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Chapter 1

Introduction

Graphite is a layered material in which each sheet is a hexagonal grid of carbon
atoms covalently bonded to each other in the plane and van der Waal bonded between
layers. The covalent bond is one of the strongest in nature while the van der Waals bond
is weak thus planes may easily slide relative to each other. A nanotube can be described
as a long thin strip, cut out of a single atomic plane of material, rolled to form a cylin-
der with a diameter of nanometer scale and a length on the order of microns. Carbon
nanotubes were first discovered by lijima in 1991 [1] while performing transmission electron
microscopy (TEM) on a fullerene sample taken from the chamber where Cg [2] is produced.
The discovery has lead to considerable interest in many fields due to the versatility and ap-
plication potential of these nanostructures. Experimental observations of carbon nanotubes
demonstrate that tubes may be single-walled or multi-walled structures with over 50 walls.
Multi-walled tubes are hollow seamless cylinders which are concentrically organized such
that the spacing between walls approximately equals the graphitic interplanar distance.
Perhaps the most unique feature of these nanostructures is their high aspect ratio. Inner
diameters of nanotubes range from 7 A to about 4 nm while their lengths are typically
several microns, even up to several hundred microns.

Nanotubes have been a rich source of inspiration for theorists. Indeed, much of
the excitement about nanotubes stems from the prediction of their interesting electrical
and mechanical properties. Calculations show that the electrical behavior of nanotubes is
integrally related to the specific geometry of the tube structure 3], i. e. a carbon nanotube
can be semiconducting or metallic, depending upon its radius and chirality. Empirical

formulation of the rigidity of carbon nanotubes finds them to be extremely strong in the
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axial direction and predicts an elastic modulus of 6.9 TPa [4].

Theorists have also predicted the existence of tubes made from other layered ma-
terials such as boron nitride {5], BC,;N [6] and BC3 [7]. All of these materials are hexagonal
networks of atoms which immitate the planar sp? bounding in graphite. Band structure
calculations predict unique, and equally interesting, electrical properties for each of these
novel tubes.

As is common in physics, theory precedes experiment, and thus these theoretical
predictions provide much of the motivation for this experimental study of nanotubes. This
thesis naturally falls into two categories: carbon and non-carbon nanotubes.

Part [ starts with a brief discussion of the theoretical formulation of nanotubes and
some details on the unique properties predicted for carbon structures (Chapter 2). Chapter 3
gives a thorough discussion of the synthesis and characterization of nanotubes, from a
description of the arc-discharge chamber and the parameters used in the production of tubes
to the characterization of nanotube samples using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). This chapter also provides details of the tubular
structure such as the crystallinity of the walls and the different cappings observed on carbon
nanotubes as well as some statistics on tube parameters. While most of the nanotubes are
cylindrical structures, I discovered that some of them have, in fact, flattened into ribbon-like
structures. Therefore, in Chapter 4, [ present an extensive study on collapsed nanotubes
including in situ rotation studies confirming the novel state and theoretical studies which
determine the favorability of collapse under certain circumstances, proceeded by a dynamical
study where collapse was induced and observed by high energy electrons. Efforts to measure
the electrical properties of nanotubes resulted in vital information on the interpretation of
resistance data on tube samples as shown and discussed in Chapter 5. Chapters 6 and T
present experimental results confirming the exceptionally high elastic moduli of multi-walled
and single-walled nanotubes, respectively, concluding the first part which exclusively covers
carbon nanotubes.

The second part begins with the discovery of boron nitride (BN) nanotubes. A
statement of the theoretical predictions for BN tubes motivating the discovery preceeds the
details of the successful synthesis and characterization of these novel structures presented
in Chapter 8. Chapter 9 shows a unique measurement of the elastic property of a vibrating
BN nanotube. This experiment demonstrates that a BN nanotube is the strongest insu-

lating fiber, most likely due to its highly crystalline structure. The last chapter discusses



the successful synthesis of BC;N and BC; tubes and compares the presently determined

properties of the all the various tubes.
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Carbon Nanotubes



Chapter 2

Theoretical Study

2.1 Theoretical approach

The theoretical approach to nanotubes begins by defining indices relative to the
lattice translation vectors on the hexagonal plane of graphite. Figure 2.1 shows a hexagonal
lattice where, in the case of graphite, each vertex is occupied by a carbon atom. The
next step in the formation of a tube is to define a particular circumference vector, C =
niay + npaz where n; and n, are integers and a3 and a3 are the lattice translation vectors.
Having defined the width of a strip by C, the tube is then formed by mapping the origin to
the point (n1, n2) and matching the corresponding points down the length of the tube (due
to their high aspect ratio, nanotubes are considered infinite in the axial direction). As seen
in the examples of Figure 2.2, the resulting tubes have distinct chiralities depending upon
the specific C and are classified by the (n;, ns) coordinates of the circumference vector.
A few of the common chiralities are named according to the arrangement of carbon atoms
along the cross-sectional edge. For example, Fig. 2.2(a) is an (8, 0) tube which belongs to
the family of (n, 0) tubules and is referred to as having zigzag chirality; while Fig. 2.2(b), a
(4. 4) tube, is analogous to tubes with indices (7, n) and has armchair chirality. Fig. 2.2(c)

is a (7, 2) tube depicting some random chirality.

2.2 Predicted electrical properties

Cutting an infinite strip from a two dimensional hexagonal sheet and rolling it

to form a tube, results in a one dimensional structure. Cutting a strip is equivalent to



C = n1a1 + n2a2

Figure 2.1: Hexgonal sheet of graphite indexed relative to the lattice translation vectors.
Several different equivalent orientations of the lattice translation vectors are possible. Here.
the convention used by Saito et al. [8] has been adopted. For the zigzag tubes the indices
are the same in most theoretical formulations, but in order to transform to the notation
employed by Hamada et al. 3] for armchair tubes (n, n) = (2n, n).



Figure 2.2: Chiralties of tubes made from a hexagonal network of atoms. (a) (8, 0) tube
has zigzag chirality (b) (4, 4) tube displays armchair chirality (c) (7, 2) tube is of some
random chirality. (Courtesy of Vincent H. Crespi)



slicing up the Brillioun zone; and mapping the origin to a particular point when rolling the
strip into a tube, forces the condition of single-valuedness of the wave function which gives
the allowed k values. Because the conduction and valence bands of graphite meet at the
corner points, K, of the hexagonal Brillioun zone, the electronic properties of the tube may
be determined using the following simple argument: if the allowed k values include the K
point, then the tube is a metal, and if not, it is a semiconductor (see Appendix B). Tight-
binding calculations of the density of states for carbon nanotubes confirm this behaviour
and predict that the electrical properties of carbon tubes will range from metallic to semi-
conducting depending on the chirality and the diameter of the tube [3, 8, 9, 10]. For
example, all the armchair chirality tubes are predicted to be metallic while the zigzag tubes
are semiconducting with the gap depending on the radius [3, 8]. More quantitatively. an
order of magnitude estimate of the resistance, R, of a metallic tube of radius R and length L
is R~(1 —5)x & Q which for typical single-wall tube parameters gives 103 — 105 9 [11]. The
semiconducting tubes range from narrow gap (~ 0.01 eV) to moderate gaps (~ 1 eV) [3].
For the moderate gap tubes, White et al. [12] have shown that the energy gap, Ejqp. is
inversely proportional to the radius, i. e. EgapoclR, independent of the chirality of the tube.

The above discussion reveals the integral role of geometric features, such as chi-
rality and radii, in the predicted electrical behavior of these structures. However. this
rich variety of transport properties is predicted for single-wall carbon nanotubes only. The
multi-walled carbon nanotubes are expected to have electrical behavior resembling in-plane
turbostratic graphite [11] which is semimetallic with a room temperature resistivity of ap-

proxiamtely 10~3 Q-cm [13, p. 293].

2.3 Predicted mechanical properties

Because of the inherent strength of the carbon-carbon bond and the crystalline.
defect-free nature of nanotubes, it was proposed, upon their discovery, that carbon nan-
otubes are possibly the strongest fibers in existence [14]. Several theorectical calculations
support this conjecture. Empirical Keating Hamiltonian formulation of the rigidity of nan-
otubes finds tubes to be extremely strong along the axial direction (which is expected
because it corresponds to in plane deformations of graphite) and weaker perpendicular to
the axis. Quantitative results from calculations on small tubes predict an elastic modulus,

Y. of about 6.9 TPa [4], which is over 30 times stronger than steel [15, p. A-2]. Molecular



dynamics simulations also predict Y to be in this range (Y = 5.5 TPa) [16]. In addressing
the effect of geometric features on the predicted mechanical properties, total energy calcu-
lations determine that, relative to the unstrained flat graphite sheet, the strain energy per
carbon atom in forming a tubule of radius R varies as 1/R? independent of the chirality; but
the force constants associated with stretching along the axial direction are slightly sensitive
to the helical structure for very small tubes and decrease for decreasing diameters, meaning
tubes become softer as their local curvature increases [17]. In addition, because carbon is
a light element, the predicted strength-to-weight ratio of carbon nanotubes is particularly

impressive from an applications point of view.

2.4 Novel Properties

Combining mechanical structure with electronic properties on a single wall nan-
otube leads to a fascinating device [18]. Inserting a pentagon-heptagon defect into the
hexagonal network of the tube wall causes the chirality of the tube to abruptly change
along its length. Geometrically, the change in chirality bends the tube slightly; most im-
portantly, because the electrical behavior is sensitive to the chirality, a defect can result in
a metal-semiconductor junction on a single tube. These devices are termed heterojunctions
and have been extensively studied theorectically [19, 20, 21]. Similarly novel, Ajiki and
Ando [22] have calculated that the gap of carbon nanotubes varies with the application of 2
magnetic field perpendicular to the tube axis. This makes it is possible to transform tubes
from semiconducting to metallic via a magnetic field.

Thus, theorectical results of the interesting electrical and mechanical properties of

nanotubes strongly motivate the synthesis and characterization of these structures.
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Chapter 3

Synthesis and Characterization of

Carbon Nanotubes

3.1 Synthesis: arc-discharge technique

3.1.1 Experimental set-up

The most commonly used technique for producing carbon nanotubes is the arc-
discharge method [23, 24]. This technique mimics the process used for carbon fiber growth
by Bacon in 1960 {25]. The results, however, are significantly different in the two cases
because the technique is sensitive to chamber parameters (see discussion in Section 3.6).
Figure 3.1 shows a schematic of the apparatus used for nanotube synthesis. The exper-
imental set up consists of a stainless steel chamber with a jacket for water-cooling and
independently cooled electrodes. The electrodes, which are dynamically sealed and electri-
cally insulated from the body of the chamber, are connected to an arc welder. A mechanical
pump maintains a pressure of 30 mtorr inside the chamber. The chamber body has been
designed with a viewport allowing for observation of the arc during the synthesis process.
A rod of the material used to produce the nanotube sample is held in a copper electrode
and acts as the anode, while the cathode is a 2.8 cm diameter copper tube with a 0.32 cm
thick cap welded on in order to maximize cooling potential. This is a general description of

the synthesis chamber; further details depend upon the particular type of tubes produced.
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Figure 3.1: Schematic of the arc-discharge chamber used to produce nanotubes.
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Figure 3.2: Schematic (not to scale) of the electrode configuration used to produce multi-
wall carbon nanotubes.

3.1.2 Synthesis of multi-wall carbon nanotubes

This arc-discharge chamber can readily be used to produce multi-walled carbon
nanotubes. Figure 3.2 describes the details of the arc configuration in this case [26]. A
1.25 cm diameter graphite rod (about 4 cm in length) is used as the anode in the arcing
process. To reduce the amount of atmospheric contamination, the chamber is flushed several
times with helium before being pressurized to 600 mmHg of helium. The constant current
arc welder is set on a DC current of 100 Amps and displays an open circuit voltage of 66 V
between the electrodes. A “drawn” arc technique is used to initiate the arc. The graphite
and water-cooled copper electrodes are brought in contact and quickly withdrawn as the
current starts flowing between them. A considerable amount of light is emitted from the
arc, and the temperature is estimated to be over 4000°K. By using the viewport, a gap of
about 1 — 2 mm is carefully adjusted between the electrodes in order to maintain a voltage
of 18 V between them. During this arcing process, the graphite electrode erodes and a
growth, called a boule, of about the same diameter as the anode begins on the cathode as
shown in Fig. 3.2. The growth rate of the boule is about 0.1 mm per minute and typical
boule lengths are approximately 2 cm (after about 20 minutes the arc is no longer as stable

and irregularities occur in the boule structure with prolonged arcing). Along with the
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Figure 3.3: SEM image of the top surface of a boule grown in the arc-discharge chamber
during multi-walled carbon nanotube growth.

boule. which contains the multi-walled carbon nanotubes, significant quantities of soot are
produced in the chamber during this graphite arcing process. Dissolving the soot in toluene
turns the solution purple signifying the presence of fullerenes, predominately Cgp [23]. Thus
fullerenes and nanotubes are simultaneously synthesized in the arc, and depending upon

the parameters, the set up can be optimized for fullerene or nanotube production.

3.2 Macroscopic results: SEM analysis of the boule

The boule produced in the arc-discharge chamber with parameters set for optimal
multi-wall carbon nanotube synthesis has several distinct characteristics. As stated earlier.
the boule typically has a length of about 2 cm and a 1.25 cm diameter, consistent with the
graphite rod used in the arc. Although the bottom surface of the boule is attached to the
copper electrode, it can easily be removed using a scalpel. The top surface is covered by
a thin dusting of soot which can be lightly scraped aside by a wooden pick to reveal the
fractal arrangement of tubes. Figure 3.3 is a scanning electron microscope! (SEM) image

of the top surface of the boule which shows 50 um bright spots arranged more or less in a

'JEOL 35CF (resolution 5 nm)



14

Figure 3.4: SEM image of a boule slice viewed from the side.

hexagonal pattern. These bright spots are believed to be columns of multi-wall tubes while
the regions in-between are tangled networks of tubes as depicted in Fig. 3.4 which is a side
view of a boule slice. Details are difficult to discern in the columns which are brighter in
the SEM micrographs because they represent dense conducting regions whereas the tangled
regions clearly show the stringy abundance of tubes.

