Chapter 2
Fundamental Theories

2.1 Structures of Carbon Nanotubes

Carbon nanotubes can be considered as a hexagonal network of carbon atoms that has

been rolled to make a seamless ho inde e hollow cylinders are tens micrometers
in length but only about te ; 1 ’ oped with half fullerence
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correspond to the case of m=0, o al vectors correspond to chiral
nanotubes. The diameter of the carbon nanotube, Dy, is L/xt, in which L is the circumferential
length of the nanotube:

D= L/, L=| Cy [=( Cr)"*=a(n*+m*+nm)"?

The chiral angle 0 is defined as the angle between the vectors Cy, and a;, with the values of the
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Fig. 2.2 (a) The chiral vector OA isdefined on the honeycomb lattice of carbon atoms by
unit vectors a;, a; and the chiral angle e with respect to the zigzag axis. (b) Possible
vectors specified by the pairs of integers (n,m) for general carbon tubules, including
zigzag, armchair, and chiral tubules[11].



range 0 =|0] =30, because of the hexagonal symmetry of the honeycomb lattice.

The electric features of SWNTs were predicted theoretically in 1992. Hamada [7] and
Satio [8] observed that carbon nanotubes can be either metal or semiconductor in electric
conductivity, which is determined by the condition below.

n-m=3q, q=0 small band gap semiconductor

n-m=3q semiconductc
n-m=0
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o that used
for the synthesi ormed in a
stainless steel chamber in anging from 10 to
500 Torr. A dc (direct current) voltag lied between two graphite rods
(one 5 mm and the other 13mm in diamete thin rod is connected to the positive of a dc
power supply, the thick rod to the negative. When the rods were brought close, discharge was
ignited, resulting in the formation of plasma. The current of plasma varied from 40 to 100A.

As the thin rod (positive electrode) was consumed, it was fed to keep the gap distance

between the electrodes about 1mm as in fig. 2.3 [14]. On the thicker rod (negative electrode),



carbonaceous deposit was formed. When the metal catalyst is to be used, a hole is drilled in
the carbon anode and filled with the mixture of metal and graphite powder. In this case, most
nanotubes are found in the soot deposited on the arc-chamber wall. It is important to note that
the obtained materials consist of not only nanotubes but also nanoparticles, fullerenes and a
lot of amorphous carbon. Ebbesn [15] reported that open tubes can be obtained by oxidizing
the deposit. However, only 1 wt% of the initial deposit.remains after oxidation. From
previous work [16], CH4 and H, were better than inert gases for the production of MWNTs.
Using CHy4 and Hj, the researchers gained high yield of carbon nanotubes and low proportion

of co-existing carbon nanoparticles.
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Fig. 2.3 Schematicillustration of the arc-dischar ge system [14].

2.2.2 Laser Vaporization
Guo et al., [17] invented a new method for synthesizing single-walled nanotubes (SWNT)

in which carbons were vaporized by laser impinging on the metal-graphite composite target.
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In contrast to the arc method, direct vaporization is controllable on the growth condition and
produces nanotubes in higher yield (70-90%) and quality. SWNTs are about 1 nm in diameter
and are arranged in bundles. No amorphous carbon coating on the tubes is observed.

The oven laser-vaporization apparatus [18] (Fig. 2.4) is used to produce fullerenes and

MWNTs. Scanning laser beam is focused to a 6-7 mm diameter spot onto the metal-graphite

composite target. The laser bean surface under computer control to

maintain a smooth, uniform face 2 n. The targe ipported by graphite poles in
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Fig. 2.4 Oven laser-vaporization apparatus[18].
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2.2.3 Chemical Vapor Deposition

Chemical vapor deposition technique deals with gas phase system in carbon nanotubes
are formed by the deposition of carbon-containing gas [19]. The gas phase techniques are
amenable to continuous process since the carbon source is continually replaced by flowing
gas. In addition, the final purity of carbon nanotubes can be quite high enough to minimize
purification steps. The advantage of chemical vapor depesition technique is that carbon
nanotubes can be synthesized continually and thus the growing pure carbon nanotubes could
be obtained in the optimum condition. That is a very good way to synthesize large quantities
of carbon nanotubes under relatively controlléd conditions. So the chemical vapor deposition
has advantages for scale-up and commercial productions.

