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Abstract
Carbon nanotubes have been advertised as a material with quite extraordinary

properties, both mechanically and electrically. The truth is that carbon nan-

otubes is not one material, but several different. Depending on the method

used to produce them, and consequently the quality of the atomic structure

within their walls, their physical properties can also differ drastically.

In this doctoral thesis a method was developed for quantifying the degree of

order within the tubes’ walls, namely their crystallinity, by using transmission

electron microscopy. The method enables the characterization of the inherent

properties of the tubes such as electrical conductivity and bending stiffness,

alongside the determination of crystallinity, making it possible to quantify

the influence of tube crystallinity on these critical properties. Furthermore,

a model for electrical conduction in the outermost wall of multi-walled car-

bon nanotubes is suggested, enabling the determination of intrinsic quantities

like the sheet resistance of individual crystallite grains within the walls and

the boundaries in-between them.

The studies reveal a profound shift in both mechanical and electrical behav-

ior at a critical crystallite size, with large differences connected to production

method, and even between individual tubes from the same production batch.

These findings successfully explain previously seen differences and highlight

the need for well-defined characterization techniques with protocols and clas-

sification systems, in order to successfully exploit the promising properties of

carbon nanotubes in the future.
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Chapter 1

Introduction
A carbon nanotube (CNT) is a tube made of carbon. It is astonishingly small,

as nano refers to the billionth of one meter that is the closest unit of length

that is practical to use when sizing up their diameter. Carbon nanotubes can

also be thought of as a material, with material properties, many of which are

expected to be very useful in a wide variety of applications. The unusually

good behavior of CNTs that has been promised, calculated and theoretically

predicted, stems from the atomic structure within the nanotube walls, giving

them for example high mechanical stiffness [1] and electrical conductivity [2].

As the theoretical values for such beneficial properties are based on an ideal

atomic structure, one is right to ask the questions “what happens when the

atoms are not as well ordered?” and “what conditions of growth lead to a well

ordered structure?”.

Indeed, defects in the atomic lattice have been found to influence the mechan-

ical stiffness [3, 4, 5], tensile strength [6, 7], and the whole mechanical be-

havior in bending configurations [8, 9]. The thermal conductivity [10, 11] has

also been found to depend on the order/disorder within the tube walls. The-

oretically, some types of CNT may have an electrical resistance that is close

to zero, regardless of the length of the tube, however these properties have

also been found to deteriorate as the tubes differ from the idealized versions

of themselves [12, 13]. For nanotubes grown by the method of arc-discharge,

which is believed to be one of the best methods for producing high quality

tubes, the electrical current has been found to be carried by the outermost layer

for distances of up to about 1 µm [14], while for tubes grown with chemical

vapor deposition (CVD) the electron mean free path has been found to be

very short, even below 10 nm [15], showing that tubes from the two different

methods of production may differ in quality.
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CHAPTER 1. INTRODUCTION

While it may be obvious that different techniques of production can produce

different results, there are also large differences in behavior found within the

same methods, and even within the same sample batches of CNT, further

showing how sensitive these properties are to how well ordered their atoms

are, referred to as the “crystallinity” of the tubes. In electrical measurements of

CNTs using four electrical probes there are reports of 0.2–86 kΩ/µm [16], 1.4–

10.4 kΩ/µm [17] and 6–25 kΩ/µm [14], without any apparent cause for the

large differences, even within the same experimental set-up. Another study

which used two-probe measurements found similar variations in the linear re-

sistance and a large spread of about two orders of magnitude in the estimated

band gaps of semiconducting tubes [18].

The conclusion then is quite clear; “carbon nanotubes” is not a single ma-

terial, it is several, and the properties and possible benefits that they may

bring is highly dependent, and sensitive of, the quality of their atomic lattice

structure and indirectly their method of production. Characterization of com-

mercially available carbon nanomaterials reveal large differences within CNTs

sold under the same description [19], and the future exploitation of nanotubes

thereby relies on well defined characterization techniques with protocols [20]

and classification systems [21, 22], similar to the ones that have been estab-

lished for carbon fibers [23].

For the work described in this dissertation there was a need for an in-situ

method to quantify nanotube crystallinity simultaneously, or in the same ses-

sion, as measuring other properties. Techniques for measuring bending stiff-

ness inside a transmission electron microscope (TEM) were already in place

and methods for electrical characterization were being planned. This led to

the development of a new technique that would accomplish all this, with rea-

sonable ease-of-use and accuracy. The method relies on using selected area

electron diffraction (SAED) inside a TEM and an analysis of the diffraction pat-

tern in terms of peak width. The method is similar to X-ray diffraction (XRD)

and previous TEM diffraction schemes, but manages to eliminate the influence

of streaking and instrument contributions so that the inherent peak broaden-

ing from a limited crystallinity can be accessed. Great care has been taken

to correct for different contributions to line-broadening [24], which includes

2



taking into account the specific shape and orientation of the studied structure

when analyzing its corresponding diffraction image, in a way that has not been

reported before. The work also includes a detailed mapping of the most im-

portant instrument contributions for these measurements so that these could

be properly adjusted and corrected for.

The methods described above were also put into practice, and some very inter-

esting results were found within this work. The differences found in the me-

chanical properties of CNTs produced with different methods [9, 25], are here

linked to large differences in crystallinity. For arc-discharge tubes, the in-plane

crystallite size La was found to be on the order of 20 nm while for CVD growth

it was only about 5 nm. The findings successfully explain the previously seen

differences in for example bending stiffness, and highlight the sensitivity of

differences in crystallinity, and indirectly of production method.

A profound effect from a limited crystallinity was also found in electrical con-

ductivity, and is presented in this dissertation. Within the same batch of arc-

discharge CNTs, the linear resistance was found to vary from 3–300 kΩ/µm, di-

rectly correlated to the effective size of the crystallites. Furthermore, a model

is presented where the conduction is described by modeling the outermost

tube layer as polycrystalline graphene, with individual graphene grains with

a sheet resistance, connected via grain boundaries, with a boundary resistiv-

ity. Values are extracted for these parameters and it is shown that both of

these depend critically on the crystallite size. For smaller crystallite sizes be-

low about 10 nm, the current jumps from grain to grain, crossing relatively

resistive boundaries. For higher crystallite sizes the sheet resistance within

each grain becomes very low, comparable to a ballistic behavior, and is lim-

ited by scattering at the grain boundaries. These differences are interpreted

as a combination of quantum confinement and edge effects in the individual

crystallites which dominate the behavior for smaller grain sizes.

A detailed description of both the methods that were developed, as well as the

unique results on carbon nanotubes that they helped discover, can be found

throughout the rest of this dissertation and in the publications from which it

builds.
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Chapter 2

Background
2.1 Carbon nanotubes

Although the question if carbon nanotubes appear “naturally” is still not com-

pletely settled at the time of writing this dissertation, there is no question that

things that are like CNT have been observed as early as the 19th century, for

example as accidental byproducts of industrial processes or similar hot sources.

In the mid 1900s there began surfacing evidence as actual pictures of tubular

structures made from carbon atoms, due to the invention of the transmission

electron microscope [26]. It was in 1991 that Iijima famously “discovered”

carbon nanotubes [27], and when multi-walled carbon nanotubes (MWCNTs)

were first introduced to the wider scientific community, followed by single-

walled carbon nanotubes (SWCNTs) a couple of years later.

Theoretical models of CNT have also predicted spectacular properties, me-

chanical, electrical and thermal. Some of these predictions have been exper-

imentally confirmed, or at least approximated, while others have not. The

sensitivity of the exact placement of each atom in the structure, i.e. the crys-

tallinity, has however proved to be very high, and in many cases the presence

of small defects may drastically alter the tubes’ physical properties.

2.1.1 Atomic structure

The material of CNTs is closely related to the material graphene, well known

for rendering a Nobel prize in 2010. Graphene is a sheet of carbon atoms

which is one atom thick, and thus is referred to as a two-dimensional material.