These images are taken from the soft inner core of the boule. The inner core is
surrounded by a harder area which has microstructure resembling small pieces of graphite
while the outer shell of the boule is a crusty, silvery material which is postulated to be
white carbon [27]. Although multi-wall carbon nanotubes may be found in any of these
three distinct regions of the boule, the soft inner core, which embodies about 60% of the
total boule, contains the majority of tubes. Thus, the multi-walled carbon nanotube samples

studied here are taken exclusively from this area.

3.3 Purification technique

The dynamic, non-equilibrium characteristics of the arc process produce many
structures along with tubes such as layered carbon nanoparticles (see TEM analysis below)

and clumps of amorphous carbon. An important issue in nanotube research is the possibility



Figure 3.5: SEM image of carbon nanotube sample (a) before and (b) after purification.
Notice the significant decrease in clumps and improvement in image contrast condition.
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of acquiring purified samples which contain only tubes. Figure 3.5(a) is a high magnification
image of the tangled region in Fig. 3.4 showing long tube bundles as well as clumps of
undesirable material. In order to remove the unwanted structures, the boule is baked at
600°C in air for 30 minutes [28]. Figure 3.5(b) (taken at the same magnification as Fig. 3.5(a)
to allow for direct comparison) shows the results after the sample has undergone this baking
process. The sample contains significantly fewer clumps, and the strands of tubes are in
sharper contrast, suggesting that particles clinging to the surface of the tubes have also
been removed. Due to the difference in bonding between amorphous carbon clusters and
crystalline tubes, the clusters are more likely to be converted to CO and CO, than the tube
structures. The tubes, however, are also affected by the process although to a lesser extent.
In fact, when baked for 6 hours at 600°C in an atmosphere of flowing oxygen, a boule piece
lcm x 3 mm X 3 mm completely disappears!

This baking technique is presently the most effective way to purify samples, but
higher magnification images (shown below) reveal that the method, although an improve-
ment, does not remove all the nanoparticles and amorphous carbon, and thus the issue of

sample purity remains an open question in nanotube research.

3.4 Nanoscopic results: TEM analysis of tubes

So far SEM images have been shown which accurately describe the aspect ratios
of nanotubes, but give little or no information of their hollow, cylindrical structure. Thus.
the preferred analytical tool for nanotubes research is the transmission electron microscope?
(TEM). Because the electron beam transmits through the sample, TEM micrographs give
greater structural information of the straw-like material seen in the SEM images. Before

describing TEM results, however, it is important to discuss TEM sample preparation.

3.4.1 Sample mounting for TEM

Sample thickness is an essential issue in TEM and in most cases, a challenge,
since preparation of samples which are thin (less than a few tens of nanometers for good

resolution) is a tedious task. For example, grinding a piece of ceramic to such dimensions

*TEM images in this work have been taken on JEOL JEM 200CX (2.3 A resolution) and TOPCON 002B
(1.9 A resolution) microscopes at the National Center for Electron Microscopy (NCEM). Unless otherwise
specified, TEM images have been taken with 200 keV electrons.
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requires patience and many trials for most samples of that size are very fragile. Fortunately,
in the case of nanotubes, sample thickness is not an issue since the structures are already
nanometers in diameter and merely need to be placed on a support grid in order to be
analyzed by TEM.

The most widely used sample supports for TEM specimen are holey carbon grids.
The 50 pm thick by 3 mm diameter grid consists of 15 um wide copper strips arranged 50 gm
apart, forming a square lattice. This copper gridwork supports an amorphous carbon film
approximately 5 nm thick which has been fabricated with randomly sized holes varying
from 10 nm to several microns in diameter. The tubes are mounted onto this grid, and
the clearest images of tubes, then, are obtained when a portion of the tube lies over the
hole and can be analyzed without interference from the supporting amorphous film. Thus
proper distribution of the sample is important for efficient observation of individual tubes.
Ultra sounding pieces of the boule in a solvent disperses the solid; however due to van der
Waals attraction, the tubes tend to cling together and typically do not spread apart enough.
Therefore my preferred technique for sample mounting is simply the following: (1) break
off a column from the boule, (2) poke it with tweezers which immediately disintegrates the
column into fine fibers, (3) smear the fibers on a glass slide to get a fine powder of tubes
and then (4) gently swipe the powder onto the copper supported holey carbon grid. In this
case, the tubes are scattered over the entire grid and the tedious task in the microscopy of

nanotubes is in searching for the ideally situated tube.

3.4.2 Image analysis of multi-walled tubes

Figure 3.6 is a TEM image of a typical purified sample taken from the inner
region of the boule produced by the arc-discharge method. Along with tubes, there are
several spherical layered nanoparticles which are also created in the arc. Note the swiss
cheese-like pattern of the holey carbon grid. This image gives an idea of the ratio of tube
diameter to length. Figure 3.7 shows a high resolution TEM micrograph of a multi-wall
carbon nanotube taken over a hole in the supporting grid. It was shown by lijima [1].
upon his discovery of nanotubes, that the atoms in the tube walls which are tangent to the
electron beam are the only ones that satisfy the diffraction condition, and thus the TEM
image of a tube is a projection of the cylindrical form. Rotation studies have confirmed the

cylindrical nature of tubes (see Section 4.2.3). The signature of a multi-walled nanotube is
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Figure 3.6: TEM image of a purified tube sample taken from inner region of the carbon boule
produced in the arc-discharge process. Notice the swiss cheese-like carbon grid supporting
the nanoparticles and tubes.

3.4A

T

10 nm

Figure 3.7: High resolution TEM image of a multi-walled carbon nanotube. This tube has
ten walls, an inner diameter of 1.6 nm and a regular spacing of 3.4 A between successive
tube walls.
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the equal number of lattice fringes on either side of the amorphous gap. The lattice fringes
represent the tube walls while the gap corresponds to the inner diameter. In this image, the
spacing between the fringes is measured to be 3.4 A. In fact, all multi-wall carbon nanotubes
are observed to have a spacing between walls of approximately the interplanar distance in
graphite (~3.36 A [29, p. 35]) [30].

Theoretically, from a single image in the TEM, there is no possibility of distin-
guishing between a tube with closed shells and a scroll. However, numerous observations
of these structures reveal an equal number of lattice fringes on either side of the hollow
which is statistically not expected in the case of scrolls since half the time there should be a
difference of one wall between sides. Therefore, the observed nanostructures can confidently

be considered concentric tubules.

3.4.3 Summary of carbon nanotube ends

Much has been discussed about the exceptionally high aspect ratio and crystallinity
of nanotubes, but: what happens at the ends? Nanotubes are, in fact, closed structures with
several types of characteristic cappings. While the crystalline walls of nanotubes consist of
an hexagonal network of carbon atoms as described schematically in Figs. 2.1 and 2.2, the
formation of pentagons and/or heptagons is necessary to induce curvature to cap the tubes.
(For example, the soccer-ball molecule, Ceo [2], gains its curvature from the pentagons.)

As long as incoming atoms form hexagons, the tube continues to grow axially: if.
however, local conditions (such as temperature, etc.) change and a pentagon or heptagon
defect occurs, the direction of the growth alters and the tube closes. This scenario is clearly
depicted in Fig. 3.8: a sharp change in the growth direction results in eminent tube closure.
Noteworthy is that only one pentagon or heptagon is necessary to initiate the convergence
of the two sides of the tube. Figure 3.8 is the most commonly observed3 end which has a
characteristic angle of about 22°. The sharp tip at the very end is of particular interest for
the potential appplication of nanotubes as field emitters [31, 32].

Other types of cappings include combinations of pentagons and heptagons forming
square and round ends as seen in Fig. 3.9. The round end supports a possible tube nucleation

scenario which suggests that half of a Ceo molecule serves as a base for tube growth. This

®Recalling that the most informative TEM images are taken over holes in the support grid, the vibration
of cantilevered tube ends (see Chapter 6) is problematic for high resolution imaging. Observations are limited
to specimens which extend out only slightly over the edge of the grid, making an extensive study of tube
ends experimentally challenging.



Figure 3.8: Commonly seen end on multi-walled carbon nanotubes. There is a characteristic
closure angle of about 22°. (Note: 3.36 A lattice spacing serves as the scale for this image.)

idea is consist with the simultaneous production of fullerenes and nanotubes and further
supported by the observation that the smallest tube has the diameter of a Cgg molecule
(30].

Figure 3.10 shows some unusual ends which have undergone external manipula-
tion after synthesis. Tubes may be opened using several different techniques after [33]
or during production [34]. But this particular tube has actually been cut by an electron
beam. At the onset of the experiment, the tube spanned the entire region over the hole,
but after > 40 minutes of extensive irradiation by a highly condensed 200 keV electron
beam over a localized area, the tube snapped in half. The radiated region turned amor-
phous before complete structural collapse, but surprisingly one-half of the tube remained
crystalline as evident by the lattice fringes observed in the image of the cut end shown in
Fig. 3.10(a) . Figure 3.10(b) shows a novel end, affectionately termed “nanobrain” by theo-
rist Lorin X. Benedict. This tube has undergone structural mutilation during the mounting

process, resulting in chaos at the end.

3.4.4 Discussion of multi-wall tube dimensions

The dynamic, non-equilibrium, chaotic environment of the arc-discharge technique

produces multi-walled tubes with a range of inner diameters, lengths, number of walls and
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Figure 3.9: (a) Square and (b) round caps on multi-walled carbon nanotubes. (Note: 3.36 &
lattice spacing serves as a scale on each individual image.)

chiralities [35]. Indeed, from an applications perspective, one of the great challenges is
designing synthesis techniques which can successfully control tube parameters since the
electrical properties depend so sensitively on tube geometry.

Thus far, only the lengths can be roughly controlled. SEM and TEM observa-
tion have concluded that the lengths of multi-wall carbon nanotubes are sensitive to the
temperature of the copper surface on which the boule grows. If the cathode is not cooled
properly, the resulting tubes will be short (10 to 100 nm); whereas if the copper electrode
is vigorously cooled, the tubes lengths range from 1 to 20 um. Unfortunately, at present a
more quantitative assessment of the electrode surface temperature is not available.

The number of walls of multi-walled tubes ranges from 2 to about 50, with the
majority of the tubes having between 5 and 15 walls. None of the chamber parameters,
including gas pressures, etc., seem to affect this general trend. Without more accurate
information on growth mechanisms, there is little experimentalists can further attempt in
controlling the number of walls a tube decides to grow.

Contrary to the large range observed in the lengths and number of walls, the inner



22

Figure 3.10: (a) An amorphous strip of carbon grid supports the open-end of a multi-walled
carbon nanotube. The tube has been cut by an electron beam. (b) The end of a structurally
compromised nanotube termed “nanobrain.” (Note: 3.36 A lattice spacing serves as a scale
on each individual image.)



23

10 rryrr[vrryryrrrryrerryprrrrrrrrr v e e rrr erTTTY

number of tubes

LANEAJNRL N N AN AL B L B SN B N S B D RN AN B

0.5 1 15 2 25 3 35 4 45
Inner Diameter of Multi-walled Carbon Nanotube (nm)

Figure 3.11: Histogram of inner diameters of multi-wall carbon nanotubes.

diameters of multi-walled tubes span a rather small range. Figure 3.11 shows a histogram of
the inner diameter of over 50 tubes. Since the results did not change with different synthesis
parameters, all the data are combined into one histogram. From the data it is clear that
the distribution starts at 1.4 nm, continuously rises and has an asymmetric peak at around
2.7 nm, then quickly trails off above 3 nm. No correlation is seen between the number of

walls and the inner diameter of a given tube.

3.5 Single-wall tube production

The arc-discharge technique used for multi-walled carbon nanotube synthesis can
be modified to produce single-walled carbon nanotubes [36] by the addition of a metal
catalyst such as cobalt [37]. A 6 mm hole is drilled into the 1.25 cm graphite electrode,
and a mixture of graphite powder with 10% by weight Co powder is packed into the hole;
the resulting rod is arced in a helium atmosphere under similar conditions as the multi-
walled tube production. As expected a growth occurs on the cathode, but in this case, the
material covering the chamber walls has a rubbery texture as compared to a powdery soot.
The growth contains the multi-walled tubes, as before, and the single-walled nanotubes are

found in the rubbery soot. Figure 3.12 is a micrograph of a single-wall carbon nanotube.
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10 nm

Figure 3.12: TEM image of a single-wall carbon nanotube.

The yield, however, for these single-walled structures is less than 10%. Recently a laser
technique [38] (also using cobalt or nickel as catalysts) has been developed which produces
ropes of single-walled tubes in much greater yield, about 70%.

It is interesting to note that diameters of single-wall tubes range from 0.7 nm [36]
(diameter of a Cgo molecule) to about 2 nm [37] while the majority of multi-wall carbon
nanotubes are over 2 nm in diameter as displayed in Fig. 3.11. Since a metal catalyst is
utilized in all single-wall nanotube production techniques, it is likely that the smallest of
the metal particles act as nucleation sites for single-wall nanotubes by aiding in increased
curvature of single atomic sheets which leads to cylindrical growth of smaller diameter

structures.

3.6 Comparison of carbon fibers and multi-walled nanotubes

It is an intriguing fact that although carbon nanotubes were discovered only 5
vears ago [1], a similar arc-discharge technique was used for the synthesis of carbon fibers
over 30 years ago by Bacon [25]. His description of boule growth in the production of
fibers resembles what has been reported here during the synthesis of multi-wall nanotubes.
Since a lot is theorized (39, 40, 41] and little is known of the growth process for either
fibers or nanotubes, a comparison of typical dimensions and production parameters of both
structures may prove instructive. Table 3.1 summarizes the results. Although nanotubes
are a thousand times smaller than fibers, the aspect ratio is comparable. And while both are

produced at the same temperature in inert gas atmospheres, the pressure of the gas in the



| Material || Diameter | Length | Gas, P(atm) | Temp(K) | Growth Rate | Time
fiber ~pm ~cm Ar, 92 >4000 | 1.2cm/min | ~min
nanotube ~nm ~10 pm He, < 1 >4000 | 0.1 mm/min | ~sec

Table 3.1: Table comparing the dimensions and synthesis parameters of carbon fibers and
multi-walled nanotubes.

case of fiber synthesis is a 100 times greater than that used for optimal nanotube production.
Assuming both of these needle-like structures line up and grow along the direction of the
current, the time of growth for a fiber or tube can be estimated by knowing the length of the
structure and the deposition rate of new material, which corresponds to the growth rate of
the boule. Notice that although the growth rate of the boule is 2 100 times greater for the
fiber scenario, the time estimated to form a carbon fiber is on the order of a minute while
the time taken to grow a nanotube is approximately a few seconds. Typically a longer time
suggests a greater likelyhood for defects to anneal out of the structural system, but perhaps
an exceptionally fast rate does not tolerate any defects. In this way, the growth rate may

play a curious, yet critical, role in the improved crystallinity observed in nanotubes.
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Chapter 4

Collapsed carbon nanotubes

4.1 Overview

Theoretical calculations of elastic properties show that nanotubes are extremely
rigid along the axial direction and more likely to distort perpendicular to their axis [4. 12].
Not surprisingly, carbon nanotubes with localized kinks and bends [43, 44] as well as minor
radial deformations have been observed [45, 46]. An outstanding question is whether or not
a nanotube can suffer complete collapse along its length. This study is the first discovery
of flattened tubular nanostructures [47]. High resoultion TEM observations and a careful
rotation study confirm the collapsed state. Theoretical modeling demonstrates that. for
a given range of tube parameters, these collapsed structures are energetically favorable to
cylindrical ones. The observation of stable, flattened nanotubes may have implications
for electronic and mechanical nanotube properties. For example, the electronic structure
of a collapsed nanotube may differ significantly from that of its cylindrical counterpart.
Similarly, the minimum radius of curvature for bending of a flattened tube is expected to
be significantly smaller for a flattened tube than for a cylindrical tube.

