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Figure 2. One-, two- and three-dimensional carbon materials: (a) graphite, (b) dia-
mond, (c) buckminsterfuUerene Cgo, (d) [5,5] armchair single wall carbon nanotube, 
and (e) nanodiamond. 

Shortly after the discovery of fullerene CgQ, Kratschmer et al. [27] reported a sim-
ple way to produce macroscopic amounts of fullerenes in 1990. The large-scale pro-
duction of fullerene Cgo enabled scientists to study the physicochemical properties 
of the carbon clusters with all of the conventional spectroscopic methods and to use 
fullerenes as useful reagents in synthetic chemistry. Subsequently, other spherical 
fullerenes (collectively known as buckyballs) were synthesized with a different num-
ber of hexagonal faces. The fullerene buckyballs are hollow inside, indicating numer-
ous possibilities for modifying the fullerene molecules both inside and outside. For 
instance, the insertion of a metal ion inside the fullerene cage [28] and metal-coated 
fullerenes [29] have been demonstrated. Chemically grafting fluorine (F) onto the Cgo 
surface made it hydrophobic for use as a super-lubricant [30] while grafting it with 
OH rendered it hydrophilic for use as a free radical scavenger [31]. Mixing Cgo with 
polymers either chemically [32] or physically [33] led to photoactive materials. Work 
has been reported on using fullerene Cgo for various potential applications [34], 
including superconductors, hydrogen storage, high-efficiency solar cells, and chem-
ical sensors. The detailed chemical modification and potential applications of pris-
tine and modified Cgo molecules can be found in several chapters in this book. 

3.2. The discovery of carbon nanotube 
Using transmission electron microscope (TEM) to examine carbon samples gen-

erated by an arc-discharge method similar to that used for the fullerene synthesis, 
lijima [13] found needle-like tubes now popularly known as carbon nanotubes. This 
discovery of carbon nanotubes by lijima in 1991 opened up a new era in material 
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sensors17, 18. In highly crystallized CNTs, the coherent nature of electron 
transport can be used in spin-electronic devices19. They can also be used 
as electromechanical sensors as their electrical characteristics change upon 
structural mechanical deformation20.

CNTs can be used as electrodes in electrochemical supercapacitors21 
because their structure leads to large surface areas with higher charge stor-
age capabilities. The high electrical conductivity and the relative inertness 
of CNTs also make them potential candidates as electrodes for use in elec-
trochemical reactions22. There has been research into using CNTs to store 
hydrogen23, though the amount stored is not as high as originally antici-
pated24. CNTs mechanically deflect upon electric stimulation which opens up 
the possibility of their application in cantilevers and actuators21. There has  

5.1 Introduction

FIGURE 5.1 (a) A graphene sheet rolled up to obtain a single-walled CNT. (b) The map shows 
the different single-walled CNT configurations possible. Were the graphene sheet to roll-up in 
such a way that the atom at (0,0) would also be the atom at (6,6), then the CNT would be metallic. 
Likewise, if the CNT wrapped up so that the atom at (0,0) was also the atom at (6,5), the CNT would 
be semiconducting. The small circles denote semiconducting CNTs and the large circles denote non-
semiconducting CNTs. Two-thirds of CNTs are semiconducting and one-third metallic.
Source: Ref. [5].
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rods31, there is a large amount of amorphous carbon – as much as 70%. 
To improve the yield, catalyst metals such as Ni, Fe or Co are added to the 
graphite rods32 which results in catalyst particles being trapped inside the 
grown CNTs. Figure 5.2 illustrates both a schematic of a typical apparatus 
used and the resultant CNTs grown.

Arc discharge produces both single-walled and multi-walled CNTs of 
varying lengths. The CNTs are normally highly crystalline, have few defects 
and can be as long as 50 m, but during synthesis, they are covered by amor-
phous carbon detritus33. Consequently, CNTs grown by this method must 
be purified and separated before they can be put to significant use. A typical 
method34 is to thermally anneal the CNTs in air at 500°C, which burns 
away the carbonaceous detritus, followed by continual immersion and fil-
tering in a strong acid, such as HCl, to remove the catalyst particles. To 
separate the CNTs, boiling CNTs in 30% nitric acid is a typical technique.