Within the plane of the sheet the atoms are ordered in a hexagonal pattern,

which calculations show gives it quite magical properties, when combinedwith

5



CHAPTER 2. BACKGROUND

the thinness of the material and the inherent properties of the carbon atoms

from which the lattice is formed. This is in essence due to the super strong

covalent bonds between the atoms in the plane, formed by the so called sp2

hybridization of the electron orbitals. These bonds, which are all in one plane

with a 120◦ angle between them, are even stronger than the four bonds of

each carbon atom found in diamond, where the orbitals instead mix with sp3

hybridization. Moreover, the “missing” fourth bond of each atom in graphene

compared to the diamond crystal structure instead all combine into one big

orbital on each side of the graphene plane, where the electrons canmove freely,

giving graphene its remarkable electrical properties. For a more detailed and

accurate description of the structure of carbons and their emergent properties,

see for instance references [28] or [29]. For graphene, similarly to CNTs,

experiments have shown that some of these properties are so far achievable in

real-life applications, while some require an as of yet unrealistic order within

the atomic lattice structure.

v

u

Figure 2.1: A sheet of graphene with the base vectors u⃗ and v⃗ pointing to the two nearest
neighboring atoms of the same bond rotation.

The walls of CNTs are also one atom thick and, just like graphene, consist of

an hexagonal lattice of carbon atoms within the plane of the walls, which is

why it is natural to think of SWCNTs as a sheet of graphene rolled up into

a cylinder, and MWCNTs as several of these cylinders of different diameters

stacked inside each other.

The question now becomes how the graphene sheets are “glued” together

6



2.1. CARBON NANOTUBES

when the bent up sheet joins itself to form a cylinder, a property known as the

tube’s “chirality”. It turns out there are several ways this can happen theoreti-

cally, but to explain how we must first set up some terminology. Considering

the schematic of a sheet of graphene in figure 2.1 we can see how every carbon

atom has three bonds to neighboring atoms. Notice that some atoms have a

bond pointing straight up, and some have a bond pointing straight down, and

we mark them as light or dark in order to distinguish the two possible rota-

tions. We may now define a vector u⃗ from a light1 atom to its closest neighbor

(in any direction), and a vector v⃗ from the same atom but to another one of its

closest neighbors. The vectors u⃗ and v⃗ are called the “base vectors” describing

graphene as a hexagonal lattice with two base atoms, one light and one dark,

and an example of such a choice of vectors is also shown in figure 2.1.

Now we imagine slicing a CNT open straight along its length, so it becomes

a narrow strip of graphene, and we place that strip on top of our previous

sheet, rotating the strip until it perfectly lines up with the hexagonal pattern

from before. Starting from an atom that is exactly on the edge of one side of

the strip, where we sliced the tube apart, we can define another vector A⃗, that

points to the position that the atom would have on the other side of the strip,

where the strip’s edges previously joined up, shown in figure 2.2.

v

u

A

Figure 2.2: A sliced carbon nanotube placed on top of the graphene sheet, with the vector
A⃗ going from an atom on the edge to it’s alternate placement on the other edge.

The vector A⃗ is called the “chiral vector” of the tube, and it defines how the
1Note that using dark atoms would be an equivalent definition of the vectors.
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CHAPTER 2. BACKGROUND

tube is rolled up, its chirality. Now notice that we can also start from the same

atom on the edge and reach the other edge, simply bymoving along the vectors

u⃗ and v⃗ some number of times, in this case three times u⃗ and one times v⃗, as

shown in figure 2.3.

vuuu

Figure 2.3: A sliced carbon nanotube placed on top of the graphene sheet. Here, a linear
combination of the base vectors u⃗ and v⃗ going from an atom on the edge to it’s alternate
placement on the other edge.

Thus we can redefine the chiral vector in terms of the base vectors, as

A⃗= n · u⃗+m · v⃗, (2.1)

where n and m are integers. These integers equivalently define the tube’s

chirality, and are usually called the “chiral indices” of the tube, denoted (n, m).

Tubes with chiral indices n= m or where either n or m is zero are actually not

chiral at all (since they are identical to their mirror image) and these two types

are usually called “arm-chair” and “zig-zag” respectively, due to the shape of

the atoms when looking at the tube from the side.

As the reader might imagine, the different possibilities for rolling up graphene

into tubes does not allow for arbitrary values of tube circumference, since

the atoms must line up in specific ways. The circumference of a SWCNT is

thereby uniquely determined by its chiral indices (n, m), and its corresponding

8



2.1. CARBON NANOTUBES

diameter do can be approximated by

do ≈ 0.783 ·Æ(n+m)2 − nm, (2.2)

measured in nanometers.

The analogous model of a MWCNT is similar to the SWCNT picture, but with

multiple cylinders stacked inside each other. There are now additional con-

strains due to the semi-fixed distance between graphene layers. In graphite,

which is a long known and well mapped out material, the individual sheets

are actually sheets of graphene, making MWCNT to SWCNT as is graphite

to graphene. The analogy is not perfect however, partly since the layers of

graphite usually follow very specific “stacking orientations”, while the walls

of a MWCNT has shown to be “turbostratic”, which means the layers of the

graphite are not stacked properly, but misaligned by some arbitrary angle. This

also has an effect on the typical between-wall distance in MWCNTs which has

been shown to be slightly larger than the between-layer distance in graphite,

and also has some dependence on the tube’s diameter [30].

2.1.2 Production methods

As we have previously touched upon, CNTs can be produced by different meth-

ods. The tubes used in this dissertation were produced by two methods: arc-

discharge and chemical vapor deposition (CVD).

Arc discharge was the method used by Iijima in 1991 when he first discovered

MWCNTs [27], and is among the most common methods. The tubes produced

by arc-discharge vary in length and diameter but are of high quality, with few

defects. An electric arc plasma is generated between two carbon electrodes,

vaporizing the anode at temperatures of 3000–4000 ◦C, and the tubes self-

assemble at the cathode [31, 32]. The tubes are then collected and separated

from other carbon materials produced in the process.

The CVD method shows the most promise for industrial-scale production due

to its low cost. The nanotubes can also be grown directly on a substrate, skip-

ping the collection process that is necessary with arc-discharge. The substrate

9



CHAPTER 2. BACKGROUND

is prepared with metal catalyst particles, which can be used to control the

tube diameters. At about 700–800 ◦C, the substrate is exposed to gasses, a

processing gas and a carbon-carrying gas, and nanotubes are formed, starting

from the catalyst particles [32]. The tubes can also be purified from their cat-

alyst particles, and thermally annealed to improve quality. The CVD process

is known to produce CNTs of a lower quality than the arc-discharge method

[22].

The third widely accepted method for CNT synthesis is called laser ablation

which uses lasers to vaporize a carbon source [33, 34] to produce high quality

tubes at a temperature of approximately 1200–1500 ◦C, however the method

has reportedly been more expensive than the other two methods to date.

Apart from different methods of manufacturing, the CNTs can also be treated

post-production, for example by thermal annealing, which could be used to

improve crystallinity and decrease the amount of defects [35], as well as im-

proving interface properties such as electrical contact resistance [36]. Another

method of changing or improving the properties of CNTs is called functional-

ization [32], which is often done chemically by treating the tubes with acids,

for instance altering the hybridization from sp2 to sp3 in the walls or at the

end cap of the CNTs [37]. These methods can change the behavior of the

tubes quite significantly, and is further reason to suspect large differences both

between methods and within them.

2.1.3 Applications

As of the writing of this text, tens of thousands of metric tons of carbon nan-

otubes are already being produced each year and their market value is mea-

sured in billions of US dollars [31], which is expected to more than double

within the next five years according to various market reports. Needless to

say, there are already plenty of real world applications for this material, with

realistic promises for more and better.

To name a few examples, CNTs have been used as composite materials [38,

39], strengthening mechanical properties [40, 41] or enhancing electrical [42,

10



2.1. CARBON NANOTUBES

43]. They can be used to help store electrical energy, for instance by making

good electrodes for supercapacitors, consisting of carbon nanofiber mats cov-

ered with CVD grown tubes [44, 45]. There are optical applications such as

potentially using CNTs for biomedical imaging and sensors [46], and they have

shown promise to be useful for water treatment and desalination of sea water

to produce drinkable water at low costs [47]. There is an obvious use for them

as electrical interconnects [48], due to their very low electrical resistance and

ability to hold high current densities, as well as their small size.

Although the main focus of this dissertation is on the fundamental research

of the intrinsic properties, it is always well worth keeping in mind the many

practical applications that CNTs already have and what may be realized in

the future. To achieve this as effectively as possible however, it is of highest

importance the fundamental properties and their sensitivity to material quality

are mapped and classified. The work described here hopes to contribute with

a small piece of the puzzle to this gigantic task.