Nikolaev et al., [20].reported. that therhigh-yield single-walled carbon nanotubes.were
obtained at high temperature and high pressure (1200:C, 10 atm) with carbon monoxide as
carbon source. Smalley et al. [21] refined the process to produce large quantities of
single-walled carbon nanotubes with remarkable purity. High pressure conversion of carbon
monoxide has to be commercialized by Nanetechnologies Inc (Houston, TX) for large scale
production of high purity single-walled-carbon-nanetubes=TFransition-metal (c.g. Fe, Co, Ni)
particles are known to be.catalysts for vapor grown carbon ffanotubes synthesis, in which
hydrocarbons (e.g., CH4, C¢Hg) are used as gas source. Metal catalysts are generally necessary
to activate carbon nanotubes growth. A variety of other catalysts, hydrocarbons and catalyst
supports have been used successfully by various groups the world wide to synthesize carbon
nanotubes [22, 23].

Nikolaev and co-workers [20] reported that hydrocarbon pyrolize readily on surfaces
heated above 600-700 “C. Carbon nanotubes growth with hydrocarbons has substantial
amorphous carbon deposited on the surface of tubes and requires further purification. Even
though the disassociation of hydrocarbons at low temperature affects the purity of carbon
nanotubes, but the low processing temperature enables the growth of carbon nanotubes on a
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variety substrates.

The synthesis of well-aligned straight carbon nanotubes on a variety of substrates has
been accomplished by the use of plasma enhanced chemical vapor deposition (PECVD)
where the plasma is excited by a microwave source [24,25,26] or a DC source [27]. Fig. 2.5

shows the schematic illustration of the chemical vapor deposition system.
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Fig. 2.5 Schematic illustration of-the-chemical-vapor-depesition (CVD) system.

2.3 The Application of Carbon Nanotubes

Since the miniaturization of devices have been continuous, computers become faster and
smaller. Meanwhile silicon has become popular device-material due to its physical and
geological abundance. The size of device is halved every'3 years. The trend of semiconductor
device feature size will be reduced continuously. In order to overcome this technological limit
of the nanometer scale materials, carbon nanotubes have attracted interest in semiconductor
technology and scientific field. Relative research fever and the development s of commercial

applications such as hydrogen storage, atomic force microscope probe, microelectronic
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transistor, electrical field emitter of flat panel display and scanning tunneling microscope tip

have been stimulated tremendously.

2.3.1Transistors
The field-effect transistor — a three-terminal switching device — can be constructed of

only one semi-conducting SWNT [28]. plyingja voltage to a gate electrode, the

nanotube can be switched fro C [ . A'schematic representation
u

of such a transistor is iV n in fig. 2.6. Such carbon nanotube trar

i SWltCh-ﬂ

an be coupled

together, working as:

2.3.2 Atomic F
Carbon nanotubes ; o probes for various types of
scanning probe microscopes (SPM) because they have the unique physical properties.
Dai and coworkers [29] demonstrated that high aspect ratio of the carbon nanotubes
enables us to observe deep hole which cannot be detected by conventional tip. Carbon
nanotubes tips were applied to non-contact atomic force microscopy and a clear image of

deoxyribonucleic acid (DNA) helical turn by making the best of sharpness of the carbon
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nanotube tip apex, as investigated by Uchihashi et al [30].

Jarvis and coworkers [31] applied carbon nanotubes probes to detect salvation forces in
water by atomic force microscope (AFM). Carbon nanotube was attached tungsten tips for
scanning tunneling microscopy (STM) by Ishikawa [32].

