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Ec

Er

lattice constant of carbon nanotubes.
nearest neighbor C—C distance.
chiral vector of carbon nanotubes.
nanotube capacitance.

nanotube diameter.

diffusion constant.

Schottky barrier lowering.
conduction band edge.

Fermi energy.

energy gap.

valence band edge.

dielectric constant of vacuum.
average dielectric constant of device.
doping fraction.

energy gain.

transconductance.

strain along tube circumferential direction.
energy overlap integral.

reduced Planck’s constant.
electronic wave vector.

Fermi wave vector.

spring constant of cantilever.
vertices of hexagonal Brillouin zone of graphite.
mean free path.

phase coherence length.

electron density.

quality factor of cantilever.
electrical conductivity.

elastic strain along tube axis.

chiral angle of carbon nanotubes.
pyramidalization angle.

m-orbital misalignment angle.
Schottky barrier.
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Hh
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zero-bias Schottky barrier.

hole mobility.

Poisson’s ratio.

single-particle states per unit volume.
relaxation time.

translational vector of carbon nanotubes.
average velocity of electron.

Fermi velocity.

output voltage from voltage adder.
carbon-gate voltage.

drain-source voltage.

back-gate voltage.



Outline

In 1956 the Nobel Prize was awarded to Shockley, Bardeen and Brattain for their
discovery of the transistor effect in 1947. The transistor is one of the most im-
portant inventions of the past century and often cited as the example of how
scientific research can lead to useful commercial products. The integration of
transistors in modern semiconductor electronics led to another revolution in hu-
man history. The Nobel Prize was again awarded to this great contribution in
2000. Half a century after the first transistor, the point-contact transistor, sci-
entists have demonstrated that semiconducting carbon nanotubes can also have
transistor-like behavior. The transistor size has been shrunk by a factor of 10°.
This thesis outlines the process of making nanotube-based electronic devices, as
well as the study of their electrical transport. Particular emphasis is placed on
electrical transport and modification of electronic structure promoted via struc-
tural changes to the tube.

In chapter 1 we will present an introductory overview to carbon nanotubes
and their band structures. Several review papers [4, 106] are recommended for
detailed description in the electronic structure and consequent transport prop-
erties of carbon nanotubes. Chapter 2 will discuss the experimental methods
involved in device preparation and electrical studies. It is a challenge to exploit
the transport properties of specific molecules by applying selective metal contacts
to them. This chapter, therefore, includes how we separate the tangled carbon
nanotubes isolating them in suspension and then selectively making contact on
desired nanotubes. The measurement setup for electrical transport is shown at
the end of this chapter.

Chapter 3 gives a brief description of the electrical transport in mesoscopic
conductors. At appropriate temperatures the charge quantization can be observed
via single electron tunneling in junction/island/junction arrangement, which is
used for interpreting the transport behavior of carbon nanotubes at low temper-
atures.

Chapter 4 discusses very interesting hierarchal nanotube peapod structures,
i.e., metallofullerenes are peas and confined in the interior hollow of nanotubes.
The encapsulation of metallofullerenes is inspected by means of a high resolution
transmission electron microscope. We will discuss the role of metallofullerenes in-
side a nanotube and how this varies the electrical properties of the host nanotube
as a function of temperature.
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In conventional metal-oxide-semiconductor field-effect transistors (FETSs), a
top gate is often used to control the conduction of the inversion layer underneath
the gate insulator. The carbon nanotube FETs in the published literature to
date are constructed either in back gate or in top gate configurations. This al-
lows the carbon nanotube FETSs to be operated in macroscopic scale. In chapter
5, we will show a novel method of making carbon nanotube FETs operated in
real nanoscale. The conventional metal gate is replaced by an in-plane carbon
gate which is actually made by another carbon nanotube and insulated by the
single molecular linker to an active channel. To form these T-shape junctions,
chemical functionalization has been done to incorporate diaminal functionality
into carbon nanotubes. The presence of a molecular linker is evidenced by X-
ray photoelectron spectroscopy and Raman spectroscopy. How a one-dimensional
carbon nanotube gate works in modulating another one-dimensional carbon nan-
otube active channel will be discussed in chapter 6.



Chapter 1

Introduction

1.1 Carbon family and nanotubes

Prior to the discovery of fullerenes, graphite and diamond were the only known
crystalline forms of carbon. The diamond is sp3-hybridized, forming a three-
dimensional (3D) network by binding the tetrahedral unit structures together,
whereas the sp? hybridization in graphite links carbon atoms in a two-dimensional
(2D) layer of hexagons (Figure 1.1 (a) and (b)). In the latter case, the p, orbitals
which are perpendicular to the plane of graphene build a delocalized w-electronic
system and allow the fourth valence electron in carbon atoms to move freely on the
plane. On the other hand, all valence electrons in diamond are localized around
the carbon atoms. These structural differences bring about profound affects in
the electrical properties of graphite and diamond: graphite is a semimetal, and
diamond is an insulator with a band gap of ~6 eV.

In 1985 a new form of carbon, Cg, fullerenes, was discovered by Kroto et al.
[89]. The 0-dimensional (0D) molecules have a particular shape like a “soccer ball”
(so-called “buckyball” as shown in Figure 1.1 (c)). These fullerenes are made up
of 60 carbon atoms arranged in pentagonal and hexagonal rings. The discovery
and subsequent synthesis in macroscopic quantities of fullerenes has initiated a
new field in the chemistry and physics of carbon. The 0D structure of fullerenes
shows many intriguing features and potential for practical applications including
investigations into superconductivity, quantum dots, molecular electronics, and
fundamental solid-state physics.

In 1991 lijima discovered a cylindrical form of the “buckyball”, known as a
carbon nanotube [73] (Figure 1.1 (d)). Nanotubes fall into two broad classes:
multiwall and single wall. The earliest observations by Iijima were of micrometer

5



6 Chapter 1. Introduction

long multiwall nanotubes found in characterizing fullerenes grown via the carbon
arc method. An ideal single wall carbon nanotube (SWNT) is a hexagonal net-
work of carbon atoms that has been rolled up to make a seamless hollow cylinder
(Figure 1.2 (a) and (b)), while a multiwall carbon nanotube (MWNT) is a coaxial
arrangement of numbers of SWNTs (Figure 1.2 (c¢) and (d)). Nanotubes belong
to the family of fullerenes and can be thought of as elongated buckyballs. Both
sorts of tubes have sp?-hybridized structure, like graphite, and in the ideal case

are terminated at the ends by perfectly fitting fullerene caps.

(10, 10) nanotube

Figure 1.1: Three different forms of carbon materials: (a) dia-
mond structure of carbon; (b) graphite structure of carbon; (c¢) Ceo
fullerene; (d) tubular structure of carbon, which is regarded as an
elongated fullerene.

Carbon nanotubes can be synthesized by various methods, including arc-
discharge, laser ablation and chemical vapor deposition [42]. In the arc-discharge
method, carbon atoms are evaporated by a plasma of helium gas ignited by high
currents passing through opposing carbon anode and cathode. The carbon atoms
nucleate on a metal catalyst and grow up to several micrometers in length. A
similar principle is adopted in the laser ablation method where intense laser pulses
are used to ablate a carbon target containing metal catalysts. During laser abla-

tion, a flow of inert gas is passed through the growth chamber to carry the grown
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Figure 1.2: High resolution transmission electron microscope
(HRTEM) micrographs of carbon nanotubes. (a) A thin bundle of
single wall carbon nanotubes. The parallel lines are the walls of in-
dividual tubes. The outermost boundary of the nanotube bundle is
covered by amorphous carbon. (b) Cross sectional view of a nanotube
bundle. (¢) ~ (d) Multiwall nanotubes with five and two shells, re-
spectively. Below the images the cross sectional structure of the two
tubes is shown. [73, 74]

nanotube downstream to a cold collection finger. The produced SWNTs mostly
crystallize in the form of ropes having tens of individual nanotubes close-packed
into hexagons via van der Waals interactions. In chemical vapor deposition, a
flowing hydrocarbon gas is decomposed by metal catalysts. The precipitation of
carbon from the saturated phase in metal particles leads to the formation of a

tubular carbon solid.

Since the discovery and high-yield synthesis of carbon nanotubes, they have
attracted great interest among the research community due to their remarkable
mechanical and electronic properties. This stems not only from the fact that
carbon nanotubes are heir to the unique features of graphite, but also from their
one-dimensional (1D) aspect. For instance, the Young’s modulus Y in carbon
nanotubes can be as high as ~1 TPa. This makes the nanotube an excellent
candidate for strengthening the matrix in composite materials. On the other

hand, carbon nanotubes are ideal examples of molecular wires for studying elec-
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Figure 1.3: Hexagonal network of a graphite sheet. The tube with
index (n,m) = (4, 2) is constructed when the dotted strip is rolled
up in such a way that point O matches point A, and point B matches
point B’. 6 describes the chiral angle of a specific tube and varies
between 0 < 6 < /6. C is the chiral vector and perpendicular to
the translational vector T which defines the Brillouin zone boundary
of nanotubes by k = +x/T.

trical transport through a single molecule. They are excellent too as the building
blocks in nanoelectronic devices, something which shows their superiority to con-

ventional silicon-based microelectronics [6, 7].

1.2 Electrical properties of nanotubes

1.2.1 Geometrical structure

As described above, carbon nanotubes can be considered as seamless cylindrical
forms of graphene sheets rolled up into a specific orientation. To understand the
electronic properties of nanotubes, we begin with the geometrical structure of
graphene, which decisively determines the band structure of the nanotubes [153].
Figure 1.3 depicts a hexagonal lattice of a graphite layer that can be cut out
along the dashed lines and rolled up along a vector C to construct a tube. This

C vector is called a chiral vector and expressed as na; + ma,, where a; and a,
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are the unit vectors of the hexagonal lattice. In general, an infinite number of
nanotube geometries can exist. They are characterized by (n, m) with a defined

chiral angle # and diameter d;:

0 = tan"*[V/3m/(m + 2n)] (1.1)

dy = C/1 = V3a,_c(m* + mn + n®)'? /x (1.2)

where a._. is the nearest neighbor C—C distance (1.42 A in graphite). Vector T
is perpendicular to C and parallel to the nanotube axis. By choosing a starting
and a final point with translational symmetry on the honeycomb lattice, a specific
set of vectors C and T is determined. The lattice edges cut by the two sets of
parallel dashed lines shown in Figure 1.3 can be perfectly mapped onto each other
when forming the tube.

There are two special symmetry directions which are “non-chiral”. They are
termed “armchair” and “zigzag”, having indices (n, n) and (n,0), respectively.
The names armchair and zigzag refer to the pattern of carbon bonds along the
circumference, which are shown bold in Figure 1.3. These two configurations
differ by an angle of 30 degrees. The angles in between belong to the “chiral”
tubes, and they have axial chiral symmetry, as can be seen in the lowest panel in

Figure 1.4.

1.2.2 Energy dispersion and density of states

To determine the band structure of nanotubes, it is convenient to start by calcu-
lating the band structure of a graphite sheet by the tight-binding approximation
[114, 131] and then to superimpose the periodic boundary conditions of nanotubes
along the circumferential direction. Figure 1.5 (a) shows the hexagonal lattice of
a graphite sheet in real space, with lattice vectors a; = (v/3a/2, a/2) and a, =
(v/3a/2, —a/2). The grey area defines the unit cell which consists of two carbon
atoms. Figure 1.5 (b) shows the reciprocal space and the corresponding recipro-
cal lattice vectors by = (27/v/3a, 2m/a) and by = (27/v/3a, —27/a). The first
Brillouin zone is indicted by a grey hexagon.

Carbon atoms have four valence electrons, three of which are used to form sp?
bonds with neighboring atoms in ¢ orbitals. They lie far below the Fermi level
and do not contribute to the electrical conduction. The transport properties are

determined by the fourth electron which occupies a 7 orbital resulting from a 2p,
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(nm) =(5,5)
(n,m) =(9,0)
(n,m) =(10,5)

Figure 1.4: Three examples of nanotubes. From top to bottom:
armchair (5,5), zigzag (9,0) and chiral (10,5) [74].
(@ vy

T_} X (b) b,
e (@)

Figure 1.5: (a) The unit cell in real space and (b) the Brillouin zone
of two-dimensional graphene are shown as the shaded rhombus and
hexagon, respectively. a;, and by, (i = 1, 2) are the basis vectors and
reciprocal lattice vectors, respectively.

bond. In a tight binding approximation, the energy dispersion for the 7 electrons

in a graphite sheet is obtained [131]:

E(ky, ky) = £70[1 + 4 cos(

V3k,a k,a k,a
5 )cos(%) —1—4(:032(%)]1/2 (1.3)

where 7 is the energy overlap integral between nearest neighbors. This equation

yields two bands resulting from bonding and anti-bonding states between the
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two atoms in the unit cell. Figure 1.6 shows a three-dimensional plot of the
energy dispersion E(k,,k,). The conduction and valence bands touch and are
degenerate at six K points; these six points define the vertices of the first Brillouin
zone, as shown in Figure 1.7. In the simplest scheme, the antibonding band is
symmetric. We note that there are two inequivalent Fermi points, K and K,
where the conduction and valence bands meet. At 0 K, the lower bonding bands
are completely filled and the upper bands are empty, so graphite is classified as

a zero-gap semiconductor.

akx aky

Figure 1.6: Graphene band structure. The 7 and 7* bands touch
at the K points. Because there are two electrons in the unit cell, the
7 band is completely filled and 7* band is empty.

We can now obtain the band structure of nanotubes by imposing the peri-
odic boundary condition along the circumferential direction. The energy is thus
quantized: k- C = 2mq (q = 0, 1, 2...). The electrons are only free to move
in an axial direction. This quantization along the circumferential direction gives
rise to discrete numbers of parallel equidistant lines, representing the allowed k
modes in the reciprocal space of the graphene. Each line corresponds to a 1D
channel for conduction along the nanotube. The distance between adjacent lines,
2/d;, is inversely proportional to the nanotube diameter d;, and the orientation
of the lines are given by the chiral angle 6. Figure 1.7 shows the energy contours

for the bonding band in the first Brilloiun zone. The quantization condition for
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Figure 1.7: Energy contour plots of graphene for bonding band and
the hexagonal Brillouin zone defined by the six K points. The Fermi
level is at the vertices of the hexagonal Brillouin zone. The period
boundary conditions along the circumference lead to the allowed k
values indicated by the parallel lines from q = 0 to q = n.

armchair nanotubes is v/3nak, = 27q (q = 0, 1, 2..., n), whereas nak, = 2mq (q
=0, 1, 2..., n) applies for zigzag nanotubes. The parallel lines shown in Figure
1.7 are examples of allowed k modes in armchair nanotubes. The Fermi energy
at the vertices of the Brillouin zone is sitting exactly on the allowed k modes,
giving the metallic nature for armchair nanotubes. The dispersion relations for
armchair and zigzag nanotubes can be obtained by inserting these quantization
conditions in Equation (1.3) to yield:

)+4COS2(%)]1/2 (1.4)

k
Earmchair(ky) = :|:70[1 +4 COS(E) COS(%G
n

E.igrag(ks) = £70[1 + 4008(\/§2kxa) cos(%q) + 40032(7%)]1/2 (1.5)

where a = v/3a._.is the lattice constant. Figure 1.8 shows two normalized dis-
persion diagrams plotted as E/, vs k and the density of states corresponding to
metallic and semiconducting nanotubes, respectively. For armchair nanotubes,
there are two subbands which cross the Fermi energy at Er = 0 since the 2D

graphite energy bands cross at the K point of the 2D Brillouin zone. The density
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of states is zero at the K point in the 2D case, but there is non-vanishing density
of states at the K point in the 1D case. Away from the Fermi level, the onset of
the next subbands leads to van Hove singularities. These unique spikes in the 1D
density of states can also be understood from Figure 1.7. The van Hove singular-
ities appear at points k; in the 2D Brillouin zone where the allowed k lines are
tangential to the equienergy contours. In semiconducting nanotubes, there are
no allowed k lines passing through the K or K’ points. The allowed k line closest
to K contributes to the first band edge which forms the van Hove singularities
in the density of states. In this case, there is an energy gap FE, defined by the
separation of van Hove singularities. This energy gap is inversely proportional
to the nanotube diameter and expressed as E, = 2ay,/ V/3d,. The right-hand
panel in Figure 1.8 (a) and (b) shows the density of states derived from the cor-
responding energy dispersion relationship shown in the left panel. The spatial
resolved atomic structure of carbon nanotubes and the corresponding electronic
density of states are already confirmed by the investigations of scanning tunneling
microscope [113, 116, 155].

(@)
E(k)o )

N/ |
/TN

Figure 1.8: Approximate one-dimensional energy dispersion rela-
tions and corresponding density of states for (a) metallic carbon nan-
otubes and (b) semiconducting carbon nanotubes, respectively. The
number of subbands depends on the C vector. The energy at the
Fermi level is zero.
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1.3 Nanoscale science and molecular electronics

Nanoscale science is concerned with the investigation of matter on the nanometer
regime, which is generally taken as the 1 to 100 nm range. The explosion in
both academic and industrial interest in these nanoscale materials over the past
decade has arisen because of the remarkable variations in fundamental solid-state
properties. Carbon nanotubes which have been demonstrated to show many in-
triguing electrical, optical and mechanical properties provide just one example of
these materials. Carbon nanotubes are not only interesting from the prospective
of fundamental scientific research due to their one-dimensional nature, they are
also attractive for industry. Many potential applications have been proposed:
They can be used e.g. as electronic devices and field emission sources [7, 65];
as chemical or biological sensors [157]; as sharp and well-defined atomic force
microscope (AFM)/scanning tunneling microscope (STM) tips [36, 90]; as fillers
in conductive and high-strength composites [94]; as a balance for weighing small
particles in the fg regime [118]. Most of these uses are based on their unique

electronic properties and geometrical structure.