2.1.4 Determination of nanotube crystallinity

The aforementioned classification of CNTs requires a careful mapping of the

span of crystallinity one should expect for different means of production, and

the exact effect on the physical properties that small changes in quality may

lead to. Several methods of characterization have been tried in the past, how-

ever with a wide spread in results between them, demonstrating the need

for standardized characterization methods and material standards for com-

mercially produced carbon nanotube materials. For graphite, as an example,

there are well accepted methods to determine material quality, such as Raman

spectroscopy and XRD, quantifying interlayer spacing d002 and crystallite sizes,

both in-plane La and across layers Lc, and levels of graphitization [49]. These

techniques are also used, together with transmission electron microscopy, to

characterize carbon nanotubes, but there are some problems and limitations

which will be discussed below.

In Raman spectroscopy the intensity of the D-peak, associated with defects and

disorder, is compared to that of the G-peak, corresponding to graphite excita-

11



CHAPTER 2. BACKGROUND

tion. Their ratio, R= ID/IG, is inversely proportional to the in-plane crystallite

size La [50, 51]. The ratio unfortunately does not depend on defect concen-

tration monotonously, as illustrated for graphene [52], and is also dependent

on the excitation wavelength [53]. For tubes, as compared to flat crystals, the

intensity of the D-line is also influenced by the curvature of the walls, and not

only associated with disorder within the walls [54]. It has therefore been sug-

gested that the R-ratio can only be used as a qualitative measure of the defect

density in highly defective tubes [55], and for crystallite sizes below 10 nm

[56]. For smaller crystallite sizes, between about 2–10 nm, the width of the

G-peak can also be used to directly calculate the in-plane crystallite size La,

using an empirically derived equation [57]. There were many advances in the

field in the last 20 years, and many of the problems facing the technique may

be solved in the future, as there are reportedly already great benefits of using

the technique on CNTs [58].

In XRD the width of the diffracted peaks corresponding to both in-plane and

interlayer spacing can be measured to obtain information on La and Lc respec-

tively. As with Raman, the curvature of the tube walls will however influence

the results, here affecting the in-plane peaks, which will have long tails to-

wards higher diffraction angles [59]. This effect severely limits the ability

to access the in-plane lattice properties, such as La, when using XRD or any

other diffraction analysis that involves a random distribution of tube orienta-

tions.

Analysis using a transmission electron microscope (TEM) is a third approach.

Using the actual images of CNT can of course provide a qualitative measure

of crystallinity and quality, simply by looking at the tubes using TEM imag-

ing mode. There have been some attempts of turning this information into

quantitative data, by using Fourier transforms to quantify the straightness of

the walls [60], but very few studies have addressed the crystallinity within the

tube walls [61], and analysis has only been possible after substantial image

treatment [62]. TEM diffraction has also been used using traditional analysis

of peak widths in the radial direction [63], very similar to XRD analysis, but

which then have the same problems with spot streaking due to tube curva-

ture.
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2.1. CARBON NANOTUBES

2.1.5 Methods for electrical characterization

As with methods for crystallinity determination, there are several different

techniques to determine electrical conductivity. Different methods report very

different results however, and even using the same technique on the same

materials, the spread in results is sometimes large and largely unaccounted

for. One method involves putting carbon nanotubes randomly on prepat-

terned electrodes, and measuring those tubes that would by chance bridge

the electrodes. Initially the main problem was a very high contact resistance

however, in the megaohm range [64], but with some techniques similar to

“spot-welding” the contact resistance could be lowered significantly, without

doing damage or altering the tubes [17, 64].

One can also use e-beam lithography to lay down electrodes on top of the

tubes, a method where one study found contact resistances in the range 0.1–

20 kΩ, although the contacts were found to deteriorate after a few weeks of

storage [65]. Other studies using two-point measurements found a total re-

sistance in the range of 5–30 kΩ [66]. Using the same technique, it is also

possible to have up to 11 electrodes [14], which enables elimination of contact

resistance, and led to reported values in the ranges of 6–25 kΩ/µm [14] and

0.2–86 kΩ/µm [16]. Other measurements, including estimates of band gaps,

display similarly large spread is the data [67]. None of these techniques had

the ability to directly assess the crystallinity or quality of the tubes measured,

or to accurately determine the tube diameter and number of tube walls.

In scanning electron microscopes (SEMs) there have been attempts to quantify

linear resistance using movable probe setups. The limited vacuum conditions

commonly seen in SEMs will however give unwanted electron beam induced

depositions (EBID) [36], where any surface exposed by the electron beam

during imaging will be covered by an amorphous carbon layer. The effect

can be mitigated if the tubes are heated via Joule heating [68]. The SEM

images also lack other information, such as information about crystallinity or

the number of tube walls that would be available from a TEM analysis.

The method of dipping a CNT into a liquid metal such as mercury has also

been examined. The tubes would be fixed at one electrode and the surface

13



CHAPTER 2. BACKGROUND

of the liquid metal would serve as the other. Then the tube was slowly sub-

merged into the metal, effectively bringing the electrodes closer together. The

experiments showed almost no dependence between dipping length and resis-

tance, with the conclusion that the nanotubes are quantum conductors over

several micrometers even at room temperature [69]. Unexpectedly however,

similar results were shown for several different materials [70, 71], and even

for lower quality CNTs made in CVD processes [72]. A serious flaw in the

method was later revealed, showing that the nanotubes may not actually pen-

etrate the mercury liquid, but instead the surface of the mercury is deformed

[73, 74, 75], like how the mat of a trampoline will deform inwards when a

person is standing in the middle of it.

In a TEM, two-point (or many-point) measurements can be done, much in the

same way as attempted in the SEM, but with better vacuum which reduces the

risk of EBID greatly. The TEM also offers better image resolution, bringing an

advantage over SEM studies. Furthermore, this technique can also be com-

bined with the developed methods for determinating crystallinity introduced

above. Joule heating can also be used to remove contamination of the tube

surfaces, at low enough currents in order to avoid thermal modifications to

the tubes themselves [76, 77]. For these reasons, this was the method used

throughout the electrical characterizations in this dissertation, and more de-

tails on the experimental technique and models of analysis can be found in

sections 4.3 and 5.2 respectively.
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Chapter 3

Experimental setup
3.1 Samples and preparation

Three different sources of CNTs were used, two from a commercial source

(Nanocyl) with CVD grown tubes and a third source with tubes produced by

the arc-discharge method. From Nanocyl there were two different grades, the

NC2100 and the NC2101. These tubes were marketed as double-walled, puri-

fied to greater than 90% carbon, and the NC2101 grade is also functionalised

with a carboxyl group (COOH) to reduce bundling. No substantial differences

between the two grades were found, so in this work the data is treated as

being from the same material. The arc-discharge grown tubes were obtained

from Professor Hui-Ming Cheng at the Institute of Metal Research, Chinese

Academy of Sciences, Shenyang, China.

The samples were prepared by dissolving the bulk powder in dichloroethane

with sonication, or by simply scraping off and/or crushing the sample particles

into the finest powder possible. The two methods of preparation had similar

results, and the latter one was preferred to minimize the risk of damage, acci-

dental doping or contamination from solvent or sonication [78, 79, 80].

When only measuring crystallinity, a small amount of the nanotube powders

were placed on TEM grids (Quantifoil® R 2/1, holey carbon support film), and

inserted into the specimen holder. For sessions of both electrical characteriza-

tion and crystallinity measurement, a small part of the prepared sample was

spread out onto a glass surface. A thin silver wire of diameter 0.25 mm was

cut to have a sharp edge (about 45◦) and dipped into electrically conductive

silver epoxy. The edge of the wire covered with epoxy was lowered towards

the glass containing the sample while observed with an optical microscope,

coming in towards a specimen particle from the side, until the particle was
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CHAPTER 3. EXPERIMENTAL SETUP

glued to the wire, as shown in figure 3.1. The particles contained clusters of

CNTs. Contact was made using minimal force to ensure the specimen was not

embedded in glue, preventing access to protruding CNTs.

Ag-wire

Epoxy

Specimen 
particles

Figure 3.1: Schematic of sample preparation. The edge of the wire covered with epoxy
was lowered towards the glass containing particles from the sample, coming in towards
a specimen particle from the side, until the particle was glued to the wire.

For electrical characterization, the arc-discharge grown tubes were used ex-

clusively.

3.2 Experimental equipment and calibration

3.2.1 Transmission electron microscope

The main instrument used for the experiments described in this dissertation

was a TEM, and a full description of this instrument can be found in the book

“Transmission Electron Microscopy” by Williams and Carter [81]. As the name

subtly suggests, a TEM is a microscope which uses electrons (as opposed to a

“normal” optical microscope which uses light, i.e. photons) to form an image

of a sample specimen. Electrons are extracted from a filament and accelerated

by applying a high voltage towards the specimen in the part of the TEM called

the electron gun. A series of magnetic lenses and apertures are used to control

this electron beam, with the intention to make all electrons travel parallel to

each other. The electron beam hits the specimen, going through it, making

16



3.2. EXPERIMENTAL EQUIPMENT AND CALIBRATION

some of the electrons scatter. The electrons coming out on the other side now

contain information about the specimen stored in their trajectories. See figure

3.2 for a schematic of a TEM and the electron beam path.

