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Series Editor’s Preface

There is no doubt that carbon nanotubes (CNT) are one of the more spectacular
icons of the nanotechnology revolution. Be as it may that Neanderthal man
synthesized them in the smoky depths of his caves, clearly CNT only became
a scientific phenomenon after they had been minutely characterized. This
book constitutes an admirable compendium of the work done since they were
launched onto the world scientific scene.! Furthermore, it also includes a very
careful and thorough treatment of the fundamental science underlying the
phenomenology of carbon nanotubes. The field is still very new and research
is burgeoning. Clearly, to make significant advances oneself one needs to have
a firm grasp of the fundamentals, and be well aware of what has already been
done. The careful reader of this book will acquire both that grasp and the
awareness. The book is also a most valuable resource for all those interested
in the technological applications of carbon nanotubes, many of which have
doubtless not even been thought of as yet. The study of this book should
be amply repaid by the gain of clear perceptions of the limitations and,
more importantly, of the vast potential of this extremely important sector of
nanotechnology.

Jeremy Ramsden
Cranfield University, United Kingdom
April 2008

IReaders may wish to refer to the article by Bojan Boskovic, Nanotechnology Perceptions 3 (2007)
141-158, for a meticulous account of the history of CNT.
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Preface

Due to their low dimensionality, nanostructures such as quantum dots,
nanowires and carbon nanotubes possess unique properties that make them
promising candidates for future technology applications. However, to truly
harness the potential of nanostructures, it is essential to develop a fundamental
understanding of the basic physics that governs their behavior in devices.
This is especially true for carbon nanotubes, where, as will be discussed in
this book, research has shown that the concepts learned from bulk device
physics do not simply carry over to nanotube devices, leading to unusual device
operation. For example, the properties of bulk metal/semiconductor contacts
are usually dominated by Fermi level pinning; in contrast, the quasi-one-
dimensional structure of nanotubes leads to a much weaker effect of Fermi level
pinning, allowing for tailoring of contacts by metal selection. Similarly, while
strain effects in conventional silicon devices have been associated with mobility
enhancements, strain in carbon nanotubes takes an entirely new perspective,
with strain-induced bandgap and conductivity changes.

Carbon nanotubes also present a unique opportunity as one of the few systems
where atomistic-based modeling may reach the experimental device size, thus in
principle allowing the experimental validation of computational approaches and
computational device design. While similar approaches are in development for
nanoscale silicon devices, the different properties of carbon nanotubes require
an entirely separate field of research.

The field of carbon nanotube devices is one that is rapidly evolving.
Thus, even as this book is being written, new discoveries are enhancing our
understanding of carbon nanotubes. Therefore, this book presents a snapshot
of the status of the field at the time of writing, and the reader is encouraged
to follow up on selected topics through the ongoing discussions in the scientific
literature. The same can be said about the range of topics covered in this book:
many interesting areas of carbon nanotube applications are not covered, and
in fact, there is a bias towards electronic devices. The author’s own personal
interests are to blame. Additional topics that may interest the reader include the
synthesis of carbon nanotubes, assembly of nanotube devices, the use of carbon
nanotubes in composites, thermal properties, and high-frequency applications.

This book presents recent experimental and theoretical work that has
highlighted the new physics of carbon nanotube devices. The intent is not to