Figure 1.9 (a) shows a field emission display made from SWNTs as electron
emitting source [16]. Figure 1.9 (b) demonstrates a nanotube tip used in scanning
probe microscopy, which is capable of imaging molecular structures [14, 60, 90].
The nanotube is grown by chemical vapor deposition directly on a standard Si
cantilever. Other potential applications based on their mechanical properties
are shown in Figure 1.10. A nanotube buckypaper is made of carbon nanotubes
which form a tangled 2D network similar to the fiber structure in a normal paper.
The nanotube buckypaper can stretch upon doping. The buckypaper elongates
when charged with electrons, while it contracts upon hole injection. If we stick
two buckypaper onto either side of double-stick tape and inject different sign of
charges, the whole device can function as an actuator and moves back and forth by
changing the sign of injected charges (Figure 1.10 (a)~(b)). A similar actuating
response is shown in Figure 1.10 (c¢)~(e). Two individual multiwall nanotubes
are attached to two separate electrodes. By applying different potential to the
electrodes, the two tubes come closer or repulse each other by the electrostatic
force, thus resembling mechanical tweezers. They can pick up submicron particles,

as exemplified in Figure 1.10 (e).
Despite structural similarity to a graphite sheet, SWNTs can be either metallic

or semiconducting, depending on the direction in which the graphite sheet is rolled
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(b)

Phosphor
array
Nanotubes/
Metal cathode

Figure 1.9: Application of SWNTs in (a) field emission display, and
(b) tips for scanning probe microscopy. Upper panel of (a) schemat-
ically illustrates the layout of a flat panel display based on carbon
nanotubes. ITO, indium tin oxide, is used as anode, whereas carbon
nanotubes are used as cathode. The carbon nanotubes are grown by
chemical vapor deposition and shown in the scanning electron mi-
croscope (SEM) image in lower left panel. Lower right panel of (a)
is a photograph of a 5-inch field emission display made of carbon
nanotubes ( (a) is from [16]). (b) Field-mission SEM image of a
multiwall carbon nanotube growing on an AFM tip end by chemical
vapor deposition ( (b) is from [90]).

to form a tubular cylinder. Typical nanotubes have diameters of 1 ~ 2 nm and are
several micrometers long. The high aspect ratio makes them ideal for exploiting
their electrical properties. By contacting the two ends of the nanotube with metal
leads, electrical transport through an individual nanotube can be performed. A
semiconducting nanotube is found to act as a field-effect transistor (FET) [148]
which is one of the most important inventions of the past century and play a

crucial role in current electronic circuits.

The evolution of electronic devices from the earliest form of point-contact tran-
sistor in 1947 to the first commercial Integrated Circuits has taken less than 20
years [127]. However, these solid-state electronic devices have nowadays become
the virtual nerve cell of the Information Age. They are what we used in global
wireless telephone communication and what have put computers on our desktop.
With the advanced manufacturing technologies in the semiconductor industry,
the devices keep miniaturizing down to the submicronmeter regime to date, and
this is likely to reach its limit in the next 10—15 years when the length shrinks
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(c) nanotube

T

~a
(e) electrode

B3V -
-
85V "

Figure 1.10: Application of CNTs in (a)—(b) artificial muscle (ac-
tuator, from our lab) and (c)—(e) nanotweezers. (a) Actuators are
made up of two slices of carbon nanotube buckypapers each of which
is stuck on a double-stick Scotch tape. The device is operated in
aqueous NaCl. The actuator can be bent to the right or left by ap-
plying voltages to both sides of the Scotch tape, as shown in (b). (c)
Schematic illustration of nanotweezers. Two multiwall nanotubes are
mounted on separated electrodes. (d) The nanotweezers are operated
by applying a voltage to the two electrodes for either attraction or
repulsion. A small particle can be grabbed by the tweezers as shown
in (e) [83].

below 100 nm. The main problem with further miniaturization is the onset of
quantum phenomena, e.g., tunneling, that would make scaled-down conventional
devices inoperable. At this nanoscale, new problems are created, but also new
opportunities. Some new developments, such as tunneling field-effect transistors

and single-electron transistors, are in fact based on quantum phenomena.

Besides inorganic silicon and gallium arsenide semiconductors, there has been
a growing research effort in the field of organic molecule-based transistors [40]
which are mainly conjugated polymers, oligomers or other molecules such as
polyacetylene [25], pentacene [97] and Cgo [59]. Recently, great progress has
been made in devices fabricated by single molecules. Reed et al. [125] re-
ported I —Vy, characteristics of single benzene-1,4-dithiolate molecules. Alivisatos

and co-workers [85] reported similar transport measurements in semiconduct-
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ing and metallic clusters between gold electrodes. Improved carbon nanotube
FETs by the IBM group or more complicated complementary logic circuits have
been demonstrated recently [7]. Compared with the conventional metal-oxide-
semiconductor FETs, the carbon nanotube FETs have shown even better perfor-
mance in device operation, such as carrier mobility, transconductance and on/off
ratio [75, 156]. This has opened up a new opportunity in the substitution of

Si-based microelectronics.

In Table 1 we summarize the performance of various FETSs in different mate-
rials. In the early development stage of organic thin-film transistors, the mobility
of charge carriers is typically limited to below 1072 cm?V~1s~!. The weak in-
termolecular interaction forces in the organic active layer, most usually van der
Waals force, may be responsible for this limit. At present, we can observe a re-
markable increase of mobility in organic semiconductors, which has been achieved
either by improving the processes used for the fabrication of the transistors or
by synthesizing new organic materials. Compared with the Si, the mobility in
these organic materials is still two orders of magnitude smaller, but comparable
to the amorphous Si. This could therefore be competitive for existing or novel
thin-film transistor applications requiring large-area coverage, structural flexibil-
ity, low-temperature processing and low cost. If we further compare the organic
semiconductors with carbon nanotubes, we can see a very impressive improve-
ment in the carrier mobility by three orders of magnitude. In addition, the active
channel is shrunk to a 1D single molecule scale. In Si the charge carriers move as
highly delocalized plane waves in wide bands and hence have a very high mobility.
The mobility is only limited by scattering with impurities or lattice. In organic
thin-film semiconductors the band transport breaks down and carrier transport
takes place by hopping between localized states. In the case of carbon nanotubes,
the charge carriers go ballistically up to micrometers in metallic nanotubes [8],
whereas the transport in semiconducting nanotubes is diffusive-like possibly due
to phonon excitation or interband scattering [3, 158]. This limits the charge
transport through the carbon nanotube active channel mainly because of the
contact properties. By enhancing the coupling between the nanotube and the
electrodes [102], the carbon nanotube can have enhanced mobility and function
as an ambipolar transistor, i.e., n-channel conduction at positive gate voltage and
p-channel conduction at negative gate voltage in the same tube. This is the main
reason why the device performance of carbon nanotubes could be exponentially

improved within a few years from the first proposal for the carbon nanotube FETSs
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Table 1.1: Comparison of operation performance in various FET devices.

Year Material Structure Mobility” (cm?V-is) | /I«  Reference
(electron)  (‘hole)

1997 S bulk 1500 450 108 ~10° [104]
1997 GaAs bulk 8500 400 108 [104]
1988  Polyacetylene thin film 104 10° [25]
1995 Ceo thin film 0.3 - [59]
1996 Pentacene thin film 0.04 102 [39]
1997 Pentacene thin film 15 108 [97]
1998 Carbon nanotube single molecule 20 106 [1071]
2002 Carbon nanotube single molecule 1000 3000 106 [79]

*The mobility depends on the doping state and the dielectrics used in the gate insulator.

by Tans [148].

It is known that the electrical properties of semiconductors can be controlled
via impurity doping. Different junction structures or complicated logic circuits
can be fabricated by varying the doping level in the different active regions. This
also applies in the case of the 1D carbon nanotubes [9, 38, 76]. Interestingly,
the electrical properties of carbon nanotubes can be simply varied by changing
the uptake of adsorbed oxygen molecules on the exterior wall, which modifies the
band bending at the contacts and the charge transport accordingly [38]. Many
such similarly interesting 1D solid-state properties have been found and verified
in carbon nanotubes. This seems to promise of useful commercial products in
the field of molecular electronics. However, there are still many challenges in the
route towards application in electronics. One major challenge in particular lies
in assembling and integrating multiple active components into circuits. To reach
this goal, formidable technical hurdles still have to be overcome. Additionally,
the chirality selective growth of carbon nanotubes is also a crucial step on the

way to realizing carbon nanotube-based molecular electronics.



Chapter 2

Experimental techniques

2.1 Introduction

Carbon nanotubes provide a remarkable model in the 1D system: one atom in
thickness, 1 ~ 2 nm in diameter and several microns in length. The ultrahigh
strength in their structure and their extended length make possible their use in
device processing. Nevertheless, the fabrication of nanotube devices still presents
the main practical challenge in probing the electrical properties of such a tiny

object.

In this chapter we will describe how we apply leads to individual nanotubes
or nanotube bundles and carry out the electrical measurements. To do this, raw
materials have first to be purified. To make this easier to follow, discussion of this
chemical treatment is held over till chapter 4 and combined with the nanotube
opening and insertion of metallofullerenes. With the purified carbon nanotubes
it is important to separate the tangled nanotubes in the form of buckypaper after
purification. We show the suspension of nanotubes in subsection 2.2.1, followed
by nanotube deposition on Si substrate in subsection 2.2.2. The conventional
electron-beam lithography technique has been employed for patterning electrode
contacts. Two different contact methods, “tube-on-top” and “metal-on-top”, are
introduced. The experimental setup for low-temperature transport measurements
is described in section 2.3. At the end of this chapter, we introduce the technique
for probing the magnetic force in nanoscale objects by means of magnetic force
microscopy. This technique is used to see the magnetic properties of nanotubes

encapsulated with Dy@Cg, molecules.
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2.2 Device fabrication

2.2.1 Nanotube suspension

SWNTs used in this thesis were made either by the arc-discharge method or
by the laser-ablation method. The raw materials consist of very long, tangled
strands and small amounts of Co and Ni nanoparticles which act as catalysts
in the synthesis process. These strands are bundles of SWNTs. They consist
of 2D hexagonally packed SWNTs of a nearly monodisperse diameter ~ 1 nm.
To study the electrical properties of individual SWNTs or of small bundles, it is
necessary to separate the tangled materials well and then contact these individual
or small bundles of nanotubes to external wires. To do this, nanotubes were
added to an aqueous solution containing 1 wt% sodium dodecyl sulfate (SDS;
from Fluka) which is an excellent surfactant in this regard. The SDS surfactant
molecules can be adsorbed around the exterior tube wall and form a shell called
macelle. The SDS molecules in the micelle shell are in dynamic equilibrium with
nanotubes in the aqueous phase. The negatively charged surfactant molecule
has a hydrophobic tail which modifies the surface chemistry of the nanotube
and enhances the suspension in the aqueous solution. By exposing the liquid to
ultrasonic agitation (KLN Ultraschall Generator 281/101), the tangled nanotubes
can be well separated into individual nanotubes or nanotube bundles with a
spectrum of lengths ranging from ~ 1 um to ~ 10 pum, and diameters in the 1
~ 10 nm range. The suspension of nanotubes in the aqueous solution with SDS
surfactant will remain stable for months and will not coalesce again. It should be
noted that although the ultrasonic agitation can effectively isolate and suspend
the tubes in SDS, it may also create some defects on the tube wall or even reduce
them in length. The typical treatment of sonication in our experimental condition

is thus limited to 90 watts for less than 2 minutes.

2.2.2 Surface modification on Si chip

Various attempts have been made to deposit the isolated nanotubes onto the
Si substrate. One uncontrollable way is shown by simply using sedimentation
or spin coating in which a small amount of nanotube suspension was dropped
onto the spinning substrate. In this case, an organic solvent, such as dimethyl
formamide (DMF) | is used for dispersing nanotubes. The advantage of this

approach may be the cleaner nanotube surface which enhances the electrical cou-
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pling with electrode leads discussed in following section. However, without the
aid of the surfactant most of the individual tubes are not well separated and
exist in the form of bundles. This inhibits the exploration of electrical transport
through individual nanotubes. Though where transport in a nanotube bundle is
concerned, a single tube within the bundle investigated often predominated. The
probability of finding one all-semiconducting nanotube bundle for making tran-
sistors is much too low. Another more effective way is to use chemically modified
Si substrate and adsorb well-isolated nanotubes from SDS suspension. Even a

site-specific adsorption can be readily achieved by this approach [24].

Here we use heavily doped Si as substrate, which has 100 nm thermally grown
SiO5 on top. The SiO, surface contains native OH-groups which are modified
by reacting with 3-aminopropyltriethoxysilane or N-[3-(trimethoxysilyl)propyl]-
ethylenediamine (both are from Aldrich). The Si chips were dipped in a 10 mL
aqueous solution containing 6 uL, one of the above-mentioned silane, for 2 min-
utes at room temperature. Subsequently, the Si chip was rinsed with pure water
and blown dry by nitrogen gas. Through this silanization, the SiO, surface is
terminated by long chain molecules with ammonium groups. The adsorption of
nanotubes from the micellar dispersion can be easily achieved by Coulomb at-
tractive force between the negatively charged SDS surfactant and the oppositely
charged SiO, surface. A droplet of supernatant is placed on the silanized SiOq
for 10 to 20 minutes, depending on the concentration of the nanotube suspen-
sion. Finally, the substrate was intensively rinsed with pure water which can
easily remove the surfactant molecules. Figure 2.1 shows the representative AFM
(Nanoscope Illa, Digital Instruments) image of nanotube deposition on Si sub-

strate in this approach.

It should be noted that this adsorption approach is rather important in mak-
ing all-carbon transistors which will be discussed in chapter 5 and chapter 6.
In this transistor configuration, a nanotube which acts as an in-plane gate is
attached by a single molecular linker to an active nanotube. The chemically
modified adsorption process provides a non-destructive method for transferring
linked nanotubes from the suspension solution to the substrate. It also prevents

the coupled nanotube junctions from being severely distorted.
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Figure 2.1: AFM image of dispersed nanotubes on silicon substrate
taken in tapping mode. Due to the tip-sample convolution, the ap-
parent tube width is much larger than the actual tube height. The
visible nanotubes in this image scale are in the form of bundles. The
scale bar is 2 pm.

2.2.3 Lithographical patterning

Electron-beam lithography is an extensively used technique in the field of meso-
scopic physics, which has provided the finest nanostructuring method to date. It
enables the reaching of tens of nanometers and offers a flexible and exact way to
contact complicated nanostructures. The electron beam is generated in a SEM
which was originally set up for imaging an object by scanning with a well-focused
electron beam. Controlling the beam position and dwell time by a computer the
designed pattern can be selectively exposed. The resolution is determined by the
spot size of the electron beam, as well as by electron backscattering from the sub-
strate. This backscattering acts as a secondary exposure that plays an important
role for structuring elements lying close to each other.

In our lab a Hitachi S2300 SEM equipped with a motorized stage, a custom-

made beam blanker, an external compensation of environmental magnetic fields



2.2. Device fabrication 23

and FElphy software is used to write a pattern onto an organic electron resist
layer, poly(methylmethacrylate) (PMMA), spun on a substrate. PMMA is a
chain-scission resist operated on the basis of a radiation-induced reduction in
the molecular weight of the comprising polymer. This reduced molecular weight
results in a different solubility in the appropriate developing solution. The illu-
minated region is then selectively removed by chemical developer and the created
structure serves as a mask for subsequent metal deposition. This processing is
schematically shown in Figure 2.2.

Y ++ ++ PMMA-1
S|O

Cr/PdAu

Figure 2.2: The steps for applying metal contacts to a nanotube by
electron-beam lithography: (a) exposure (b) development (c) metal-
lization (d) lift-off. The first layer (PMMA-1) is 3.5% 200 K and the
second layer (PMMA-2) is 1.5% 950 K.

—~

d)

Source Drain

Here we use PMMA with different concentrations and molecular weights as
resist, i.e., 3.5% 200 K for the first layer and 1.5% 950 K for the second layer. The
first layer PMMA has higher sensitivity to the electron beam and creates a wider
undercut in the writing area, which facilitates the diffusion of chemical developer
into the undercut for complete lift-off. To remove the decomposed molecular
chain by electron beam we use Isobutylmethylketone as chemical developer. The
1-methyl-2-pyrrolidon is chosen as standard remover in the lift-off process.

Figure 2.3 shows the SEM images of electrode structure made by the electron-
beam lithography process discussed above. In Figure 2.3 (a), the 16 large elec-
trode pads are used for wire bonding, connecting to the external circuit. In the

central region shown in Figure 2.3 (b), several fine electrode arrays intended to
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Figure 2.3: SEM images of electrode pattern for contacting nan-
otubes. (a) Large-scale view of pattern with 16 bonding pads. (scale
bar: 200 pm ) (b) Zoom-in of pattern in the central region. The
scale bar is 10 ym and indicates the distance between two coordinate
markers.

contact nanotubes are shown. Thin Ti or Cr layer (typically 1 ~ 2 nm) are
used to enhance the reliable contact and the adhesion between SiO, and the con-
tact metal. In transport measurements, we did not find significant differences
in contact resistance between using Ti or Cr as adhesion layer. In Figure 2.3
(b) there are four squares in the corners, which are used as alignment markers.
Additionally, there are 6 x 6 coordinate markers spread within the central region.

For transport measurements two different device configurations have been
made. Figure 2.4 shows the device layout in the tube-on-top arrangement. The
Si substrate consists of three distinct layers: The bulk Si is 1 mm thick with 100
nm thermally grown SiOs on top and metallized by AlSiCu on the back side.
The bulk Si is heavily doped by As to have resistivity p < 5 mQ-cm and used
as back gate. This doping level ensures that the back gate is still conductive
till submili Kelvin regime. The parallel electrode arrays are predefined on top
of the Si substrate. To enhance contact between the nanotube and electrodes
AuPd alloy is used, in which the work function of Au (5.20 eV) is very close to
that of Pd (5.17 eV) [126]. Following the above-mentioned adsorption procedure
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appropriate density of nanotubes can be dispersed randomly on the substrate.
As can be seen in the AFM image shown in Figure 2.4, a long nanotube bundle

(~ 10 pm) is crossing the predefined electrode arrays.