Electron gun High voltage

Condenser lens

Specimen holder

Objective lens

Sample specimen

Intermediate lens

Projected image

Camera chamber

Binoculars

Viewing window

Focal plane

Electron beam

Selected area aperture Image plane

Objective aperture

Figure 3.2: Schematic of a TEM. The imaging systems and beam paths are highly sim-
plified, as most TEM have more lenses and apertures.

Following the beam path past the specimen, another series of electromagnetic

lenses work together to collect this information and present it to the TEM

operator. These latter objective lenses are used to form a focal plane and an

image plane of the scattered electrons, and finally to magnify and project an

image onto a fluorescent screen or a camera detector, where the focused rays

of electrons prepared by the objective lenses can be detected and converted

into a viewable image.

By controlling the intermediate lenses the operator of the TEM can choose to
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CHAPTER 3. EXPERIMENTAL SETUP

project either the focal plane or the image plane onto the screen. The focal

plane is where all rays scattered with the same angle converge at the same

point creating what is called a “diffraction image” of the specimen. Conversely,

the image plane is the point in space where electron rays originating from

the same point in the specimen converge, thus creating a “real image” of the

specimen. Furthermore, by inserting an aperture in the image plane, a so

called “selected area aperture”, it is also possible to select a specific region of

the specimen. If one instead inserts an aperture in the focal plane one can

remove electrons scattered with a larger angle to improve diffraction focus, or

to single out a certain diffracted angle for imaging to create a so called “dark

field” image of the specimen. It is also possible to single out only the “central

beam” in the focal plane, creating a “bright field” image. The wide selection

of operating modes in a TEM makes it extremely versatile when it comes to

extracting information about the specimen from the scattered electrons.

Beam-specimen interaction and acceleration voltage

A TEM can be operated at a large range of accelerating voltages, normally be-

tween about 100–300 kV but can also be higher or lower. The accelerating

voltage determines the speed and energy of the electrons in the beam, which

in turn determines scattering angles and influences the resolution of the final

image. However, there is also a risk of damaging the carbon nanostructure of

graphene or CNT by inducing so called “knock-on” damage, where scattering

electrons transmit too much energy to a carbon atom, knocking it out of posi-

tion or removing it completely. This is of course very undesirable when study-

ing the properties of such structures; we want to avoid changing the sample

specimen when studying it. A threshold at 85 kV was reported for knock-on to

occur in graphene [82], and already at 100 kV the sample material was found

to be altered by the electron beam. Similar conclusions have also been made

for CNT elsewhere [83]. In the experiments leading to this dissertation, an

accelerating voltage of 90 kV was predominantly used, as this was found to be

a balanced option offering slightly more contrast in the resulting images than

for 80 kV, while significantly reducing the risk for knock-on damage seen at

100 kV.
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Besides keeping voltage moderately low, great care was also taken to direct

the beam away from the specimen when not directly imaging, such as when

doing other types of measurements or in between image captures. This not

only lessens the chance of knock-on damage, but also reduces the build-up of

amorphous carbon around the specimen, which can form when hydrocarbons

from the background atmosphere stuck to the specimen’s surface interact with

the electrons coming from the electron beam [84, 85]. The better the vacuum

in the sample specimen chamber, the less of a problem this is, something that

was made clear when trying a similar experiment inside the significantly worse

vacuum of a SEM, see Chapter 3.2.3 for more information on this.

Scale calibration

For calibrations of the scale in the diffraction pattern and estimates of the in-

trinsic angular spread in the TEM beam, oriented single-crystal gold foils ob-

tained from Electron Microscopy Sciences (EMS Catalog #80038) with lattice

plane distances of 0.102 nm, 0.204 nm and 0.143 nm were used.

Specific instrument information

The measurements described in this dissertation were performed at room tem-

perature using a JEOL (JEM 2100) transmission electron microscope equipped

with a LaB6 cathode and a digital camera from Gatan (SC1000 Orius). The

main column is pumped with a turbo pump and with the anti-contamination

device cooledwith liquid nitrogen, the base pressurewas around 7×10−8 mbar.

3.2.2 Scanning tunneling microscope probe

For electrical measurements, a special custommade specimen holder was used

in the TEM. The holder was fitted with a scanning tunnelling microscope

(STM)with a compact, three-dimensional, inertial slider design [86], mounted

with a tip to be used as an electrode, which could be moved during regular

TEM operation. The probe also has the ability to apply a varying voltage bias

while measuring the electrical current in a time series.
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Several different choices of electrode tip material were tested, where the objec-

tive was to obtain a stiff and thin shaped tip with a relatively low and repro-

ducible contact resistance [87]. A commercially available tungsten tip from

NaugaNeedles™ coated with platinum (NN-WNP-Pt) as well as a gold wire

were both tested. The thin gold wire of diameter 0.25 mm was cut to a sharp

edge, and had a reliable and low contact resistance. However, the gold was

easily deformed, and proved difficult to cut sharp enough. The coated tung-

sten tip however was found to have a very reliable and sharp shape, and a high

bending stiffness, with a low and reliable contact resistance, and was therefore

used for all electrical characterizations. A schematic of the STM experimental

setup can be seen in figure 3.3.

W-Pt tip

Piezo

Sample

Point of contact

Selected CNT

Sample

Ag-wire

Tip holder

Ag-wire

W-Pt tip

Figure 3.3: Schematic of the electrical probing setup. The sample which contains CNTs
is glued to a silver wire. The platinum coated tungsten tip is brought close to the sample
by controlling the piezo. The tip makes contact with a selected CNT, enabling the char-
acterization of electrical properties, at several different points of contact along the tubes
length.
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3.2.3 Scanning electron microscope

All measurements described in this dissertation were made inside a TEM, but

it should be noted that before the final experimental setup was decided upon,

an alternative setup inside a SEM was also attempted. SEM is the most widely

used type of electron microscope. The image is formed by a focused electron

beam that scans over the surface area of a specimen, and not formed by in-

stantaneous illumination of a whole field as with the TEM. A full description

of the SEM technology can be found for example in the book “Materials Char-

acterization: Introduction to Microscopic and Spectroscopic Methods” by Yang

Leng [88].

The attempts were however not successful, as beam-induced build-up of amor-

phous carbon deteriorated the electrical contacts too quickly, making measure-

ments unstable or impossible. This was likely because of the higher pressure

vacuum in this particular SEM of about 5× 10−7 mbar compared to the signif-

icantly lower pressure of the resident TEM of about 7× 10−8 mbar.

Furthermore, in the SEM there is no possibility to quantify the crystallinity

of CNTs. For these reasons the SEM experiments were abandoned in favor

of the TEM experiments described in detail in this dissertation. With a lower

pressure SEM, however, it should be perfectly possible to conduct the electri-

cal measurements in a similar way as in the TEM, while losing the ability to

determine tube crystallinity within the same session.
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Chapter 4

Measurements andmethods
4.1 Transmission electron microscopy

4.1.1 TEM imaging mode

Imaging mode was used to locate CNTs suitable for measuring, as well as as-

sessing the general quality and state of a sample specimen. As an example,

figure 4.1 shows a zoomed out image of a sample with CNTs protruding from

the main sample.

Figure 4.1: An example of a TEM image with several CNTs protruding from the main
sample, in this case grown by arc-discharge. A platinum covered tungsten tip from the
STM probe used for electrical measurements is also shown on the right hand side of the
image.

Once a candidate CNT was selected, a closer zoomed image was used for ex-

ample to select an area for taking diffraction images, or (as shown in figure

4.2) for making contact with the STM probe tip in order to make electrical
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measurements or otherwise manipulate the specimen.

Figure 4.2: An example of a TEM image where the STM probe tip is making direct contact
with the nanotube.

It is also perfectly possible to assess many properties of CNTs visually, in image

mode. This can many times be done quantitatively and with great precision

for such properties as nanotube inner and outer diameters, the number of tube

walls etc. However, for some properties like for example crystallinity or rates

of defects within the CNT walls, average distance between MWCNT walls, or

chirality, it may be hard or impossible to obtain quantitative measurements,

and such properties can often only be assessed qualitatively. In figure 4.3 for

example one can see qualitatively the difference in crystallite size and quality

between (a) CVD-grown CNTs and (b) CNTs grown by arc-discharge.