xi



xii PREFACE

only discuss the fundamental physical aspects of carbon nanotubes or to give
an overview of carbon nanotube devices, but to present the physics behind
carbon nanotube devices. The book is intended for applied scientists, engineers
or technical managers looking for a basic understanding of the properties of
carbon nanotubes that affect device applications; it should also be useful to
early graduate level students in universities. The book begins in Chapter 1 with
an introduction to the atomic and electronic structure of carbon nanotubes,
establishing the basic concepts that will be used in later chapters. Chapter 2
discusses the properties of metallic carbon nanotubes for carrying electronic
current, where potential applications include interconnects. Concepts of the
intrinsic conductance, capacitance and inductance are introduced as well as a
discussion of the role of phonon and defect scattering. Chapter 3 addresses the
important issue of contacts between metals and carbon nanotubes, focusing
on the role of Fermi-level pinning, properties of contacts in carbon nanotube
transistors and development of ultrathin oxides for contact insulation. The
discussion in Chapter 4 focuses on electronic devices with semiconducting
carbon nanotubes as the active elements. The simplest such device, the p—n
junction is extensively discussed as an example to illustrate the differences
between carbon nanotubes and traditional devices. This discussion is followed
by an exposé on metal/semiconductor rectifiers where both the metal and
the semiconductor are carbon nanotubes. A significant part of this chapter
is devoted to carbon nanotube transistors, and to the recent scientific progress
aimed at understanding their basic modes of operation. Chapter 5 examines
progress in nanoelectromechanical devices such as actuators and resonators, and
strain effects on the electronic structure and conductance. The subject of field
emission is addressed in Chapter 6, and the emerging area of optoelectronics
with carbon nanotubes is discussed in Chapter 7, reviewing the aspects of
photoconductivity and electroluminescence. The book concludes with a chapter
on chemical and biological sensors using carbon nanotubes.

I would like to acknowledge M. P. Anantram, without whom this book would
not have been possible. The book evolved from a review article on the physics
of carbon nanotubes that Anant and I co-authored, and his fingerprints can be
found in many sections of this book. I wish that he could have joined me in this
endeavor and I hope that he will not be disappointed with the manuscript. I also
thank Sandia National Laboratories and Art Pontau, for giving me the time and
resources to produce this book. In addition, several of my colleagues at Sandia
have provided valuable insight, and this preface would not be complete without
mentioning them: Diego Kienle, Xinjian Zhou, Alec Talin, Norman Bartelt,
Kevin McCarthy, and Alf Morales. I am also indebted to Stefan Heinze, Vasili
Perebeinos and Catalin Spataru for providing figures. Finally, to Marie-Josée,
from my heart to yours, thank you for being there.

Francois Léonard
Livermore, CA
April 2008



1 Introduction

Carbon nanotubes are high aspect ratio hollow cylinders with diameters
ranging from one to tens of nanometers, and with lengths up to centimeters.
As the name implies, carbon nanotubes are composed entirely of carbon,
and represent one of many structures that carbon adopts in the solid state.
Other forms of solid carbon include for example diamond, graphite, and
buckyballs. These many different forms arise because of the ability of carbon to
form hybridized orbitals and achieve relatively stable structures with different
bonding configurations. Carbon nanotubes exist because of sp? hybridization,
the same orbital structure that leads to graphite. In this chapter, we discuss the
atomic and electronic structure of carbon nanotubes, and establish the basic
nanotube properties that will be utilized in the following chapters on nanotube
devices.

1.1 Structure of Carbon Nanotubes

To understand the atomic structure of carbon nanotubes, one can imagine
taking graphite, as shown in Fig. 1.1, and removing one of the two-dimensional
planes, which is called a graphene sheet; a single graphene sheet is shown
in Fig. 1.2 (a). A carbon nanotube can be viewed as a strip of graphene
(strip in Fig. 1.2) that is rolled-up to form a closed cylinder. The basis
vectors @ = a(v/3,0) and d@» = a(v/3/2,3/2) generate the graphene lattice,
where a = 0.142 nm is the carbon—carbon bond length. The two atoms marked
A and B in the figure are the two atoms in the unit cell of graphene. In cutting
the rectangular strip, one defines a “circumferential” vector C' = na; + mds
corresponding to the edge of the graphene strip that will become the nanotube
circumference. The nanotube radius is obtained from C as

R=C/2n = (\/§/27r> av/n? +m? + nm. (1.1)

There are two special cases shown in Fig. 1.2 that deserve special mention.
First, when the circumferential vector lies purely along one of the two basis
vectors, the carbon nanotube is said to be of “zigzag” type. The example in
Fig. 1.2 (a) shows the generation of a (10,0) zigzag nanotube. Second, when
the circumferential vector is along the direction exactly between the two basis
vectors, n = m, and the carbon nanotube is said to be of “armchair” type.
The example in Fig. 1.2 (b) shows the generation of a (5,5) armchair nanotube,
whereas in Fig. 1.2 (c) a chiral nanotube is shown where the strip is generated
by m # n.