For further study of this unique state, a high energy electron beam was used to
induce collapse of a conventional multi-walled nanotube in order to observe the spatial and
time resolved collapse of a carbon nanotube [48]. Evidence for a zipper effect is seen in the

video observations and briefly discussed at the end of this chapter.



Figure 4.1: TEM image of a collapsed carbon nanotube. Arrows point to flat (A) and twist
(B) regions of the collapsed tube.

4.2 Image analysis

4.2.1 Ribbon structure

Synthesis, purification and TEM mounting of multi-walled carbon nanotube sam-
ples was performed using techniques described in the previous chapter. Although the ma-
jority of structures in the carbon boule samples are cylindrical multi-walled nanotubes and
multi-shelled spherical nanoparticles, careful TEM analysis reveals the presence of struc-
tures whose overall geometry has radically altered from a straight, hollow cylindrical form
into a completely collapsed state. Figure 4.1 is a TEM micrograph of this ribbon-like struc-
ture which is distinctly different from conventional tubes as seen in Fig. 3.6. On initial
examination, this structure looks like a flat ribbon of width 22 nm and total length 2.4 pm,
with two distinct twists along its length. A region of the structure apparently lying “fat™
against the grid substrate is marked “A” in the figure. One of the twists occurs over a

hole in the support grid: the other twist is marked “B” in the figure. Several examples of
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such ribbon-like structures have been identified. Additional high-resolution TEM imaging
of the flat and twisted portions of several ribbons and a sample rotation study confirm the

identification of these structures as collapsed nanotubes.

4.2.2 Flat and twist regions

The TEM signature of a (conventional) hollow cylindrical multi-wall carbon nan-
otube is the observation of two parallel sets of equal-numbered lattice fringes, separated by
a gap. The fringes represent the tube walls and the gap represents the hollow interior of
the tube, as described in section 3.4.2. A collapsed or flattened nanotube has a related but
distinct signature. If the flat (wide) part of the tube is in the imaging plane, two parallel
sets of equal-numbered lattice fringes, separated by a gap, should again be observed. If the
flat part of the collapsed tube is perpendicular to the imaging plane, the number of lattice
fringes should remain unchanged but the gap should be absent.

Figures 4.2 and 4.3 show this to be the case for the ribbon-like structures. Fig. 4.2
shows a high magnification image of the flat portion (analogous to region “A” in Fig. 4.1)
of a ribbon structure different from that shown in Fig. 4.1. Two sets of 8 parallel lattice
fringes are observed, separated by a gap of 16.2 nm. The width of the inner gap of a
flattened tube is labelled Wi, while the full outer width is represented by W,u:. The
spacing between tube walls is calculated to be approximately (W, — Win)/(2x8)=3.3 A.
consistent with the interplanar spacing of graphite (and the wall separation of conventional
multi-walled nanotubes). Fig. 4.3 shows, for the same flattened tube as used for Fig. 4.2.a
high resolution image of a twist region. In the center of the twist region, the flat part of the
tube is perpendicular to the image plane, and here a total of 16 lattice fringes, with no gap,
is observed. The greater contrast of the lattice fringes in the twist region compared to the

flat region is consistent with the analysis of the structure being a flat tube. The thickness

t of the tube, representing the “height” of the flattened structure, is 5.3 nm (=16x3.3 .&).

4.2.3 In situ rotation study

The “twisted” regions of flattened tubes provide a convenient view of different
tube orientations. However, to rule out the possibility that the ribbon structures are only
flattened in the twisted regions (and perhaps more like conventional, cylindrical tubes else-

where). a careful sample rotation study was performed. Because the TEM image is a
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Figure 4.2: High resolution TEM image of flat region (“A”) of a collapsed nanotube. The
line drawing (not to scale) helps to the clarify image. Notice the equal number of lattice
fringes (n=8) on either side of gap.
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Figure 4.3: (a) High resolution TEM image of overall twist region (“B”) of a collapsed
nanotube. (b) Close-up of the boxed region. Inset (not drawn to scale) depicts the main
feature of the twist, namely 16 lattice fringes with no gap. It should be noted that details
of the fringe structure (not represented in the schematic drawing) are sensitive to the focus
condition and orientation of the edges of the collapsed nanotube [49].



31

projection of the sample, a cylindrical object will maintain the same projected width upon
rotation while a flattened structure will not. The entire specimen grid was rotated in situ
inside the TEM through angles in excess of 30°. Both ribbon structures and a “control”
conventional nanotube (located nearby on the same grid) were imaged. The first observa-
tion was that the placement of the twist region changed as the angle was varied; this change
occurred because different parts of the tube became perpendicular to the image plane as
the rotation experiment was being conducted. But most importantly, the control showed
no change when tilted about the tube axis, while the ribbon structure displayed a change

in apparent width of the “flat™ region, consistent with a fully collapsed tube.

4.2.4 Summary of flattened tubes

A number of collapsed nanotubes were characterized in terms of the number of
walls n and characteristic dimensions. Table 4.1 summarizes the results. Interestingly.
all collapsed tubes identified thus far have n between 6 and 9, and flattened outer widths
Wou: of around 20 nm. Table 4.1 also lists calculated dimensions for the inner and outer
diameters, D;, and D,,:, the tube would have if it was “inflated” and thus assumed a

circular cross section.

| Tube || n | Win(nm) [ Woue(nm) [ t(nm) | D;n(nm) | Dgy:(nm) | Length(um) ]
[ 9 — 22 6 10.2 16.1 24
I 8 15 20 5 9.5 14.8 >1.2
I1I 7 — 20 4.8 9.7 14.3 >1.9
v 6 16 20 4 10.2 14.2 >0.2
A% 8 16.2 21.5 5.3 10.3 15.6 3

Table 4.1: Table summarizing parameters of collapsed carbon nanotubes in terms of the
number of walls, n, and characteristic tube dimensions.

It is interesting to speculate how fully collapsed nanotubes come into being. It is
possible that they form when a conventional hollow cylindrical nanotube is locally deformed
(e.g. kinked or twisted) by external mechanical forces (during the TEM sample mounting
process, possibly). Upon kinking, the inner tube wall collapses locally and starts a zipper
effect which then flattens the tube down its entire length. The van der Waals attraction
between opposing and flattened inner walls may act as an adhesive keeping the tube stable
in this new position. Interestingly, every fully collapsed tube observed contains at least one

twist. This may be evidence that the twists are the origin of tube collapse. The similarity
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Figure 4.4: Schematic of the cross section of a flattened single-wall tube used for theoretical
modeling of the collapsed structure. d is the interplanar distance, « is the arc length of the
curved region and r is the radius of curvature. (Courtesy of Lorin X. Benedict)

of parameters for collapsed nanotubes in Table 4.1 suggests that a particular class of tubes
is susceptible to collapse and that tubes with a large number of walls or smaller inner

diameters have greater structural integrity.

4.3 Theoretical study

Theoretical modeling demonstrates that, for a given range of tube parameters. a
completely collapsed nanotube is energetically favorable over the more familiar “inflated”
nanotube with circular cross-section. The stability of a flat, fully collapsed nanotube may
be examined with basic energetic considerations. For simplicity, consider a single-wall
“inflated” nanotube of radius R. The total energy per atom relative to a flat sheet can be
calculated by modeling the tube as a membrane with curvature 1/R and curvature modulus
k [50, 17, 51, 52]. This takes into account the increase in energy due to the introduction of

sp? character bonding. The energy per unit length of the tube is then

k27 R _TK

Etupe = SRZ - R

(4.1)

Excellent quantitative agreement is obtained between the predictions of this expression and
local density approximation (LDA) calculations of the total energy of carbon nanotubes (53]
(for tubes with radii > 2.4 A) when & = 1.4 eV. The flattened (i.e. collapsed) version of
the same tube is a two-sheeted strip of width slightly less than 7 R. The curvature is nearly
zero everywhere except at the strip edges, where the curvature is very high (see Fig. 4.4).
Assume a radius of curvature at the edges of r<«R. The curvature energy per unit length.
E,., of this structure is

Ec=—msg=— (4.2)
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Figure 4.5: Graph comparing the energies of circular and collapsed structures relative to a
graphite sheet. The intersection point is the critcal radius beyond which the tube favors
collapse.

where a is the arc length of the curved region on each of the two strip edges. E. must be
greater than Ey. from simple geometric considerations. However, the flattened tube will
also have an attractive van der Waals energy if the thickness of the strip is close to the
graphite inter-sheet spacing, d. This attractive energy per unit length, E,, is proportional

to the width of the straight portion:
E,=-Eww(rR - a) (+.3)

where E,qw is the van der Waal energy of attraction per unit area. It is reasonable to
assume that r and « are independent of R and only depend on d (for r, < R). This means
that E. is a constant. Examining Eqs. 4.1-4.3, we see that there must then be a critical
value of R such that for R < Rerity Etute < E. + E, (circular tube more favorable than
collapsed tube), while for R > Rit, Etyte > E. + E, (collapsed tube more favorable than
inflated tube). Figure 4.5 shows the dependence of the energy on R for both the flattened
and the circular tubes.

Now consider an n walled tube. Upon flattening, all the walls increase their curva-
ture energy, while only the inner one gains attractive van der Waals energy. Thus. Rrit(n)

is an increasing function of n where R.-;;(n) is the radius of the innermost wall when in-
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Figure 4.6: Plot of the critical radius versus number of walls n for several different values
of Eygw. The solid line refers to Eyqw=0.02 eVA~2, while the upper and lower dashed
lines are found using 0.01 eVA~2 and 0.04 eVA~2, respectively. The recently determined
value of 0.014 eVA~2 gives a curve which lies above the solid line. Thus this graph defines
a region within which the critical radius may be found. (Courtesy of Lorin X. Benedict)

flated. Using a model based on the above considerations [54], we have estimated R.i(n)
for several n. Extraction of numerical values involves the determination of E,yw which
has traditionally been taken to be 0.02 eVA~2 [55], but recent experimental studies deter-
mine a value of 0.014 eVA~2 [54]. Using 0.02 eVA~2, we find Rait(1)~8d ~ 27 A. and
R.it(8)~15d ~ 51 A. Figure 4.6 plots the critical radius as a function of n for several
different values of Eyqw thus defining a region within which R.;; may lie.

Figure 4.7 shows the theoretically predicted cross section for an n=8 fully collapsed
tube with B = Rrit(8), which has subsequently been verified by experiment {54]. For this
tube W,y is 72d (=238 A), slightly greater than but comparable to the experimentally
determined W,,;~200 A for the n=8 collapsed tube observed experimentally (tubes II and
V in Table 4.1). It must be emphasized that even if the total energy of a flattened tube
is greater than that of its inflated counterpart, the flattened tube may still be metastable

(i.e. not prone to spontaneous “re-inflation”). The estimation of the critical radius for



Figure 4.7: Theoretically determined cross section of a collapsed 8-walled tube. (Courtesy
of Lorin X. Benedict)

metastability is much less than R for each n [54]. The interplay between curvature
energy and Van der Waals energy may also be relevant to the collapse of larger graphitic
structures such as carbon whiskers [25].

Interestingly, the shape of the inner most wall of the collapsed tube shown in
Fig. 4.7 is commonly found in nature. For example, it is identical to the cross section of a

red blood corpuscle and a deflated inner tube.

4.4 Dynamical study of collapse

4.4.1 Background

The discovery of flattened nanotubes motivates further study of the structural
behavior of nanotubules. Yet, due to their unique length scale, controlled manripulation
of individual nanotubes has been thus far unachievable. A potential approach is to use
high energy electrons to effect the bonding of the carbon atoms in situ in the TEM. The
accelerating voltage most commonly used for HRTEM study of nanotubes is 200 keV [30]:
electrons at this energy do not appear to affect the nanostructures, and the tubes can be
conveniently studied for extended periods of time without any sign of damage. A 300 keV
beam, however, does affect the fullerene nanostructures [56]. Using 300 keV electrons.
Ugarte has transformed angular graphitic particles into rounded structures by reforming
them into robust carbon onions [57]. Therefore it is clear that higher energy electrons
can successfully alter the bonding between carbon atoms. Here, a high energy (800 keV)
electron beam is used to induce collapse of a multi-walled carbon nanotube, permitting

simultaneous spatial and time resolved studies of the collapsing phenomenon in situ in a
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high resolution TEM.