5.4 SYNTHESIS OF CNTs BY LASER ABLATION

Laser ablation works using similar principles to arc discharge, the difference 
being that with this method, a pulsed laser is focused onto a graphite target 
in a high temperature reactor. An inert gas is bled into the chamber and 
CNTs form on the cooler surfaces of the reactor when the vaporized carbon 
condenses. The process was developed by Smalley’s group35. Smalley and co-
workers modified an existing process used to create metal molecules; they
substituted the metal target for graphite. The method was later refined 
when the graphite targets were changed to a graphite–catalyst composite; 
the best yield coming from a 50:50 mixture of cobalt and nickel within the 
graphite to synthesize single-walled CNTs36. Figure 5.3 illustrates both the 
schematic of the apparatus used and the resultant CNTs grown.

Even though this method produces only 30% detritus – the same purifica-
tion and separation procedures must be observed – it is the most expensive31  

AnodeGraphite rods
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FIGURE 5.2 
(a) Schematic diagram of 
typical apparatus used to 
synthesize CNTs by the arc  
discharge method. (b) An 
electron micrograph of CNTs  
grown by this method. Note 
the disordered nature of 
the grown CNTs. The scale 
bar is 1 .
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Figure 1. Schematic diagram of an arc-discharge apparatus. (Reproduced from 
Andoetal. [10b]). 

A route to highly crystalline MWNTs is the arc-discharge method in liquid nitrogen 
[13]. In this method, vacuum is replaced with liquid nitrogen in the arc-discharge 
chamber. In a typical experiment, direct current was supphed to the apparatus using 
a power supply. The anode is a pure carbon rod of 8-nmi diameter and the cathode 
is a pure carbon rod of 10-nm\ diameter. The Dewar flask is filled with liquid nitrogen 
and the electrode assembly immersed in nitrogen. Arc discharge occurs as the 
distance between the electrodes became less than 1 mm, and a current of —80 A 
flows between the electrodes. When the arc discharge is over, the carbon deposits 
near the cathode are recovered for analysis. Liquid nitrogen prevents the electrodes 
from contamination with unwanted gases and also lowers the temperature of the 
electrodes. Furthermore, CNTs do not stick to the wall of the chamber. The content 
of the MWNTs can be as high as 70% of the reaction product. Analysis with Auger-
spectroscopy revealed that no nitrogen was incorporated in the MWNTs. Sano [14] 

arc discharge method
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and widely used method. The diameter of the CNTs can be controlled by 
altering the reaction temperature which the arc discharge cannot control.

Both arc discharge and laser ablation are the principal methods for syn-
thesizing small quantities of high-quality, low-defect CNTs. However, both 
methods involve sublimating the carbon source, so the process isn’t realis-
tically scalable to mass production. Also, both these methods produce tan-
gled CNTs immersed in amorphous carbon detritus, so it is not practicable 
to make even small electrical devices with these CNTs due to the great dif-
ficulty in manipulating single CNTs on the nanoscale.

5.5  SYNTHESIS OF CNTs BY CHEMICAL VAPOUR 
DEPOSITION

The deposition of carbon from hydrocarbon vapour with the use of a 
catalyst was first reported in 195937, but CNTs were not synthesized by 
the chemical vapour deposition method, or CVD method until 199338. 
The process is commonly enhanced by the addition of plasma (plasma-
enhanced CVD, or PECVD) which can reduce the temperature required to 
initiate CNT growth and induces alignment of the grown CNTs because of 
the high local electric field.

The process involves two steps: (1) the preparation of the catalyst on 
a surface and (2) the growth by the decomposition of reactant gases. The 
catalyst metals commonly used for nanotube growth are Fe, Ni and Co39.