In a planar graphene sheet, the bonds to the three nearest neighbors of a
carbon atom, 7, = a(0,1), 7 = a(v/3/2,—1/2) and 73 = a(—/3/2,—1/2)

© 2009 William Andrew Inc.
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2 THE PHYSICS OF CARBON NANOTUBE DEVICES

Figure 1.1 Illustration of the graphite structure, showing the parallel stacking of
two-dimensional planes, called graphene sheets. Figure from Ref. [1].

(Fig. 1.2 (a)) are equivalent. Rolling up a graphene sheet however causes
differences between the three bonds. In the case of zigzag nanotubes the bonds
oriented at a nonzero angle to the axis of the cylinder are identical, but
different from the axially oriented bonds which remain unaffected upon rolling
up the graphene strip. For armchair nanotubes the bonds oriented at a nonzero
angle to the circumference of the cylinder are identical, but different from the
circumferentially oriented bonds. All three bonds are slightly different for other
chiral nanotubes.

We discussed the single wall nanotube, which consists of a single layer of
rolled-up graphene strip. Nanotubes, however are found in other closely related
forms and shapes as shown in Fig. 1.3. Fig. 1.3 (b) shows a bundle of single
wall nanotubes with the carbon nanotubes arranged in a triangular lattice.
The individual tubes in the bundle are attracted to their nearest neighbors via
van der Waals interactions, with typical distances between nanotubes being
comparable to the interplanar distance of graphite which is 3.1 A. The cross-
section of an individual nanotube in a bundle is circular if the diameter is
smaller than 15 A and deforms to a hexagon as the diameter of the individual
tubes increases [2]. A close allotrope of the single wall carbon nanotube is
the multi wall carbon nanotube (MWNT), which consists of nested single
wall nanotubes, in a Russian doll fashion as shown in Fig. 1.3 (c). Again, the
distance between walls of neighboring tubes is comparable to the interplanar
distance of graphite. Carbon nanotubes also occur in more complex shapes
such as junctions between nanotubes of two different chiralities (Fig. 1.3 (d))
and Y-junctions (Fig. 1.3 (e)) These carbon nanotube junctions are atomically
precise in that each carbon atom preserves its sp? hybridization and thus
makes bonds with its three nearest neighbors without introducing dangling
bonds. The curvature needed to create these interesting shapes arises from
pentagon—heptagon defects in the hexagonal network.
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(10,0) zigzag nanotube (5,5) armchair nanotube

(d) Carbon: 4 valence electrons
p, orbital

sp2 bonds with three
nearest carbon atoms

Figure 1.2 Sketch of a graphene sheet and procedure for generating single wall carbon
nanotubes. @; and @ denote the lattice vectors of graphene, with |a1| = |az| = v/3a, where a
is the carbon—carbon bond length. There are two atoms per unit cell marked as A and B.
Single wall carbon nanotubes are obtained by cutting a strip in the graphene sheet and
rolling it up such that each carbon atom is bonded to its three nearest neighbors. The
creation of a (n,0) zigzag nanotube is shown in (a). (b) Creation of a (n,n) armchair
nanotube. (c) Chiral nanotube. (d) The bonding structure of a nanotube. Carbon has four
valence electrons. Three of these electrons are bonded to nearest neighbor carbon atoms by
sp? bonding, in a manner similar to graphene. The fourth electron is a nonhybridized p.
orbital perpendicular to the cylindrical surface.