(@ S o

l
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Figure 2.4: (a) AFM image of a 10 um-long nanotube on top of four
arrays of predefined electrodes. The electrodes are separated from
each other by a 150 nm gap. The lower left panel shows the zoomed
AFM image where the tube bridges the electrodes. (b) Schematic
illustration of the three-terminal tube-on-metal geometry used in the
transport studies.

An alternative contact method which is extensively used in our transport
studies on nanotubes is shown in Figure 2.5. The nanotube is embedded in metal
electrodes (also AuPd alloy) to enhance the electrical coupling between electrode
and nanotube. To do this, predefined coordinate markers are needed to calculate
the exact position of selected nanotubes relative to the neighboring coordinate
markers. Additionally, four alignment markers at the corner of the writing field
are also predefined for tracing back the origin of the coordinate system. The
interconnection patterns between the nanotube and the outer bonding pads are
designed with Flphy software. Following the standard electron-beam lithography
process, the electrodes can be applied exactly on top of the selected nanotubes.
The tolerance shift in our alignment technique is well controlled within around
50 nm. The main advantages of this contact method are to decrease the contact
resistance and make possible contact patterns on complicated nanotube structures

such as T-shaped intermolecular nanotube junctions (discussed in chapter 5 and
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Figure 2.5: (a) AFM image of a nanotube embedded in drain and
source electrodes. (b) Schematic illustration of the three-terminal
metal-on-tube geometry used in the transport studies.

2.3 Electrical transport

We focus our electrical measurements mainly on the transistor configuration by
means of standard three-terminal measurements: biasing one electrode (the drain)
with a voltage Vs and measuring the current passing through the device by con-
necting the second electrode (the source) to ground; modulating the electrostatic
potential of the active channel by a third electrode (the back gate) which is 100
nm below the active channel of the device. In the case of all-carbon transistors,
an additional gate which is made by another carbon nanotube is capacitively
coupled to the nanotube conducting channel on the same plane. A schematic
drawing is shown in Figure 2.6.

The main components of our setup are a desktop computer equipped with
a GPIB data acquisition card (National Instrument) and controlled by Labview
software, three voltage sources (two Keithley 2400 and one Keithley 230), a volt-
age adder (home-built) and a pre-amplifier (Ithaco 1211). The current is mea-
sured using the high sensitivity, low noise current pre-amplifier which outputs a
voltage proportional to the current. The output voltage is amplified by a conver-

sion factor p (typically 1077 A/V) and then read by a voltage meter (Keithley
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Figure 2.6: Schematic diagram of the setup used for electrical trans-
port measurements. The device consists of four electrode contacts,
two of which are used as drain and source, one of which is used as
carbon in-plane gate. A common gate (back gate) is applied for whole
device. The carbon gate is only used in all-carbon transistors, and for
clarity the circuit of carbon gate is plotted by dashed lines. The gate
voltage is applied through the low-pass filter formed by a resistor and
a capacitor. The resistor serves to protect the device in the case of
gate dielectric breakdown.

2000). A RC low-pass filter with a time constant around 0.5 sec is added between
gate and voltage source to prevent abrupt potential changes and allow consec-
utive potential modulation on the nanotube. The voltage adder is designed to

adjust the offset voltage from the pre-amplifier.

To enable low-temperature measurements of nanotube devices, one simple
method has been employed. The sample is mounted into a stick with a Si diode
as temperature sensor close to the back side of the sample. A small amount of *He
gas is filled in the closed stick volume for heat exchange. To reach low temperature
the stick is dipped into the “He dewar. By raising the sample above the liquid
level, the sample can be brought to equilibrium at different temperatures. This

allows measurements over a temperature range from 4.2 K to room temperature.
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2.4 Scanning force microscopy

Scanning Probe Microscopy (SPM) is a powerful and intensively used tool for
investigating objects in nanoscale science and technology. It has been success-
fully employed to explore mechanical properties [45, 134], electrical transport
8, 48], and even the atomic structures of individual SWNTs [64]. In this the-
sis, we use Atomic Force Microscopy (AFM) for structural characterization and
Magnetic Force Microscopy (MFM) to investigate magnetic properties in mag-
netic metallofullerene doped SWNTSs, since MFM is the only technique capable
of mapping the magnetic stray field in nanoscale.

In a MFM, a magnetic tip is a standard silicon cantilever coated with ferro-
magnetic alloys and is used to probe the magnetic stray field above the sample
surface. The image obtained by MFM presents the space distribution of some pa-
rameter characterizing magnetic probe-sample interaction, i.e., interaction force,
amplitude of vibrating magnetic probe etc. When the tip scans over the sample,
signals from the surface topography will dominate at close distances to the sur-
face while, at greater distances from the surface (typically beyond 1000 A), the
magnetic signal will dominate. Consequently, depending on the distance between
the surface and the tip, normal MFM images may contain a combination of to-
pography and magnetic signals. In principle, there are two operation modes used
for extracting the magnetic contrast in MFM.

1. Static Mode: This is usually operated in such a way that the magnetic
force on the cantilever is kept constant. The Microscope can sense the deflection
of the cantilever which will result in a force image. This method of imaging has
the inherent problem of picking up the surface topography, and is only used for
samples with large stray fields such as computer hard disk drives.

2. Resonant Mode: This mode can substantially improve the detection sen-
sitivity of the MFM. The cantilever is vibrated at, or close to resonance using a
small piezo vibrator, as it is raster scanned. The cantilever resonates and reduces
the spring constant of the cantilever through the magnetic force gradient and
therefore shifts the resonance of the cantilever. This phase shift can be expressed

as

- Q
_k—s(q 2. + my, 9.2

Where @ is the quality factor of the cantilever, kg is the spring constant of the

0H,  &H,  _ H,  OH,

AP T Ty )

(2.1)

cantilever, ¢ is the effective magnetic charge of the MFM tip, m; (i = x, y, and z)
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is the effective moment of the tip, and H, is the vertical component of the sample
stray field. To monitor this change the cantilever vibrating frequency is kept
constant and the change in amplitude due to the cantilever’s shift in resonance
is recorded (amplitude detection). Or, the amplitude of the cantilever is kept
constant, and the change in resonant frequency is recorded (frequency or phase
detection). This results in the force gradient image. Using these methods the
sensitivity can be increased by a possible two orders of magnitude. Resonant
mode is by definition more complicated to use than static, however it provides
much better results.

The topography and magnetic feature can be separated by a two-steps scan,
shown in the Figure 2.7. In the first trace the topography is determined. In
the second trace the cantilever is lifted to a pre-set height, and scanned using
the stored topographic data. As a result the tip-sample separation during the
second pass is kept constant and must be large enough to eliminate the van
der Waals force. During the second pass the short-range van der Waals force
vanishes and the cantilever is affected only by long-range magnetic force. The
cantilever resonance oscillations are used to detect the force derivative. By using
this two-step scan both the height-image and the magnetic image are obtained

simultaneously with this method.

(@ (b)

Second Trace

Computer Photon Laser
J* /\Q S First Trace
-t [ Lift
ﬂ Height
/// Magnetic Field Source
¥
/,':n i | Cantilever
(] skl Topography (\/\/\N\/\

'r"'i m m m m m
Sample Force Image

Figure 2.7: Two-pass technique for measurement of magnetic force
above sample surface. Each pass has trace and retrace scan lines.
The first pass measures the topography and then the tip is lifted to
a selected distance for mapping long-range magnetic force.
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Chapter 3

Electrical transport in

mesoscopic conductors

3.1 Classical conductivity

The electron transport through a crystal with perfect periodic potential is de-
scribed by extended Bloch states. However, there is some disordered potential
from impurities, defects, dislocations etc. in real samples. In the presence of an
electric field, the motion of an electron experiences repeated elastic scattering in

the path and is described classically by

[ tering = [ s (3.1)
The rate at which electrons gain momentum from the external field is balanced by
the rate at which they lose momentum by scattering. In the classical picture, the
electron is assumed to lose phase coherence after each collision with an impurity,
i.e., phase coherence length is the order of the mean free path ly ~ [,,. The

diffusion equation of the electron motion is given by

One
ot

where n, is the electron density and D is the diffusion constant. The diffusion

= DA’n, (3.2)

constant can be related to the elastic mean free path [, through D = vgl,,/d
with vr being Fermi velocity and d being dimensions. The electrical conductivity
o is defined by Ohm’s law, J = o F, describing the linear relation between the

electric current density .JJ and the applied electric field, and their average velocity
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is assumed to be 7 = (e/m)TE. Since the current is given by J = n.ev, the

electric conductivity is deduced as

62

. 3.3
o mnT (3.3)

which is known as Drude’s formula. Another way to calculate the conductivity
is to consider the current as a diffusion of electrons due to the concentration
gradient. Replacing D = v47/d and dn./2Er = v, in Drude’s formula, we obtain

Einstein’s relation

o =¢c’*vD (3.4)

where v, is the density of single-particle states per unit volume at the Fermi
energy.

In transport measurement, the directly measurable quantity is only the con-
ductance which is defined as the ratio of current and applied voltage. In a macro-
scopic conductor the conductivity is an intensive quantity and related to the
conductance by o = G(L/S), where L and S are the length and transverse cross-

section of the conductor, respectively.

3.2 Quantum conductance

In mesoscopic conductors like carbon nanotubes, the classical description of con-
ductivity breaks down. It is meaningful to use only the measurable quantity
— the conductance, which gives appropriate description in various mesoscopic
transport phenomena. Let us consider a conductor with characteristic length L
smaller than [, and connected between two electron reservoirs. In the presence of
an electric field, the electrons flow through the active region without scattering
and move elastically except for a few collisions with the boundaries. This trans-
port is termed ballistic transport. There is no voltage drop over the channel but
some does occur at the interface of contacts. This originates from the fact that
the conductor has less current-carrying modes than both of the reservoirs due
to subband formation in the confined structure. This mismatch in the number
of modes leads to the redistribution of the current among the different modes,
giving rise to the upper limit of conductance. For an ideal 1D system, the current

flows through the conductor are given by
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I'= 5 [ dE[f(B — ) = F(B - m2))(3T) (35)
I 2e? &
G:VdS:TZTi (3.6)

where N is the number of modes at the Fermi energy, T; is the transmission
of each contributing subband, and chemical potential p; and py on each side of
the reservoir with uy; — pus = eVy,. This is the so-called Landauer formula. In
the case of ideal transmission 7' = 1, the conductance of one mode without spin
degeneracy is Go = €?/h = (25.8 kQ2)~!, which is called quantum conductance.
Metallic carbon nanotubes have been shown to be ballistic conductors [8, 47],
in which the transmission is close to the unity and each conducting channel
contributes a Gy to the total conductance. There are two subbands crossing

the Fermi level in metallic nanotubes and this leads to a total conductance of
2G.

3.3 Coulomb blockade effect

3.3.1 Double junction structure

Coulomb blockade effects were first indicated in the finding of non-linear current-
voltage characteristics of metal particles embedded in films [13, 51]. The conduc-
tance occurs due to tunneling between islands. It was then predicted that the
quantization of charge tunneling through a junction would lead current oscillation
[1]. This has motivated numbers of studies concerning the transport properties of
metal cluster embedded in an insulator and of similar insulator /conductor /insulator
arrangements. Figure 3.1 (a) is a schematic drawing of a double junction struc-
ture, allowing studies on single charge transport at low temperature. The metal
island is separated by two tunneling barriers which weakly couple to two leads.
Transferring a single electron from one electrode onto the metal island charges this
island negatively by q = —e. Image charges are hence induced on the surrounding

electrodes which sum up to +e. It costs

E, = e2/2Cx (3.7)
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Figure 3.1: (a) Schematic drawing of source/metal/drain junction
structure.  (b) Corresponding capacitance circuit. (c) Resulting
I — Vy, characteristics and energy level scheme at different V. Bot-
tom panels show the corresponding band diagrams at different V, as
indicated by the colored arrows in I — V, characteristics.

to charge the island by a single electron, where Cs = C,5 + C; + Cg4 is the
total island capacitance. This energy is now stored as electrostatic energy in this
capacitor configuration and will be released by taking off an electron from the

island.

When the size of the metal island is scaled down, the charging energy of

a single excess electron on the island increases due to the smaller capacitance.
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The single electron charging effect can be observed at a temperature where the
characteristic energy kgT of thermal fluctuations is suppressed until it is lower
than e?/2Cx. Below this critical temperature, the charge transport is blocked
within an energy window where no states are energetically accessible for electron
tunneling. As shown in Figure 3.1 (¢), a conductance gap appears in the I — Vg,
characteristics since the thermally activated single electron hopping is suppressed.
This transport phenomenon is called Coulomb blockade effect. Increasing the
drain-source voltage Vs, the electrostatic potential of the island is shifted by
Cq/Cs - Vg in reference to the source potential (grounded). It reduces the energy
for adding an electron to the island to E, — eCy/CY; - Vg, as illustrated in the
corresponding energy diagram of Figure 3.1 (¢). At the drain-source voltage
where E, = eC;/Cs - Vs, a single electron can be transferred from the source
electrode to the island and then further tunnels through the barrier to the drain
electrode, turning on the current in I — Vj, characteristics. At this Vg, = e/2Cy,
the N and N + 1 states will have the same energy and an electron can tunnel
in and out freely, as shown in the green energy level scheme in Figure 3.1 (c).
At negative Vi, the electrons tunnel reversely through the source/island/drain

arrangement, analogy to charge a hole to the island one by one.

3.3.2 Single electron box

A conventional way to measure the energy required to add or remove electrons
is by photoelectron spectrascopy. For instance, the minimum photon energy
required to remove an electron is the ionization potential. Nowadays, modern
lithography allows for the controlled fabrication of submicron structure, where
the single electron effect can be readily observed by introducing appropriate tun-
neling barriers in the device. The simplest circuit showing charge quantization is
the single electron box. Figure 3.2 (a) sketches this two-terminal device, where
the island is weakly coupled to the source electrode by a tunneling barrier and
only capacitively coupled to the controlling electrode - gate electrode. The cor-
responding circuit diagram is shown in Fig. 3.2 (b). The charge in the island

18

q=Qs—Qc=—Ne (3.8)

where () ;7 and ()¢ are the charge on the junction and gate capacitors, respectively,

and N is an integer. The charge ¢ is quantized in units of the elementary charge.
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The electrostatic potential of the island can be shifted by applying the gate-source

voltage V5. To transfer an electron onto the island requires an energy change by

¢ (q — 6)2 Cys

q+ CysVys — e/2)

AFE = E(j‘i‘AEG = BVQS = 6(

2(Cy+ Cpy) 2(Cs+ Cpe)  2(Cs + Ce) Cy + Cys

(3.9)

At Vs = (N +1/2)e/C,, the AE vanishes: an electron feels equal electro-
static energy irrespective of whether it is localized on the island or on the source
electrode. The charge ¢ on the island fluctuates between —Ne and —(NN + 1)e.
As a consequence, the electron on the island N can be tuned by changing Vs to
a series of specific threshold values, which opens a channel for electrons in the

source electrode to tunnel onto the island one by one.

(@ (b)
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Figure 3.2: (a)(b)Capacitance circuit of source/metal/drain ar-
rangement, as shown in (a).

3.3.3 Single electron transistor

In the previous section we have seen that an electron on the island can be manip-
ulated by applying a voltage Vs between gate and source electrode. No current is
measurable in the single electron box arrangement since the island simply func-
tions as a capacitor for accumulating electrons stepwise by —e quanta. By adding
a drain electrode to a single box, a three-terminal transistor-like device is formed.
As can be seen from the energy diagram, Coulomb blockade of electron trans-
port is present due to the single electron charging energy e*/2Cx. If we apply
a small drain-source voltage which is close to zero, an energy window is opened
for driving electron tunneling from the source electrode to the drain electrode.

Likewise, sweeping a source-gate voltage Vs allows a series of discrete energy
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states to fall within the drain-source energy window one by one. As long as an
energy state is available, Coulomb blockade is lifted and current flows through
the device, carried by electrons passing the island one by one on their way from
source to drain - single electron transport. In the current vs. source-gate voltage
plot in Figure 3.3 (c), the current is tuned on and off alternatively by sweeping
source-gate voltage. This characteristic is termed Coulomb blockade oscillations.

The current flowing through the single-electron transistors can be obtained
from the tunneling rate of an electron through the tunneling junctions, which is

given by

1 AE(n,n+1)
e®Rs 41— exp[—AE(n,n+1)/kgT]
The probability p, of finding n electrons in the island may change by leaving the

T(n,n+1) = (3.10)

state or by coming into the state from the states n — 1 or n+ 1 [52].

dpn
dt

where

=Ti(n+1,n)pp +Ti(n—1,n)py—1 — [e(n,n+ 1)+ Ty(n,n—1)|p, (3.11)

Ii(n,n+1)=Tsn,n+1)+Ta(n,n+1). (3.12)

The current I of single-electron transistor is then expressed as

I'=e) pu[la(n,n+1) = Ta(n,n+ 1)]. (3.13)

So far, only the charge quantization has been taken into account in transport.
The Coulomb blockade model deals with the charge quantization but neglects the
energy quantization resulting from the small size of the island. The confinement
of the electrons on the island can make the energy spacing of levels discrete. If
there are many electrons on the island, they fill up many levels, and the level
spacing at the Fermi energy becomes small. In the case of the metallic island,
there are so many electrons that the level spectrum is effectively continuous.
On the other hand, the energy quantization can be practically resolved in the
semiconducting island. One can measure the energy level spectrum directly by
seeing the tunneling current at fixed V4 as a function of the drain-source voltage
Vgs.

The realization of the room temperature single-electron transistor based on

quantization is inhibited by some fundamental limitations. The manipulation of



38 Chapter 3. Electrical transport in mesoscopic conductors

single electron transport depends on the magnitude of the Coulomb gap, €?/Cx,,
compared to the thermal energy. It is clear that the gap must greatly exceed
the thermal energy, e?/Cs, > kgT, to observe the Coulomb blockage effects at a
given temperature. Another limit is given by Heisenberg’s uncertainty relation:
the quantum fluctuations in the particle number, N, must be sufficiently small

that the charge is well localized on the island.