4.1.2 TEM diffraction mode

As established in the previous section, some properties can be qualitatively

assessed in imaging mode, but it may not be easy to obtain quantitative in-

formation. Some of these properties are better analyzed by using the TEM

diffraction mode.

In diffraction mode, as briefly touched upon in section 3.2, we get a picture of

all the scattering angles of the electron beam, instead of a picture of the actual

sample specimen. A full description of diffraction theory is of course beyond
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(a) (b)

Figure 4.3: TEM images of (a) CVD-grown CNTs and (b) AD-grown CNTs. Here, one can
qualitatively see the difference in crystallite size and quality between the two production
methods.

the scope of this dissertation, but can be found in the book “Transmission Elec-

tron Microscopy” by Williams and Carter [81]. In a much simplified view, the

electrons will scatter in the same angle when passing through gaps of the same

size. These gaps in the specimen basically corresponds to distances between

atoms, or rows of atoms, which is why diffraction is such a powerful tool when

studying atomic structures even when using microscopes whose resolution is

not high enough to resolve individual atoms, as is the case with the TEM used

here.

The specific mode of TEM diffraction used here is called selected area electron

diffraction (SAED). By inserting an aperture in the image plane, the “selected

area aperture”, we can select for a specific part of the image, which makes

it possible to isolate a section of a single CNT to contribute to the diffraction

image. A more detailed description on how such an image can be analyzed

can be found in section 5.1.1, where an example of a SAED image where a

section of a CNT has been selected can be seen in figure 5.2.

4.2 Measuring carbon nanotube crystallinity

4.2.1 Tube selection

The selection of an appropriate CNT for crystallinity measurement has an un-

avoidable selection bias, which is related to the diameter of the selected area
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aperture. Only a straight section of the tube with a length at least equal to

the diameter of the aperture was eligible for measurement. Furthermore, the

space in the direction perpendicular to the section’s length should be mostly

empty, in order to minimize interfering diffraction from other sources than the

tube in question. For measurements described here a selected area aperture of

diameter 105 nm was used. Measured samples are thus biased towards freely

hanging tubes with straight sections of at least 105 nm, and against tubes that

are bundled together.

4.2.2 Measurement

Once the section of a tube was chosen, the selected area aperture was inserted

and placed appropriately, masking everything but the section of tube to be

measured. The TEM was switched into diffraction mode, and the camera dis-

tance was set to 40 cm. The blanker was placed over the central spot to avoid

damaging the camera. The brightness, corresponding to TEM beam diameter,

was set to the predetermined value appropriate for crystallinity measurement,

and the diffraction focus setting was taken from the corresponding value for

optimal focus. The predetermination of the proper settings was done with

a calibration sample, described in more detail in section 5.1.3. A series of

measurements with different brightness settings was done for each tube to in-

crease accuracy. Images were taken over a duration of about 30–60 seconds,

to obtain a sufficient intensity without over-saturating any points of the image.

The duration of the image capture only has an influence of the height of the

diffraction peaks, but not on the shape and breadth, which makes measure-

ments insensitive to differences in this setting. The analysis of the resulting

images is described in section 5.1.1.
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4.3 Electrical probing

4.3.1 Tube selection

Analogous to the selection of tubes described in section 4.2.1, there is an un-

avoidable selection bias for the electrical measurements. In order for electrical

probing to be possible the tube needs to be protruding from the rest of the sam-

ple sufficiently, at least a few hundred nanometers, and in a direction at least

θ = 30◦ perpendicular to the incoming tip, or more. The reason for this is

geometrical, so the tip is cleanly able to make contact with the tube at several

points without touching other tubes, as shown in figure 4.4.

Ag-wire

Point of contact

Selected CNT

W-Pt tip

Sample

θ

Figure 4.4: A schematic of the experiment showing the silver wire holding the sample
specimen, and the platinum coated tungsten probe tip, as the tip makes contact with a
CNT.

The tip was moved close to the tube with coarse piezo movements, and finally

brought close enough to make contact by using fine piezo movement. Once

the tip was close enough to the tube, the tube commonly “snapped” to the tip,

due to van der Waals forces. To avoid possible mechanical strain that could

be exerted upon the tube by the tip, the tube was returned to its free hanging
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position by moving the probe tip along with the tube.

End-contact between the tip and the CNT was avoided since this is known to

have a significantly lower contact resistance than side-contact [87, 89, 90].

This is due to the stronger atomic bonding at the tube’s end, compared to van

der Waals bonding on the tube’s side. Furthermore, end-contact may also in-

crease the probability of accidentally connecting the electrode to multiple tube

walls [91], which would unintentionally increase the number of conducting

channels, distorting the results.

4.3.2 Contact resistance and annealing

During electrical characterization, the electron beam from the TEM was di-

rected away from the sample and tip to prevent beam-induced damage and

amorphous carbon deposition. Contact resistance was found to be generally

relatively high and unstable. To mediate this, a process of electrical anneal-

ing was implemented by way of Joule heating [36], which generates heat by

applying a current. The power of the heat generated is proportional to the

current times the bias voltage, or

Pheat∝ IU . (4.1)

The generated heat anneals the tip to the sample, reducing, stabilizing and

standardizing the contact resistance. To ensure there was no damage to the

tube or tip, the annealing current was kept under 100 µA which in this case

meant applying a voltage bias of 2 V.

The threshold of approximately 100 µA was found by trial-and-error, and ap-

plies to this specific experimental setup and choice of samples. Increasing

the heating power beyond this point often resulted in catastrophic failure of

the tube. The point of failure where the tube burns off is approximately in

the middle of the tube protrusion, equally distanced from the point of con-

tact and where the tube touches the base sample. To ensure that the tube

was not damaged even when keeping the current lower than this, a number

of tests were made by measuring the CNT crystallinity by using the diffrac-
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tion method explained above, before and after annealing, which showed no

significant differences between measurements.

The anneal was divided into three phases; increase, hold and decrease, where

bias was increased linearly to 2 V during 2 seconds, held for 10 seconds, and

finally reduced back to 0 V during 2 seconds. An example of this process can

be seen in figure 4.5.

Figure 4.5: (a) Current plotted versus time for a typical anneal, where the bias was
increased linearly to 2 V during 2 seconds, held for 10 seconds, and finally reduced back
to 0 V during 2 seconds. (b) Current versus applied bias voltage for the same example,
with both increasing and decreasing bias.

After the increase phase and the first two seconds of the hold phase of the

anneal, the contact resistance was found to be relatively low and stable. How-

ever, for each new point of contact annealing had to be repeated in order

to maintain stability and accuracy of the following measurements. This also

meant that there was a risk of continually lowering the tip/tube contact re-

sistance for each measurement made. Through thorough testing by making

several passes along the tube, starting from closest to the sample and going

out, and then inwards again, measuring at several points along the way, this

possible source of error could be disregarded, as no discernible differences in

the contact resistance were found. The variability of the contact resistance

after annealing is discussed further in section 5.2.2.
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4.3.3 Measuring electrical resistance at a point of con-
tact

As can be seen in figure 4.5 (b), the current/voltage relationship becomes su-

perlinear at higher bias voltages. This is due to the tunneling currents between

the walls of the MWCNT [14, 92]. Such “intershell” conduction is of course

a very interesting property for a multi-walled nanotube, however in this work

the objective was to connect conductivity with the crystallinity of the outer-

most wall. Thus, to ensure outermost wall conduction was the dominating

mode of electron transport, the bias voltage was kept below 5 mV for mea-

surements of point resistance, as is shown in the example in figure 4.6. The

resistance was found to be ohmic at low bias after annealing, and the mean

value of the differential resistance in these measurements corresponds to the

average measured resistance Rp of the point of contact.

Figure 4.6: (a) Example of an I-V plot from one point of contact. Bias voltage was
varied from −5 to +5 mV. When measuring, the bias is kept sufficiently low to maintain
and ohmic (linear) relationship between the current and voltage. (b) The corresponding
dV/dI plot, and a fitted line corresponding to the average measured resistance of the
point of contact.

After measuring the electrical resistance of a point, the distance between elec-

trodes lp was measured using TEM imaging for each point of contact. For

the position of the electrode on one side, the point of probe/tube contact was

used, shown as point 1 in figure 4.7. On the other side the tube’s closest con-

tact with the silver wire, conducting glue or other part of the sample in contact

with the wire was used. The actual wire/tube contact was often obscured, in
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which case the point where the tube is no longer visibly free hanging was used,

shown as point 2 in figure 4.7.