1.2 Electronic Properties of Carbon Nanotubes

Elemental carbon has six electrons with orbital occupancy 1s? 2s? 2p?, and
thus has four valence electrons. The 2s and 2p orbitals can hybridize to form
sp, sp? and sp? orbitals, and this leads to the different structures that carbon
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Figure 1.3 Forms of nanotubes: (a) scanning tunneling microscope image of a single wall
carbon nanotube. (b) A bundle of single wall nanotubes. (¢) Two multiwall nanotubes. (d)
Junction between two single wall nanotubes of different chiralities. (e) Y-junction between
single wall nanotubes. In (d) and (e), each carbon atom has only three nearest neighbors
and there are no dangling bonds despite the presence of the junctions. Figure (a) from C.
Dekker, (b) Ref. [3], (c) Ref. [4], (d) Ref. [5], and (e) from J. Han.

materials adopt. For example, the sp hybridization leads to linear carbon
molecules, while the sp? hybridization gives the diamond structure. The sp?
hybridization is responsible for the graphene and carbon nanotube structures.
In graphene and nanotubes, each carbon atom has three 2sp? electrons and one
2p electron. The three 2sp? electrons form the three bonds in the plane of the
graphene sheet (Fig. 1.4), leaving an unsaturated p, orbital (Fig. 1.2 (d)). This
p. orbital, perpendicular to the graphene sheet and thus the nanotube surface,
forms a delocalized 7 network across the nanotube, which is responsible for its
electronic properties. These electronic properties can be well described starting
from a tight-binding model for graphene, as we now discuss.

1.2.1 Graphene Electronic Structure

A carbon atom at position 75 has an unsaturated p, orbital described by
the wave function 7 (7). In the orthogonal tight-binding representation, the
interaction between orbitals on different atoms vanishes unless the atoms are
nearest neighbors. With H the Hamiltonian, this can be written as

<XFA| H {XF’A> = <X'FB| H ’XF/B> =0

(1.2)
(Xral H IX7) = (Xl H |X7a) = Y07, —rp=r,

where E is a vector connecting nearest-neighbors between the A and B
sublattices (Fig. 1.2 (a)), and where we have set the on-site interaction energy
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Figure 1.4 Simplified sketch of the combination of s and p orbitals that form the three sp?
hybridized orbitals in the plane of the graphene sheet. The coefficients for each of the
wavefunctions were omitted for simplicity and the final wavefunctions are sketched
approximately.

to zero, without loss of generality. The tight-binding parameter + represents
the strength of the nearest-neighbor interactions. The A and B sublattices
correspond to the set of all A and B atoms in Fig. 1.2 (a).

To calculate the electronic structure, we construct the Bloch wavefunction
for each of the sublattices as

0 (7) = 3 x, (7) (13)

where s = A or B refers to each sublattice, and 7 refers to the set of points
belonging to sublattice s. The total wavefunction is then a linear combination
of these two functions,

by (7F) = é (6,2 (7) + Ay (7)] (1.4)

where Ap is the mixing parameter to be determined below. The Hamiltonian
matrix elements are calculated as follows:

(Ol H |907) = / dPr e TG () H Y, ()
s T

_ Ze—iE.FS Zeiﬁ.a, /dgrxf:; (7)Hxr, (7). (L5)
7, 7
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From Eq. (1.2) we have

[ ) B, (7) = 2657, (1.6)
and the Hamiltonian matrix elements are therefore

(Sarl H |6 45) = (bl H |dpp) = 0

(Saz| H|0pz) = (0pz| H[6,5)" = Hap =7 > ™7, (1.7)
7=1,2,3

leading to the Schrédinger equation Hy = F in matrix form

(R o

Diagonalization of this matrix leads to the solution

E =+ |Hup|

3 3 3
=47v,|1+4cos <2k‘ya> cos ({k{ﬂl) + 4 cos? <\2[kma>. (1.9)

This band structure for graphene is plotted in Fig. 1.5 as a function
of k; and k,. The valence and conduction bands meet at six points
[(+47/3v/3a,0); (£27/3v/3a, £27/3a)] at the corner of the first Brillouin zone.
Graphene is thus a peculiar material: bands cross at the Fermi level, but the
Fermi surface consists only of points in k-space, and the density of states at
these so-called Fermi points vanishes. Graphene can be described as a gapless
semiconductor, or a as a semi-metal with zero overlap. Because of the symmetry
of the graphene lattice, the Brillouin zone has 27 /3 rotational symmetry, and
there are only two nonequivalent Fermi points.