There are several routes for the production of catalyst nanoparticles, 
the three main methods being (1) the wet catalyst method, (2) etching of 
a catalyst metal and (3) the coalescence of thin catalyst films. The wet cat-
alyst method involves the deposition of a metal nitrate/bicarbonate solu-
tion onto a surface. On drying, the salt in this solution crystallizes to form 
small islands of the metal salt. The salt is reduced to a metal oxide by 
heating or calcinations and the oxide is then reduced by H2 and/or thermal  

5.5 Synthesis of CNTs by Chemical Vapour Deposition

FIGURE 5.3 
(a) Schematic diagram of 
typical apparatus used to 
grow CNTs by laser ablation. 
(b) A typical result of CNTs 
grown by laser ablation. 
Note the lack of orientation 
in the grown CNTs. The 
scale bar is 1 .

 Laser-Furnace method
 High quality SWNTs
 Diameter control
 New materials- 

“peapods”
 Allows for study of 

formation dynamics
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decomposition resulting in the formation of metallic catalyst islands from 
which the CNTs grow40, 41. The etching technique involves depositing a 
layer ( 100 nm) of the desired catalyst metal by either evaporation or by 
sputter coating. Catalyst islands are formed this time by bombarding the 
catalyst metal with ions or by plasma etching42, 43.

The most commonly used form of catalyst preparation for devices is 
coalescence (shown in Figure 5.4).

A thin film (typically less than 10nm) of Fe, Co or Ni is deposited onto 
a substrate by evaporation or sputter coating. Upon heating, the thin film 
breaks up (known as dewetting), agglomerating to form nano-islands as a 
result of increased surface mobility and the strong cohesive forces between 
the metal atoms44, 45. CNT growth then nucleates from these nano-islands.

To initiate CNT growth, two gases are inlet into an evacuated reac-
tion chamber, a process gas (ammonia, nitrogen or hydrogen, etc.) and a  

FIGURE 5.4 Methods of producing nanosized catalysts for nanotube growth.
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carbon-containing gas (acetylene, ethylene, methane, ethanol, etc.) at a 
temperature of 550°C–900°C. Growth occurs at the site of the metal cata-
lyst. The carbon-containing gas is broken down at the surface of the cata-
lyst particle and then diffuses around or through the particle (dependent on 
conditions) to the edge of the particle where the CNTs form. The mecha-
nism of this process is still controversial.

Catalyst particles stay either at the tips of the CNTs during the growth 
process or they stay at the base of the CNTs depending on the adhesion 
between the catalyst particle and the support (as shown in Figure 5.5).

In CVD, the energy required to break down the reactant deposition 
gases into graphene comes solely from the heat supplied to the catalyst 
particle and its immediate environs. There is no alignment of CNTs from 
the CVD process. The grown CNTs are often randomly orientated and 
resemble spaghetti. However, under certain reaction conditions, even in 
the absence of a plasma, closely spaced nanotubes will maintain a vertical 
growth direction resulting in a dense array of tubes resembling a carpet or 
forest. In PECVD, the applied plasma creates a sheath above the substrate 
in which an electric field perpendicular to the substrate is induced. This 
field breaks down some of the deposition gases and vertically aligns the 
CNTs as they follow the induced field (as shown in Figure 5.6).

Both CVD and PECVD hold a number of advantages over other syn-
thesis methods. For tip growth, nanotube length increases with deposition 
pressure, and linearly with deposition time up to certain lengths46. The 
diameter is controlled by the thickness of the catalyst deposited, and the 
position of the CNTs can be controlled by where the catalyst is positioned. 
For instance, lithographical techniques (described below) can be employed 

5.5 Synthesis of CNTs by Chemical Vapour Deposition
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FIGURE 5.5 There are two types of growth, tip or base growth, which results from differences in the 
catalyst–support interaction. (a) Weak catalyst–support interaction, (b) strong catalyst–support interaction.
Source: Ref. [39].
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Figure 11. Schematic showing the dependence of the carbon nanostructure 
obtained by hydrocarbon pyrolysis on the size of the metal nanoparticles. 
(Reproduced from Rao et al. [41].) 