4.4.2 Dynamical observation of collapse

The same techniques as previously discussed were used to synthesize, purify and
mount the carbon multi-walled nanotube samples. After confirming the sample as contain-
ing conventional tube structures with characteristic inner diameter and crystalline lattice
fringes using a 200 keV accelerating voltage in the JEOL 200CX TEM, the sample was an-
alyzed with 800 keV electrons in the Berkeley Atomic Resolution Microscope (JEOL-ARM
1000. resolution 0.16 nm). Figure 4.8 is a series of stills taken at different times from a
continuous video recording of a collapsing multi-walled carbon nanotube under 800 keV
electron irradiation. Figure 4.8(a), taken after 30 seconds of continuous exposure of the
sample to the beam, shows the inner gap of the tube as being about 1.6 nm. Another
multi-walled carbon nanotube lies to the left of this one, and thus there is a greater number
of lattice fringes on one side (a dashed line distinguishes one tube from the other). Fig-
ure 4.8(b) shows the same sample at t=60 seconds. Here the gap has clearly decreased from
that observed in Fig. 4.8(a) and the lattice fringes are no longer continuous walls but wig-
gly lines. The deterioration of the lattice fringes results from a breaking of carbon-carbon
bonds in selected areas and a reduction of the order in the atomic arrangement. Also. the
width of the inner diameter of the tube is no longer uniform down its length but varies
from about 1.2 nm to 0.8 nm: this is indicated in Fig. 4.8(b) by white and black arrows.
respectively. An interesting phenomenon is observed as the gap further decreases: once the
inner walls in a particular region of the tube (black arrows) get close, the tube walls move
closer in neighboring regions (white arrows) reminiscent of a zipper like effect, and the tube
flattens down its entire length. This effect is strikingly revealed in real time viewing of
the collapsing process on video. Figure 4.8(c) shows the tube at t=105 seconds at which
time there is no gap in the middle. This is the signature of a collapsed tube. Therefore
the 800 keV beam flattens the tube parallel to the flow of electrons, i. e. the tube collapses
with its width parallel to the electron beam. The comparison of the lattice fringes observed
in Fig 4.8(a) and (b) with those seen in Fig. 4.8(c) reveals the progressive amorphization
of the tube after continued irradiation. Thus, an 800 keV electron beam changes both the
overall geometry of the tube and the local bonding of the structure in a matter of minutes.

Measurements taken from Fig. 4.8(a) and Fig. 4.8(c) of this multi-layered tube with
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Figure 4.8: Series of stills taken from video observations of a collapsing nanotube under
800 keV electron irradiation. The dashed white line separates one multi-walled tube from
a neighboring one, and arrows point to the inner most walls. (a) Image of the tube in its
pristine state (taken at t=30 seconds after observation) shows a constant gap throughout
the tube with crystalline walls. (b) At t=60 seconds the gap narrows non-uniformly and
the walls become wiggly. (c) Observation at t=105 seconds reveals the gap is gone, thus
the tube has completely collapsed, and the walls have turned amorphous.
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13 walls yield a lattice spacing of 0.338 nm from both images. This result agrees well with
the graphite interplanar spacing seen in tubes and shows that the average distance between
layers does not change throughout the collapsing process. Fourier analyses of Figs. 4.8(a).
(b) and (c) confirm that the periodicity in the lattice is the same in all images. This result
excludes the behavior of the tube as being described simply as amorphous material filling
in the hollow region during irradiation. Finally, consistent with a flattened nanotube. the
width of the tube in Fig. 4.8(a) equals the width of the tube in Fig. 4.8(c) plus the initial
gap of 1.6 nm.

4.4.3 Mechanisms of radiation damage

Since the electron beam used in this study is of high energy, the major effect
of irradiation is expected to be atomic displacements caused by direct collisions between
the incident electrons and carbon atoms. lonization effects are expected to be much less
significant [58, 59]. Because of the similar sp? bonding in graphite, it is instructive to
compare these observations of carbon nanotubes with studies of graphite under electron
irradiation. In graphite. displacement damage due to irradiation by high energy electrons
rapidly causes disruption of the basal planes, visible as a breakup of the ordered fringes
in high resolution images [60]; this is very similar to the present observations. A proposed
mechanism [60] for the breakup of the basal planes is based on the clustering of carbon
interstitials and the subsequent interaction of a cluster with a (relatively immobile) vacancy
in a basal plane. (In graphite, higher doses can cause remarkable dimensional changes of up
to 300% strain in the graphite c-direction [60, 61, 62] and lead to amorphization. We did
not observe significant strain, presumably because the planes in the carbon nanotubes are
geometrically constrained.) Irradiation effects have been observed in graphite after doses
as low as 0.02 displacements per atom (dpa) [61, 62]; complete amorphization occurs at
around 1 dpa [61]. For graphite irradiation with electrons at energies above 200 keV. the
cross section is ~3x10~2"m?2peratom and thus amorphization requires a dose of the order
of 3x 1026‘1‘%‘m [61]. For comparison, the present experiment on nanotubes was carried
out using a beam current of 2x 1023¢€4r212 and the dose corresponding to Figure 4.8(c) is
about 3x10%5¢lectrons  The damage rates in the two materials are therefore similar.

The local rate of damage in a carbon nanotube might be expected to depend on

the local electron density (as it does in other materials [58, 59, 63, 64]). A quantitative
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theoretical study on carbon nanotubes shows that it takes less energy to remove an atom
from the surfaces perpendicualr to the beam compared to the parallel surfaces, i. e. the top
and bottom of the carbon tube is damaged to a greater degree than the sides [65]. This
scenario can be qualitatively described as a higher rate of damage of the more “exposed™
sites on planes perpendicular to the beam, while atoms on the inclined surfaces are relatively
protected because of channeling effects and “shadowing” resulting from atomic alignment
parallel to the beam direction. This differential damage allows the less damaged parts of
the walls to relax towards the equilibrium planar graphitic morphology., causing the tube to
collapse into a ribbon, as characaturized in Figure 4.9. Finally, the van der Waals interaction
between interior surfaces stabilizes the tube in the collapsed state (as described in detail in
Section 4.3). The final state is therefore expected to be a ribbon approximately parallel to
the electron beam. However, it is known that small particles often adopt an exact on-axis
orientation, believed to be due to momentum transfer from the electron beam [66]. This
effect may be instrumental in encouraging the final orientation of the collapsed tube to be
exactly parallel to the electron beam.

This method potentially provides a controlled way of testing the strength of nan-
otubes and studying the mechanisms involved in shape changes. The structure of nanotubes
lends itself naturally to further experimentation of electron-channeling effects of high energy
electrons. The capability of manipulating the geometrical structure of a single nanotube.
as shown in this experiment, leads to the potential of producing other novel nanostructures

with varying mechanical and electrical properties.

4.5 Zipper effect

Theoretical predictions, dicussed in detail in Section 4.3, indicate that the van der
Waals force plays an important role in maintaining the collapsed tube as a flat structure.
The video observations suggest that the van der Waals force between the inner walls may
be instrumental in the actual collapsing process. The following model describing the zipper
effect may be a useful method of visualizing the collapse of tubular structures which have
a van der Waals “glue” spread inside the hollow center. In its original state, the inner
diameter of carbon fibers or even nanotubes is outside the range of the van der Waals
attraction so the hollow is maintained. If, however, the inner walls become closer (e. g.

the tube pinches or is forcibly pushed flat), the van der Waals force draws them together
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(a) (b) (c)

Figure 4.9: Schematic showing the stages of collapse of a multi-walled nanotube by high en-
ergy electrons. (2) Undamaged tube (b) Selective damage (c) Flattening of entire structure.

until they have reached the graphite interplanar spacing of about 3.4 A, after which it keeps
the tube deformed. This deformation starts the zipper effect whereby other nearby regions
are now within the range of the van der Waals force and are drawn together. Thus the

deformation propagates down the length of the tube flattening the entire structure.
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Chapter 5

Techniques for electrical

measurements

5.1 Overview

The most intriguing prediction of carbon nanotubes is their interesting electrical
properties as discussed in Section 2.2. Due to their nanometer dimensions. nanotubes
are unlikely candidates for resistance experiments which rely on conventional techniques
for making electrical contacts. Indeed, since the discovery of nanotubes, several efforts
have been made to measure tube properties using bulk nanotube samples; all of these
experiments reported behavior analogous to graphite because instead of probing the single
tube characteristics, the measurements revealed the insufficient sample quality [67. 68, 69.
70]. Several novel techniques of making contact to nanotubes are discussed in this chapter.
Results of a focused-ion-beam (FIB) lithography process on carbon nanotubes is shown.
along with an outline and initial results of an in situ TEM method using silver paint. and
finally a description of an improved version of the electron beam lithography process which
has recently been used to make two probe electrical measurements on multi-walled carbon

nanotube samples [71].
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Figure 5.1: Design of microfabricated device used in electrical measurements of nanotubes.
Inset shows details of patterned leads.

5.2 Focused ion beam technique

5.2.1 Microfabricated device

A microfabricated device with sub-micron features was designed in an effort to
improve upon the resolution of previous experiments and lead to an eventual measurement
of single tube properties. The devices are fabricated on a 6 inch silicon wafer 500 pm thick.
coated with 3 um of insulating nitride. An aluminum layer, 3 um thick, is evaporated
on top of the insulating nitride and patterned into a series of contact pads using optical
lithography. Figure 5.1 is the design for the overall device while the inset shows the details.
The device isa 1 cm x 1 cm chip patterned with approximately 50 identical pairs of leads.

In order to optimize finding a single tube at the tip, one end of each lead is less than
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Figure 5.2: Carbon nanotube sample spanned between aluminum contact pads on micro-
fabricated device. (Courtesy of R. J. Luyken)

1 um [72] wide (the limit of the optical lithography) while the other end is 50 um wide for
ease in wire bonding to the aluminum pad. Since tubes are typically several microns long,
the distance between opposing pads is 5 pum. Many pairs of pads are patterned onto the
device in order to increase the chances of finding a single nanotube lying between a set of
contact pads.

The device was smeared with conventional multi-walled carbon nanotubes from
purified boule samples and then characterized using an SEM!. Carbon nanotubes and the
aluminum pads could be clearly observed on the insulating nitride surface. Although the
probability of a nanotube spanning the pads seems an unlikely event, the increased number

of pads makes it possible as seen in Fig. 5.2 [73].

5.2.2 Focused ion beam process

Even though the tube in Fig. 5.2 is ideally situated between the aluminum strips.
it is not in good electrical contact with the pads. Thus, a focused ion beam (FIB) was used
to deposit metal between the tube and the pad. A Seiko 9800 FIB system [74] with 30 keV
gallium ions was used for imaging and final contacting of the nanotube to the device leads.
A low (3 pA) ion beam current was used to image the surface; once a tube was located, the

image mode was interrupted and tungsten lines were drawn under computer control thus

'ETECH SEM (resolution 10 nm)
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Figure 5.3: Carbon nanotube sample (thin bright line) contacted to aluminum pads by
deposition of tungsten leads (bright angled bars) using FIB.

contacting the nanotube to the device leads. Figure 5.3 shows an example of a (two-probe)
contacted nanotube sample. The horizontal bars are the device leads, the bright angled
bars are the tungsten lines, and the very thin bright angled line spanning the tungsten bars

is the nanotube sample.

5.2.3 Effects of FIB

Although the FIB process successfully made contact to the tube and resistance
values could be measured between the aluminum leads, it is important to confirm sample
quality before continuing with further analysis. In fact, because FIB is a known sputtering
agent, a careful investigation of the effect of the FIB contacting technique on the atomic-
scale nanotube structure was conducted. A confirmed batch of pristine nanotubes using the
same preparation techniques as before were placed onto a holey carbon grid and imaged
by FIB using FIB parameters as before (here no tungsten deposition was performed). The
tubes on the grid received a total Ga ion dosage of 2x10~1422%  The FIB-treated nanotubes
were then characterized by TEM using 200 keV electron beam (which is confirmed to induce
no nanotube damage [30]). Figure 5.4 is a TEM micrograph of a tube after being exposed
to the FIB. While the overall shape is maintained (as seen in the inset), the crystallinity
of the tube walls (as seen in Fig. 3.7) is fully destroyed and the microstructure of the tube

resembles the amorphous material of the holey carbon grid.
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Thus it is clear that this technique is inappropriate for carbon nanotube measure-
ments. TEM analysis of many tubes treated by FIB reveals various stages of destruction:
some tubes become completely amorphous while others have visible but contorted lattice
fringes and a still discernable tube hollow (none could be termed highly crystalline, how-
ever). Thus simply imaging carbon nanotubes with the FIB compromises their structural
integrity.

Ebbesen et al. [75] have recently published data for the electrical resistance of
indivdual multi-walled carbon nanotubes contacted using the FIB technique. Their results
show varied behavior ranging from negative resistance to small temperature intervals of
metallic behavior to semiconducting activated behavior. The parameters of their FIB system
were similar to those discussed above, and the Ga ion dosage the tubes received was identical
(2x10‘14%‘:n55'-). Ebbesen et al. used atomic force microscopy (AFM) to characterize the
nanotubes after FIB contacting. Even such severe tube damage as seen in Fig. 5.4 is not
revealed by the AFM, a technique which simply images the overall shape. Their insufficient
characterization technique lead them to attribute their results to unique sample behavior.
Once the crystallinity of a nanotube is compromised there is no correlation between electrical
measurements and theoretical predictions of high-quality carbon nanotubes. Thus, the wide
spectrum of transport properties observed by Ebbesen et al. for samples contacted via FIB
simply reflects different degrees of crystallinity of each individual “nanotube” structure.
which ranges from severely defected nanotubes at best to completely amorphous carbon

strips.

5.3 TEM :n situ method

It is evident from the results of the previous section that the reliability of sample
quality is critical for an accurate measure of the electrical properties of nanotubes. The
ideal method of verifying sample quality is, of course, the TEM. TEM allows for a high
resolution analysis of the crystallinity of the sample as well as accurate determination of
tube dimensions for resistivity calculations. In an effort to design an experiment to meet
these goals, [ attempted an ad hoc approach of contacting tubes using silver paint.

Multi-walled carbon nanotubes were mounted onto a holey carbon grid, which was
then secured onto a glass slide by a spot of silver paint that was allowed to dry for 30 minutes

to insure adhesion. Dilute silver paint was mixed to the consistency of soup (as compared



Figure 5.5: TEM micrograph of a carbon nanotube contacted by silver paint on one end.

to molasses which is typical for general use), and dabbed or splashed onto the grid [76].
Places where it was dabbed, the paint immediately filled the entire 15 um square of the
copper region of the carbon grid, as seen in the 200X power optical microscope. Along with
the usual distribution of tubes, TEM analysis revealed dark blobs of silver paint randomly
splattered about the grid. On chance sightings, I saw a tube emerging from a blob of silver
paint. Figure 5.5 shows such an example. The dark shapeless area is the silver paint and
the structure extending from it is a multi-walled carbon nanotube as produced from the
arc-discharge chamber. Of course, the difficulty of contacting the other end of the tube still
remains.