The values of Az that correspond to the two branches in Eq. (1.9) are

* *

a= s g o = - s (1.10)
ko |Has| . | H 4B

The lower branch, corresponding to lower energies, has opposite sign of the
wavefunction on the two atoms of the unit cell while the wavefunction for the
upper branch has the same sign on the two atoms of the unit cell. Thus the
low energy branch has bonding character while the higher energy branch has
antibonding character.
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Energy (€V)

Figure 1.5 Electronic structure of graphene calculated within a tight-binding model with
only 7 electrons. The conduction and valence bands meet at six points at the corner of the
first Brillouin zone.

Near the Fermi points, the band structure can be approximated as [6]

E%?ryia

k—k
9 F

(1.11)

— — ‘

and is thus isotropic and linear. This relation will be useful to obtain the
bandgap of semiconducting nanotubes as described in the next section.

1.2.2 Carbon Nanotube Electronic Structure

To obtain the electronic structure of carbon nanotubes, we start from the
band structure of graphene and quantize the wavevector in the circumferential
direction:

k-C=kyCp+ kyC, = 2p (1.12)

where C , the circumferential vector, is shown in Fig. 1.2 and p is an integer. Eq.
(1.12) provides a relation between k, and k, defining lines in the (k, k) plane.
Each line gives a one-dimensional energy band by slicing the two-dimensional
band structure of graphene shown in Fig. 1.5. The particular values of C,,
Cy and p determine where the lines intersect the graphene band structure,
and thus, each nanotube will have a different electronic structure. Perhaps the
most important aspect of this construction is that nanotubes can be metallic
or semiconducting, depending on whether or not the lines pass through the
graphene Fermi points. This concept is illustrated in Fig. 1.6 where the first
Brillouin zone of graphene is shown as a shaded hexagon with the Fermi points
at the six corners. In the left panel, the lines of quantized circumferential



8 THE PHYSICS OF CARBON NANOTUBE DEVICES

semiconducting

T

metallic

Energy (eV)
Energy (eV)

; : ; -8 . :
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

ka ka

Figure 1.6 Illustration of the first Brillouin zone of graphene, and the allowed wavevector
lines leading to semiconducting and metallic nanotubes. Examples of band structures for
semiconducting and metallic zigzag nanotubes are displayed at the bottom of the figure. The
thick lines indicate the bands that cross or come closest to the Fermi level, taken as the zero
of energy in these figures.

wavevectors do not intersect the graphene Fermi points, and the nanotube is
semiconducting, with a bandgap determined by the two lines that come closer
to the Fermi points. The right panel illustrates a situation where the lines pass
through the Fermi points, leading to crossing bands at the nanotube Fermi
level, and thus metallic character.

We can express mathematically the electronic band structure of nanotubes by
defining components of the wavevector perpendicular and parallel to the tube
axis. By expressing k, and k, in terms of these components and substituting
in Eq. (1.9), we obtain

— =1+44cos 50 o2 50 o2

E? <Bkaa 3mpaCy ) \/gCyk:a V3mpaCl,
— CcoS +
v

9 \/§Cyka n \/gwpaCx

+ 4 cos 50 o2

(1.13)
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where k is the wavevector in the axial direction, C,, = av/3 (n +m/2) and
Cy = 3am/2. Band structures for semiconducting and metallic nanotubes
computed from this expression are shown in Fig. 1.6. The index p in the above
expression takes the values p = 1,2,..., N/2 where N is the number of carbon
atoms in the nanotube unit cell. The value of N is given by [7]