AEAt > h (3.14)

This leads to
(62/Cg)<Rs,dOg) > h (315)

It restricts the minimum tunneling resistance to R, 4> h/ e? = 25.8 kQ.
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Figure 3.3: (a)The three-terminal geometry of a single electron tran-
sistor. (b) Equivalent circuit for a single electron transistor. The tun-
nel junction is represented by a parallel combination of the tunneling
resistance R, 4 and the capacitance Cy 4. (¢) Conductance versus gate
voltage in the linear response regime of a double junction single elec-
tron transistor shown in (a). The conductance of the device oscillates
as a function of gate with a period that corresponds to the addition
of a single electron to the island. (d) The number of electrons on the
island. The number stays constant in Coulomb blockade regime and
jumps one charge quantum in single electron tunneling regime. (e) ~
(i) Band diagram of the single electron transistor under different gate
voltages. A small Vj, is applied across the junction. A gap, €?/Cx,
exists in the density of states of the island due to Coulomb charging
energy which prohibits tunneling into and out of the island. The
clectrostatic potential of the island can be modulated by V,, so that
a single electron can tunnel through the island. In (e) the system
biased off resonance, while in (g) the resonant tunneling is allowed.
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Chapter 4

Nanotube peapod transistors

4.1 Introduction

SWNTs are quasi 1D nanostructures with uniform interior space, which pro-
vide a natural nanochamber for encapsulating chemical species. As nanotubes,
fullerenes are hollow, and various atoms and atom groups can be encaged in their
hollow. These materials are called endohedral fullerenes [138]. A new class of
material based on the hybridization of both nanotube and fullerene molecules was
reported by Luzzi [139] in 1998. It is termed nanotube peapod and schematically
illustrated in Figure 4.1 for their geometrical structure. The nanotube wall pro-
vides a natural confinement to the encapsulated molecules enabling formation of
a 1D fullerene chain.

The successful synthesis of nanotubes filled with various fullerene molecules
inside the core has initiated an active research field in solid-state physics [68,
70, 140, 143, 144]. As suggested by both experimental [71, 95] and theoretical
[46, 115, 129] studies, the entrapped fullerene molecules are capable of modifying
the electronic structure of the host tube. It is, therefore, anticipated that the
encapsulation of fullerene molecules can play a role in band gap engineering in
nanotubes and hence that peapods may generate conceptually novel molecular
devices.

In this chapter we will show how we insert metallofullerenes into the open-
ended SWNTs and image the encapsulation of metallofullerenes by both HRTEM
and MFM techniques. We will show that different packing density in peapods
can be assembled by filling metallofullerene molecules in SWNTs with appro-

priate diameter. In electrical transport measurements, the fully filled Dy@Cg,

41
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peapods show clear temperature-dependent charge transfer between nanotube
and encapsulated fullerene molecules, while partially filled Dy@Cgs peapods can
function as ambipolar transistors and offer unique functionalities that go beyond
conventional empty SWNT devices. Different functional behaviors are attainable

by changing the operating temperature or gate potential.

Figure 4.1: Schematic illustration of a nanotube peapod structure.
The dysprosium atom is off the center position of the fullerene cadge
which are randomly oriented inside the nanotube and form a one-
dimensional crystal chain by nanotube confinement.

4.1.1 Band structure modulation by fullerenes

The insertion of fullerene molecules into the interior space of nanotubes can be
exothermic or endothermic, depending on the space between constituent units. It
is predicted by theories [115, 129] that the tube will sustain its perfect cylindrical
shape, and the encapsulation process is exothermic if the distance between the
tube wall and the fullerene molecules is substantial. On the other hand, both the
nanotube and fullerenes will be distorted if the nanotube-fullerene interspacing
is smaller than the van der Waals distance 3.31 A which is close to the interlayer
distance of graphite (3.34 A). The interaction between the fullerene molecules and
the nanotube occurs through a weak orbital mixing between a near-free-electron
state on the nanotube and the p orbitals of the fullerenes. In this case, the en-
capsulation is endothermic and the tube forms a slight undulating shape, giving
rise to the severe modification of the electronic structure in both the nanotube
and the fullerene molecules. Recent scanning tunneling microscopy studies have
shown a drastic modification of the local electronic structure of semiconducting
nanotube peapods [71, 95]. As shown schematically in Figure 4.2 (a), the accom-
modation of metallofullerenes in a small-diameter SWNT causes elastic strains

around the site of the peas. In scanning tunnelling spectroscopy measurements
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Figure 4.2: (a) Schematic illustration of elastic strain distributed
around the site of metallofullerenes in a small-diameter nanotube
peapod and the corresponding changes in conduction and valence
band edges. (b) Scanning tunnelling spectroscopy of two different
nanotube peapods containing Gd@Cgy. The conduction band edge
shows a considerable modification induced by Gd@Cs, molecules [95].

shown in Figure 4.2 (b), the energy band was found to narrow down at the site
where the metallofullerenes are expected to be located. The conduction band
edge forms an undulating shape, and the band gap has a minimum at the point

with greatest circumferential strain.

As discussed in Chapter 1, the electronic properties of carbon nanotubes are
decisively dependent on their geometrical structures. Any mechanical pertur-
bations can lead to significant modification of density of states near the Fermi

level. This changes can provide a way of band gap engineering in nanotube-based
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electronics.

4.2 Purification and opening of nanotubes

In SWNTs growth by arc discharge or laser ablation, typical by-products include
fullerenes, graphitic polyhedrons with enclosed metal particles, and amorphous
carbon overcoating on the sidewall of nanotubes. It is, therefore, necessary to
remove these unwanted carbonaceous impurities and metal catalysts before use.
By the application of extremely aggressive reagents the aromatic ring system
of the SWNTSs can be effectively disrupted. This will facilitate the dissolution
of the metal catalysts capped at the end of nanotubes or enclosed by carbon
polyhedrons.

In our purification process, we first burned the soot materials in the air at 350
°C for 1 hour which was determined from Thermal Gravity measurements. In this
process, the curvature-induced high stain in raw carbon materials facilitates the
selective oxidation of these carbon by-products and caps of nanotubes, leaving
open-ended nanotubes along with catalytic metal particles. Subsequently the
resulting metal particles were removed by hydrochloride acid with the aid of
low power sonication. The liquid-phase oxidative purification is repeated several
times till the HCI solution becomes clear. Figure 4.3 shows the TEM images of
SWNTSs before and after purification. The nanotubes form a tangled network and
are lying on the porous carbon film on a copper grid used in the TEM inspection.
We can clearly see that most of the metal particles (dark spots in images) have

been effectively removed during purification.

4.3 Insertion of metallofullerenes

The metallofullerenes used in the present studies are synthesized by the arc-
discharge method in Prof. Shihe Yang’s group in Hong Kong University of Sci-
ence and Technology. The high purity Dy@QCg, are extracted by repeated high
performance liquid chromatography and monitored by mass spectroscopy.

We have prepared peapods by gas-phase diffusion [68] of Dy@Cg, molecules
into open-ended SWNTs. To ensure the opening of caps the nanotubes were
heated in air at 420 °C for 20 minutes. The insertion of Dy@Csg, was achieved
by annealing Dy@Cg, solid with SWNTs in a sealed quartz tube at 520 °C for 48
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Figure 4.3: TEM images of SWNTs (a) before and (b) after purifica-
tion. The dark particles in (a) present the metal catalysts decorating
around nanotubes. The scale bar is 200 nm.

hours. Subsequently, the resulting SWNT's were rinsed with toluene to remove the
residual Dy@Cg, which may have adsorbed onto the exterior nanotube walls. To
confirm the presence and distribution of Dy@Cgs molecules in the core of SWNT's,
HRTEM was employed for imaging. This work is done by cooperating with Dr.
Toshiya Okazaki of Nagoya university. Figure 4.4 (a) shows the HRTEM images
of the aligned Dy@Csg, chains encapsulated in SWNTs. The hierarchal structure,
metal atoms inside the fullerene cage inside the nanotube, is well illustrated.
Figure 4.4 (b) ~ (d) shows the encapsulation of metallofullerenes in individual
SWNTs with diameter of 1.55 nm, 1.47 nm and 1.42 nm, respectively. Dark
spots seen in some fullerene cages correspond to the encapsulated Dy atoms.
This is confirmed by electron energy loss spectroscopy (EELS) spectrum shown
in Figure 4.4 (e). Most of the fullerene cages appear empty. This could be due
to the spinning of the Dy atom inside the carbon cage. Intuitively, if the tube
diameter is small, the creeping of doping molecules will be difficult. Below a
critical tube diameter, the total energy calculation [115] shows that the filling
takes place endothermally. As can be seen from the HRTEM micrographs, the
packing density of metallofullerenes decreases with decreasing tube diameter, and

the fullerene molecules are forced to deform due to insufficient interior hollow
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Figure 4.4: Characterization of Dy@Cg, peapods. (a) HRTEM
micrographs of the isolated and bundled SWNTs containing
Dy@Cg, fullerenes. (b)~(d) Isolated SWNTs with different di-
ameters and packing densities of Dy@QCg, fullerenes. (e) EELS
spectrum of Dy@Cgs peapods. The two peaks correspond to M4
and M5 adsorption edge of dysprosium.
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space in the nanotube. A partial filling can be obtained in the present hybrid
structure with nanotube diameter of down to 1.4 nm. In these tubes, Dy@Cyg,

molecules become squashed, and the distance between their centers increases.

4.4 Imaging in a magnetic force microscope

An interesting class of endohedral fullerenes are magnetic endohedrals, of which
Dy@Cg, is an example (dysprosium encapsulated in a fullerene cage of 82 carbon
atoms). A sophisticated nanostructure is nanotube filled with fullerenes which
are filled themselves. In pure dysprosium there is a long range (heli)-magnetic
order; Dy@Cyg, is paramagnetic. An interesting question arises as to whether
a MFM would be sensitive enough to react to the magnetic force between the
magnetic moments of the dysprosium ions and the magnetic coating of an AFM
tip. Judging from the literature [86, 111, 119, 142], it should be possible to see
an ensemble of about 1000 electron spins. A dysprosium ion in Cg, is expected
to carry about 10 spins at not too low temperatures [72] and if 100 Dy@QCg,
units are in the range of the MFM tip (radius about 50 nm) we should see a
signal. And, indeed, we see a magnetic signal if we scan over a thin bundle of
dysprosium-fullerene peapods. (The height of the bundle is found to be about
8 nm to judge by the color of the topographic AFM image in Figure 4.5, and
from this we estimate the number of tubes in a bundle to be about 50). Figure
4.5 (b) ~ (f) shows a series of such scans using a Dimension 3100 Digital In-
strument Oscillating Magnetic Force Microscope in the Tapping mode together
with the Lift mode. The microscope sandwiches a magnetic scan between two
topographic scans. The interaction between peapods and magnetized tip causes
a shift of the resonant frequency of the cantilever. The instrument detects the
phase shift which is proportional to the second derivative of the local field. In
the MFM images this leads to bright areas for repulsive force and dark areas for
attractive interaction. At low lift height (Figure 4.5 (b)) the short range van
der Waals forces still dominate over the magnetic forces, or all spins are polar-
ized by the magnetic field emerging from the tip coating, so that we see only
a monochromatic contrast due to the attractive force. When the lift height is
increased (Figure 4.5 (c)) the magnetic force dominates and magnetic domains
seem to appear. These domains apparently change with the scanning direction
and with the lift height (The scanning direction is indicated by the arrows at the

top of the figures), resembling the domain reversal in soft magnetic structures
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Figure 4.5: Magnetic carbon nanotube peapod. (a) AFM topogra-
phy of a peapod bundle with height of ~8 nm on average. (Scale bar:
200 nm) (b)~(f) Corresponding MFM images in (a). The scanning
height in Lift mode is shown at the bottom of the images and the
scanning direction is indicated at the top. The magnetic reversal is
observed by changing scanning direction and marked by dashed el-
lipse at the bottom of image (c¢) and (d). Another nanodomain in
the bundle is also compared at top of image (d) and (e).

[165]. At the bottom of Figure 4.5 (c¢) and (d) we see a feature which reverses
if the scanning direction is reversed. The origin of these domains is still unclear
and further investigations are necessary to show whether they are related to in-
teractions between the dysprosium spins (perhaps mediated by the 7 electrons
of the fullerene cages and of the nanotube walls) or whether they are caused by

distortions of the tubes leading to “easy spin directions” or similar phenomena.

4.5 Electrical Transport

4.5.1 In pristine nanotubes

To understand the intrinsic transport properties of Dy@Cg, peapods we show
the electrical transport of pristine semiconducting nanotubes in this section for
comparison.

Carbon nanotubes present a micromolecular system with unique electronic

properties which vary according to their diameter and chirality. Band structure
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calculations have predicted that SWNTs with (n, n) indices are robust metallic
having non-vanishing density of states at the Fermi level, whereas SWNTs with
(m, n) indices are semiconducting when m # n. In the case of m — n = 3p + ¢
with non-zero ¢ value, the semiconducting nanotubes have a primary energy gap
E,  1/d;. On the other hand, the energy gap scales as 1/d? when ¢ = 0. In this
section, we discuss the charge transport through pristine individual nanotubes
with moderate band gap (o< 1/d;) or narrow band gap (1/d?), both of which have
distinct transport properties and are remarkably different from the tubes doped

by Dy@Cg, molecules.
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Figure 4.6: The transfer characteristics of an individual pristine
nanotube transistor at different temperatures: 4 K, 60 K, 120 K,
180 K, 230 K, and 290 K from bottom to top curves, respectively.
The data were taken at V;; = 60 mV.

Figure 4.6 shows the transfer characteristics (I — V;,) of a device consist-
ing of a pristine individual nanotube with a diameter of 1.6 nm at different
temperatures. The nanotube is embedded in two metal contacts designated as
“source” and “drain”. The nanotube diameter is determined by the AFM height
profile. As can be seen in the figure, the current is blocked at positive gate volt-
age and increases strongly at negative direction. This indicates that a pristine
semiconducting nanotube can function as a field-effect transistor and the channel

current can be modulated by applying a gate voltage, resembling the metal-oxide-
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semiconductor FET. The transistor is ON for negative gate voltage, indicating a
p-type conduction. As temperature decreases, the channel current is suppressed,
and the threshold voltage progressively shifts to lower value. The device shows
quite similar transfer characteristics throughout the measured temperature range.
As a result, we only analyze the device performance at room temperature as fol-
lows. At V4, < —4 V, the current starts to saturate, i.e., accumulation of holes.
Between —4 V < V;,, < 3V, the device is in the hole depletion region and simply
acts like a resistor with a transconductance g,, = dI/dVj, ~ 3x10~% A/V which
is a measure of the switching speed of the device. In a channel-limited FET, we
can deduce the carrier mobility by the following equation:

i = (Ve (4.)
where py, is the hole mobility, C; is the nanotube capacitance, L is the channel

length. For nanotubes the gate capacitance can be expressed as:

Cy _ 2meq€g
L~ In(2)
where 7; is the nanotube radius, €, is the average dielectric constant of device,
and h is the thickness of oxide. Using L = 150 nm, r, = 0.8 nm, h = 100 nm,
and €, ~ 2.5, we evaluate a hole mobility of p;, = 30 cmz/V-s at Vg = 60 mV.

(4.2)

This value is much smaller than the hole mobility of 10* ¢cm?/V-s observed in
graphite [21]. This low mobility could be due to the diffusive transport of holes
through the channel if the device is operated in a channel-limited state [101, 105].
In contrast, if the charge transport through the channel is mainly blocked at the
contacts, then the device functions as a Schottky-barrier transistor [66]. In the
latter case, the equation 4.1 is not valid in extracting the mobility.

The inversion region for electron transport is not observed in the gate range
—10 V < Vg < 10 V in present nanotube FET. The band gap of the tube can
be rationally estimated from the tube diameter to be E, ~ 2vya._./d; ~ 500
meV. In general, fairly high voltages (> 50 V) are required to alter the majority
charge carriers from holes to electrons by back gate electrostatic tuning. This
is the reason why normal semiconducting nanotubes exhibit only unipolar p-
type characteristics under ambient conditions. The p-type behavior of undoped
SWNTSs has been studied by several groups and interpreted as contact doping by
metal electrodes, molecular adsorbates, or attachment of chemical groups during
handling [35, 101, 148].
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N istics of an individual pristine
-4 -2 0 2 4 6 nanotube with narrow band gap

V,, (V) at 200 K.

In Figure 4.7 we show the transfer characteristics of a narrow-gap carbon
nanotube FET with diameter of 1.3 nm. The band gap is estimated to be F, ~
3v0a?_./4d? ~ 25 meV. Electron and hole accumulation regions are clearly seen
in the two saturation regions of the I — Vj, curve, respectively. This is due to the
shift of Fermi level up to above the conduction band edge or down to below the
valence band edge by applying a gate potential. Sitting at the gate voltage of
the strong electron/hole accumulation region®, the energy barrier at the contacts
can be evaluated by measuring a set of I — Vj, curves at different temperatures.
As shown in Figure 4.8 (a), the channel current is symmetric at the positive and
negative bias direction due to the two symmetric contact barriers. As expected,
the current decreases monotonically with decreasing temperature and depends

exponentially on the barrier height presented at the contacts as [146]:

I oc exp(—=®y/kpT)[exp(qVas/kpT) — 1] (4.3)

where @, is the Schottky barrier, kg is the Boltzmann constant, and 7" is the
absolute temperature. In the charge accumulation region the zero-field asymtotic
barrier height ®;, is the sum of Schottky barrier ®, at a specific bias voltage
and Schottky barrier lowering A® (V). At small Vg, the current is predominated
by the second term in the square brackets in the equation 4.3, i.e., the current
flowing from the metal to the semiconductor. The contact barrier can be obtained

straightforwardly from the semi-logarithmic plot of the I vs 1/T. As shown

"'When a gate voltage Vig is applied to the device, part of it appears as a potential drop
across the oxide and the rest of it appears as a band bending ¥, of the nanotube in question. In
the charge accumulation region, the contact resistance R, starts to dominate the total resistance

R; = 2R, + Ryt of the device. Here the Ryr denotes the gate-dependent channel resistance.
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Figure 4.8: Characterization of the barriers for hole (at V4, = —0.74
V) and electron (at V,, = 2.95 V) injection. (a) Example of I — Vg
curves in electron accumulation region for different temperatures. (b)
and (d) are the Arrhenius plot for electron transport at Vs = 30 mV
and for hole transport at Vs = 30 mV, respectively. (c) and (e) are
the plots of the barrier height as a function of les/ ®. Both zero-field
barrier ®,9 and barrier lowering A® are shown.



