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Talk Summary

What are carbon nanotubes?

What determines their properties?

How are carbon nanotubes made?

-Summary of growth methods.

-Controlling the growth by CVD

Applications (and challenges)

-Thermal management

-Transparent conductors

-Supercapacitors and batteries

-Summary of other applications

Research Agenda 

Working Group activities

Future NanoICT sponsored symposia

(For more refer to:

“Carbon Nanotubes” W.I. Milne, M. Mann, J. Dijon, P. Bachmann, J. McLaughlin, 

J.Robertson, K.B.K. Teo, A. Lewalter, M. de Souza, P. Boggild, A Briggs, K. Bo 

Mogensen, J.-C. P. Gabriel, S. Roche and R.Baptist. E-Nano Newsletter nº 13 (2008).)



What are  Carbon Nanotubes?
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Animation: Shigeo Maruyama, Tokyo University
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• Rolled up graphite sheets 

• Multi-walled are “semi-

metallic”

Multi-walled Carbon Nanotubes

L. V. Radushkevich and V. M. Lukyanovich. 

(1952). Soviet Journal of Physical Chemistry 26: 

88–95. 



Synthesis Techniques

1. Arc-discharge Method

• Producing MWNT & SWNT

• Two graphite rods are used as electrodes and He or

Ar gas used for inert atmosphere condition during 

arc-discharge

2. Laser Ablation Method

• Producing SWNT

• Intense laser pulses are utilized to ablate a carbon target    

containing 0.5at % of nickel and cobalt.

* Advantage -Production of high quality carbon nanotubes

* Disadvantages -High temperature process

-Grow carbon nanotubes in highly tangled   

forms with unwanted carbon and metal 

impurities.- need to purify

-Hard to control 

Graphite Rods

Current

He or Ar Plasma

(a) arc-discharge

laser

Target: Carbon, 0.5 at% Ni, and Co

(b) laser ablation



Catalytic Chemical Vapour Deposition

Advantages: no purification needed, direct on substrate growth

vertical floating technique can run continuously

Disadvantages: expensive compared with arc

550-900°C

Fe/Ni/Co catalyst on

support or substrate

CO or CxHy

Anode

Cathode
At 500-900°C

CxHy+H2/NH3

Fe/Ni/Co

on substrate

Thermal CVD Plasma CVD

Diffusion growth model

Baker, Carbon 27, 315 (1989)

CNTs grown from Ni clusters

Bright dot at CNT top = catalyst cluster



Carbon Nanotube growth by CVD

Environmental-TEM image sequence of Ni-catalyzed SWNT 

root growth recorded in 8×10-3 mbar C2H2 at 615 °C and 

schematic ball-and-stick model.

S. Hofmann et al., Nano Lett. 7, 602 (Mar, 2007).



Catalyst preparation

For bulk growth, thin films are deposited by PVD or by wet 

chemistry



Growth possible by CVD and PECVD

Dense forest of Small diameter MWCNT from left to right: a) Patterned layer on a 200mm layer b) 50µm high forest on 

conductive layer of TiN c) close view of the material with individual CNT making bundles of 60nm of diameter  (courtesy 

of CEA-LITEN)

Left: (a-d) CNTs grown along 

quartz crystal planes by the 

Rogers group

Seong Jun Kang Nature 

Nanotechnology 2, 230 - 236 

(2007) 

(e) Horizontally aligned CNTs 

grown by Dai’s group using field 

to align the CNTs.

Y. Zhang, Y. Li, W. Kim, D. 

Wang, H. Dai, Appl. Phys. A 74, 

325 (Mar, 2002).



Uniqueness of CNTs

MECHANICAL PROPERTIES

Young’s modulus of multi-walled CNTs ~0.8-1.3 Tpa (28, 29)

Young’s modulus of single-walled CNTs ~1-1.3 TPa(30, 31)

Tensile strength of single-walled nanotube ropes > 45 GPa(32)

Tensile strength of multi-walled nanotube ropes 1.72GPa(33)

Stiction ~10-7 N on 5 µm latex beads(34)

Hydrophobicity of MWNT forest 126º(35)-161º(36) contact angle

THERMAL PROPERTIES AT ROOM TEMPERATURE

Thermal conductivity of single-walled CNTs 1750-5800 WmK(37)

Thermal conductivity of multi-walled CNTs >3000 WmK(38)

ELECTRICAL PROPERTIES

Typical resistivity of single- and multi-walled CNTs 10-8 - 10-6 m(39)

Typical maximum current density >108 A cm2(40)

Quantized conductance, theoretical/measured (6.5 k )-1/(12.9 k )-1 per channel

ELECTRONIC PROPERTIES

Single-walled CNT band gap

Whose n=m, armchair 0 eV (metallic)

Whose n-m is divisible by 3 <0.1eV (quasi metallic)(41)

Whose n-m is non-divisible by 3 0.4-2eV(semiconducting)(42, 43)

Multi-walled CNT band gap ~0 eV (non-semiconducting)



Applications: in order of distance to market 

combined with size of market

Thermal management

Transparent conductors/contacts.