4 (m2 +mn + n2)
dr

N = (1.14)

where dg = 3q if n — m = 3¢l and dr = q if n — m # 3¢l with I an integer.
Here ¢ is the greatest common divisor of n and m. Since each value of p gives
two subbands (the positive and negative signs in Eq. (1.9)), the total number
of bands is N. Because the nanotube band structure is symmetric about the
Fermi level within the orthogonal tight-binding model considered here, half of
the bands will be below the Fermi level and half of the bands will be above the
Fermi level. And often, many of the bands will be degenerate, so the number of
independent bands is less than IN. T'wo special cases are worth mentioning. In
the case of zigzag nanotubes(n,0) we have ¢ = n, dg = n and N = 4n. In the
case of armchair nanotubes(n,n) we have ¢ = n, dg = 3n and N = 4n. The
fact that the zigzag and armchair nanotubes have the same number of atoms
per unit cell arises because the structure of both of these nanotubes consists
of parallel rings of atoms—zigzag nanotubes have n atoms per ring with four
rings per unit cell, while armchair nanotubes have 2n atoms per ring with two
rings per unit cell.

As discussed above, the condition for nanotubes to be metallic is for some of

the allowed lines k, = %ﬂ — %kx to cross one of the Fermi points of graphene.

This leads to the general condition |n —m| = 3I where I is an integer. We
now derive this relation, considering each of the two inequivalent Fermi points
in turn.

Case 1: kp = (47/3v/3a,0)
One of the lines will cross this Fermi point when

2mp O, 2rp O, 4w
ky = — = — e

=L 2 T 1.15
Cy Gy Cy  Cy3v3a (119)

and using the expressions C, = av/3 (n +m/2) and C, = 3am/2 we obtain

(2n+m)=3p or —n+m=3(p+n) (1.16)

and since both p and n are integers, p +n = I is also an integer, and the
condition is

—n+m = 31I. (1.17)
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Figure 1.7 The left panel shows the first Brillouin zone of graphene with the two sets of
inequivalent Fermi points indicated by circles and squares. The right panel shows the
distance Ak between one of the allowed wavevector lines and a Fermi point.

Case 2: kp = (—47/3+/3a,0)
We repeat the above analysis to obtain the condition
_2mp Oy 2rp  C, 4m

G Gy Cy  Cy3V3a 19

giving
—2n—m=3p or n—m=3I. (1.19)

The two conditions for the two sets of nonequivalent Fermi points can be
summarized as

|n —m| = 31. (1.20)

It is worth mentioning that because armchair nanotubes have n = m, they
always satisfy the condition (1.20) and are therefore metallic.

Nanotubes for which this condition does not hold are semiconducting, and
this represents 2/3 of all nanotubes that can be generated using the procedure
of Fig. 1.2 (there is an infinite number of such nanotubes). The relationship
between bandgap and diameter [8,9] can be obtained by finding the line that
comes closest to a graphene Fermi point. The distance between the Fermi points
and each line (Fig. 1.7) can be calculated from

‘Ql

Ak = (/%’F - 12) . (1.21)

Q

]
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Using the relations k-C= 27mp and ‘é‘ = 27 R we obtain

1 |kp-C
Ak = — —pl. 1.22
7l o P (1.22)
There are six cases to consider:
Case 1: kp = (47/3v/3a,0)
1 |kp-C 1] 20, 1
Ak=—=|——pl==|———-p|l==—=13p— (2 . (1.23
2| T5C 0 = g | <5 = g - ol (12)
Case 2: kp = (21/3v/3a, 27 /3a)
1 |kp-C 1] G C
Ak = — -pl== e
R| 27 p' R’?,\/ga 3a p’
1
=37 13p — (n+2m)|. (1.24)
Case 3: kp = (—27/3v/3a, 27 /3a)
1 |kp-C 1| 6 C
Ak = — —pl === -y _
=R o ‘ R‘ 3v/3a  3a
1
:ﬁ\?:p—i-(n—m)\. (1.25)
Case 4: kp = (—47/3+/3a,0)
1 |kp-C 1] 20, 1
Ak =— —pl==|- —pl==—=13 2 . (1.26
Bl 8 = g |~ o] = g e Gkl (126)
Case 5: kp = (—27/3v/3a, —27/3a)
1 |kp-C 1| ¢ C
Ak = — —pl = |- _ Y _
R| 2n ‘ R‘ 3v/3a  3a p‘

1
:ﬁ|3p+(n+2m)|. (1.27)
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1.57
zigzag