4.5. Electrical Transport 53

in Figure 4.8 (b) for electron transport and Figure 4.8 (d) for hole transport,
the channel current is mainly attributed to the charge transport via thermionic
emission above ~ 30 K and via tunneling below this temperature. The Schottky
barrier is caused by the charge transfer at the electrode/nanotube junction and
characterized by the work function difference between the contact metal and
semiconducting nanotube. The barrier height is reduced by an amount of A®(v)
as a result of the image force and the external electric field (bias voltage). As a
consequence, the Schottky barrier lowering is proportional to the square root of
the electric field. By plotting ®; vs V/2, we can extract both the contact barrier
at zero bias @, and the bias-dependent Schottky barrier lowering A®(V'). Both
parameters are obtained for electron transport from Figure 4.8 (b) ~ (c¢) and hole
transport from Figure 4.8 (d) ~ (e), respectively. As can be seen in Figure 4.8(c),
the extrapolated intercept shows a barrier of 2.7 meV and there is no apparent
image force induced lowering for electron transport. In contrast, a slightly larger
barrier, 3.9 meV, is presented in the hole transport and a remarkable AP (V) is

observed in the barrier.

4.5.2 In large-diameter peapods

The mono-metallofullerene encapsulating a single lanthanide element, Ln@Cg,
(Ln = Ce, Nd, Gd, Dy, ...), has been confirmed by electron spin resonance and
UV-Vis-NIR adsorption spectra to show charge transfer from the encaged atom
to the Cgy cage [117, 138], resulting in the charge state of Ln3*@C3,. The in-
sertion of metallofullerenes into the nanotube is therefore expected to lead to
further charge transfer from the Cgy cage to the tube and the electrical prop-
erties of the carbon nanotubes would be substantially modified. This predicted
n-type semiconducting behavior may therefore complement the utilization of car-
bon nanotube-based molecular electronics, since this sort of functionalization is
more stable than alkaline metal-doped nanotubes [87] in ambient environments.

Figure 4.9 shows the AFM image of an individual Dy@Cg, peapod on prede-
fined electrode array. The diameter of the peapod is determined from the AFM
height profile to be about 1.6 nm. Judging from our TEM inspections, only nan-
otubes with an apparent height of > 1.5 nm are rationalized to be fully filled
individual peapods. In transport measurements, a back gate voltage is applied to
the Si substrate with respect to the source electrode. The current is measured by

applying a drain-source bias across the peapod. As in a conventional FET, the
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| Figure 4.9: AFM image of an
' individual Dy@Cgy peapod on
] predefined electrode array. The

electrode gap is 150 nm.

gate voltage modulates the carrier (electron or hole) concentration in the con-
ducting channel (tube) and allows an investigation of the transport mechanism.

Figure 4.10 depicts the gate dependence of the conductance along a fully filled
Dy@Cgy peapod at various temperatures. From the sign of the response to the
gate voltage, the n- or p-type character of the conductance can be determined. In
Figure 4.10 (a), the p-type semiconducting behavior is clearly seen at room tem-
perature. The conductance increases for negative gate voltage, indicating that the
peapod behaves as a p-channel FET similar to undoped semiconducting SWNT's
as discussed above. Positive Vj, can deplete holes and reduce the conductance to
immeasurably small values. As the temperature decreases to 265 K, a positive
Vig enhances the conductance, implying that now more electrons are accumulated
in the nanotube and starting to dominate the transport. Hence, now decreasing
Vg inhibits the charge transport. The change from p-type semiconducting char-
acter to n-type as a function of temperature has not been observed in pristine
nanotubes. It is reasonable to attribute this effect to the transfer of electrons
from the Dy@Csg, molecules to the SWNT, analogous to graphite intercalation
compounds.

As the temperature is decreased further, more electrons are transferred to
the nanotube, leading to a shift of the Fermi level up into the conduction band.
Below the temperature T' ~215 K, no gate voltage dependence, neither p- nor
n-type, is observed and metallic behavior is evident.

Figure 4.11 displays the I — Vj, curves (at zero gate voltage) for different
temperatures. At moderate temperatures (above 100 K), they are linear, sug-
gesting that the metal leads form an ohmic contact to the tube. Down to 215
K, the current decreases steadily upon cooling, consistent with semiconducting
behavior. However, as temperature decreases further, the current starts increas-

ing, especially at V;; < 0. The increase in current corresponds to the changes
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Figure 4.10: (a)~(c) Gate voltage dependence of conductance mea-
sured at Vs = 4 mV at various temperatures. The curves in (c) are
unequally displaced for clarity.

of carrier concentration in conducting channels and is attributed to the charge
transfer from the metallofullerenes to the tube, as discussed above. The observed
crossover temperature T* in I — Vy, curves is consistent with that in the gate
dependent conductance.

Below T ~75 K, the I — V, curves show several wigglers and steps (Figure
4.11 (b)). The contact barriers block the electron wave from penetrating into
the electrodes, yielding a Coulomb island well decoupled from the electrodes.
The number of electrons in the nanotubes is therefore quantized and Coulomb
staircases emerge in the I — Vj, characteristics. This behavior is in accordance
with the conductance oscillations as a function of the gate voltage in Figure 4.10
(c). They show a periodic spacing of AV;, ~3.5 V. Such single electron charging
effects are well known from other quantum dot systems [52].

The observed Coulomb staircase in I — V4 characteristics is due to asymmetric
junction barriers, i.e., either the capacitance or the tunneling resistance are quite
different. Assumed that the two capacitances are similar but that the tunneling

resistances are rather different, with Ry > R,. In this case, the limiting rate
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Figure 4.11: (a) I — Vj, characteristics of an individual nanotube
peapod at different temperatures. They are equally shifted by 1 nA
offset for clarity. (b) nonlinear I — Vs curve at 4 K showing single
electron charging effect.

is tunneling through the drain barrier. As soon as an electron tunnels out of
the island through the drain junction, it is immediately recharged by the source
junction. Under these conditions, the current is approximately controlled by
the voltage drop across the drain junction, which is given by V; = C,Vy,/Cx +
Ne/Cy. The voltage across the drain barrier therefore jumps by an amount e/C'y;
whenever the threshold for increasing /N is reached for the source junction. The
corresponding current jumps are given by Al =~ AV,;/R; = e¢/CxsRy.

The conductance curves at low temperature could reveal information on the
dopant distribution and the quantized charging effect of the peapod transistor
system. The conductance peaks appear when a new quantized state in the nan-
otube dot becomes energetically accessible, yielding single electron charging. At
4 K, the conductance peaks split into two or three subpeaks with irregular peak
spacing and amplitude. Between 7.5 V < V;, < 8.5 V, the conductance peak
turns into multiple subpeaks with periodic spacing of AV, ~0.3 V. The dot
size can be estimated using equation 4.2 in the Coulomb blockade regime, where
C, = e/AVi,. This evaluation leads to L ~150 nm and is consistent with the
tube length defined by the distance between the drain and source electrodes. The
larger AV, ~3.5 V corresponds to a smaller dot size (L = 2 nm). The system

behaves as multiple dots in series inside the nanotubes.
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To interpret the experimental findings, we propose a possible mechanism for
temperature-dependent charge transfer in nanotube peapods. The Dy@Csg, in-
side the nanotube forms a linearly aligned molecular chain with energetically
stable van der Waals separation between the tube wall and the Cgy cage. At low
temperature, thermal contraction reduces the diameter of the tube, leading to
a reduction in the distance between the tube wall and Cgy cage. The shrunken
Dy@Cgs-nanotube spacing essentially distorts the lattice structure of the tube,
forming an undulant tube shape [115]. The distortion of the nanotube might also
make Dy@Csg, elongate along the tube axis. The changes in shape and curva-
ture can significantly modify the electronic structure of both the nanotube and
the encapsulated metallofullerenes (see Appendix A). The reduced separation be-
tween the tube wall and the Cgy cage also make the overlap and hybridization of

electronic states more likely, which facilitates the charge transfer.

From the individual peapods examined, we have not found a universal p to n
transition temperature. This is reasonable, since different tubes are expected to
have different diameters. Therefore, the distance between fullerene and nanotube
wall will vary and hence the charge transfer. Moreover, the electronic structure
of a nanotube (the density of states and the position of singularities in this den-
sity) depends on the diameters and on the helicity of the tube, again affecting
the charge transfer differently for different tubes. In addition, the quantity of
encapsulated Dy@Cg, was also found to play an important role in determining
transition temperature. In the case of partially filled nanotube peapods, it tends
to be the case that the conversion of p- to n-type will be observed at lower tem-
perature. This may be interpreted in terms of concentration-dependent charge

transfer.

Since the tube structure is supposed to be distorted by entrapped metallo-
fullerenes at low temperatures, the modification of the nanotube band structure
should also be taken into account. Due to local lattice deformation, the Fermi
wave vector kg in the nanotube can be shifted, leading to changes in the shortest
distance between kr and allowed subbands. This changes the band gap accord-
ingly. In semiconducting tubes, the band gap can be enlarged or reduced, de-
pending on the relative position of the shifted kg to the subbands [161]. The gap
opening in robust metallic tubes should also become observable as the tempera-
ture changes. This is in good agreement with the experimental findings in doped
metallic tubes which start to exhibit semiconducting behavior at low tempera-

tures. The combination of these two effects may be the reason that the electrical
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properties of peapods at different temperatures becomes so complicated.

4.5.3 In small-diameter peapods

Individual SWNTs with a diameter of about 1.4 nm were selected for contacting
by electron-beam lithography and followed by three-terminal transport measure-
ments. We characterize the transport properties of the partially doped peapod
transistors as a function of temperature, drain-source bias, and gate voltage V34 in
both “tube-on-top” and “metal-on-top” configurations. Figure 4.12 schematically

shows the device in a metal-on-top setup.

Figure 4.12: AFM image of an
individual Dy@QCg, peapod con-
tacted by two electrodes on top.
The electrode gap is 70 nm.

The representative transport characteristics of a partially filled semiconduct-
ing Dy@QCgy peapod in the metal-on-top setup is shown in Figure 4.13 which
displays the evolution of the current I vs. gate voltage V3, with temperatures.
At room temperature, the semiconducting Dy@Cgs peapod functions as a p-type
unipolar transistor (i.e., The current in I — Vj, curve diminishes to an immeasur-
able state at V, > 0.). From 230 K downward, the clear p-type behavior turns
into asymmetric “ambipolar” transport (hole conduction at negative V;,, and elec-
tron conduction at positive Vj,). This is in sharp contrast to the pristine carbon
nanotube FETs with moderate band gap (typically 400 meV ~ 800 meV), in
which the current flow over the experimentally accessible positive Vj, range (0 <
Vig < 50) is always blocked due to the persistent p-type character [37, 106]. It is
noted that a different, but conceptually similar, ambipolar behavior has recently
been observed in large-diameter tubes [77], narrow-gap tubes (as discussed in sec-
tion 4.5.1) [163], TiC contacted tubes [102], or strongly capacitive-coupled tubes
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[9]. In these cases, the conductance changes from p-type to n-type by sweeping
the gate voltage. In metallofullerene peapods, however, the “ambipolar” behavior

is observed when the temperature is swept.

The ability to operate FETs in an ambipolar state is important for the con-
struction of complementary electronics that are known to be superior in perfor-
mance to unipolar p- or n-type FETs [75]. Similar ambipolar transport is also
seen upon further cooling. Figure 4.13 (b) depicts the transfer characteristic at
4 K in extended gate potential. The regions in hole and electron conduction
correspond to the “on” state of the transistor, while the region in the gap is the
“off” state. The gate potential can effectively modulate the channel current by
about five and four orders of magnitude in hole and electron conduction, respec-
tively. The transistor in the hole conduction stage shows a transconductance
gm = 2x1078 A/V, while g,, reduces to 2x1071® A/V in the electron conduc-
tion stage. The transconductance reflects the carrier mobility, and this profound
difference in g,, could be an indication of electron hopping transport in the undu-
lating conduction band edge shown in the STM investigation [95]. Figure 4.13 (c)
shows the current in both electron conduction (at V,, = 5.84 V, single electron
tunneling regime at low temperature) and hole conduction (at V,, = —6 V) as
a function of temperature 7. Four distinct regimes are seen. At high T' (region
I), the device only conducts at V,, < 0, while at intermediate 7" (region II) the
current decreases drastically at V3, < 0 and increases at Vj, > 0 upon cooling.
The suppression of current transport in the hole conduction stage (Figure 4.13
(c) open circles) is a consequence of freezing out of thermally activated charge
carriers when the temperature decreases [146]. In contrast, the increase of cur-
rent transport in the electron conduction stage (Figure 4.13 (c) solid squares) can
be understood by temperature-dependent electron transfer from Dy@Cgs to the
nanotube 7* band [31]. The coupling between Cgy molecules and the nanotube is
speculatively enhanced by thermal contraction of the nanotube, facilitating the
charge transfer with decreasing 7. In the third transport regime (region III), the
current at Vp, > 0 starts to decrease progressively and then vanishes to zero at
a crossover T* = 125 K. In addition, there is another regime (region IV), which
has no analog in conventional semiconductor devices. The current at V;, < 0
drops to a minimum and the current at Vj,, > 0 increases monotonically again
down to 4 K. It is interesting to note that the peak in this I —T" curve of electron

conduction corresponds to the dip in that of hole conduction and vice versa.

The corresponding output characteristics (I — Vg, curves) at different temper-
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Figure 4.13: Charge transport in a partially filled peapod FET in
“metal-on-top” setup. (a) Transfer characteristics at various temper-
atures. Data were taken at Vg, = 0.3 V. (b) Transfer characteristics
of the same transistor at 4K in logarithmic scale and extended gate
voltage. (c) Current as a function of the temperature at Vj, = 5.84 V
(solid square) and Vi, = -6 V (open circle). Four distinct transport
regimes are marked.
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Figure 4.14: Two-probe output characteristics of a partially filled
peapod transistor at different temperatures in “metal-on-top” setup,
taken at zero gate voltage, and the suggested band diagrams at four
corresponding transport regimes. (a) Charge transport before elec-
tron doping by metallofullerenes. FEgo, Er, and FEy represent the
conduction band, Fermi level, and valence band, respectively. (b)
The rectifying behavior appears when it is cooled. The band starts
to bend due to the successive upshift of the Fermi level in the filled
segment, which functions as n-type. (c) The turn-on voltage at both
bias directions becomes progressively equal in this regime. (d) The
rectifying direction reverses. The alignment of the valence band edge
in the p-side, to the conduction band edge in the n-side, results in
band-to-band tunneling. The band diagram shows electron tunneling
at bias > 0.
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atures provide an excellent insight into the transport mechanism discussed above.
In region I (Figure 4.14 (a)), the I — Vg, curves are nonlinear and a pronounced
gap-like nonlinearity develops upon cooling. In region II (Figure 4.14 (b)), the
current at positive V4 is blocked and a diode-like rectifying behavior appears,
consistent with the emergence of the asymmetric I — Vi, plot in Figure 4.13 (a).
From 230 K downward, the charge transfer in the filled tube segment results in
the formation of an intra-tube p-n junction. As the temperature approaches T,
the turn-on bias voltage for reversed current is successively reduced compared to
the forward current (Figure 4.14 (c)). Below T*, the current flow is blocked in
the opposite direction (Vg < 0), showing a reversal of rectifying direction (Fig-
ure 4.14 (d)). A possible scenario in terms of semiconductor band structure is
indicated in the insets to Figure 4.14. Around room temperature (Figure 4.14
(a) inset), the bands along the nanotube are flat and the Fermi level is close to
the valence band. The output characteristics are determined by blocking contact
resistance at both interfaces between nanotube and gold electrodes [66]. When
the temperature is lowered (Figure 4.14 (b) inset), the reduced nanotube-Dy@Cg,
interspacing intensifies the coupling of 7 orbitals and makes the hybridization of
electronic states more likely, facilitating electron transfer with decreasing temper-
atures. This leads to a rectifying behavior. In region III (Figure 4.14 (c¢) inset),
the conduction band modulation induced by the “peas” might play an important
role at low temperature. The energy gap narrowing [95] of the n-side in com-
bination with temperature-dependent charge transfer initiates the alignment of
the conduction band edge of the n-side to the valence band edge of the p-side.
The polarity of rectification is reversed since now the bands in the filled region
are lowered so much that band-to-band tunneling becomes possible [137]. At a
small reversed bias, the valence band electrons can directly tunnel into the empty
conduction band state opposite them on the n-side without first being excited

into the conduction band on the p-side.

These particular transport features are also reproducible in a partially filled
Dy@Csgy peapod lying on predefined electrodes, which provide higher contact
resistance and allow us to examine whether the observed transport phenomena
are determined by charge transport along the bulk length of the tube or by
contact barriers. We find that the tube consistently shows the p-type behavior at
room temperature. The current increases with decreasing gate voltages (Figure
4.15 (a)). At intermediate temperature, rectifying behavior appears (Figure 4.15

(b) at zero gate). Further cooling facilitates the band offset and consequently
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the reversal of rectification in I — Vjs characteristics (Figure 4.15 (c)). Since
the filling of metallofullerenes inside the tube causes the changes of electronic
structure, a common gate will shift the Fermi level on the two sides to different
energy levels: The rectifying direction should be switchable not only by changing
temperature but also by applying a gate potential. Indeed, we observe this effect
at a temperature where the conduction band edge in the filled segment is about to
align with valence band edge in the unfilled segment (Figure 4.15 (b)). An unequal
shift of band edge in the two sides can also lead to the reversal of rectification,
as illustrated in the drawing of suggested band structures at the filled /unfilled
interface next to Figure 4.15 (b).