Although Fig. 5.5 is the extent of the present experimental results on this tech-
nique, the following discussion outlines the consequent steps for potentially successful sample
preparation. The position of a partially contacted sample, such as observed in Fig. 5.5, may
be determined by recording the coordinates of the copper square in which it lies using the
lowest magnification in the TEM (980X). It is then possible to remove the sample from
the TEM and locate the relevant square under the 200X power optical microscope. The
next step is to carefully paint the region of the grid square which contains the other end

of the tube, and insert back into the TEM to confirm the result. Several cycles of painting
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and checking may be necessary. After satisfactorily contacting the two ends of the tube
with silver paint, a major obstacle remains the removal of the conducting carbon film which
comprises the support grid. The amorphous structure of the carbon film is susceptible to
radiation damage [77] thus the electron beam may be employed to electrically isolate the
tube. (The 15 um wide copper strips, which support the carbon film and also serve in
shorting the saniple, can be cut by a scalpel.) This technique is obviously dependent on the
perfect execution of a series of delicate steps, but a trial and error process may eventually
lead to success.

While the uncertainties in implementing this method are obvious disadvantages.
observation of the individual tube for accurate determination of dimensions and possible
defects is a great advantage. In addition, the chirality of the tube can easily be measured
within the context of this technique [35]. This issue is of considerable importance for
accurate comparison of experiment with theory, since the predicted electrical behavior of
the nanotube is strongly dependent on the chirality of the structure (see Section 2.2). Thus.
in spite of the difficulties, this technique is valuable for it potentially allows for the cleariest

interpretation of resistance data on nanotubes.

5.4 Electron beam lithography process

Contacting tubes using electron beam lithography is a compromise solution which
gives the best results. The scheme involves micro-fabricating a device with markers onto
a silicon wafer, sprinkling tubes onto the surface and locating the position of the tubes
relative to the mark using scanning electron microscopy. Standard electron beam lithog-
raphy processes (40 nm resolution) are then performed on the tube sprinkled device in
order to fabricate gold contacts to the tube. Fortunately, experiments find the tubes re-
main positioned on the surface during the various processing steps. After the processing
is completed, the device is again anayzed by the SEM to verify the existence of the tubes
and the appropriate placement of the contacts. The tube dimensions are measured using
atomic force microscopy which gives an accurrate value for the height of the tube which, of
course, equals the diameter for a cylindrical structure. Since these processes do not dam-
aged carbon, SEM and AFM are sufficient to determine sample quality, although, of course,
eventual verification by TEM is preferred. Presently, however, the substrate on which the

device is fabricated is too thick for TEM analysis. A marked advantage of this method



49

is the capability of performing four probe measurements due to the greater resolution of
electron beam lithography. This technique was developed by Marc Bocrath and is presently

being used by him to perform four probe measurements on ropes of single-wall tubes [78].



Chapter 6

Elastic measurements of

multi-walled nanotubes

6.1 Overview

Due to the strong covalent carbon-carbon bond, graphite has been traditionally
used to strengthen materials; an example is steel where the addition of a small percentage
of carbon to iron significantly improves the mechanical properties. At present, graphite
fibers are used in many high strength applications because the continuous fiber has a higher
Young’s modulus (0.2 to 0.8 TPa, depending on the fiber manufacturing technique [29.
p. 120]) than planar graphite. Even though the theoretical value for graphite is quite
high (~1 TPa). experimentally discontinuities in the planes soften the Young’s modulus to
0.6 TPa in the planar direction [13, p. 65-70]. High resolution TEM images of nanotubes
show clear lattice fringes suggesting a high degree of crystallinity in the structure which may
extrapolate to even higher elastic constant than fibers. Indeed, calculations of the elastic
properties of ideal carbon nanotubes predict an exceptionally high axial Young’s modulus
(of order 1 to 6 TPa) [4, 17].

This chapter describes the measurement of the Young’s modulus of an individual
multi-walled carbon nanotube from in situ studies in the TEM. Extraction of the Young's
modulus from thermal vibrations of a cantilever is theoretcially formulated and applied to
experimental data, yielding an axial elastic modulus of 1.26 TPa for a 10-walled carbon nan-

otube [79]. This value is consistent with theoretical predictions and confirms the crystalline.



defect-free nature of these structures.

6.2 Elastic measurement techniques

The nanoscale dimensions of nanotubes makes experimental measurements on
these structures very challenging. As in the case of electrical experiments, measurements
on bulk samples often do not reflect single tube properties. Isolation of individual tubes can
only be verified with electron microscopy, requiring experimentally reliable measurements
to be performed in situ. Several methods for measuring the elastic properties of nanotubes
are explored in this section.

Deflection due to gravity: The first idea that comes to mind is measuring the
deflection due to gravity of a nanotube suspended across a hole in the support grid. The
deflection, 4, is related to the Young’s modulus, Y, through the following expression for a
simply supported beam [135, p. A-13]: .

Using typical tube parameters and the Young’s modulus of graphite fibers gives an ex-
pected maximum deflection on the order of 10~* nm which is beyond the present detection
capabilities of the TEM, making this technique ineffectual.

Forced Oscillation: Measuring the resonant frequency of a particular tube by
driving it with a forced oscillator is perhaps the most accurate measure of the elastic prop-
erty. Utilizing the two electrical leads that exist in specialized TEM sample holders to
resistively heat samples (for in situ observation of phase changes), it is possible to design a
piezo electric driven grid. The experimental steps would be to (1) mount nanotubes onto the
grid so that they are rigidly attached (2) look for a cantilevered tube (3) ramp through the
frequencies and watch for resonance through TEM image analysis. The resonant frequency,
f, of a cantilevered tube, then, has the following dependence on the Young’s modulus {80,
p. 304):

fx VY (6.2)

The estimated resonant frequency is f~GHz. Unfortunately, precise functioning of the

experimental components in situ is difficult at such high frequencies, thus eliminating this

technique.
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Thermal vibration amplitude: Alternatively it is possible to measure the
Brownian motion of nanotubes. z,, the maximum amplitude of the oscillation due to

thermal effects is integrally related to the Young’s modulus [81]:

1
ZOCXW

Expected values for the amplitude are on the order of nanometers which is feasible using

(6.3)

TEM image analysis. [n fact, this method has recently been used by Treacy et al. [81] to

successfully measure elastic properties of nanotubes.

6.3 Derivation of Y for a thermally excited cantilever

The unique size of these nanotubes leads to interesting questions regarding the
calculation of their mechanical properties. Can the tubes be treated as continuous hollow
cylindrical structures or does their nanometer size call for a more discrete treatment? Dou-
blet mechanics, a recently developed analytic approach to mechanics which incorporates
the discrete nature of matter in the calculation of bulk behavior, has the potential to an-
swer such a question [82]. Meanwhile, empirical potentials and first-principals total-energy
calculations indicate relationships derivable from continuum elasticity theory are applicable
even for tubes with diameters as small as a Cgp molecule (7 A) [17].

The nanotube is approximated as a cantilever of length L, rigidly clamped at one
end. freely vibrating at the other with a uniform circular cross section of outer diameter, a.
and inner diameter, b and mass per unit length, u. A schematic of the mechanical system
is shown in Figure 6.1. Ideally a multi-wall tube is not a Bernoulli-Euler beam because
the elastic property of the tube walls is, in fact, different from that of the area in-between
where the van der Waal force acts. However, the error in assuming a multi-walled nanotube
to be a uniform rigid beam is expected to be small [83]. The displacement, u(z, t), of
the vibrating nanotube is a function of distance z and time ¢ and can be described as a

superposition of normal modes [80, p. 592]

u(z, t) = Z un(z, t) = 2, z an @ (z)sinwnt (6.4)
n=1 n=l

where z, is the maximum amplitude and a, is the relative amplitude of the normal mode

On(z) at frequency w,. The complete set of normalized normal modes of a cantilever beam



Figure 6.1: Schematic of mechanical system used to approximate a vibrating cantilevered
nanotube.

are

cosh BnL + cos 8, L

~ Ginh B, L + sinB.L (sinh Bpz — sin 3,7)] (6.5)

~[cosh Bnz — cos Bz

Nl;—-

on(z) =

with g,L = 1.8751,4.6941,7.8548, 10.996 for n = 1, 2, 3, 4 and approximately Z"-1T for

n > 4. The Young’s modulus, Y, is embedded in the associated frequency expression

YI Ym(at - b%)
n = (BaL)% [ —5 i = Bl =g (6.6)

at — b%)

o1 for a hollow circular cross section [15.

where the second moment of area, [ =
p. A-4].
In order to extract a value for ¥ from the experimental data, let us consider the

energy of the system. The average kinetic energy of a given mode is
kineti L1 2 1 2 2 L
(E,Fmeticy =/ Ey(['&n(z, t)]9)dz = Hn" 2o anz/ [#n(z)]?dz(cos? wyt). (6.7)
0 0

From the equipartition theorem, the average kinetic energy in each mode is kpT/2 where
kg is Boltzmann’s constant and T is the temperature. Equating Eq. 6.7 to kgT /2 and using
Eq. 6.6 yields

8kgT 1 \/ 512L3kgT (6.8)

i 2220 (BnL)?\ Yr(at - b%)z,2"



Hence, Eq. 6.4 becomes

512L3kpT "T¥

Y7r(a4 - b4) = (,BnL)2 ¢n(3)5iﬂ wnl. (69)

Thus the equipartition theorem fixes the relative amplitude of each mode. The amplitude
contribution of higher modes falls off as ~ ;‘;, therefore the vibration amplitude profile is
dominated by the first few modes. The sum is ultimately limited at room temperature by
Nmer = 85 where fiw,,,,. = kgT.

The present formulation is an exact solution to the problem of a cantilever oscil-
lating due to thermal effects. However, as stated in the second paragraph of this section.
the nanotube walls are treated as a single uniform material instead of discrete layers. A
formulation which considers the discrete nature of the walls is beyond the scope of this

work.

6.4 Vibrating multi-walled carbon nanotube

6.4.1 Image analysis

Figure 6.2 is a2 micrograph of a single multi-walled carbon tube! extending over a
hole in the support grid. It is apparent from the figure that although the TEM image is in
focus, the tube becomes progressively out of focus towards the free end. Efforts to tilt and
shift the unsupported specimen tip into focus were unsuccessful indicating the difficulty in
focusing is due to tip motion. This behavior is expected for a cantilevered end oscillating
due to thermal effects. Treacy et al. [81] have in fact changed the temperature and seen a
correlated change in the blurring of the tip (the higher the temperature the greater the blur).
It is experimentally well established that the tubes are rigidly attached to the amorphous
carbon film of the support grid [84], therefore the edge of the support grid is taken to be
the base of the vibrating tube. The inset in Fig. 6.2 is a high resolution TEM image of the
nanotube near its supported base showing clearly the tube parameters which are integral

to the eventual calculation of the elastic property of the structure.

! Usual procedures for synthesis, purification and mounting of multi-walled carbon nanotubes as described
in Chapter 3 were used in this experiment.



Figure 6.2: TEM image of a vibrating multi-walled carbon nanotube at T=300K. High
resolution micrograph (inset) of the region near the base gives accurate tube parameters.



6.4.2 Quantitative image analysis

Quantitative information of the vibrating tube may be gained by performing con-
trast analysis on Fig. 6.2. The oscillation of the tube causes the measured apparent width
of the tube to change as a function of the distance along the cantilevered length. A quanti-
tative measure of this blurring is achieved through taking line scans across the tube width.
Figure 6.3 shows the relative placement of these scans along the tube while Fig. 6.4 shows
selective scan plots representative of particular parts of the oscillating tube from the base
to the tip. Since the tube is cantilevered over empty space the steep drop in the contrast
signifies the start of the tube while the sharp rise is the white line identifying the slight
under-focus condition of the overall TEM image. Figure 6.4 shows a gradual widening of
the tube image from base to vibrating end. At a given point, the amplitude of oscillation
is determined by subtracting the tube diameter (as measured from the inset in Fig. 6.2)
from the apparent width and dividing by two. More accurately, because the tube undergoes
many vibration cycles during the time a single TEM image is taken (~sec), the blurring
seen in Fig. 6.2 records the root mean square (rms) amplitude. Figure 6.5 is a plot of the
rms amplitude versus position for the vibrating multi-wall carbon nanotube of Fig. 6.2.

Although not measured, identical nanotube vibrations are expected in the direction
perpendicular to the imaging plane. Longitudinal (axial) and torsional vibration modes

could not be resolved (as expected).

6.4.3 Y of multi-walled carbon nanotube

The solid line in Fig. 6.5 is a best fit of the rms vibration amplitude predicted
by Eq. 6.9 to the experimental data for the vibrating carbon nanotube of Fig. 6.2. A
reasonable fit is obtained, supporting the assumptions of the model and the applicability of
the equipartition theorem. As expected [85, p. 80], the model and the experimental data
reveal the dominance of the first mode in the response of a cantilevered beam driven by a
stochastic process. As for the numerical results, the 10-walled carbon nanotube shown in
Fig. 6.2 has a length L of 543 nm and an inner and outer diameter of 9.0 nm and 2.3 nm.
respectively. From the best fit of Fig. 6.5 the maximum rms vibration amplitude is 0.75 nm
which from Eq. 6.9 gives a Young’s modulus of 1.26 TPa. This value is in the range of what
has previously been observed for carbon nanotubes [81].

In solving Eq. 6.9, it is evident and rather striking that > 97% of the vibration



Figure 6.3: Line scans (horizontal bars) at regular intervals along tube length.



near base 4 nm

Figure 6.4: Waterfall plots of the line scans across selected locations along the tube length.
Notice the gradual increase in the apparent width from the base to the vibrating end.



1 1 Ll L T 1 Ly L] L I T v L] T 1 L) R L] T I L i T T l ] L] ]
- 10-walled carbon nanotube - ]
0.8 - ¢ amplitude(nm) -
t [ o theoretical fit (Eq. 6.9) 20
% 0.6 N * 0009 -;
o R OCe¢ -
2 L o o © ]
-'—;: 0.4 u OOOO 7
£ - . o ,0° ¢ ¢ 1
< ; . [ J . ® o e
w 02 | ee _0O° o o ® 7]
E [ ee o _S000° ¢ ]
0 [0800009° .
23 ° ]
_0 2 i PR S T N (N SN S SN SN AT NSNS S SN ST I S S R SR R SN S R R ¥

0 100 200 300 400 500 600

position (nm)

Figure 6.5: Plot of rms amplitude versus position for an oscillating multi-wall (n=10) carbon
nanotube. Closed markers represent experimental points while open circles indicate the best
fit according to Eq. 6.9.

amplitude is due to the first mode! Treacy et al [81] do not address this interesting issue:
their laudable analysis, however, also reveals that if simply the first mode is used. the results
change by 3% . The present analysis differs significantly from that used by Treacy et al..

yet both methods yield identical results therefore the analyses are consistent.

