ........................ 199
8.2.3  Optical Waveguides. . . ....................... 202
824 SWOCNT Array Solar Cells . . . .................. 204
8.2.5  Solar Cells Based on MWCNT Nanocoaxes . . .. ... .. 204
8.3 Nanoelectrode-Based Sensors . ... ..................... 208
8.3.1 Nanoelectrode Arrays. . ....................... 208
832 Jon Sensors. . ... ... 213
833 GasSensois ::: 3351555535 08FFEREREREEG. 215
8.3.4  BIOSeNSOrs . .. .. ...t 222
8.4 Thermal Devices: Thermal Interface Materials ... .......... 228
8.5 Electrical Interconnectsand Vias. - . <= s . .o v ovevivensss s 231
856 Templates: s vsnmos oo v BEEaE ToesGes 6@ 558 500D EED N6 235
8.7 Aligned-CNT Composites and Applications . . ............. 236
RETCICIICRR! . 5 5 55 % 1t 5 15 s v 10 om o s cven T 57T s o1y 153 5o sl o b 236
9 Potential Applications of Carbon Nanotube Arrays. ........... 255
9.1 Mechanical DEVICES.: & i 255« no o5 vn & o5 86 5 5 8 505 o85S b o 255
9.1.1  Carbon Nanotube Ropes. . . .................... 256
9.1.2 TEMGrids. . ... ... .. ... 259
9.1.3 Artificial Setie . v ouzssssssssssssvnsnppmamEs 260
9.1.4  Piezoresistive Effects: Pressure and Strain Sensors . ... 260
9.2 Electrical DeVICES ¢ s v s wmsas s bssss o6 dessssmnsssssssss 263
9.2.1 Random Access Memory . ..................... 263
022 LowW K INCICCHCS .« v o « oo wniwesores o 5100 750 518 315 55 58 o 264
02,3 TEADBISEOS! & 0 v oce i reimce v o w0 @ ooy S0 51501 5 o s o s e 265
9.3 ACOUSHIC SenSOrs. . .. . ..ottt 265
930  Arificial BarS::ssscsisssssissssssssnnnunsns 265
9.3.2  Thermoacoustic Loudspeakers. . . ................ 265
9.4 Electrochemical and Chemical Storage Devices ............ 269
94.1 FuelCells. ........ ... .. . ... 270

This copy belongs to 'eichhorn



Contents Xiii

9.42  Supercapacitors. ... .. ... . ... 274

9.4.3  Lithium Ion Batteries. . ... .................... 279

944 Hydropgen SIOFA8E » v uemwsswm vemsssossasessss s 280

9.5 Electromechanical Devices: Actuators - - -« o c oo cvewsssass 280
9.6 Terahertz SOurces . . ... ... .. ... 281
9.7 Other Applications. . . .. ......c.uiiiintneenneennnn. 282
References . . . .. ... ... . e 283
EDIOBNIC 2 55555 s 55 6 5 4 o 5 v 0 om0 6um w6508 5 55 5 3 %8 6 #1161 o ot 16100 2 10 291
Index . . ... .. 293

This copy belongs to 'eichhorn’



ML W, 7534 APDE ikdésoenisto etrtemgbook. com