Although the above interpretation accounts for the major feature of trans-
port in the data, many interesting aspects of this system remain to be explored.
For example, the mechanism responsible for the band gap narrowing in met-
allofullerene peapods is yet unsettled. Whether the magnetic field originating
from the rare earth atoms plays a crucial role in device operation is another un-
clear question. Despite these, Dy@Cg, peapods bring about new perspectives
in carbon-based electronics and superior device functionalities than conventional
electronic materials, especially for the most basic and widely-used device units,
field-effect transistors. We believe that the ability to design the electronic devices
in molecular scale with multiple functionalities will be important in the emerging

technology of nanoelectronics.
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Figure 4.15: Two-probe output characteristics of a partially filled
peapod transistor at different temperatures in “tube-on-top” setup,
and the suggested band diagrams at different gate voltages. (a) Gate-
dependent [ — Vj, curves at room temperature. Gate voltages are
indicated on the corresponding I — Vs curves. (b) Gate-dependent
I —Vys curves at 77 K. The data at different gate voltages are equally
shifted by 1 nA for clarity. Gate voltages are indicated on the cor-
responding [ — Vy, curves. On the right side of (b) two drawings
are shown, which illustrate the suggested band offset at positive gate
voltage (left drawing) and negative gate voltage (right drawing).(c)
Gate-dependent I —Vjy, curves at 4 K. Inset shows the suggested band
structure at the filled /unfilled interface.



Chapter 5

Interconnection of carbon

nanotubes

5.1 Introduction

Carbon nanotubes have opened up new possibilities for novel components in
miniaturized electronic devices. They are one-dimensional structures that exhibit
metallic or semiconducting behavior. Semiconducting nanotubes can function as
active channels in field-effect transistors [101, 148], in nanorectifiers [5], or in
logic circuits [9, 38, 99]. Metallic counterparts can be used as interconnections in
future electronic devices, or as a gate for local modulation of the electronic states
in the active channel.

To achieve this goal, a controllable growing technique or chemical function-
alization of carbon nanotubes [69] will be the first step toward their possible
application. In this chapter a defect chemical functionalization method is intro-
duced. We will show that stable chemical functional groups can be incorporated
into the nanotubes without destroying their intrinsic 1D electronic structure.
The attached molecules function as linkers for bridging two carbon nanotubes
in an end-to-end or end-to-side arrangement. T-shape intermolecular nanotube
junctions which are designed for all-carbon transistors can then be formed. The
synthesis process of nanotube junctions as well as the characterization by Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) are given in detail in
the present chapter. The transport properties of these junctions will be presented
in the following chapter.

In addition to link nanotubes, attachment of functional groups is also antic-

65
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ipated to act as dopants or acceptors in nanotubes. Due to the doping effect
from adsorbed oxygen molecules [145] and the charge transfer with defined elec-
trodes [148], pristine carbon nanotubes show p-type semiconducting behavior.
For complementary logic circuitry, various chemical modifications achieved by
doping semiconducting nanotubes have been demonstrated. However, the sta-
bility of alkali-metal doped nanotubes [17, 53, 87] is sensitive to the ambient
environment, and endohedral metallofullerene doping is strongly dependent on
the inner diameter of the host nanotube [33, 139, 143]. Therefore, ambient sta-
ble chemical doping by derivatizing negatively charged functional groups on tube
wall will also be a good starting point for the use in band gap engineering [43] as

well as for the formation of electrically reliable intrajunctions.

5.2 Chemical functionalization

In recent years, several sorts of chemical functionalization on carbon nanotubes
have been reported and can be classified as: functionalization on defect groups
[27]; covalent sidewall functionalization [10, 20, 109]; non-covalent exohedral func-
tionalization [11, 29]; and endohedral functionalization [140]. During the covalent
functionalization the bond structure of the nanotube will be changed because it
needs to transform a number of sp® carbon atoms to sp® [50]. To avoid this
unclear perturbation on the electronic structure of nanotubes, we adopt the first
approach for chemical modification of SWNT's achieved by mainly attaching func-
tional groups at the sites of defects on the nanotubes.

It is well known that graphite is chemically inert. When a graphite layer is
rolled up to form a cylindrical structure, its chemical reactivity is modified. This
stems from the curvature-induced pyramidalization and misalignment of the m-
orbitals of the carbon atoms, giving rise to a local strain in carbon nanotubes
(28, 58, 141, 152]. From the standpoint of chemistry, carbon nanotubes can be
divided into two regions: the end caps and the sidewall. The end caps resemble
a hemispherical fullerene and hence have a much higher pyramidalization angle
than the sidewall, e.g., in (5, 5) SWNT the pyramidalization angle is 6, ~ 11.6°
in the cap and 6, ~ 6.0° in the sidewall [112]. This ensures that the caps are
always more reactive. However, another structural strain arises from the m-orbital
misalignment. There are two types of bonds in the hexagonal carbon network,
which orient differently in the curved nanotube sidewall: Taking an (10, 10)

armchair nanotube as an example, one bond runs perpendicular to the tube axis
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and another one is 30° away from the tube axis. This results in a m-orbital
misalignment angle ¢, = 0° in the former bond but ¢, = 10.4° in the latter case.
The m-orbital alignment of carbon atoms in fullerene is almost perfect, but it is
not the case in a nanotube sidewall having the same diameter with the fullerene.
It is the relief of these strains which accompanies addition reactions in the caps

and sidewall of nanotubes.

0] 0]
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Figure 5.1: Sequence of chemical functionalization in carbon nan-
otubes. In step 1, the chloride acid groups are attached to the ends or
sidewalls of the nanotubes. In step 2, two different amine function-
alities are incorporated into the nanotubes by replacing the chloride
acid groups. Step & shows that some diamine groups can link two
nanotubes by having the same reaction as shown in step 2. (R =
(CH3)3NH(CH;)3NH(CHy)3)

Treating nanotubes with aggressive reagents the phenolic and the carboxylic
acid groups can be readily derivatized on the end caps or sidewall of nanotubes [30,
61, 98, 103]. The carboxylic acid groups can be converted into acylchloride groups
by treating with thionylchloride [27, 98]. The acid chloride-functionalized carbon
nanotubes are then susceptible to react with amines. The resulting chemically
functionalized nanotubes are shown to be able to form a closed ring shape [136],
or be attached to a normal Si AFM tip used for a single molecular sensor or
probe [157]. On the other hand, the perfect carbon network lacks for sites where

the functional groups can be attached. Although some natural defects such as
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pentagon-heptagon pairs can be generated on the sidewalls during the growing
process, they are maybe too low to achieve our goal. An alternative way to
controllably introduce defects onto the nanotube walls is by acid treatment. For
example, HNOj is a good oxidative acid which can be used to remove the catalyst
particles capped at the ends of nanotubes and introduce defects onto the sidewalls.
Defects in SWNT's are important in this process because they can serve as anchor

groups for further functionalization.

Figure 5.2: Functionalized nanotubes can be connected by single
molecular linker in (a) end-to-side configuration and (b) end-to-end
configuration. (R = (CHy)3NH(CHz)3NH(CHs)s3)

Figure 5.1 shows the chemical functionalization of carbon nanotubes in dif-
ferent stages. SWNTs produced by the laser ablation method were obtained
from Tube@Rice (Rice University) and Universitdt Karlsruhe (TH). These nan-
otubes were filtered and rinsed with pure water to remove the surfactant. The
tubes were subsequently sonicated in HNOj3 for 20 minutes. This treatment is
known to produce shortened and open-ended nanotubes and also create defects
on sidewalls, both of which are capable of being terminated by oxygen-containing
groups (mainly carboxyl and hydroxyl) in the presence of an oxidizing acid. Sub-
sequently, we converted these groups to the corresponding acid chloride by react-
ing with SOCl, at room temperature for 24 hours. The brown-colored solution
was decanted and the resulting solid material was rinsed with toluene followed by
immersion in tripropylentetramin (TPTA) or phenylendiamine (PDA). The bi-
functionalized amine interconnects two nanotubes via formation of acidic amide
bonding [32]. Figure 5.2 shows the schematic representations of the two types of
heterojunctions. In this process, SWNTs become gradually soluble in the TPTA
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or PDA solution, indicative of the successful functionalization of the SWNTs.
After reaction, the SWNTs were intensively rinsed with acetone and pure water,
respectively. The amide functionalized SWNTs are insoluble in water and ace-
tone. The suspension in surfactant solution (e.g. sodium dodecyl sulfate) cannot
stand for a prolonged period of time and will precipitate in minutes, which is in
sharp contrast to the untreated SWNTs.

5.3 Characterization of functionalized nanotubes

5.3.1 Atomic force microscopy

After chemical functionalization, most of the nanotubes form a network and con-
nect side by side. To untangle the network appropriate ultrasonic agitation is
applied to nanotube SDS suspension. This is a crucial step since we have to
break part of the linkage, but also retain part of it. Figure 5.3 shows an AFM
image of carbon nanotubes functionalized with TPTA. From the AFM inspec-
tion it is difficult to distinguish whether the crossing of nanotubes are linked by
molecules or just form by accident. We can count only on the nanotubes which
make end-to-end or end-to-side connections and show the statistic evaluation in
the inset to Figure 5.3. In most cases, the nanotubes form end-to-side junctions.
End-to-end junctions are rarely found. Under an appropriate ultrasonic agitation,
around one third of the nanotubes form end-to-side junctions, whereas less than
2% of the pristine nanotubes show similar junctions, as mainly splitting bundles
were observed.

In Figure 5.4 we show these junctions in higher magnification in AFM images.
A dendrite-like end-to-side interconnection is shown in Figure 5.4 (a) for a 4 mm-
long nanotube host with a diameter of 1.8 nm. The junctions are indicated by
arrows. The three interconnected nanotubes have diameters of 1.3 nm, 1.6 nm
and 1.2 nm (from top to bottom), respectively. Figure 5.4 (b) shows both the
end-to-end and end-to-side interconnections. A ring-shaped nanotube closure can
also be observed at the bottom of the image. The interconnected structures can
sometimes be observed in the case of splitting bundles (Figure 5.4 (d)), where
nanotube divergence occurs at various angles. This angle is generally smaller
than that at the junction of two individual tubes/bundles connected by molecular

linkers. It is important to note that the host tube often shows a shrunken diameter
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Figure 5.3: AFM images of carbon nanotube interjunctions. The
junction position is indicated by arrows. The inset shows the sta-
tistical evaluation of linked nanotubes (end-to-end and end-to-side)
before and after functionalization. The scale bar is 1 pm.
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Figure 5.4: AFM images of carbon nanotube interjunctions. (a)The
dendrite-like end-to-side junctions formed by three tubes attached on
a 4 mm-long host tube (appearing lengthwise on the image). (b) Both
end-to-side and end-to-end junctions with attached tubes of three
different diameters. Tube closure can also be observed indicated by
the bottom arrow. (c) A single carbon nanotube interjunction. (d)
A splitting bundle of carbon nanotubes. The scale bar is 400 nm
through (a) to (d).
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after splitting. As indicated by the arrow in Figure 5.4 (c¢), the intersection of
the two nanotubes via molecular linkage is almost perpendicular. The diameter

of the host nanotube also remains unchanged in the AFM height profile.

5.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy has emerged as a powerful tool to provide sur-
face information of solids, on which the core-level electrons are excited by external
photons and measured by an electron spectrometer. These energies are well-
known for free atoms. In molecular or solid compounds, the energy of a bonded
electron in a specific element is subjected to a shift which conveys information
about the chemical environment of the atoms under investigation. Therefore,
XPS provides not only a way to inspect the chemical reaction on SWNTs but

also indicates the changes of electronic structure in SWNTs.

Figure 5.5 (a) shows the N 1s spectra of the various functionalized nanotubes.
In pristine nanotubes a weak peak shows at 400.0 eV. This is speculatively due
to NO, groups which intercalate into the triangular lattice structure of nanotube
bundles. This small amount of nitrogen can be introduced by the well-known
electrophilic action of HNO3 on an aromatic system during the purification pro-
cess. In both CNT-PDA and CNT-TPTA, there are clearly two components in
the N 1s core level spectra. These two different binding energies are assigned to
the two different nitrogens in PDA and TPTA, respectively. These XPS spectra
confirm that the diaminol functionalities have been attached on SWNTs after a

set of chemical reactions described above.

If we look into the C 1s core level spectra shown in Figure 5.5 (b), the func-
tionalization induced changes in electronic structure of nanotubes are evident. In
pristine nanotubes, the peak at 284.4 eV is assigned to the C 1s binding energy
for the SWNTSs, representing the elemental sp? carbon atom; it has the same
shape and position as the C 1s peak in graphite. The small amount of nitrogen
shown in Figure 5.5 (a) N 1s spectra for pristine nanotubes has a minor effect on
the doping state. However, upon chemical functionalization, the peak position
varies. In CNT-CI a p-type doping effect downshifts the peak from 284.4 eV to
284 eV, while in CNT-PDA and CNT-TPTA the n-type doping effect upshifts it
back to 284.4 eV and even up to 284.9 eV, respectively.



5.3. Characterization of functionalized nanotubes

73

Intensity (arb. units)

(a)

CNT-TPTA

CNT-PDA

410 406 402 398 394

Binding Energy (eV)

(b)
284.9
CNT-TPTA
o
5 284.4
X
& | CNT-PDA
2 284
[72]
c
2 | CNT-CI
=
284.4
Pristine
290 288 286 284 282

Binding Energy (eV)

Figure 5.5: (a) N 1s core levels of pristine carbon nanotubes and
diamine functionalized carbon nanotubes.
carbon nanotubes in different functionalization stages.

(b) C 1s core levels of



74 Chapter 5. Interconnection of carbon nanotubes

5.3.3 Raman spectroscopy

Due to the strong coupling between electrons and phonons in the 1D system, Ra-
man spectroscopy provides a valuable tool not only for examining the vibration
modes of SWNT's with specific diameter but also structural dependent electronic
band structures. It is shown by experiments and theories that Raman scatter-
ing by SWNTSs exhibits unusual resonant behavior. The scattering intensity is
found to be enlarged by several orders of magnitude when the energy of the in-
cident or the scattered photon matches the energy of allowed optical transitions
between van Hove singularity pairs in the electronic density of states. The en-
ergy of allowed optical transition is dependent on whether the tube is metallic or
semiconducting, and scales with the diameter of nanotubes. As a consequence,
even though the nanotube sample always contains different (n, m) nanotubes,
the Raman spectrum at a given excitation energy mainly shows response to those

that are in resonance.

The special symmetry properties of carbon nanotubes lead to only a few
Raman-active vibrational modes: A;, E;, and FE,. In general, a first order Ra-
man spectrum of carbon nanotubes shows three significant regions: a dominant
spectrum between 150—200 cm ™! by radial breathing mode (e.g. A;, symmetry
in armchair nanotubes); around 1350 cm™! (D-line), and the G-band between
1550—1600 cm™! related to the tangential C—C stretching modes of graphite
(e.g. Ayy, E1, and Ey, symmetry in armchair nanotubes). In the radial breath-
ing mode (RBM), the carbon atoms undergo a uniform radial in-phase motion
which is unique in carbon nanotubes. Both theoretical [79, 92, 133, 135] and
experimental [12] studies have confirmed that the mode frequency wgrpys shifts as
a function of the carbon nanotube radius and is weakly dependent on the tube
chirality. This is consistent with the fact that the energy gap of a semiconducting
nanotube and the strain energy is determined primarily by the nanotube radius.
Due to the 1D quantum confinement, the resonant Raman enhancement effect
takes place when the incident or scattered photon energy matches the electronic
transition between the van Hove singularities in the 1D density of states in the
valence and conduction bands of the nanotubes [2, 41, 122]. The first transition
energy can be expressed as F$5(d;) ~ 27yoa._./d; for semiconducting nanotubes
and E7Y(d;) =~ 6va._./d; for metallic nanotubes. Coupled with this resonant
enhancement effect in Raman scattering, the mode frequency wgpgys is very sensi-

tive to the changes in nanotube diameter and tube-tube interaction, which makes
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RBM mode a valuable probe for the functionalization-induced structural and elec-
tronic changes in carbon nanotubes [12]. The D-line around 1350 cm™! is due
to the disordered carbon and usually assigned to defects in carbon nanotubes or
to the presence of carbon impurities [23]. It can be therefore used for classifying
the purity of carbon nanotube samples. Another feature in the Raman spectra of
SWNTs in the range 1550—1600 cm ™! is identified with the tangential stretching
modes (TM). In contrast to the low frequency RBM mode near 200 cm™!, the
vibrational modes in G band are insensitive to the changes of nanotube diameter
(122, 132].

Due to these unique features induced by resonant process, Raman spectroscopy
has become one of the most efficient tools for investigating the vibrational prop-
erties of SWNTSs in relation to their structural and electronic properties. Since
Raman vibrational features are sensitive to both the intercalation and charge
transfer, this spectroscopy allows us to investigate the evolution of the structural
and electronic properties of SWNTs under chemical functionalization [34, 91].

Shown in Figure 5.6 is the progressive change of Raman spectra, over a broad
frequency range from 50—2000 cm™!, excited by a laser energy of 1.92 eV from a
SWNT sample in different functionalization stages. Distinct features can be seen
in the Raman spectrum of CNT-Cl. The intensity of RBM bunch and D-line are
relatively suppressed compared to that intensity in pristine nanotubes; the TM
bunch has become narrower in the spectrum of CNT-Cl, and the center of the
band has upshifted by ~10 cm~!. After reacting CNT-CI with TPTA and PDA,
we can see a tendency towards the relative intensity of RBM and D-line being
recovered, and the TM bunch shows a similar peak structure to that of pristine
nanotubes.