1

2
lp

Figure 4.7: A TEM image picturing an example of a point measurement. The distance lp
was measured between point 1 where the probe tip is in contact with the tube, and point
2 where the tube is no longer visibly free hanging.

After one cycle of point measurements, as was described above, the tip was

slowly retracted from the tube wall until contact was broken. The sequence

was repeated for each tube until a sufficiently large set of measurements was

obtained, taking into account the number of contact points, the range of lp and

the variance of each point measurement.
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Chapter 5

Analysis and modeling
5.1 Crystallinity

5.1.1 Analysis of a carbon nanotube diffraction pattern

In the description of the TEM in section 3.2, we learned that the intermediate

lens of the microscope can be altered so that the focal plane is projected onto

the viewing screen instead of the image plane. This produces a diffraction

image. The theory of diffraction was initially developed for light, i.e. photons

and electromagnetic radiation waves and wavelengths, but works equally well

for matter waves with de Broglie wavelengths. The energy used to accelerate

the electrons in the TEM requires relativistic correction to the formulas, so the

wavelength of the electrons involved can be calculated by

λ =
h
p
=

hÇ
2m0eU +
�

eU
c

�2 , (5.1)

where the acceleration voltage of the TEM electron gun is denoted U , and

where h, m0, e and c are Planck’s constant, the rest mass of an electron, the

charge of an electron and the speed of light respectively. The acceleration

voltage used throughout the experiments described in this dissertation was

90 kV, which gives a wavelength λ of about 3.919 pm.

A detailed description of crystallography and the theory of diffraction is a sub-

ject in its own right, and an introduction can be found for example in reference

[93]. As a first approach to understanding diffraction images of CNTs how-

ever, one can think about the atoms and layers of carbon atoms that make

up the CNT as repeating patterns, with repeating distances. We call such a

repeating pattern a “lattice” and the distance between subsequent repetitions
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is called a “lattice distance”. In a simplified view, the incoming electrons in

the TEM beam will diffract to the same angle when passing through lattice

distances of the same size. Thus, a specific lattice distance will be projected

to a specific distance r from the center of the diffraction image. The azimuth

angle of the lattice determines the direction from the center of the diffraction

image, and if two lattices have two different angles, then the angle between

them will be preserved in the diffraction image. In figure 5.1, a schematic ex-

ample of this is shown, where the specimen is imagined to have two lattices

with different lattice distances, whose azimuth angles also differ by δψ, which

is preserved in the diffraction image. The angle between the incident beam of

electrons and the diffracted beam is traditionally called 2θ , and is connected

to r by

r = D tan2θ , (5.2)

where D is the distance between the specimen and the projection screen.

Specimen

Beam

Screen

D

δψ

2𝜃

Second order diffraction

𝑟

Figure 5.1: Schematic of a diffracted beam of electrons. D is the distance between speci-
men and screen, 2θ is the radial diffraction angle, δψ is the angle between two differently
spaced and angled lattices in the specimen, and r is the distance between the central spot
on the screen to one of the corresponding diffraction spots. The image also shows both
the first and second order diffraction spots for the other diffracted angle.

To better understand how the diffraction image corresponds to the specimen
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lattice, we can consider a few short examples. If a certain lattice distance and

angle occurs frequently enough in the sample specimen, a well defined spot

will appear in the diffraction image. If instead the specimen contains a certain

lattice distance but where all angles occurs randomlywith an even distribution,

as for example if the specimen is a powder of randomly oriented crystals, a

ring shaped pattern will be seen in the diffraction image. Conversely, if the

specimen contains a span of different lattice distances all oriented in the same

direction, a diffraction spot will be stretched out into a line segment.

The connection between lattice distance d and the diffraction angle 2θ de-

scribed above is formulatedmathematically by the well known physics formula

Bragg’s law, usually stated as

nλ = 2d sinθ , (5.3)

where λ is the wavelength of the diffracted wave (in our case the beam of elec-

trons). In 5.3 we also see the symbol n representing the “order of diffraction”,

which is an arbitrary integer. What this says is that by following the line from

the center of the diffraction image to the diffraction spot, and then continuing

outwards, we will find more spots that are “of higher order”. Furthermore,

since the integer n can be both positive and negative, we will also find spots

diametrically across the center point, with the same distances from the cen-

ter. Lastly, since n can be zero, it says that all lattice distances and angles will

contribute to the spot in the dead center of the image, making this spot very

bright. In figure 5.1 a “second order diffraction” spot, which means n= ±2, is

shown as an example.

From Bragg’s law we see that the lattice distance d is inversely proportional

to the sine of half the diffraction angle 2θ seen in figure 5.1. For illustrative

purposes it is useful to exploit the small angles involved in electron diffraction

by making the approximations sin x ≈ tan x ≈ x , which gives us that r = 2Dθ

and nλ = 2dθ . Putting these together to eliminate θ results in r/D = nλ/d

or

d = Dλ · n
r

. (5.4)

Since the distance between specimen and screen D and the wavelength λ are
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presumed to be constant in our measurements, we don’t have to know them.

Instead, we can calibrate the scale of r in the diffraction image by using a

specimen with a pre-known lattice distance such that we get

d =
n
r

. (5.5)

Thus, knowing the order of diffraction n, we only need to measure the distance

r between the diffraction spot and the center of the image, in order to get the

lattice distance d, up to a negligible small angle approximation error.

An example of lattice distance determination

As an example where we can get a good quantitative measurement in both

imaging mode and diffraction mode, making it possible to compare the re-

sults confirming their validity, we can look at the average distance between

the walls of a MWCNT, known to be similar to that of turbostratic graphite,

although with a slight dependence on the tube diameter [30]. In figure 5.2

(a), a MWCNT with visible individual walls is shown, where a section of the

walls have been selected for a pixel count. In the inset upper right image,

one can see ten peaks and valleys in the pixel count inside a distance of about

3.52 nm. This results in a mean wall spacing of about 3.52/10= 0.352 nm, for

the selected rectangular area of the CNT.

Now consider figure 5.2 (b), showing the diffraction pattern corresponding to

the selected area marked by the black mask in figure 5.2 (a). Here, the two

spots marked by white arrows indicate the diffracted angles that corresponds

to the spacing, or gap, between the CNT walls, sometimes denoted d002, from

the similarity with the interlayer distance of Bernal-stacked graphene. Gaps in

the atomic structure of the CNTwith similar width and angle will all contribute

to the brightness within these spots, meaning that the very peaks of the spots

will correspond to the most common wall spacing. The distance of these spots

from the center of the diffraction image, measured in inverse units of length,

is the reciprocal of the wall spacing. Comparing figure 5.2 (a) and (b) we can

also see that the spots appear on a line perpendicular to the tube’s length, and

that there are diffracted spots of the second order on the same line but farther
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from the center.

3.52 nm

(a) (b)

5.74 nm-1

Figure 5.2: (a) A TEM image of a MWCNT, where individual walls can be seen. The
black mask seen surrounding the CNT is the selected area aperture. Inset upper right:
A circular area of the tube is zoomed in, showing the tube walls. The white rectangle
indicates the area of individual walls selected for a pixel count. Inset lower right: A pixel
count of the white rectangle area taken perpendicular to the tube axis, where ten peaks
and valleys are selected for measuring, thus giving a mean wall distance. (b) A diffraction
image of the selected area marked by the black mask in figure (a). The central beam spot
is covered by a mechanical blanker inside the TEM, since the brightness of this spot would
damage the camera. The two arrows point to the two symmetric spots corresponding to
the CNT wall distance. Inset lower right: A pixel count following the line defined by the
two marked diffraction spots in figure (b).

In the inset lower right of 5.2 (b), the distance between spots is measured to

be 5.74 nm−1, so the distance from center is approximately 2.87 nm−1. The

reciprocal of this is 1/2.87 ≈ 0.348 nm which is slightly smaller than the re-

sult from the imaging mode analysis. It is worth noting that the result from

diffraction mode analysis takes into account all parts of the CNT which can

be seen in figure 5.2 (a), while the former result only takes into account the

region within the narrow white rectangle.

The above example illustrates how diffraction mode can be used, in this case

to quantify the spacing between tube walls. However, the same technique can

also be used to gather information about individual atom spacing within each

wall, in all directions where the same spacing is repeated, in the same angle.

For instance, the hexagonal lattice formed by carbon atoms within the wall
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of a CNT ideally produces a hexagonal pattern around the diffraction image

center, and by measuring the distance to these diffraction spots it is possible

to calculate the lattice distance and infer information about the orientation of

the lattice within the CNT wall.