6.5 Discussion of errors

The error in this elastic measurement is predominately due to the inaccuracies in
measuring the geometric parameters. Even though the high resolution TEM image (Fig. 6.2
inset) allows for considerable improvement upon previous studies [81], the sensitivity of the
elastic modulus on the tube parameters is so acute, an overall estimated 20% error is
introduced into the measurement.

Another potential uncertainty lies in the error introduced due to non-rigid clamp-
ing at the base. While this does not change the resonant frequency, it underestimates the

Young’s modulus of the nanotube.
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Chapter 7

Elastic measurement of a

single-wall carbon nanotube

7.1 Overview

The theoretical work on the mechanical properties of nanotubes, however, has
been done on single-wall nanotubes (SWnT) not multi-walled structures; so the relevant
measurements to compare with experimentally are those conducted on single-wall samples.
Here, I present results of the elastic properties of single-wall carbon nanotubes. Obtaining
a numerical value of the Young’s modulus involves determining the thickness of the single
atomic layer of the tube wall which is not well known experimentally. Therefore a range
of Yswnr values (~ 1 to 10* TPa) is given corresponding to tube walls thicknesses from
van der Waals distance to nuclear dimensions. Because the SWnT often come packed in

bundles, the elastic modulus of a “rope” is calculated and found to be ~0.350 TPa.

7.2 Approximate derivation of Y

The results of the derivation and the data in Chapter 6 clearly prove that a can-
tilever driven by a stochastic process such as temperature vibrates predominately in its
first mode. Using this information, it is possible to derive the relationship between the
Young’s modulus, Y, and the maximum oscillation amplitude, z, in a more direct fashion.

Assuming the dominance of the first mode, only the n = 1 term is relevant, and thus the
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sum of Eq. 6.4 collapses to
u(z,t) = ui(z,t) = 2,01 ¢ (z)sinwy t (7.1)

where o, is now simply 1 and w, is the fundamental frequency which, from the n = 1 term

of Eq. 6.6 is
[YI [YI
= 2 = -
w = (61 L) L = 3.516 L (7.2)

rwa3h
where

Since the SWnTs are thin-walled structures, the second moment of area, I =
a is the diameter of the tube and £ is the thickness of the wall [15]. The energy equation.

Eq. 6.7. for the first mode remains the same

L L L
<Elkmetm) =‘/0 %y([dl(z,t)]z)zdx — éWIZZOZA [¢1(1;)]2((c08w1t)2)d:r. (73)

o1(z) is basically the shape of the displacement and instead of the unwieldy expression
given in Eq. 6.5, the shape of the first mode can be approximated by a simple polynomial,
¥(z):
3z2 38 _
A (z) = ¥(z) = 512 " 3[3° (7.4)
This approximation gives a 1.5% error in the calculation as compared to the exact solution.

The polynomial allows a straightforward integration of the energy equation, Eq. 7.3:

et 1 L 322 3 33uw?2z,2L 1 -
(E, kineticy = §pw123°2/0 [m - 2?]2¢i:r:(coszwlt) = %5 (7.5)

Equating the kinetic energy expression to the thermal energy in this mode (kgT/2. as

before) and substituting for w; from Eq. 7.2 gives the following expression for Y:

_ 1.75L%gT

Y= (7.6)

This expression provides a more transparent view of the functional dependencies of the
tube parameters in the determination of the elastic modulus of the nanotube. The error

introduced in comparison to Eq. 6.9 is 5%.

7.3 Background: SWnT sample description

Since several different types of SWnTs exist, a discussion of the specific sample

used in this measurement precedes the experimental details. The samples used here were
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synthesized using the laser technique [38] mentioned in Section 3.5. A partially hollowed
graphite rod is filled with a 2% percent mixture of nickel and cobalt powder. The piece is
then placed in a quartz tube and heated to 1200°. A pulsed laser is then used to vaporize
the carbon-nickel-cobalt sample in a flowing argon atmosphere which produces a deposit
on a cooled copper piece at one end of the quartz tube. This deposit is very cohesive and
fibrous and looks like black felt. The sample is purified by heating to over 1200° in air.
Macroscopically the bulk “felt” material is quite different from other nanotube samples.
SWnT samples in general have a slightly rubbery texture (as this one does). but the most
distinct quality of the “felt” material produced by the laser technique is its amazing, often
annoying, stickiness.

Figure 7.1 is a TEM micrograph of a representative sample revealing some of the
characteristic features of samples produced by this method. Most striking are the curved.
hair-like structures which are known as “ropes.” A rope may contain anywhere from a few
to a few hundred SWnTs, aligned and packed into a bundle. As the rope curves. walls from
different tubes in the rope satisfy the diffraction condition, causing the spacing between
the lines to change. Black arrows point to this phenomenon. X-ray studies [86] indicate
the tubes have diameters of 13.8 & uniformly throughout the sample and are packed into
a triangular lattice with a lattice constant of 17 A. In the TEM image, the arrangement of
tubes is visible when the rope is positioned such that the beam is parallel to the tube axis
as seen in the insets of Fig. 7.1. Also notice the small quantity of metal embedded within
sections of amorphous material. Noteworthy is the absence of any multi-walled tubes in this
sample. (The presence of the metal seems to inhibit the growth of multiple layers.) Multi-
walled spheres, however, with graphitic spacing are periodically seen within the amorphous

clumps.

7.4 Vibration of single SWnT

Although the majority of the structures in this sample are ropes, careful TEM
analysis reveals regions where the tubes have managed to untangle from the mass of ropes!
and are clearly visible as seen in Figure 7.2. The black arrow points to a single-wall tube
extending from a clump of material, well configured for an elastic measurement such as

described in Chapter 6. Observations of single tubes which extend out greater distances.

"Mostly due to vigorous pulling of the “felt” sample while mounting!
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Figure 7.1: TEM image of tube sample synthesized using laser vaporization technique.
Insets show the packing of the SWnT into a rope.
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Figure 7.2: TEM image of single SWnTs at T=300K. The cantilevered tube on the right is
found to be vibrating.

reveal that the single atomic layer thick wall does not give enough signal for imaging, i. e.
the end, which has an increased oscillation amplitude, is simply not visible in the TEM
image. On the other hand, the vibration amplitude of a shorter tube is not discernable.
Therefore this particular sample for which the slight blurring of the end is just barely visible,
provides a unique opportunity for studying the vibration properties of a single SWnT. Line
scans of the supported base and vibrating tip confirm the expected behavior where the tip

shows a larger apparent width than the base (see data in Figure 7.3).

7.5 Yswnr

Determination of tube dimensions from high resolution TEM images is not partic-
ularly accurate. At these high magnifications small errors are significant. Therefore along
with using measured dimensions from the TEM images, we also quote results using x-ray

characterization data. From Fig. 7.2 and 7.3, the diameter, a, is 12.9 A, L, the length of the



Figure 7.3: Base and tip line scans of vibrating SWnT sample.

cantilever, is 90.4 A and the oscillation amplitude referred to as z, is 1.1 A. Corresponding
values using x-ray data as a scale would be the following: 13.8 &, 96.7 & and 1.15 A. Both
sets of data, however, are incomplete. Essential to the calculation of the Young’s modulus
of a thin-walled beam is the wall thickness, &, which can not be accurately determined from
either experiments (nor from any other that I am aware off). Therefore, Figure 7.4 presents
the results for the vibrating SWnT as a plot of Y versus h in accordance with Eq. 7.6.
The range of h spans nuclear dimensions of ~ 10~5 A to van der Waals spacing of 3.3 A.
Theoretical molecular dynamics calculations estimate A = 0.066 A which, from Fig. 7.4.
gives Yswar ~4 TPa. The actual value of the Young’s modulus of SWnTs most likely falls
around this region. In fact, combined with eventual measurements of Yswnr using other
techniques, Fig. 7.4 may aid in the determination of the relevant thickness of a single atomic

layer.
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Figure 7.4: Graph of Ysw,7 vs wall thickness, h. Open and closed circles represent results
derived from TEM and x-ray measurements, respectively.

7.6  Yiope

So far a range for the elastic property of a single SWnT has been given. However.
for the purposes of application, SWnTs will most likely be packed into bundles to form
macroscopic material. Thus, the practical question is: how strong is a rope of tubes?

Figure 7.5 shows a possible rope configuration where the tubes are packed in a tri-
angular lattice (consistent with experimental observations). Keeping the distance between
tubes constant (using the X-ray value for the packing parameters [86]) and the thickness,
h as a variable, we can determine the Young’s modulus of the rope, Yrope: Yrope scales with

Yswnar and the ratio of the combined tube wall area to the total area, i. e.

Area taken by tube walls with thickness A

Yrope (h) = Yswnr () Total area of the rope

(7.7)

The tube wall area is proportional to h while the denominator is constant. So that Yrope:
plotted in Figure 7.6, becomes a constant independent of h because the expression for Ysu 1
goes as 1/h. This implies that regardless of the finer intellectual issues of the thickness of
the atomic tube wall, a crystalline rope of any diameter? made from a bundle of SWnTs

would have an elastic modulus of 0.35 TPa. Although not as high as reported for carbon

2Since the area of the tube walls and the total area scale identically, the ratio of the areas is constant.



Figure 7.5: Schematic of a SWnT "rope.”

nanotubes [81, 79], this value is one and one half times greater than the modulus of steel.
The incredible flexibility of ropes of tubes, as suggested by the TEM observations is an
added advantage of these structures. In fact, theoretical studies predict that a tube may be
stretched up to 40% its length before failure [16]. Although, this feature needs to be tested
quantitatively, the natural curving of the ropes seen in Fig. 7.1 may be indicative of this
capability. Thus nanotubes, due to their enhanced crystallinity promise to have impressive
mechanical properties even when fabricated in bulk. By extrapolation and analogy, using
nanotubes as additives will most likely improve the behavior of materials which presently

utilize graphite fibers for strengthening purposes.
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Chapter 8

Boron nitride nanotubes

8.1 Theoretical predictions

8.1.1 Prediction of nanotubular structure

Hexagonal boron nitride (BN) is another layered material with approximately the
same lattice parameters as graphite (see Appendix A). The main difference, of course, is
that while in graphite each vertex of the hexagon is occupied by a carbon atom, in BN,
a boron is surrounded by three nitrogens or vice versa. The bonding between the boron
and nitrogen atoms is also sp2-like in nature, but the asymmetry in the crystal potential,
arising from the dissimilar atoms, causes bulk hexagonal BN to be an insulator with a gap
of 5.8 eV [87]. Authors of a recent tight-binding calculation have proposed that nanotubes
might also be formed from hexagonal BN [5]. Theoretical formulation of a BN tube is
identical to the carbon case described in Section 2.1 where a strip is cut out of a hexagonal
sheet and rolled to form a tube. Thus, BN tubes, too, may be formed with a variety of
diameters and chiralities depending upon the circumference vector, C.

Total energy calculation results of the strain energy needed to form a tube of a
given diameter is shown in Figure 8.1 [88]. The closed circles represent the energy needed
to form a BN tube relative to a sheet of hexagonal BN, while the open circles indicate
the energy of a carbon nanotube relative to graphite. Clearly the tubes are higher energy
structures, but compared to their respective sheet material, BN nanotubes are energetically
more favorable than carbon ones and therefore more likely to form. Given the existence of

carbon nanotubes, the stability of BN nanotubes is theoretically well established.
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Figure 8.1: Strain energy versus diameter for the formation of BN and carbon nanotubes
relative to their sheet structures. Closed and open circles indicate the energy for BN and
carbon nanotubes, respectively. (Courtesy of X. Blase)

8.1.2 Predicted electrical and mechanical properties

Local density approximation (LDA) and quasiparticle band structure calculations
predict BN tubes to be semiconducting with a gap of roughly 4 to 5.5 eV independent of
tube diameter, chirality, and number of tube walls [88]. This uniformity in the calculated
electronic properties of BN nanotubes contrasts sharply with the heterogeneity of carbon
tubes and suggests that BN tubes may present significant advantages from an application
point of view. Details of the tube band structure show that the lowest lying state is a
nearly-free electron like state which has a maximum charge density about 2 A interior to
the tube wall. Thus, if the BN tubes were doped, with say carbon, the resulting metallic
tube would carry a cylinder of charge internally along its length.

Theoretical calculations of the elastic properties predict that BN nanotubes will
be slightly less stiff than carbon tubes; i. e., the Young’s modulus of BN tubes is 0.95 times
the elastic modulus of carbon tubes. Given the predicted range of carbon tubes, the theo-
retically suggested value of the elastic modulus of BN tubes lies within 0.95 and 6.65 TPa.
From experimentally determined measurements of multi-walled carbon nanotubes found in
Chapter 6, however, the Young’s modulus of a multi-walled BN nanotube is predicted to

be 1.2 TPa.
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8.2 Synthesis

Contrary to the similarity between the production of graphite fibers and carbon
nanotubes (discussed in Section 3.6), the processes used to fabricate BN filaments, with
diameters on the order 100 nm [89], are vastly different from the synthesis of BN nan-
otubes [90]. While chemical processes such as the reaction of N or NH3 with ZrB, or
HfB, [91] are used to produce fibers, BN nanotubes are synthesized in the plasma arc
discharge apparatus shown in Fig. 3.1. The synthesis technique is similar to that used
for carbon tube production, however, to avoid the possibility of carbon contamination, no
graphite components are used in this synthesis. The insulating nature of bulk BN prevents
the use of a pure BN electrode. Instead, a 0.32 cm diameter pressed rod of hexagonal BN
(white in color) is inserted into a 0.64 cm outer diameter hollow tungsten (W) electrode,
forming a compound anode. The cathode consists of a rapidly cooled pure copper electrode.
During discharge the environmental helium gas is maintained at 650 torr and the dc current
is ramped from 50 A to 140 A to maintain a constant potential drop of 30 volts between
the electrodes while arcing.

Arcing the BN/W compound electrode results in a dark gray soot deposit on the
copper cathode, in contrast to the cohesive cylindrical boule which typically grows on the

cathode upon graphite arcing (see Section 3.1.2). Due to instabilities, however, the BN/W
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arc burns only for a short time thus yielding a limited quantity of soot. Pieces of solidified
tungsten are often found spattered inside the chamber, indicating that the temperature at

the anode during synthesis exceeds 3700K, the melting point of tungsten.