The changes of RBM bunch between 100—300 cm ™! and of TM bunch between
1400—1700 cm™! for laser excitation energy 2.54 eV and 1.92 eV are emphasized
in Figure 5.7 and Figure 5.8, respectively. In Figure 5.7 only semiconducting nan-
otubes with specific E£¢(d;) are in resonance with either the incident or scattered
photon, showing two dominant peaks in tangential mode. All of the spectra
in tangential mode for different functionalization stages can be well described
by three characteristic Lorentzian components, as shown in the curve fitting in
Figure (e) ~ (h). The higher two frequency components are associated with
vibrations along the circumferential direction, and the lower frequency compo-
nent is attributed to vibrations along the direction of the nanotube axis. TM is

hence sensitive to the charge transfer in carbon nanotubes and provides a valu-
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Figure 5.6: Raman spectra of pristine and functionalized SWNTs.
The spectra were taken with excitation energy A = 647.1 nm (E =
1.92 eV).

able probe of the electronic structure through the coupling between electrons and
phonons. Compared with the pristine nanotube sample and CNT-Cl, there is a
clear peak shift in the high frequency component of TM from 1584 cm™! to 1601
cm~!. In both CNT-TPTA and CNT-PDA, this peak downshifts to 1591 cm™*
and 1589 cm ™1, respectively. The softening in the TM can be interpreted in terms
of valence electron transfer from an electron donor [123, 124], the amine group,
into the carbon 7* band, resembling graphite intercalation compounds. On the
contrary, stiffening of the TM was observed upon doping with electron acceptors.
These results are in good agreement with the characterization by XPS.
Likewise, the RBM bunch in CNT-CI upshifts from 171 cm™! to 180 cm™!
and then goes back to 177 cm™! for both CNT-TPTA and CNT-PDA. The RBM

is a strong A; mode sensitive to the nanotube diameter d; as:

wrpm = Awrpy + C/d; (5.1)
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where Awgrpys is a frequency shift due to tube-tube interactions, C' is a constant
and expressed as the radial breathing mode frequency of an isolated nanotube
times its diameter [2, 150]. The upshift of RBM suggests a stronger tube-tube
interaction in a nanotube bundle due to lattice contraction upon hole doping
[151].

Similar evolution of Raman spectra upon functionalization is shown in Figure
5.8. At Ejaser = 1.92 €V the spectra show that both semiconducting and metallic
nanotubes are brought into resonant Raman process involving interband transi-
tions between singularities in the 1D electronic density of states. This indicates
that we have a broad distribution of nanotube diameters. The nanotubes can be
in resonance with the E35(d;) transition for semiconducting nanotubes and with
the EY;(d;) transition for metallic nanotubes [22]. The tangential phonon mode
region in pristine nanotubes yields Lorentzian components at 1567 cm™!, 1591

cm™ ! and 1601 em™! for semiconducting nanotubes. Three additional charac-

1

teristic components resulting from metallic nanotubes are present at 1529 cm™,

1550 ecm~! and 1581 cm™!, respectively. Focused on TM bunch, we can observe
an evolution upon chemical functionalization. In CNT-CI, the TM bunch up-
shifts to a higher frequency due to the p-type doping, consistent with the upshift
of TM bunch at 2.54 eV excitation and downshift of carbon binding energy in
C 1s core level spectrum. Reacting CNT-Cl with TPTA or PDA recovers the
phase and the peak positions of TM bunch. Most interestingly, the TM profile
in CNT-CI loses the low-frequency components and is now dominated by a semi-
conducting component at 1612 cm~!. In CNT-CI, the electron acceptors empty
the uppermost states of the valance band, therefore, the Fermi level is shifted
down below the first 1D van Hove singularities in the density of states. The first
few optical transitions between singularities are quenched due to the lack of ap-
propriate electron/hole states. This results in a loss of Raman resonance which
manifests as a decrease in the intensity of the corresponding peak in the spectrum
(17, 41, 81]. In CNT-TPTA, the electron donors refill the uppermost states of
the valance band. The TM bunch then shifts back to the same frequency as the
pristine sample. This recovery is more clearly seen in the spectrum of CNT-PDA.
The TM spectra of both CNT-TPTA and CNT-PDA can be well fitted by the
same Lorentzian oscillators used in the spectrum of the pristine sample. In both
cases, the peaks at 1591 cm™! and 1550 cm ™! are still the dominant components

in semiconducting nanotubes and metallic nanotubes, respectively.

The RBM bunch at Ej,ger = 1.92 €V shows a similar evolution and is depicted
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in Figure 5.7. The RBM bunch first upshifts from 193 ecm™! to 201 ecm™! and
then shifts back to 198 cm™! in both CNT-TPTA and CNT-PDA. This func-
tionalization induced RBM shift resembles the RBM shift in alkali metal doped
nanotubes [17]. Since the frequency of RBM is very sensitive to the intertube
interaction, the shift of the RBM is expected upon interaction of doping species
inside the bundles [121]. Under this assumption, the upshift of the RBM could
be assigned to a stiffening of the intertube interaction due to lattice contraction
under hole doping. Additionally, the ratio of TM to RBM integrated intensity
also varies with functionalization. In the pristine nanotubes the ratio is about 2.3
and drastically increases to 18.5 upon hole doping in CNT-CI. It recovers to 5.8
in CNT-TPTA and 2.7 in CNT-PDA, respectively. Therefore, this ratio could be

useful in controlling the amount of doping in the sample.
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Figure 5.7: Radial breathing mode (RBM)((a)~(d)) and G-band
((e)~(h)) Raman response of pristine and functionalized SWNTs.
The spectra were taken with excitation energy A = 488 (E = 2.54
eV). Lorentzian fits to G band are shown.
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Chapter 6

All-carbon nanotube transistors

6.1 Introduction

Since lijima’s discovery [73] of carbon nanotubes during his electron microscope
studies in 1991 more than 6500 papers on these new materials have appeared so
far. Several groups have prepared transistors based on carbon nanotubes (field-
effect transistors [101, 102, 148, 164] or single-electron transistors [19, 120, 147]).
The first generation of these transistors consisted of nanotubes placed over metal
leads on a silicon chip. The leads served as source and drain and the doped
silicon substrate acted as a gate. The on/off ratio of these transistors was about
10°, but the gain was very low (<<1), due to the fairly thick oxide layer needed
to prevent leakage currents. Recently Bachtold et al. presented a new electrode
configuration where the gate is an aluminium strip and the thin aluminium oxide
layer allows the gate to be so close to the nanotube that the transistor reaches
gain values of about 10 [9]. Several papers reported on combining nanotube
transistors to logical circuits [9, 38, 76] and Dai et al. [76] have presented an array
of some hundred nanotube transistors assembled on a silicon chip. The nanotube
transistors reported so far are not really “nanoscale” devices. The conducting
channel consists of a single nanotube and this is, of course, nanoscale. But source
and drain are made by electron beam lithography, and are about 100 nanometers
wide and several micrometers long. In the first generation nanotube transistors
the gate is even macroscopic (a silicon chip of millimeter size). The aluminium
gate of the second generation transistors (Bachtold et al.) is lithographic like
source and drain and still not nanoscale. In this chapter we report on transistors

where not only the conducting channel is a nanotube, but the gate is also a carbon

81



82 Chapter 6. All-carbon nanotube transistors

nanotube. The role of the gate oxide is played by a tripropylentetramin molecule,
linking the two tubes to form carbon nanotube T-junctions (CNTJs). Thus the
active part of the device is truly confined to a region of a few nanometers in all
three dimensions and it is all-carbon, except for four nitrogen and two oxygen
atoms!

In addition to the transistor behaviors, we have also explored the band struc-
ture modulation in metallic nanotube channels via the carbon gate. For doing
this, we have made two distinct junctions: CNTJ-I with bridging linker molecules
at the junction; CNTJ-IT without bridging linker molecules at the junction. The
modulation mechanisms are discussed in terms of the “field effect” along with the

“electromechanical effect”.

6.2 Device processing

In the previous chapter we dealt with the chemical functionalization of nanotubes,
by which two nanotubes can be brought into connection in a T-shape configu-
ration. Following the procedure of nanotube dispersion in SDS solution and
adsorption on silanized Si substrate we can contact these delicate structures by
electron-beam lithography. During the dispersion of functionalized nanotubes by
ultrasonic agitation special care must be taken to maintain the interconnection of
nanotubes by single molecules. A rather sparse density of nanotubes is adsorbed
on Si substrate with predefined coordinate markers, as shown in the AFM images
in Figure 6.1 (a). A well-shaped junction was carefully checked with AFM and
selected for metal contacts (Figure 6.1 (b)). The position of the junction is cal-
culated relative to the closest four coordinate markers. Subsequently, Cr/AuPd
were applied by the electron-beam lithography process described in Chapter 2.
As can be seen in Figure 6.1 (c), the lithographical processing did not ruin the

junction structure.

6.3 Electrical transport

Figure 6.2 (a) and (b) show the AFM images of the CNTJ-I samples with semi-
conducting and metallic nanotubes as conducting channels, respectively. The two
nanotubes are bridged by tripropylentetramin to form the junction, which is ~1.4

nm long and nonconductive. Due to the insufficient resolution of the AFM the



6.3. Electrical transport 83

Figure 6.1: Procedure for making contacts on a CNTJ. (a) AFM
image of functionalized nanotubes on Si substrate with marker sys-
tem. (b) Zoomed AFM image in the marked region in (a). (c) Six
metal leads are attached on top of the selected CNTJ.

diamide linker molecule at the junction is not resolvable in images. The long
molecular chain and perpendicular linkage keep the nanotubes in proximity with-
out allowing contact. In this configuration the molecular linker can function as
insulating gate oxide, resembling the SiO5 in metal-oxide-semiconductor FETs.
The nanotubes are embedded in five 20 nm thick Cr/AuPd electrodes. The bar
of the “T” is the tube between the leads E1 and E2, and acts as conducting
channel, and the leg connected to E4 is the “carbon gate”. E3 and E5 are addi-
tional contacts to allow for separate inspection of the two nanotubes forming the
T-junction. The Si chip is degenerately doped so as to act as a common “back

gate” to characterize the electric properties of the various sections of the tubes.

6.3.1 Transistor behavior in semiconducting nanotubes

As is well known, there are semiconducting and metallic carbon nanotubes, and

it is not yet possible to synthesize only one type or to separate the types after
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Figure 6.2: AFM images of two CNTJ-I samples with electrodes
applied on top. (a) The bar and the leg of the T have diameters of
2.0 nm and 1.4 nm, respectively. For (b) they are 1.0 nm and 2.8 nm,
respectively. The shortest distance between the electrode (E2) and
the junction point is ~150 nm in (a) and ~70 nm in (b), respectively.
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Figure 6.3: Current vs. voltage characteristics of an all-carbon tran-
sistor with semiconducting nanotube as channel, with different volt-
ages at the carbon gate. The back gate is kept at 0 V. The measure-
ments were carried out at 4 K.
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synthesis. The conduction properties of the nanotubes can be characterized by
observing the response to the back gate. If the conductance can be modulated
by several orders of magnitude, the tubes are semiconducting, otherwise metallic.
The obvious configuration for a “field-effect” transistor would be to choose a
semiconducting tube as channel. The device shown in Figure 6.2 (a) is this case,
whose output characteristics are depicted in Figure 6.3 (channel current versus
bias across channel for different carbon gate voltages V,,). At a bias of 35 mV
between source and drain we can pass a current of 1 nA through the channel tube.
If we apply a carbon gate voltage of 0.3 mV to the tube forming the leg of the “T”,

we can effectively suppress this current. Thus we see that gain values (defined as

AVys

9= ave. |7) of about 100 can easily be obtained in all-carbon transistors.

6.3.2 Band gap modulation in metallic nanotubes

The electronic structure of carbon nanotubes is crucially dependent on their di-
ameter and chirality. The existence of different chiralities gives both metallic and
semiconducting nanotubes [113, 155]. Recent predictions have pointed out that
mechanical deformation [67, 80, 93, 100, 128, 161] and a high electrostatic field
[55, 56, 84] can remarkably affect a tube’s electronic properties and could be used
for band gap engineering in nanotube-based molecular scale electronics. Pre-
vious experiments have focused on strain-induced conductance changes mainly
based on scanning probe technique where the loading is applied by an AFM tip
on a suspending nanotube [26, 110, 149]. Stress is exerted throughout the tube
and causes different deformation modes: bending in the tip-contacted region and
stretching along the axial direction in the straight parts. It was found in these
experiments that the conductance could drop by a factor of two [26, 110] or even
by two orders of magnitude [149] in metallic nanotubes under various strains.

Here we present measurements to demonstrate for the first time that the band
structure of metallic nanotubes can also be modulated by a local electrostatic
field. Both metallic (on) and insulating (off) states are accessible by changing
the field strength, resembling a molecular switch.

To date, CNTJs are only predicted by theories [107, 108] where the leg of the
T is attached sidewise to the bar of the T via pentagon and heptagon carbon
rings. CNTJs used in the this study are somewhat different and were fabricated
by functionalizing nanotubes on the defect sites. The carbon gate is capacitively

coupled to the channel via an insulating molecule bridging the two tubes. An
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example of such devices is shown in Figure 6.2 (b), where the bar of the T is
metallic. The tube between E1 and E2 is defined as the conducting channel and
the tube between E2 and E3 is used only for diagnostic purposes. A dual gate
configuration is designed in our devices: the Si chip acts as a back gate, and
the leg of the T is used as an in-plane carbon gate. To gain insight into the
modulation mechanisms, we have investigated the electrical transport along two
different kinds of CNTJs. The first type (CNTJ-I) was made as described above,
whereas the bridging molecule was destroyed by heat treatment in the second
type (CNTJ-II).

Shown in Figure 6.4 is the conductance of a metallic channel in CNTJ-I as
a function of the back gate voltage Vj, at 4 K. The panels (a), (b), and (c)
correspond to different fields applied through the carbon gate. The bias across
the channel is kept constant at 6 mV and the channel current I;5 is measured.
At E., = 0 (Figure 6.4 (a)), regular conductance oscillations are seen in the
dly2/dVas—Vp, plot. They originate from the quantum confinement on the metallic
channel by the two contact barriers. These conductance peaks appear when a
new quantized excitation becomes energetically accessible, opening a tunnelling
pathway between the confined nanotube and the electrodes. The peak spacing is
constant, implying that a single quantum dot is defined between the two confining

electrodes.

Applying a field strength of 4 x 10 V/cm on the carbon gate (Figure 6.4 (b))
dramatically distorts the Coulomb blockade (CB) oscillations. A new oscillation
pattern, shown in Figure 6.4 (b) and its inset, emerges with average peak spacing
broadening from AV;, = 40 mV to A‘/Zg = 140 mV. The increasing peak spacing
and the irregular amplitude indicate that the electric field acts as a local per-
turbation to the 1D quantum structure. The channel is energetically split into
two islands and connected in series with length . This change can be confirmed
from AVZQ /AV,, obtained from the self-capacitance of the split channel. AV,
corresponds to a change of one electron in the island and can be expressed as
eAVyy = (Epy1 — E,)Cs/Chy + €2/Chy , where Gy, is the gate capacitance and
Cy, is the total capacitance of the defined quantum dot. It is assumed that the
energy spectrum for the greater split island can be regarded as continuous at 4
K [130]. In the approximation of vanishing energy splitting in the smaller island
E,+1 — E, = 0, we obtain AVb/g/Ang ~ C’bg/C’,;g = LIn(2L,/d;)/L, In(2L/d;) =
3.8 with d; = 1.0 nm being the tube diameter and L = L, 4+ L; being the channel
length. This is in good agreement with the observed ratio AVb'g J/AVy, = 3.5 1in
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Figure 6.4: Evolution of back-gate dependent conductance in a
metallic channel of CNTJ-I at 4K. The data were taken at Vy, =
6 mV with (a) E., =0, (b) E,, =4 x 10® V/cm, and (¢) E,, = 10*
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dl15/dVys — Vg plot shown in Figure 6.4 (b) and its inset.

Interestingly, if we further increase E., to 10* V/cm, the CB oscillations vanish
and a step-like conductance shows up in Figure 6.4 (c¢). The dl12/dVys — Vi, curve
now shows ambipolar transport with hole conduction at V3, < 1.5 V and electron
conduction at Vi, > 6 V (inset to Figure 6.4 (c)). In contrast to E., = 0, here
the channel conductance drops by two orders of magnitude in the conducting
state. This change occurs only locally in the channel where the carbon gate is
attached. The electrical transport in a diagnostic segment next to the channel is
not affected upon application of the E.,. This result shows that the increasing
E., progressively modifies the electronic structure of the metallic tube locally.
At E., = 10* V/cm, an energy gap F, is induced in the metallic channel. The
energy gap I, can be estimated by multiplying a gate efficiency factor o ~ 10
meV/V to the insulating region spanning AVy, ~ 4.5 V, yielding £, ~ 45 meV.

In Figure 6.5 we show the I — Vjy, curves of CNTJ-I at E.;, = 0 (panel (a)) and
at E., = 10* V/cm (panel (b) and (c¢)). The nonlinear I15—Vj, curve in panel (a) is
due to the CB effect where the conductance gap corresponds to a charging energy
of E, = €*/2Cs, ~ 20 meV. In striking contrast, the I;o—Vj, curve under E,, = 10*
V/cm is highly nonlinear and asymmetric, resembling that of a Schottky diode.
The rectifying behavior as a signature for metal-semiconductor (M-S) junctions
is explicitly associated with the gap opening. Additional transmission barriers
develop at the M-S interfaces. This gives rise to a reduction of the turn-on voltage
by two orders of magnitude at V, > 0, consistent with the conductance drop in
the dl12/dVys — Viy plot shown in Figure 6.4. These Schottky barriers are also
reflected in the I13— Vs curve shown in Figure 6.5 (¢). Notably, the I15—Vy, curve
under E,, = 10* V/cm is very similar with that in nanotube M-S intrajunctions
observed by Yao et al., where an asymmetric barrier is induced by a kink defect
[159]. In our case the origin of the asymmetric barrier could be attributed to the
asymmetric defect structure (e.g. pentagon-heptagon pair) which serves as an
anchor group for linkage.

The mechanism(s) governing the gap opening observed in Figure 6.4 and Fig-
ure 6.5 is (are) presently unsettled. Different scenarios can be speculatively pro-
posed to explain this effect. Being capacitively coupled to the channel, the carbon
gate applies a local perturbation to the charge distribution in the vicinity of the
junction by “field effect”. At low field strength (<< 3 x 10® V/cm), the field-
induced polarization in metallic tubes is negligible but the electric field could

cause the redistribution of the charge density in the valence and conduction band
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edges [56]. It was suggested for metallic nanotubes that a non-zero transmis-
sion barrier appears as the local electric field reaches the order of 107 V/cm and
eventually results in a gap opening of tens of meV in the local density of elec-
tronic states for a higher electric field (> 2 x 107 V/cm) [84]. However, this
predicted electrical perturbation to the band structure is much higher than our

experimental findings.