Moisala et al. [109] has reviewed the progress in CVD and aerosol synthesis of 
SWNTs with an emphasis on the role of catalytic metal nanoparticles. They discuss 
the evolution of the catalyst particle size distribution due to collision, sintering, and 
evaporation of the metal during SWNT synthesis. The active catalyst has been 
demonstrated to be in a reduced metal form by comparison of the experimental 
data and calculations regarding the equilibrium concentration of carbon and oxy-
gen in iron. The effect of the catalyst particle size on the melting temperature and 
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to deposit catalyst dots to control the position of grown CNTs which can 
be employed in field emission devices47. This results in much more control 
over the dimensions of the CNTs and removes the need to purify and sepa-
rate CNTs which is needed when they are grown by other methods.

The quality of grown CNTs is subjective, since their quality depends on 
the structures required. Some applications require high purity and crystal-
linity, others require tight dimensional control, whilst others might require 
high packing densities and/or alignment.

5.6  FLUIDIZED BED CVD AND RESULTANT 
APPLICATIONS

For applications where the structure benefits from a tangled, spaghetti-like 
structure, such as supercapacitors, electrodes, hydrogen storage and com-
posites, it is common for engineers to buy CNTs in bulk from suppliers 
and to fabricate devices post-growth, with CNTs grown by CVD but nucle-
ating from catalysts in a fluidized bed. The nano-agglomerate fluidized 
bed method allows for the continuous production of CNTs, where catalyst 
metal compounds are loaded onto a support, reducing or dissociating the 
compounds to nanosized metal particles and growing CNTs on the catalyst  

Ni

0.3 m

1 m 1 m

Ni

4 nm SiO2 on Si

(a)

(b) (c)

FIGURE 5.6 When Ni nanoclusters ((a) and (b)) are on a 4-nm layer of SiO2 deposited onto a 
Si substrate, they exhibit weak interactions (c.f. ‘hydrophobic’) with their supports hence favouring tip 
growth (the Ni is the high contrast dot seen at the tip of the nanotube as in (c)).
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Figure 11. SWNT forest by water-assisted growth. Reprinted with permission from 
Hafner et al. [62]. Copyright (2004) Science. 

methane. For instance, Huang et al. produced ultralong and flow-aligned SWNTs from 
mescoscopic silica catalyst with ethanol as carbon precursor [44]. Zheng et al. grew a 
single SWNT up to 4 cm long from iron catalyst with ethanol [67]. 
2.2.3. Substrate 

Substrates for surface growth of SWNT must possess several properties: they 
must be thermally stable at growth temperature; they should not react with the 

By adding a trace amount of water vapor 
into mixtures of ethylene, helium and 
hydrogen, SWNTs grow vertically and 
form dense forests on surface (Fig. 11). 
The yield is up to 50 000% [61]. The 
effect of water is due to the ability of 
water vapor to remove amorphous 
carbon and maintain catalyst activity 
during the growth.
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The temperature of the substrate can be reduced by cracking the gas 
feedstock remotely with a filament at a high temperature as shown in 
Figure 5.8a, and by heating the substrate separately at a lower temperature, 
the quality of already-fabricated devices is preserved.

Figure 5.8b shows multi-walled CNTs synthesized at a substrate tem-
perature of 450°C. The growth temperature is slightly above that which 
CMOS can typically withstand, but because the growth time was short, 
the in-built devices suffer limited characteristic deformation as can be seen 
in Figure 5.9a and 5.9b. A mass spectrometer was positioned immediately 
below the substrate stage to determine the nature of species incident upon 
it with varying hot-filament power which is shown in Figure 5.9c. The 
mass spectrometer shows that when growth occurs, hydrocarbons of higher 
atomic mass are incident on the stage.