Tube chirality

Apart from information about lattice spacing and angle, there is more to be

found in the diffraction image. Another property of carbon nanotubes is their

chirality, the specific way they are “rolled up” into tubes. This has been investi-

gated with SAED in a TEM by, among other things, comparing different tilting

angles of the same CNT to the relative position of diffraction spots [94, 95, 96],

and also by comparing patterns to simulations to match a certain chirality

[97, 98, 99]. Although not pursued in this dissertation, the determination of

chirality would be a useful complement to the measurements that are done

here, and should be considered in the continuation of this work. The tech-

niques are however not without problems, and in a review article from 2011,

Allen et al. finds that “many of the analyses, when used in isolation, are in-

sufficient to ensure unambiguous determination” [100], showing that several

different methods of chirality analysis may be needed to uniquely determine

tube chirality from TEM diffraction images.

Spot streaking

In a diffraction image produced by using high crystallinity graphene as the

target specimen, the diffraction spots corresponding to the hexagonal lattice

of carbon atoms would be sharp and well defined. For CNTs however, even

though they can be thought of as rolls or cylinders of graphene, one will seem-

ingly get unsharp and smeared spots, as can be seen for example in figure

5.2, in the direction perpendicular to the tube’s length. This effect is called

“streaking”, and stems from the curvature of the tubes; as the “graphene” that

makes up the tube wall bends into a cylinder, the apparent lattice distance

becomes less well defined, and the width of the specimen becomes limited by

the tube’s diameter. In the direction of the length of the tube we do not see
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any streaking, since in this direction the lattice distances are well defined and

constant, and the size of the lattice is not limited by the tube’s diameter, only

by the tube’s length (or the selected area aperture’s diameter). Using this in-

formation we can clearly see the direction of the tube even in the diffraction

image, and it also contains information about the tube’s curvature, and thus

its circumference. The manner in which the spots display streaking is also an

important piece of information when determining tube chirality, as described

above. In figure 5.3 an example of diffraction from a multi-walled tungsten

disulfide (WS2) nanotube is shown.

Between-wall 
distance

Within-wall 
atomic lattice 

distance

Within-wall 
atomic lattice 

distance

Streaking

Figure 5.3: An example of diffraction from a multi-walled tungsten disulfide (WS2) nan-
otube. Arrows in the image point to the diffraction spots that correspond to the between-
wall distance (the innermost spots), and the spots that correspond to some of the within-
wall atomic lattice distance. The inset upper left shows the region of tube selected for
diffraction.

A tungsten disulfide nanotube has a very similar geometry as a MWCNT, with

concentric tubes having a similar circumference, but in general has a higher

degree of crystallinity within its walls, and can thus be used to show the effect

of streaking more clearly. Several within-wall spots are on an equal distance

to the center describing a circle, and besides the between-wall spots there is

nothing inside this circle, which implies that the spots correspond to the largest

lattice spacing that allows diffraction within the walls. Outside of the circles,

spots that correspond to other lattice distances can be found, but here we also

see the image being dominated by streaking from the innermost spots, in the
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direction perpendicular to the tube’s length.

5.1.2 Diffraction spot width and crystallite size

Besides the fact that atomic lattice distances and their relative angles can be

identified in the diffraction image, and that the curvature of these lattices is re-

lated to streaking diffraction spots, there is also a connection between the total

size of the lattice and the sharpness, or width, of the corresponding diffraction

spot. The within-wall lattices may span the CNT for many nanometers, but at

some point there may be a line of defects, or a border that divides two different

orientations of similar hexagonal lattices apart. It is common to call a perfectly

ordered region of piece of atoms a “crystal”, so in this case we can call each

such well ordered region within the same tube “crystallites”. A CNT with large

crystallites and low rates of defects is said to have “high crystallinity”.

For graphite and graphene, the in-plane crystallite size is traditionally denoted

La, and the same symbol is used for the analogous within-wall crystallite size

of CNTs. The across-plane crystallite size of graphite is called Lc, and the same

notation is used for the across-wall crystallite size of MWCNTs. An illustration

showing the in-plane crystallite size La along with the between-wall distance

d002 and the across-walls crystallite size Lc is shown in figure 5.4.

d002 Lc

La

Figure 5.4: Illustration of the crystallite sizes La and Lc, and the between-wall distance
d002, in the context of a MWCNT with multiple crystallite regions (one such region is
highlighted in black).
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Deriving an expression for crystallite size

The connection between crystallite size and how wide the diffraction spot be-

comes can be derived in several ways. In the book “The Basics of Crystallogra-

phy and Diffraction” by Hammond [101], the dependence is derived using the

condition for destructive interference on each side of the peak, connecting the

peak width to the crystallite size. The most common expression used in XRD is

the equation suggested by Paul Scherrer in 1918 in his paper “Bestimmung der

Größe und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen”

[102], later to be referred to as the “Scherrer equation”. In his original paper,

the expression is given in a slightly different format, but the commonly used

expression is

τ=
Kλ

∆(2θ ) cosθ
, (5.6)

where τ is the mean size of the ordered domains, or crystallites as we have

called them, λ is the diffracted wavelength, θ is half of the diffraction angle

as seen in figure 5.1, ∆(2θ ) represents the width of the diffraction spot and K

is a “correction factor” that corrects for differences in crystal geometry.

The correction factor K is called “the Scherrer constant” or “the shape factor”,

and depends on the geometrical shape and structure of the crystals. It has

been calculated numerous times but with varying results depending on the

definition of peak width and several other details. For an excellent review

of issues surrounding the constant K and most other aspects of the Scherrer

equation, see “Scherrer after sixty years: A survey and some new results in the

determination of crystallite size” by Langford and Wilson from 1978 [103].

The overall consensus in the field seems to be that this factor is very close to

1 for most shapes, including cylinders (like a nanotube). To not complicate

things unnecessarily and to avoid potentially correcting the wrong way, the

value for K used in this dissertation was K = 1.

The diffraction spot has a highest intensity somewhere within the spot, and

this is called the “peak”. Thus the width of the spot is usually called the “peak

width”, and is also sometimes denoted as β . It is however not completely triv-

ial just how to quantify the width of such a peak. For completely symmetrical
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and bell-curve (Gaussian) shaped peaks it makes sense to use the full width at

half maximum (FWHM) an the width of the peak, but for other peak shapes

the more generally defined “integral breadth” should be used, which is the

width of a rectangle with the same height and area as the peak.

As we did with Bragg’s law in section 5.1.1, wemay simplify the Scherrer equa-

tion for our small angle situation to be independent of diffraction wavelength

and diffraction angle. To arrive at the small angle approximation of Bragg’s

law in equation (5.5) we have calibrated the scale of our TEM diffraction im-

ages such that r = 1/d. Reinserting this into Bragg’s law in equation (5.3) we

get

nλ = 2 · 1
r

sinθ , (5.7)

or

θ = arcsin
�

nλr
2

�
. (5.8)

In Scherrer’s equation we have a change in the angle 2θ , and for this angle we

have

2θ = 2arcsin
�

nλr
2

�
. (5.9)

Thus, for a small change in 2θ called ∆(2θ ) we get a small change in r, called

∆r, described by

∆(2θ ) = 2 ·
�

arcsin
�

nλ
2

�
r +
∆r
2

��
− arcsin
�

nλ
2

�
r − ∆r

2

���
. (5.10)

For small angles we have arcsin x ≈ x , so we get

∆(2θ ) = 2 · nλ
2
·
�

r +
∆r
2
− r +

∆r
2

�
= nλ∆r. (5.11)

We also have the small angle approximation of cos x ≈ 1, and inserting all this

into (5.6) we get

τ=
Kλ

nλ∆r
=

K
n∆r

, (5.12)

which is a small angle approximation of the Scherrer equation using the same

image scale calibration as before.

In our case we will be measuring the breadth of a single diffraction spot, which
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corresponds to the orientation and domain size of one single crystallite in the

tube’s wall. Recall that Scherrer’s equation was written with respect to XRD,

where the common practice is to look at a powder of crystals, which means

that all angles of orientation are present in the specimen simultaneously, and

why τ is the “mean” size of crystallites. Here, τ corresponds to the within-

wall crystallite size La, and we can drop the word “mean”. Using this notation

instead of τ, and swapping∆r for the traditionally used β denoting peak inte-

gral breadth, we can now write our final expression describing the crystallite

size La corresponding to the first order diffraction (n= 1) peak breadth β , and

with the geometrical constant K approximated to 1, as

La =
1
β

. (5.13)

Our two simplified expression (5.5) and (5.13) better illustrate the overall

dependencies between crystallite lattice spacing and diffraction spot position

compared to crystallite size and diffraction spot width, and it also shows their

analogous behavior; smaller lattice spacing produces spots farther from the

image center, and smaller crystallites broaden the diffraction spots.