For a nanotube contacted only at one end by a metal lead, the application
of the voltage on the tube will result in charge injection from the source. The
extra charges accumulate considerably at the very end (within 3 A) instead of
being uniformly distributed along the tube [82]. This gives rise to substantial
charge density at the tube end. Additionally, accumulating charges will enhance
the local electric field, and are delicately influenced by the aspect ratio and the
edge geometries [62]. The field enhancement factor can be simply estimated by
using n ~ m?/In(2m) — 1, where m is the aspect ratio of the tube, yielding a
typical  value ranging from 10% to 10? in our carbon gates. If we take n ~
10% into account, the field-effect induced band structure modulation will be in
reasonable agreement with the experimental results. However, in accumulating
the experimental statistics of CNTJ-I so far (~15 devices) we found two additional
issues which remain uncertain: jerky-like conductance changes in most of the

devices upon application of a similar order of E.,; rather poor reversibility of

cgs
the conductance changes in both metallic and semiconducting channels (i.e., the

gating occurs only in one way, either E.;, > 0 or E., < 0).

We, therefore, come up with another mechanism which could contribute to the
band structure modulation in CNTJ-I. The changes in the band structure can be
understood from a consideration of the Fermi points in the reciprocal space of the
graphitic lattice. In the 2D graphite layer, the first Brillouin zone is depicted by a
hexagon with six Fermi points kr lying on vertices k,. The electrical properties of
nanotubes depend critically on the location of the graphitic Fermi points relative
to the allowed 1D k lines (subbands). The value of |ky — kp| characterizes the
first van Hove singularities and energy gap [154], with k4 being the point of closest
approach to kr in any allowed lines. If one of these allowed lines passes through
the k, point of the 2D graphene Brillouin zone, the nanotubes are metallic and
otherwise semiconducting. The mechanical forces of lattice expansion in the leg
can exert on the circumference of the bar via the single molecular linkage. The
sidewall of the bar could thus be twisted, giving rise to the change of local helicity

near the junction. Prior to the twisting deformation, kyr of a metallic tube sits
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on the allowed subband. Upon twisting, the wrapped graphite structure rotates,
shifting kr away from the original state. This gives rise to a nonzero shortest
distance |k — kp|, which is proportional to the induced energy gap at the Fermi
surface of a metallic tube (see Appendix A for detailed analysis). In fact, similar
actuation in V,05 nanowires [54] and in individual nanotubes under visible light
illumination [162] were also demonstrated. Thus, in our experiments the charged
leg might pull against the bar and mechanically deform the bar in such a way
that locally a gap is opened in the density of states and the metallic tube turns
into a semiconductor.

To compare quantitatively the experimental results with theories based on the
“electromechanical effect”, we consider the model suggested by Yang et al. [161],

in which the band gap under strain varies as

dE
d—g = sign(2q + 1)3~,sin 36, (6.1)
N

where vy /= 2.7 eV is the tight-binding overlap integral, 8 is the chiral angle, ¢
= 0, 1 is the remainder in n — m = 3p + ¢ with (n, m) being nanotube indices
and p being an integer. The strain transferred from the contraction of the carbon
gate to the channel stems from the hole injection in the carbon gate and can be
obtained from

vy=0L/L = (£ +£0.2qcos30)f, (6.2)

where ¢ = 0.07 is a chirality-independent lattice displacement factor and up-
per/lower signs correspond to hole/electron doping [22]. The doping level in the
tube can be written as

 CoVey  2meLegVe
- Neg Nncgln(Zch/dt)’

f (6.3)

where € is the dielectric constant, d; is the tube diameter, L., is the length
of carbon gate, n., is the number of carbon atoms within 3 A [82]. Tt leads to
f ~ 2.4x1072 and corresponds to strain at the end of carbon gate, depending on
the tube chiral angle. A gap ranging from 1.4 meV to 5.2 meV is then expected
under such strain in the circumferential direction of the channel. This value is
somewhat too small to be fully consistent with the experimental results, but it is
sufficient to address the jerky-like conductance changes observed in most of the
CNTJs with linker molecules.
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Figure 6.6: Three-dimensional
AFM image of the CNTJ-II with
electrodes applied on top. The
diameter of the channel and the
carbon gate are 1.6 nm and 1.3
nm, respectively.

To clearly separate the possible electromechanical effect from the field effect
in CNTJ-I, we have produced a second type of T-junctions (CNTJ-II). In Figure
6.6 we show this type of nanotube T-junction with a metallic tube as bar. It is
formed by using the same procedure of chemical functionalization shown in the
previous chapter. The main difference is that the device is heat treated at 150
°C in air for 2 ~ 3 minutes after contacting the T-junction with metal leads.
The molecular linker, tripropylentetramin, can be effectively broken under this
condition of heat treatment. This type of T-junction is useful in comparing the
transistor behavior triggered by the speculated electromechanical actuation effect
and the pure field effect. It can also be used to probe the local electrical properties
of nanotubes by means of electrical field effects.

Figure 6.7 depicts the channel current versus back gate voltage at different
field strength applied through carbon gate. We can see the current oscillation due
to the CB effect at 4 K. It shows that the tube has stronger electrical coupling with
leads when the negative back gate voltage is applied. As a E,4 is imposed on the
metallic bar and the same back gate voltage is swept, a qualitatively similar CB
structure (Figure 6.7 (a)) can be observed. In some regions of back gate voltage,
we can clearly see the influence of a local carbon gate on the charge transport
through the long quantum wire. This is magnified in Figure 6.7 (b) and (c). In
Figure 6.7 (b), the peak at E.;, = 0 has Lorentzian shape, indicating the charge
transport in linear regime. As a positive E., is applied, the peak downshifts
and the peak amplitude decreases. On the other hand, the peak upshifts and
a broadened peak shape develops when an opposite sign of E, is applied. In
Figure 6.7 (c), we see that the E,, only homogeneously shifts the potential of the
right peak but significantly modifies the left peak in an unexpected way. These

spectra are fully reproducible in trace and retrace measurements.
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A more pronounced modification is depicted in Figure 6.8, where a carbon gate
voltage up to +4000 mV is applied' and the Vy, is kept at the same value (60
mV). Sitting on a back gate voltage of Vj, = —251 mV (single electron tunnelling
regime) the channel conductance first oscillates as a function of E,, and then
drops to an immeasurable state (< picoamp). This behavior is fully reversible
in repeated measurement cycles. The conductance fluctuation could be due to
the interference effect [78, 88, 96], in which the transmission coefficients for the
two conducting subbands is additionally modified by the applied carbon gate.
The transmission coefficients of the two electron waves in each subband can be

approximately expressed as [78]

Ty = 3/[(s/70 + V3i)* = (s/70)%e™], (6.4)

Ty = 3/[(s/70 + V3i)* — (¢/70) ™), (6.5)

where ¢ is the energy barrier, and L is the channel length. Near the Fermi level,
both wave vectors can be written as ky = Aky+2m/3 and ko = Aky—27/3, where
the Ak;o can be obtained from the energy dispersion relation and be written
as Aky = Aky = (agVig + egVey)/hvp with vp = \/570/h in the first-order
approximation. as, and oy, correspond to the gate efficiency factor for back gate
and carbon gate, respectively. The phase term in the transmission coefficients

are then rewritten as

pi2kiL _ ei[(QL/th)(abngg+achcg)+47rL/3]7 (6.6)

¢i2k2L _ Al2L/hvp) oy Vog+areg Veg)—4TL /3] (6.7)

As Vp, and V,, vary, both T} and 75 will oscillate and consequently the channel
conductance will also fluctuate.

Beyond a field of E., > 2 x 107 V/cm the metallic channel in the vicinity
of the junction turns into an insulating state, in excellent agreement with the
predicted value discussed above [84]. Interesting to note is that upon application
of negative E,, the field-effect modulation in the channel conductance is not sym-

metric to positive E,, a step-like conductance is observed instead (not shown).

!The leakage current between E2-E5 becomes sensible when the voltage across the junction
is larger than + 4.5 V.
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Disregarding the edge geometry of the carbon gate and the induced enhancement
of the electric field, a local field of over 107 V/cm is required for opening a gap
in metallic tubes. In sharp contrast to CNTJ-I, we found that the conduction of
metallic tubes in CNTJ-II can be reversibly switched by applied E, (pure field
effect) and suggest that in addition to the “field effect” modulation the “elec-
tromechanical effect” could be attributed to the different switching mechanism
observed in CNTJ-1.

In conclusion, we want to remark that the observed effects in CNTJ-I are
reproducible from sample to sample, but the gate-induced changes are not very
reversible (The lack of reversibility is consistent with the assumption of a jerky
motion of the tubes as a compromise between actuator effect and attachment to
the silanized substrate). In further experiments the samples have to be improved
and theoretical modelling has to be extended. Due to the one-dimensional nature
of carbon nanotubes, structural deformation on the perfectly curved honeycomb
lattice shows remarkable influence on the charge transport. This plays an impor-
tant role in designing the nanotube-based electronics [44, 57]. These geometrical
changes are not restricted to carbon nanotubes but are a general feature of nano-

size objects and have to be considered in designing any kind of nanoelectronics.
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Chapter 7

Summary and outlook

The extraordinary advances in silicon-based electronic technology has created
smaller and smaller integrated circuits. This has led to higher operating speed and
packing density. However, miniaturization is reaching its fundamental limits. One
proposed and promising system is “molecular electronics” in which the active part
of the device is composed of a single or a few molecules. One of the extensively
studied materials is the carbon nanotube, a macromolecule with high aspect ratio
in its geometry. They can be either metallic or semiconducting, depending on
how they are rolled up. They are mechanically strong, chemically stable, and

have well defined one-dimensional electronic structures (Chapter 1).

We have taken carbon nanotubes grown by laser-ablation and arc-discharge
techniques for device processing, including suspension of nanotubes in an aqueous
solution, dispersion of nanotubes on silicon substrate, and electron-beam lithog-
raphy for fabricating electrical contacts. Two different contact methods have
been involved in our device preparation: adsorbing an individual tube on top of
the predefined electrodes; covering metal contact on top of selected tubes. The
transport measurements are done in transistor configuration typically with three
terminals, a special carbon gate is used as second gate in some transistors for
locally tuning the electronic structures of the conducting channel. The experi-
mental setup enables a consecutive change in temperature from room temperature

down to liquid helium temperature (Chapter 2).

The unique electrical properties of SWNTs arise from the confinement of the
electrons in the circumferential direction, which allows electron motion only along
the tube axis. If the two contact resistances exceed the resistance quantum, a

nanotube quantum dot is formed. Charge quantization or energy quantization
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can then be observed at low temperatures (Chapter 3).

A carbon peapod structure is fabricated by encapsulating Dy@Csg, molecules
in SWNTs. The metallofullerenes are nested inside a nanotube one by one, form-
ing a one-dimensional chain. The packing of metallofullerenes crucially depends
on the inner diameter of the host nanotubes. Devices consisting of fully or par-
tially encapsulated Dy@Cg, metallofullerenes in individual nanotubes have been
performed. The charge transport through such a sophisticated structure has been
investigated for the first time. The fullerene molecules are found to act as donors
but surprisingly transfer electrons to nanotubes by lowering the temperature. The
transport results reveal that the electronic structure of the nanotube is modified
by encapsulated fullerene molecules. In partially filled nanotubes, an intrajunc-
tion is formed at the filled /unfilled interface and charge transport is dominated
at this interface (Chapter 4). A more convincing experiment in the future will be
the combination of transport with electron microscopes. We are fabricating indi-
vidual suspending peapods, capable of being imaged by HRTEM after performing
transport measurements. Another interesting aspect of the nanotube peapods is
their magnetic properties. Investigation of the magnetotransport and the Kondo
physics in one-dimensional magnetic peapods will be a new and intriguing field.

Chemical functionalization on carbon nanotubes presents a new opportunity
for altering structural properties or for constructing desired structures. A good
example is the formation of single wall carbon nanotube interjunctions used in
probing the local electronic properties of side-connected nanotubes, in making
conductive interconnection, or in creating new transistor functionalities. We
demonstrate for the first time that the nanotube interjunctions can be stably
formed by a single molecule linkage bridging two nanotubes (Chapter 5). The
geometrical structure of these junctions is studied by AFM, the chemical reaction
and functionalization induced changes in the electronic structure of nanotubes are
monitored by XPS and Raman spectroscopy. More importantly, we show that
this protocol presents a nondestructive, low-temperature method of introducing
diamine linkage onto the SWNTs and consequently the formation of junction
structures. A more controllable linkage reaction at specific point will be the next
goal.

Quite soon after the discovery of the nanotubes several groups started to
build transistors based on semiconducting nanotubes. The conventional way of
preparing such transistors is to deposit the gold leads onto the oxide layer of

silicon chips (by electron beam lithography), which serve as source and drain
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contacts, to deposit carbon nanotubes over these leads, and to use the doped
silicon substrate as a gate contact. By applying a voltage between the silicon
gate and a nanotube the conductivity of the nanotube can be modulated by up
to 5 orders of magnitude. The on-off ratio of these transistors is very large, but
the gain is very small, because of the large distance between the gate and the
nanotube (thickness of the oxide layer up to 1 um). Recently, the group of Cees
Dekker in Delft prepared carbon nanotube transistors with a gain of about 10.
In this case the gate was a lithographic aluminum strip, the dielectric was an
aluminum oxide layer, and the nanotube was placed on the top of this oxidized
Al strip. Although these devices are based on carbon nanotubes the structure is
not really nanoscale and is determined by lithographic leads. This has prompted
us to prepare carbon nanotube transistors, which are really nanosized, and where
both the conducting channel and the gate are made of nanotubes.

Following the chemical functionalization procedures, we have fabricated nan-
otube T-junctions by wet chemical methods and adsorbed these T-junctions on
silicon chips, and afterwards painted metal leads by electron beam lithography.
The end-connected nanotube serves as a local in-plane gate in addition to the
back gate. The analysis shows that gain values of above 100 can be obtained. In
addition to all-carbon transistors, we have also explored the modulation mecha-
nisms in metallic nanotubes by using this sophisticated junction structures. We
find that the behavior of this transistor cannot be fully explained in terms of con-
ventional field-effect transistors, but that electromechanical effects also have to
be taken into account. Applying a gate voltage not only changes the potential at
the active channel, it also leads to deformation of the nanotube and changes the
electronic structure. This is evident from the gap opening in metallic nanotubes

under low carbon gate voltages (Chapter 6).
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Appendix A

Band structure of carbon nanotube under deformation

For a structurally perfect nanotube, the Brillouin zone is hexagonal with kz
locating at the vertices k,. The electronic structure is determined by the bound-
ary condition discussed in chapter 1. The allowed electronic states lie on parallel
lines with spacing 2/d;. Upon applying uniaxial or torsional strains, real space
vectors become r = (I 4 ¢)rg, where I = (0;;)ax2, € = (&ij)2x2 is a uniform 2D
strain tensor applied to a graphite sheet, and the subscript denotes the original
state. It can be transferred to k space as k = (I + ¢)’k,. Neglecting the trigonal
warping effect around the k, points (see Figure 1.7 in chapter 1), we can charac-
terize the allowed electronic states in the deformed nanotube by considering only
the change in kp relative to invariant k lines |k — kp| with kp = k, + Akp. kg
is determined by solving the Hiickel tight-binding Hamiltonian:

E(krp) =| H(kp) |=| > tjexp(ik - rjo) |= 0 (7.1)

where t; = to(ro/r;)? is the Harrison hopping parameter [63].
We can obtain the Akp [161]:

Ak%ro = (1 + v)opcos360 + ysin30 (7.2)

Akbrg = (1 4 v)oysin30 + ycos30 (7.3)

where superscript ¢ and ¢ denote components along the tube axis and circumfer-

ence, 0y and 7y are strains along ¢ and ¢, corresponding to uniaxial and torsional

strains on nanotubes, v is the Poisson’s ratio, and 6 is the tube chiral angle.
Following the approach of Ref. [160, 161] and applying the boundary condition

k - C = 27/ to the tube circumference, we can obtain the van Hove singularity.

3
| Eg |: §t0TOAk‘§ (74)
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2
Akj =| 3—dt[3€ — Bp+q)] - AkR | (7.5)

where d; is the tube diameter, p and ¢ are defined from the tube index (n, m) as
n—m = 3p+q with ¢ = 0 (metallic) and £ 1 (semiconducting). Akj measures the
shortest distance between kr and k lines of quantum number ¢ and determines
the position of van Hove singularities which equal half of the energy gap. At zero
strain, kg sits at k,. Setting k, as the origin, the nearest allowed k are at 2/3d,,
0, and —2/3d; on the c axis for tubes ¢ = —1, 0, and 1, respectively. Therefore,
for semiconducting tubes (¢ = £1), the nearest van Hove singularity is at | £ |
= toro/d; with a band gap of 2| E; |, and the second nearest one is at £ = p £ 1.
For metallic tubes ¢ = 0, the first nearest distance and the band gap are zero at
¢ = p, and the second nearest distance is k line spacing of Ak; , = 2/d;, leading
to the first van Hove singularity at | E,41 | = 3toro/d;.

When strain drives kg to shift away from k, by Ak, the positions of van Hove
singularities and band gap change accordingly. The band gap can be enlarged or
shrunk, depending on the shift of Akp. The nearest distance Akj and band gap
decrease for ¢ = —1 but increase for ¢ = 1. For metallic tube ¢ = 0, an energy
gap is induced. The changes of the band gap under strain can be derived from
equation 7.2, 7.3, 7.4, and 7.5:

AE, =sgn(2q + 1)3to[(1 4+ v)ocos30 + ~;sin30] (7.6)

From this result, it is clearly seen that the electronic structure of armchair
nanotubes (f = m/6) is very insensitive to the uniaxial strain but not to the
torsional strain. In contrast, the electronic structure of zigzag nanotubes (6 =
0) is inert to torsion, but sensitive to uniaxial strain. Other nanotubes fall in

between.
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