8.3 Characterization

8.3.1 High resolution TEM

Since the goal is to discover nanoscale structures, the preferred analytical tool
is again transmission electron microscopy (TEM) [92]. Figure 8.3 shows a typical TEM
image of the dark gray cathodic deposit produced in the arc-discharge chamber. There
are apparent numerous structures of distinct and contrasting morphologies. The large
amorphous band covering nearly the entire lower half of the image is a portion of the support
grid. The dark clusters scattered throughout the upper half of the image are tentatively
identified as tungsten. Most importantly, Fig. 8.3 clearly shows structures that appear to
be multi-walled nanotubes, with inner (outer) diameters on the order of 1-3 nm (6-8 nm)
and lengths exceeding 200 nm. The two dark arrows in Fig. 8.3 identify one such tube
which extends beyond the left and right borders of the image. The light arrow in Fig. 8.3
identifies another multi-walled tube of apparently shorter length.

Figure 8.4 shows a high resolution TEM image of a portion of an observed nan-
otube. This and other similar images exhibit sharp lattice fringes indicating that the walls
of the tubes are well-ordered with an interlayer distance of ~3.3 A consistent with the
interplanar distance of 3.33 A in bulk hexagonal boron nitride [93]. The particular tube
shown in Fig. 8.4 has 8 walls; similar tubes with wall numbers ranging from 2 to 9 have

been observed.

8.3.2 Electron energy loss spectroscopy

Although no graphite is used in the synthesis process, confirmation of the chemical
make-up and stoichiometry is crucial for conclusive evidence of BN nanotube discovery.
Determination of the chemistry and stoichiometry of individual tubes is possible using
electron energy loss spectroscopy (EELS) inside the TEM. I have performed high spatial
resolution EELS studies on portions of tubes suspended over holes in the carbon support grid

as charicaturized in Figure 8.5. Figure 8.6 shows a characteristic tube energy loss spectrum.



Figure 8.3: TEM image of soot produced in BN nanotube synthesis. Black arrows point
out to sections of tubes. Big black arrows point to one long tube.

Figure 8.4: High resolution TEM image of a multi-walled BN nanotube clearly showing
the inner diameter and the equal number of lattice fringes on either side representing the
number of tube walls. This tube has 8 walls.
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Figure 8.5: Schematic of configuration used in collecting the electron energy loss spectra
(EELS) on a nanotube.

collected by probing a 10 nm region of the tube. Two distinct absorption features are
revealed, one beginning at 188 eV and another at 401 eV. These correspond to the known k-
edge onsets for boron and nitrogen, respectively. The fine structure in the spectrum reveals
the sp? bonding between boron and nitrogen [94]. Noteworthy is the absence of any feature
at 284 eV, the K-edge absorpticn for carbon. Quantification of the tube EELS spectrum
gives a B/N ratio of 1.14, consistent with a stoichiometry of BN (due to uncertainties in

baseline corrections, the given B/N ratio has an estimated error of 20%).

8.4 Possible growth scenario

A careful study of the ends of BN nanotubes reveals an interesting feature. As seen
in Figure 8.7, the observed end contains a metal particle, most likely tungsten or a tungsten
compound with boron and nitrogen. In contrast to carbon nanotube where the capping is
fullerene-like or involves pentagons and heptagons (see discussion in Section 3.4.3), BN tube
closure by pentagon formation is suppressed due to the necessity of unfavorable B-B or N-N

bonds. Nature seems to solve this problem by using a small metal cluster. The presence
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Figure 8.6: Electron energy loss spectrum (EELS) of a BN nanotube confirming the sp?
bonding of the boron and nitrogen and the absence of carbon in the tube structure. Quan-
titative analysis gives a B:N ratio of 1:1.14.
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Figure 8.7: Micrograph of the end of a BN nanotube showing termination by a metal

particle.



Figure 8.8: Micrograph of a metal particle covered with crystalline BN.

of many metal particles wrapped in layers of planar boron nitride, as evident in F ig. 8.3
and seen at higher magnification in Fig. 8.8, suggests that in a high curvature region of
a covered particle, the outer layer of the BN coating may pull away from the innermost
layer (since the inter-layer interaction in BN is rather weak) and grow outwards to form a
nanotube. Given this possible scenario, the tube growth is likely to terminate when a metal
particle collides with the open end of a growing tube and attaches to the dangling bonds
particularly if the metal forms stable nitrides and borides, as tungsten does.

Since this discovery of multi-wall BN nanotubes, another experiment, using a
slightly different arc-discharge synthesis configuration, has successfully produced single-
walled BN nanotubes.[95] Tubes made by Loiseau et al., however, do not have metal particles
at the end, but terminate with flat tops, suggesting a square B-N arrangement at the ends
compared to the hexagons in the wall. (Any even number polygon accommodates the
preferred B-N bonding.)



Chapter 9

Young’s modulus of individual BN

nanotube

9.1 Overview

Following the procedure described in Chapter 6, the elastic properties of an indi-
vidual boron nitride (BN) nanotube are experimentally determined through in situ studies
in the transmission electron microscope (TEM) [96]. Calculations using the thermal vibra-
tion amplitude of a cantilevered BN nanotube yields a Young’s modulus of 1.22 TPa. This
value is consistent with predictions of the high strength of these structures [97]. Because
elastic measurements probe the microstructure of a material, the high value of the elastic
constant suggests the BN nanotubes are indeed crystalline with few defects as observed in
high resolution micrographs.

Comparison with other materials finds BN nanotubes to be the strongest insulating
fiber. Hexagonal BN is well-known for its high temperature resistance and combined with
these high strength properties, BN nanotubes have potential for unique applications in

many different areas.

9.2 Vibrating BN nanotube

BN nanotubes were synthesized by arcing a BN filled tungsten rod against a water-
cooled copper electrode in an arc-discharge chamber as described in detail in Section 8.2.

BN nanotubes synthesized by this technique often contain metal particles at the ends.
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Figure 9.1 is a TEM micrograph of a BN nanotube specimen at 300K. Two individual BN
nanotubes are clearly visible, both cantilevered over a hole in the support grid. A short BN
tube in the lower right region of the image (identified by a white arrow) has a clearly visible
metal particle at its tip; the entirety of the tube is in clear focus indicating a small vibration
amplitude. The central region of Fig. 9.1 shows a single long cantilevered BN nanotube.
The base (lower black arrow) of this nanotube is in clear focus, while closer to the tip region
(upper black arrow) the image becomes increasingly blurred. Rotation studies verified that
the blurring nature of the tip was not due to sample tilt, and variations in electron flux had

no effect on the image, confirming that the tube vibration was due to thermal effects.

9.3 Data analysis

To quantify the amplitude of the vibration modes of the nanotube in the image
plane, a series of intensity line scans perpendicular to the nanotube axis was performed
on the micrograph of Fig. 9.1. Figure 9.2(a) indicates the positions of the scans (short
horizontal bars) while Figure 9.2(b) shows two representative intensity scans, one near
the supported base and one near the nanotube tip. Because the tube extends out over
unsupported area, the sudden drop from the background signifies the high contrast due to
the tube. Near the supported base, the scan shows a sharper drop in contrast as compared
to the line scan near the tip. This is consistent with the condition of focus at the base
versus blurring at the end which is depicted visually in Fig. 9.1. From the width of the
high contrast region, we determine the apparent tube diameter at points along the length
of the structure. As expected, the apparent tube width at the tip is greater than that at
the base. The width of the nanotube at the base, where the vibration amplitude falls to
zero, is 3.5 nm.

Figure 9.3 shows the rms amplitude of the BN nanotube as a function of distance
from the nanotube base, determined from a deconvolution of the intensity line scans from
the base line scan. As expected, the vibration amplitude increases with increasing distance
from the clamped base of the nanotube.

Transverse intensity scans were also performed on the shorter BN tube of Fig. 9.1:
thermally excited vibrations could not be resolved. While in principal this tube is also
vibrating, its oscillation amplitude is estimated (using the BN elastic constants extracted

below) to be on the order of 0.05 nm which is in the error of our detection limit.



Figure 9.1: Vibrating BN nanotube at T=300K.
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near base

Figure 9.2: Line scan data of vibrating BN nanotube. (a) Placement of scans on the tube
image. (b) Line scans near base and tip.
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Figure 9.3: Plot of rms amplitude versus position for oscillating BN nanotube. Note general
trend looks like the fundamental mode of a cantilever.
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9.4 Calculating YBN

The formalism developed in Section 6.3 for calculating the Young’s modulus of a
multi-walled carbon nanotube may also be used here to extract the elastic properties of
a multi-walled BN nanotube. Thus, the BN nanotube is approximated as a cantilevered
Bernoulli-Euler beam of length Lgy, rigidly clamped at one end, freely vibrating at the
other with a uniform circular cross section of outer diameter, agy, and inner diameter, bgy.
Re-writing Eq. 6.9 for the displacement of a cantilevered tube oscillating at temperature T
in terms of BN nanotube parameters gives

512LgNkgT  mes 1 .
L) = —————n(z)sinwyt]. 9.1
un(2, t) \ﬂ,BNW(agN_ ng)[g Gilon)? (z)sinwnt] (9.1)

(So far we have assumed no metal particle at the end, see Section 9.5.) The markers in
Fig. 9.3 are the experimental data and the solid line is the fit using Eq. 9.1. From the fit
the maximum rms amplitude is found to be 0.8 nm. This fit, together with the measured
dimensions of the nanotube, agn = 3.5 nm, bgy = 2.2 nm, and Lgy = 153.8 nm yields an
elastic modulus of Ygn = 1.22 TPa for the BN nanotube at 300K.

9.5 Discussion of experimental parameters for Ygy measure-

ment

In the above calculation, the base of the cantilever has been taken to be where the
single tube extends over the hole, as pointed to by the lower black arrow in Fig. 9.1. (The
focus condition supports this assumption since the region below the lower black arrow in
Fig. refBNVIB is entirely in focus.) If, instead, the point of rigid clamping is assumed to be
directly at the clump, the mechanical system is then described by a beam with a varying
second moment of area, / = I(z). However, the second moment of area of the region where
several tubes extend from the clump a short distance, is much larger than that of the single
tube, and thus the combined system dynamically behaves as if the cantilevered tube was
rigidly clamped at the position pointed out by the lower black arrow. Thus, the calculations
for the combined system are identical to the mechanical system assumed in deriving Eq. 9.1.
and the result for the elastic modulus of the BN nanotube is the same.

As mentioned previously, BN nanotubes synthesized by the tungsten-arc technique

often terminate with a metal particle. If | assume there is a tungsten particle with a
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diameter on the order of the outer tube diameter and repeat the calculation, I find that
the fundamental frequency goes down by 17% but the BN tube elastic modulus does not
change. This is consistent with the simple mass-spring system where the frequency depends
on the mass and elastic constant of the spring, but the spring constant is independent of

the mass as long as it is under its elastic limit.

9.6 Comparison of elastic moduli

Theoretically, the elastic modulus of a BN nanotube should be slightly smaller
than that of a carbon nanotube [97]. Because although the structures are similar. the
phonon frequencies [98] in graphite are calculated to be higher than those in planar BN
suggesting that the carbon-carbon bond is stronger than the boron-nitride bond. Our
result reflects this difference when compared to recently measured values of multi-walled

carbon nanotubes [81, 79].

[ Material Y (TPa) Reference |

Carbon fiber 0.2-0.8 99
Carbon nanotube 0.4 -4 81
BN nanotube 1.22 (96

Kevlar 49 0.112 | [100, pg. [1-2]
E-glass fiber 0.074 [101]
SiC fiber 0.2 [102)
Steel wire 0.2 [15]
Copper wire 0.110 [103
Bi;SraCa, Cuy0, whisker 0.02 104
Bi;SryCayCusz0O, whisker 0.03 [104]

Table 9.1: Table of elastic moduli of a variety of fiber materials.

The BN nanotube Young’s modulus is 14 times greater than the measured in-plane
modulus of bulk hexagonal BN material [105]. This difference is possibly due to the tube
being a defect-free single crystalline piece while the bulk hexagonal material is a composite
of defected layers. Also it is conceivable that the curvature of the tube strengthens the
sp? bonding between the boron and nitrogen atoms resulting in a material with improved
mechanical properties. Thus this experimental measurement shows the impressive change
in elastic properties of a material due to nanometer scale sample geometry.

Indeed, fibers often have improved elastic properties in comparison to the bulk
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material [106]. Table 9.1 shows the Young’s moduli of a range of fiber materials. BN

nanotube is an order of magnitude stronger than any other insulating fiber and the second

strongest material after carbon nanotubes.



Chapter 10

Synthesis of BCoN and BCj

nanotubes

10.1 Background

Along with graphite and boron nitride, BC;N and BCj are other, more complex.
layered materials with atoms arranged in an hexagonal network (see Appendix A). The

syntheses of bulk BC;N and BCj is achieved through the following chemical reactions:
CH3CN + BCl3>2%CBC,N + 3HCI

2BCl; + CsHe~2%C9BC; + 6HCI

Both BC;N and BCj; have bright metallic lustre and resemble the layered structure of
graphite due to the sp?-like environment of each of the B, C, and N atoms in the bulk
materials, signifying two-dimensionality. Resistivity measurements indicate that BC,N is
semiconducting with a gap of about 0.03 eVand BCj is semi-metallic. The synthesis and

characterization of both these novel materials was done by Kouvetakis et al in 1989 [107].

10.2 Theorectical Prediction

Following the trend in this thesis, one can imagine taking one of these novel sheets.
cutting out a strip and rolling it to make a tube as explained in Section 2.1. And in fact
tubes of BC,N [6] and BC3 (7] have been predicted to exist and studied theoretically.
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Figure 10.1: Theoretically determined tubules of isomers of BC;N. These are the (4.4) tubes
in the indexing numerology of tubes. (Courtesy of Yoshiyuki Miyamoto)

[nitially, [ will concentrate on predicted properties of BC;N. Due to the greater
complexity in this material, the unit cell is double that of graphite, and there are two
possible arrangements of the B, C, and N atoms in the sheet, resulting in two different tube
structures. Figure 10.1 shows the structure of tubes (Type I and II) of the same diameter
but made from different isomers of the sheet material [6]. The Type I sheet has inversion
symmetry (as does graphite) while the Type II does not (similar to BN). Thus, it is not
surprising that band structure calculations on the electrical properties of the Type I and
Type II tubes parallel the properties of carbon and BN nanotubes, respectively. Type I
tubes range from semi-conducting to metallic depending on diameter and chirality while
the Type II are predicted to be semi-conducting independent of tube parameters. The most
unique feature of tubes made from this material is that the arrangement of atoms (chain
of conducting carbon alternating with a string of insulating BN) in the Type II tubule
resembles a solenoid. Doping this semiconducting Type II tubule to metallicity would
cause the electrons to flow in a helical pattern along the chain of carbon atoms, becoming

a nanocotl!
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Figure 10.2: Schematic of the electrode configuration used to produce multi-wall BC;N and
BC3 nanotubes in the arc-discharge chamber.