Ishikawa et al., have studied the application of carbon nanotubes probe for the
measurement of friction using the l&FM [ER]. Thez'collcluded that the friction versus load

i "
curve using the unique carbon nanotube tip shows the behavior different from conventional

tip and strongI s&tnning-length dependency of the friction force ‘is found due to the
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Fig. 2.7 Useof aMWNT as AFM tip. VGCF standsfor Vapour Grown Carbon Fiber. At
the centre of thisfiber the MWNT formsthetip [62].
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2.3.3 Field Emission Display, FED

Carbon nanotubes have been demonstrated to possess remarkable mechanical and
electric properties for field emission application [34,35]. Fig. 2.8 shows the structure of one
form of FED based on emission of electrons from sharp-tipped cones. Vertical alignment

carbon nanotubes have excellent electron emission properties. A powerful application of

electronic emission sources ean expanded flat panel displays such as field emission

display (FED). The applicatic : plays requires their
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Diamond

Diamond B doped
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Diamond N doped
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Amaorphous carbon

anostructured diamond

Carbon nanotubes

05, de Heer, arc. aligned

07, Wang, arc, 02 plasma

UX, Bonard, arc

)8, Chen, HFCWVD, aligned

nanotiber, 50-100 nm

¥, Bonard, arc, single-walled

00, Dai, CVD, aligned, 16 nm

00, Xu, CVD, 20nm

09, MER Corp., arc, 7-12 nm

a-C coated

0, Xu, CVD, aligned, 10-30 nm

09, Zhu, laser, single-walled

nanofibert 38 1, MPECVD, 60-80 nm

iligned nanotube (38 ), MPECVD,

~ 100 nm

Table 2.1 Field emission properties of carbon nanotubes compar ed with other materials.
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2.4 Theory of Field Emission
2.4.1 Field Emission from Metals

Field emission is a quantum-mechanical phenomenon in which electrons tunnel through
a potential barrier at the surface of a solid as a result of the application of a large electric field.
Field emission is distinct from thermionic emission and photoemission in which electrons
acquire sufficient energy via heating or energy exchange with photons, respectively, to
overcome (go over) the potential barrier. In field emission external electric field on the order
of 10’ V-cm™ is required for appreciable electron currents. The presence of the electric field
makes the width of the potential barrier finite and therefore permeable to the electrons. This
can be seen with the help of fig. 2.9 which presents a diagram of the electron potential energy
at the surface of a metal.| "

The dashed line in fig. 2.9 shows the shape of the barrier in the absence of an external
electric field. The height of the barrier is equal to the-work function of the metal, ¢, which is
defined as the energy required removing an electron from the Fermi level Er of the metal to a
rest position just outside the material (the vacuum level). The solid line in fig. 2.9 corresponds
to the shape of the barrier in the presence-of-the-external-electiic-field. As can be seen, in
additionto the barrier becoming triangular in shape’ the heightof the barrier in the presence
of the electric field E is smaller, with the lowering given by [39]

oE 1/2
Ag= (%) (2.1)

where e is the elementary charge and g 1s the permittivity of vacuum.

Knowing the shape of the energy barrier, one can calculate the probability of an electron with
a given energy tunneling through the barrier. Integrating the probability function multiplied
by an electron supply function in the available range of electron energies leads to an
expression for the tunneling current density J as a function of the external electric field E. The
tunneling current density can be expressed by Eq. (2.2) which is often referred to as the
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Fowler-Nordheim equation [41,42]

e E2 {—875(2m)”2¢3/2

Ty T ahe V(”} @2

where y=A¢/¢ with A given by Eq. (2.1), h is the Planck's constant, m is the electron mass,
and t(y) and v(y) are the Nordheim elliptic functions; to the first approximation t*(y)= 1.1 and
v(y) =0.95 - y*. Substituting these approximations in Eq. (2.2), together with Eq. (2.1) for y