Gas distributor

Thermal stage

Heated nozzle

Sample

Gas stream

1000 C

450 C

(a) (b)

FIGURE 5.8 (a) A schematic diagram of a setup used to grow CNTs at low temperatures. Gas is 
broken down by the heated nozzle at 1000°C instead of at the substrate surface enabling the substrate 
itself to be kept at a much lower temperature. (b) A cross section of the resultant growth of CNTs on 
CMOS. Four Al contacts can clearly be seen to be still intact.
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FIGURE 5.9 (a) The transistor characteristic of a p-type MOSFET on CMOS before and after CNT growth with (b) showing the 
respective n-type device. In both cases, the smooth line shows the characteristic before deposition, with the dotted line showing 
the characteristic after deposition. The gaseous feedstock as a function of decomposition power is shown in (c). Longer chain 
hydrocarbons, rings and radical species are seen at higher power, indicating the breakdown of the acetylene feedstock.
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directly on demand without the need for high temperatures, CNT cathodes 
could be employed in a new generation of lightweight, efficient and com-
pact microwave devices for telecommunications in satellites or spacecraft.

CNT electron sources have the largest potential market in their applica-
tion to flat-panel field emission displays53,54, where high-brightness displays 
can be fabricated for many applications. Figure 5.14 shows how the simplest 
forms of a display pixel could work with the patterning of CNTs, with the 
nanotubes deposited on a matrix of electrodes in a vacuum housing.

Theoretically, CNTs can be positioned in such a way as to maximize 
the field at their apex, whilst maintaining a high current density. However, 
such processing, though possible, would be very expensive over large areas. 
Industry has been researching ways in which to deposit already-grown CNTs.

Many companies, notably Samsung (SAIT)55, have worked on the use 
of CNTs for TV applications. SAIT successfully produced demos of full col-
our 38 in. diagonal TVs (Figure 5.14) and this technology was transferred to 
Samsung SDI for production in the mid-2000s. However, no displays based 
on this technology are yet on the market.

Similarly, CNT arrays can be used to create ‘microlenses’56. After depos-
iting CNTs with the same lithographical process, a liquid crystal deposited 
on top followed by a top gate will align itself with an induced electric field, 
alter the refractive index locally around a CNT and thus create a lens. The 
electric field required is typically lower than that at which field emission 
initiates. Additionally, by making the catalyst spot bigger, more than one 
CNT will grow which enhances the effect. A diagram showing this setup is 
shown in Figure 5.15.

5.9 Positional Control: Lithography

0
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FIGURE 5.14 Schematic of the working principle of a field emission display pixel. (a) Diode 
structure, (b) triode structure with ballast resistor in series with the emitters, (c) image of a prototype of a 
CNT field emission display with a gate structure, an active area of 38in. in diagonal, full colour and 100Hz.
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Such a device could have many potential applications such as in adap-
tive optical systems, wavefront sensors and optical diffusers.

Gated structures have many further possible applications. If the same 
principle used in field emission displays is applied to electron beam lithogra-
phy, but with only one CNT as an electron source, then an array of parallel 
gates could be used to speed up parallel-write electron beam lithography. With 
several electron beams acting in parallel, this would vastly decrease the time 
it takes to write electron beam patterns onto silicon chips with lithography. 
Figure 5.16 shows what a typical array of electron sources would look like.

The fabrication process here is clearly more complicated than simple 
lithography. An etching step is required to create the cavity in which the 
CNT grows. The process is self-aligning, in that the CNT automatically 
grows in the centre of the gate and is aligned along the axis of the gate. The 
process developed for the CNT cathode, reported extensively by Gangloff 
et al.,57 begins with the fabrication of a sandwich structure containing a 
gate electrode on top of an insulator which in turn is on top of an emit-
ter electrode. An array of 300-nm diameter holes (20,000 in total), with a 
pitch of 5 m, was patterned using e-beam lithography (as seen in Figure 
5.17a showing a single resist hole) on top of the sandwich. Note that opti-
cal lithography has too poor a resolution to make such holes. A reactive 
ion etching step using SF6 gas was used to isotropically etch the polysilicon 
gate to form an 800-nm aperture. The silicon dioxide insulator was then 
isotropically etched in buffered hydrofluoric acid (Figure 5.17b). Both the 
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FIGURE 5.15 (a) A pair of CNTs grown from single spots of catalyst separated by 10 m.  
(b) Schematic diagram representing the multi-walled CNT (MWCNT) immersed in a liquid crystal (LC).  
(c) A voltage applied to the top gate causes the LC to align with the induced electric field which is 
distorted by the MWCNT.
Source: Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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