The electrical behavior of BC3 tubes is rather complex, but the most significant
result from the theoretical calculations predicts concentric tubes of BC; to be metallic [7].

Thus all multi-walled strucutres made from this material are likely to be good conductors.

10.3 Synthesis

Along with the synthesis of carbon and BN nanotubes, the arc-discharge chamber
shown in Fig. 3.1 houses the successful production of tubes with other novel stoichiometries
of boron, carbon and nitrogen as well [108]. The particular arc configuration used in this
experiment is described schematically in Figure 10.2. An insulating 0.635 cm diameter BN
piece is inserted into a hollowed 0.9525 cm (outer diameter) graphite rod resulting in a
compound electrode [109]. The cathode is the water-cooled copper piece as in the other
experiments. The chamber parameters are similar to those used in multi-walled carbon
nanotubes. 450 torr helium pressure is bled into the chamber and the current is set to
55 Amps. Reminiscent of the carbon scenario, the compound BN/C electrode erodes and a
growth occurs on the cooled copper surface. Detailed examination of the boule after arcing
finds the inner core to be harder than the surrounding layers. which is in direct contrast

to observations of pure carbon boule samples (see Section 3.1.2). However, in the case of a



Figure 10.3: SEM image of boule sample from a combined boron, carbon and nitrogen
experiment.

compound BN/C electrode, the central region contains hexagonal BN, a ceramic, therefore.
from simple geometric arguments, a harder inner core is reasonable. The color of the boule.
too, is gray instead of the typical carbon black suggesting that the originally white BN has
indeed been consumed in the arcing process and mixed with the black graphitic material.
Figure 10.3 is a representative scanning electron micrograph of the inner core boule material
from this experiment. Tubes are clearly visible in the image along with significant quantities
of bulk material. As is evident from Fig. 10.3, the yield of nanotube structures is low in this
experiment. TEM and EELS studies, similar to those described in section 8.3, confirm the
crystallinity of the tube structure and individual tube stoichiometries of BC;N and BC;. In
fact. EELS analysis also revealed that the sample contains nanotubes of pure carbon. Thus
using the configuration shown in Fig. 10.2, the non-equilibrium arc-discharge technique
simultaneously produces multi-walled nanotubes of BC,;N, BC3 and pure carbon.

Since this discovery, other studies using boron, carbon and nitrogen have found

similar results [110, 111, 112].

10.4 Discussion of arc-discharge technique

[ believe at this point a comment on the versatility of the arc-discharge set-up
is well deserved. All the nanotubes discussed in this work have been synthesized in the

chamber described in Fig. 3.1. In fact, a comparison of Figures 3.2, 8.2 and 10.2 reveals
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that different anodes are arced against the identical cathode. Simply changing the anode
material tunes the B;CyN stoichiometry of the resulting nanotubes. Noteworthy is the
range of materials, from metals to insulators, which have been successfully introduced into
the arc. This proves the arc-discharge technique to be an extremely versatile method for
fabricating novel structures from a variety of materials.

Of course the parameters,! too, have a profound effect on the resulting structures
as clear from the comparison in section 3.6 between carbon fiber and nanotube production.
Therefore, this dynamic, non-equilibrium method most likely still contains much of material
and parameter space which remains to be explored.

Also, it seems, and correctly so, that the experimental process of synthesizing
these structures is not difficult when using the arc-discharge apparatus, but the analytical
techniques such as TEM and EELS that are vital to this research are challenging to perform

on nanoscale structures which are often produced in meager quantities.

10.5 Summary of B,C,N. nanotubes

In an effort to organize much of the theoretical and experimental work that has
been presented here on nanotubes synthesized from boron, carbon and nitrogen. I have

formulated the following table. From Table 10.1 it is evident that, so far, the significant

Type of Predicted Properties Experimentally Determined
Nanotube Electrical EGap (V)| Y (TPa) | Y (TPa)| SWnT found?
Carbon semi-c or metallic | 0 to 1.5 l1to7 1.35 ves
BN semi-conducting 4t05.5 | 0.95to 6.65 1.18 yes
BC;N (I) || semi-c or metallic — — — no
BC,N (IT) || semi-conducting 1.28 — — no
BC; metallic — — — no

Table 10.1: Table summarizing predicted and measured properties of B,C,N. nanotubes.

quantity of work, both theoretical and experimental, has been done on carbon and BN nan-
otubes. Carbon nanotubes have existed for the longest period of time and large quantities

of tube material are readily available due to the stable arcing of graphite which produces a

' A marked disadvantage of the arc-discharge technique is the inability to control anything but the overall.
global parameters such as gas, pressure and electrode temperature. This constraint makes the potential for
experimental control of tube parameters such as chirality extremely low using this technique.
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ready supply of tubes. BN nanotubes due to their potentially interesting electrical applica-
tion have also been studied quite extensively, although techniques for large scale production
need to be explored. Clearly minimal work has been done on the BC;N and BC3 nanotubes.
The existing synthesis technique necessitates the confirmation of tube stoichiometry with
EELS before any meaningful measurements can be made experimentally. Obviously, such
rigorous identification inhibits productive new research on these structures, and thus the
development of improved synthesis of BC2N and BC3; nanotubes is crucial to continued
work in this field.

Notice the absence of an experimental column for the electrical properties of nan-
otubes in Table 10.1. This is indicative of the nascent stage of the measurement techniques
needed for conclusive data on the electrical behavior of single-wall nanotubes. Clearly. this

area is of great interest experimentally and should continue to be explored thoroughly.
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Appendix A

Crystal structure of graphite, BN,
BC9N and BCj; sheets

The crystal structure of graphite, BN, BCoN and BCj sheets is quite similar.
They are all hexagonal layered structures with ABAB packing being the most common
arrangement of the layers. The crystal structure is best described by schematics of the ideal

structures.
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A.1 Graphite

Figure A.1: Crystal structure of graphite. (a) Unit cell has lattice constant of
agr=2.46 A [113] which corresponds to the second nearest neighbor distance, and the

interplanar spacing is CGTR = 3.36 A. (b) Graphite is a hexagonal sheet with carbon atoms
at each vertex. The bondlength is dc_c = 1.42 & Lattice translation vectors are shown and

have magnitudes equal to |dj] = |d3| = agr. Due to the homogeneity of the material, this
sheet structure has inversion symmetry.
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Figure A.2: Crystal structure of BN. (a) Unit cell has lattice constant of agn=2.50 A
which corresponds to the second nearest neighbor distance, and the interplanar spacing is

% =3.33 A [93]. (b) BN is a hexagonal sheet with boron atoms surrounded by nitrogen

atoms and vice versa. The bondlength is dg_n = 1.44 A Lattice translation vectors defined
similar to graphite sheet with |dj| = [d3] = apn. Because of the dissimilar B and N atoms,
this sheet arrangement does not have inversion symmetry.
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A.3 BGC)N

A.3.1 Typel

Figure A.3: Structure of BCaN (Type I) sheet. The unit cell is about twice that of ei-
ther graphite or BN as seen from the lattice translation vectors, 4; and A,. Bondlengths
determined from theoretical work are the following: dc.c = 1.42 A, dg—c = 1.55 A.
dg_x =145 4, dec_y = 1.32 A [6]. The distance between layers is determined from experi-
ment to be 3.35 A for this material [114]. Notice that for this particular arrangement of B.
C, and N atoms, the sheet has inversion symmetry.

A.3.2 Typell

Figure A.4: Structure of BC;N (Type II) sheet. Lattice translation vectors, A; and A,. are
identical to those shown for the Type I material. Bondlengths determined from theoretical
work are the same as Type I (see above) [6]. The distance between layers is determined
from experiment to be 3.35 A [114]. Notice now that for this particular arrangement of B,
C, and N atoms, the sheet does not have inversion symmetry.



A4 BC;

Figure A.5: Structure of BCj sheet. Lattice translation vectors, 4; and A, are similar
to those shown for BC;N material. Bondlengths determined from theoretical work are the
following: dc_c = 1.42 A and de_p =1.554 [7]). The distance between layers is determined
from experiment to be 3.35 A [114]. The unique arrangement of B and C atoms causes this
heterogeneous sheet to have inversion symmetry.
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Appendix B

Band structure of nanotubes

The band structure for carbon nanotubes is derived primarily from the band struc-
ture of graphite. Thus a brief discussion of the unique features of the graphite band struc-
ture precedes that of nanotubes. Empbhasis is placed on a pictorial description rather than

involved calculations.

B.1 Band structure of graphite

There are two common orientations of the two-dimensional hexagonal lattice of
graphite. The lattice [grid] may be orientated such that a side of the hexagonal unit is
parallel to either (1) the x-axis or (2) the y-axis. If the repeat unit in real space is the
hexagon orientated as shown in Figure B.1(a) (i. e. parallel to the y-axis), the Brillouim
Zone (BZ) of the sheet consists of hexagons rotated! by 90° as displayed in Fig. B.1(b)
(parallel to the x-axis). The central point (E = 0) is T’ while the corner point is labelled K
(all the corner point are equivalent). The unique feature of graphite is that it has a Fermi
point, instead of a surface, because the valence and conduction bands meet exactly at the

K points as apparent in the graphite band structure plot of Fig. B.1(c).

! This rotation is a consequence of the mathematical formalism used when transforming from real space
to reciprocal space (see Chapter 2 in Introduction to Solid State Physics by Kittel).
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Figure B.1: Band structure of graphite. (a) Unit cell of graphite. (b) BZ of graphite. (c)
Band structure of graphite.

B.2 Band structure of carbon tubes

Since a tube is mathematically formed by cutting a strip from a graphite sheet and
rolling it into a cylinder, the two-dimensional sheet becomes a one-dimensional tube struc-
ture. The curvature induces ¢ — 7 hybridization which introduces some sp® character into
the planar sp? nature of the carbon bonds. This hybridization, however, only significantly
effects small tubes, thus for the most part the energy bands of nanotubes may be explicitly
derived from the graphite band structure. Due to the high aspect ratio of nanotubes. the
axial dimension is still considered infinite but the periodic boundary conditions around the
tube circumference now constrains the allowed k values. The sheet wavevector k will be

included if it satisfies the condition of single-valuedness of the tube wave-function:
C-k=27J,3=0,1,2,3,... (B.1)

where € is the circumference vector of the tube. This constraint manifests itself as allowed
lines in the reciprocal lattice instead of an area. The construction of the band structure of
nanotubes is best illustrated by example.

Zigzag tubes: Figure B.2 describes the formation of the band structure for an
(n,0) tube which is referred to as a zigzag tube. The repeat unit for this tube along the tube

axis is shown in Fig. B.2(a). Because this unit cell is bigger than the hexagonal unit cell of
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Unit Cell
(a) (b) (c) (d)

Figure B.2: Band structure of zigzag carbon nanotube. (a) Tubular unit cell. (b) BZ of
zigzag tube relative to graphite BZ. (c) Tubes have BZ lines as opposed to areas. These
give the allowed k values for the (4, 0) tube. (d) Band structure for (13, 0) tube [3].

graphite, the BZ is smaller. Figure B.2(b) shows the BZ of a zigzag tube relative to that of
graphite. ky, corresponding to the direction along the tube axis, can take on a continuum
of values but k; is discretized. Now, the allowed k values depend upon the particular
circumference vector C. Let us take the (4, 0) tube specifically. The allowed & values then
lie along the lines drawn in Fig. B.2(c) and the tube bands are given by the corresponding
graphite bands for those k values. Since the allowed points in this particular case do not
include the K point, the tube is semi-conducting. From symmetry, the bands can be folded
onto each other so that complete band information may be conveyed between the I' and X
points. As labelled in Fig. B.2(c), the X refers to the edge of the BZ in the k, direction
thus the coordinates are determined directly from the size of the tubular unit cell. In this

case X=‘/5:GR for all (n, 0) tubes. The (r, 0) carbon nanotubes which are semiconducting

have direct gaps because the tube band may be folded onto the k=0 line from symmetry
arguments. Continuing this kind of construction for other values of n gives the following
results: tubes which have n = 3J where J = 1,2, 3... are narrow gap semiconductors and
the rest are semiconductors with gaps ranging up to 1.25 eV. Figure B.2(d) shows the band
structure of the (13, 0) tube.

Armchair tubes: As another example, let us take the case of an (n, n) armchair
tube. Figure B.3 is analogous to Fig. B.2 Notice the repeat unit has now rotated by 90° from

the previous case. This time, X=%§ in accordance with the armchair tubular unit cell, and
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Figure B.3: Band structure of armchair carbon nanotube. (a) Tubular unit cell. (b) BZ of
armchair tube relative to graphite BZ. (c) BZ of the (2, 2) tube. (d) Band structure for
(6, 6) tube [3].

—>

the K point is always included because k = 0 is always allowed. Thus all armchair chirality
tubes are metallic. In fact these have the distinction of being the only tubes calculated to
be metallic. The band structure of the (6, 6) tube is shown in Fig. B.3(c).

Similar analyses may be done for the other (n;, n;) carbon nanotubes. The BZ
in each case will be orientated slightly differently with the angle of rotation reflecting the

helicity designated by the particular C.

B.3 BN band structure

Planar hexagonal BN has a lattice almost identical to that of graphite. Thus, the
BZ of the BN sheets and tubes may be constructed in a similar fashion. For comparison.
the band structures of a BN sheet and the (4, 4) BN nanotube are shown in Figure B.{.
Note that the conduction and valence bands are separated by a gap which arises from the

asymmetry in the crystal potential due to the heterogeneous lattice of B and N atoms.
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Figure B.4: Band structure of (a) BN sheet and (b) a BN (4, 4) nanotube [88].
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