Batteries/supercapacitors

Interconnects/vias

Sensors (bio-medical sentence)

Field emission (SEM/TEM, backlighting, FED Microwave, x-ray, 

electronic propulsion)

NEMS/MEMS

Fuel Cells

Solar panels

Nanofluidics

Liquid crystal microlenses

Transistors (flexible, large area, high frequency)

Quantum computing etc



Thermal management

As a thermal interface material for high brightness LED’s, CNT 

has been shown to outperform silver epoxy and other metal 

systems 



Transparent conductors

As the use of ITO becomes 

ubiquitous and indium 

becomes more scarce and 

thence more expensive 

there is an ongoing search 

for alternative transparent 

conducting contact 

materials. 

George Gruner J. Mater. 

Chem., 2006, 16, 3533–

3539

Despite this progress, the sheet 

resistance of SWNT networks 

has remained at ~ 100 /sq 

(abount an order of magnitude 

higher than ITO) at transparency 

of 85%

Tenent et al. Adv Mat 

Volume 21, Issue 31, 

Date: August 21, 2009, 

Pages: 3210-3216



Batteries and supercapacitors
Research efforts in the field are directed towards 

combinations of materials with high dielectric 

constant (for higher capacitance values) and high 

breakdown strengths (for the ability to sustain 

higher voltages). Alternatively, the effective 

surface area can be enhanced by using 

nanomaterials. 

CNT
Si3N4

insulator Al contact
a b

Enhancement of a capacitor performance by enhancing its 

surface area by using a ordered CNT backplane (a) Device 

structure (b) Comparison of capacitance of flat and CNT 

enhanced structures. Inset shows SEM images of the 

respective CNT arrays. 

J.E. Jang et al. Applied Physics Letters, vol. 87, 2005, p. 

263103
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(a) SWCNT random thin film (b) Ordered aligned array of 

SWCNTs, which have been compressed with liquid. (c) 

An array of freestanding pre-grown MWCNTs 

embedded in a cellulose matrix, resulting in a paper-like 

electrode. (d) An array of MWCNTs used as a scaffold 

to hold low conductivity but high capacitance MnO2. 



Other applications

• Interconnects and vias

• Used to increase the current densities beyond that which can be achieved by 

copper without electromigration. 5x10-12 A/cm2

• Strong interest shown by Intel (Ireland)

• Sensors and resonators

• Very good for their high aspect ratio and surface area to volume ratio

• High aspect ratio and supersharp tips for Atomic Force Microscopes

• Functionalized/non-functionalized networks of CNTs

• Not necessarily limited to CNTs. Metal oxide nanowires are also candidates. 

Selectivity can be a problem

• K. Jensen, K .Kim, A. Zettl, ”An Atomic Resolution nanomechanical mass 

sensor” Nature Nanotechnology, 3, 533 (2008)



Other applications

• Field emission

• SEM/TEM sources explored because of high brightness and stable structure.

• Arrays employed for microwave amplifiers and x-ray sources to provide high current 

density 

• Relatively small market size 

• Transistors

• Due to high carrier mobility, CNTs are potentially very promising candidates for high 

frequency operation. 

• IEMN and CEA are French groups working on this

• Largely abandoned for standard electronics due to poor yield and device density

• Hydrogen Storage

• Largely abandoned



Roadmapping

Balance between various risks with regard to processing, 

integration and market impact.



Potential near-term applications

Overview of the possible near-term applications of CNTs. Distance from the centre indicates 

relative time to market; position dictates the key issues that need to be addressed. Outside 

the circle, market penetration is the issue, where the proposed devices have yet to justify 

their application or replacement of an established competing technology.



Working Group – last meeting Feb 17th 2010

Attendees:

Mark Mann

Bill Milne

John Robertson

Stephan Hofmann

Ken Teo

Jim McLaughlin

Peter Boggild

Contributors to new reports:

Meeting attendees plus

Pritesh Hiralal

Merlyne De Souza

Manish Chhowalla

Daping Chu

Yan Zhang

Tim Wilkinson

Zahid Durrani

JC Gabriel

Vincent Derycke

Andrew Briggs.



CALL FOR PAPERS

NanoCarbon 2010 Symposium

Organized by:

Electrical Engineering Division, Engineering Department, 

University of Cambridge, U.K

School of Electronic Science and Engineering, Southeast 

University, P.R. China

Nokia, Finland

NanoICT, Spain

14th – 16th October 2010

Nanjing, P.R. China
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ITC 2011 Cambridge

Sponsored nanoICT session on carbon nanotubes in Cambridge, 

March 2011

http://www.eng.u-hyogo.ac.jp/msc/msc13/itc10/itc10.html