and values for the fundamental constants, one obtains

= E- 10.4 —6.44x107 ¢***
J =1.42x%10 6?exp£ 1/2}:xp( = (2.3)

where J is in units of A ¢m™, E isin units of V.em' and ¢ in units of V. Plotting log"(J/E*) vs.
1/E results in a straight line.with.the slope proportional'to the work function value, ¢, to the
3/2 power. Eq. (2.3).applies strictly to temperature equal to 0°K. However,.it can be shown
that the error involved in the use of the equation for moderate temperatures (300°K) is

negligible [42].

2.4.2.Field Emission For m‘Semiconductors

To'a large degree, the theory for electron emission fiom semiconductors can be derived
parallel to thé theory for metals:However, special effects are associated with semiconductors
due to the state of their surface and the fact that an external field applied to a.semiconductor
may penetrate to a significant distance into the interior. The classic theoretical treatment of
electron emission from semiconductors is given in Ref. [43]. For the case when the external
electric field penetrates into the interior of an n-type semiconductor and the surface states are
neglected, log(J/E?) is shown to be a linear function of 1/E. However, in place of the work
function ¢ in the Fowler-Nordheim equation one needs to substitute a quantity -6, where y is
the electron affinity defined as the energy required for removing an electron from the bottom

of the conduction band of the semiconductor to a rest position in the vacuum, and 6 denotes
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the band bending below the Fermi level. These parameters are illustrated in fig. 2.10. The
linear dependence of log(J/E?) on 1/E is expected only if the density of the current flowing
through the sample is much smaller than the current limiting density J;im =enp,E/e, where p, is
the electron mobility and n is the electron concentration in the bulk of the semiconductor
[44,45]. At J=Jjim, the Fowler-Nordheim character of the relationship J(E) passes into the
Ohm's law (if the dependence of electron mobility on the electric field is neglected) which
results in the appearance of the saturation region in the emission current vs. voltage curve [46].
Such saturation ‘regions were observed experimentally for lightly doped n-type
semiconductors and for p-type semiconductors: [47,48]. Electron emission from
semiconductors has been a subject of more recent theoretical considerations which takes into
account complications due.to.electron scattering, surface state density, temperature, and tip

curvature [49,50,51].

2.4.3 Fowler-Nordheim equation for a single-cell gated FEA

Fig. 2.11 shows a schematic diagram of a cell in a micro-fabricated gated FEA. The
emitter~has the form of a sharp tip so that advantage can be taken of the well-known
enhancement of electric field at surfaces exhibiting high curvature. If voltage V, is applied to

the gate electrode, the electric field:E at the tip 1s given by Eq. (2.4)
E=/04xV (2.4)
where the proportionality constantf-is called the-field enhancement or field conversion
factor. If E is in units of V cm'' and V, 1s in units of V, B is in units of cm’. If the area from
which emission of electrons takes place is denoted as a, and Eq. (2.4) is substituted for E in

the Fowler-Nordheim equation Eq. (2.3), the following expression is obtained

| = Ixa= AxV?2 exp(- B/V, ) 2.5)

where
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A=142x10" xarx B/ pxexp(l0.4/6"°) (26
and

B=6.44x10"x¢"*/f 2.7)

In Eq. (2.5) I is in units of A, a in units of cnt’, B in units of cm’’, ¢ in units of eV and V,

in units of V.

Plotting experimental values of electron e current vsagate voltage in the so-called
|

Vo) vs. 1/Vg, is'a co

Fowler-Nordheim coordin te n analyzing electrical
pl

d field emitter arrays. As can be seen from Eq..(2.5) h a plot will

performance d

appear as a st  line over a large portion A and B in
>ometrical
para

u
can be X

-5 ] 5 10 15 20
Position (A)

Fig. 2.9 Diagram of potential energy of electrons at the surface of a metal.
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