Elimination of streaking

The fact that the width of a diffraction spot can be used to determine the size

of the crystallite from which it originates also shows why streaking diffraction

spots may be a problem for such measurements. In the direction perpendicular

to the tube’s length we get streaking spots stemming from the curvature of

the tube, making a proper width determination of the peak more difficult.

Besides this, the actual size of a crystallite in this direction will be limited

by the tube’s circumference or less. For these reasons, all measurements for

proper determination of La should be done in the direction parallel to the tube’s

length. An example of such a measurement is shown in figure 5.5 (a), where

the white rectangle on the bottom right marks the area of an intensity line

scan. In figure 5.5 (b) the corresponding line scan data is shown as a peak,

and the peak is fitted to a Voigt function. To the left in figure (b) it is possible

to see a “bump” in the data due to interference from an adjacent diffraction
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spot’s streaking.

(a)

4.64 4.65 4.66 4.67 4.68 4.69 4.7 4.71
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Figure 5.5: Example of a line scan made along the tube axis. The narrow rectangle on
the bottom right of (a) marks the line scan region. Inset: Selected area aperture showing
the CNT. In (b) the corresponding line scan data and a fitted Voigt function, where the
x-axis is the distance r from the central spot to the measured spot, in the scale calibrated
such that d = 1/r, where d is the corresponding lattice distance.

As is apparent from the above description, the exact details around expressions

for crystallite size are not completely simple to obtain. There is however no

contention involved in the dependencies of crystallite size to peak width. The

relative measurements of crystallite sizes are therefore perfectly measurable,

even though the exact values of these should be interpreted with a healthy

dose of wariness. To make matters even worse, the peaks can also have several

other sources of broadening apart from crystallite size, for instance due to the

instrument used in measuring or due to strain present in the crystallite, and
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in the next section we shall detail these as best we can, and see what can be

done to eliminate or minimize these contributions to the overall peak integral

breadth.

5.1.3 Deconvolution of the sources of broadening

Apart from the width (or more accurately breadth) and height of a diffrac-

tion peaks, they can also differ in shape. To model these shapes, a commonly

used probability distribution in spectroscopy is the Voigt profile, which is the

convolution of a Gaussian and a Lorentzian distribution.

The final shape and breadth of a diffracted peak can have several different

sources, including instrument contributions, strain due to disorder or stress in

the atomic lattice structure, and the finiteness of the crystallite size. Thus, if

one were to use the full integral breadth of the peak in equation (5.13) the

results would represent an lower bound for crystallite size, since we expect its

actual contribution to be smaller than the full breadth of the peak. Here the as-

sumption was made that the broadening effect from a crystallite size is purely

represented by the Lorentz contribution, and the strain effect is represented

by the Gauss contribution, as is common for single-line spectroscopy analysis

[24, 104, 105]. The validity of such an assumption depends on several fac-

tors, and can be another source of error, however it was found throughout the

analyses in this dissertation that the assumption in general is successful and

effective in isolating broadening stemming from crystallite size.

The division into a crystallite size part, and a strain part, can however not be

done before first subtracting instrument broadening. The instrumental broad-

ening was estimated by using a single-crystal gold sample and selecting a large,

homogeneous, area for SAED analysis.

Diffraction spot broadening in TEM diffraction stems mainly from the failure

to produce truly parallel beams of electrons with the condenser lenses, as seen

in figure 3.2. The slight angle that remains in turn depends of the diameter

of the TEM beam spot, which is controlled by the “brightness” setting on the

TEM. To quantify this dependence, a series of measurements were made on
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the calibration sample with varying beam diameter.

The diffraction image must also be in optimal focus when measuring, and this

is usually done by the TEM operator manually, by varying diffraction focus

around the optimal focus setting. This optimal setting also depends on beam

diameter, so in order to have the correct focus for each beam diameter, a series

of focus measurements were taken for different beam diameters. A power

function was fitted that relates the optimal focus to the brightness setting, so

that in subsequent measurements the correct focus setting could be applied

for each beam diameter in a systematic way, instead of relying on manual

assessment by the TEM operator.

The measurements made when varying beam diameter were fitted with Voigt

profiles, consisting of a Gaussian part and a Lorentzian part. The peak integral

breadths are denoted βV , βG and βL for the three profiles respectively. Due to

the fact that the convolution of two Voigt functions is again a Voigt function,

we can split up each of the two contributing parts into their instrument and

sample parts,

βL = β
I
L + β

S
L , (5.14)

and

(βG)
2 =
�
β I

G

�2
+
�
βS

G

�2
, (5.15)

using thewell known relation for addition of peak integral breadths for Lorentz-

and Gauss functions respectively. By the assumption that the instrument part

changes while the sample part stays constant, we can now try to fit some power

functions with the TEM beam diameter D as the variable, to the instrument

parts of both these equations. In figure 5.6 the fitted curve and its deconvolu-

tions into Gauss and Lorentz is shown.

As an example, in figure 5.7, the calibration series is shown again along with

measured series of a CVD grown CNT and one grown by arc-discharge. In

figure (b) the sample Lorentz part is shown for each series, showing that this

remaining part is indeed constant, after removing instrument contributions.

The mean value of such a set of deconvoluted sample Lorentz breadths βS
L can

then be used in equation (5.13) to estimate crystallite size.
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Figure 5.6: A measurement of integral breadth on an Au sample plotted versus TEM
beam diameter. The data was fitted with a Voigt function. The constant contribution to
the breadth was taken out to reveal the instrument part, consisting of the convolution of
a Gauss- and a Lorentz function, which are also shown.

5.1.4 Error estimation

A quantitative analysis of the measuring error for each peak measurement or

the derived standard error for composite value calculated from a series of mea-

surements was not done in this dissertation. However, a qualitative discussion

on the bounds of measurements and sources for error is possible.

It is clear that taking a series of peak integral breadths for different TEM beam

diameters lowers the standard error of the final result. For the calibration sam-

ple seen in figure 5.6 we can see points measured in the span of about 700–

7000 nm which gives a high degree of accuracy for the underlying sample con-

tributions to the peak breadth. For the series measured on CNTs seen in figure

5.7 however, there are less points of measurement (5 for the arc-discharge and

4 for the CVD) with smaller spans (1000–3500 nm for arc-discharge and 1500–

3200 nm for CVD), and the points also deviate from the fitted lines more. This

stems from the fact that the CNTs are narrow compared to the flat and wide

calibration sample, which inherently will lower the intensity of diffraction,

thus rendering a low signal-to-noise ratio. Furthermore, as can also be seen

in figure 5.7, the tubes are of lower crystallinity (the value for βS
L is higher)
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Figure 5.7: (a) Integral breadths of the Au calibration sample, a MWCNT grown by arc-
discharge and a CVD-grown MWCNT. (b) The Lorentz part of the integral breaths for
all three samples. The dashed lines indicate the mean value of each set.

which also means a weaker signal. For wide TEM beams, the signal becomes

too weak to measure, as it is obfuscated by noise. The pixel resolution on the

camera is also a limitation here, if peaks become so narrow that they are only

a few pixels wide. It is also not possible to increase exposure time too much

in order to compensate for this, since there is thermal drift making the sample

move slightly, blurring the image.

On the other hand, contracting the beam diameter too much the instrument

contributions become very large compared to the sample signal, which also

makes results less accurate. The uncertainty for individual points of measure-

ment is thus highly dependent on the TEM beam diameter, and for the more

narrow and/or low crystallinity tubes the window of beam diameters that is

usable for measurement is quite small.

For the particular combination of TEM, camera and the specific samples used

in this dissertation, the optimal span of the TEM beam diameter for accurate

measurement was found to be around 1500–4000 nm. Keeping within this

span, increasing the number of points-of-measurement will increase the accu-

racy of the final result.

48



5.2. ELECTRICAL RESISTANCE

5.2 Electrical resistance

5.2.1 Model for electrical conduction

Electrical conduction was modeled by assuming electron transport in only the

outermost CNT layer. For conduction in a two-dimensional medium, such as

a single layer of a CNT, it does not make sense to talk about resistivity as

one would for a macroscopic conductor. In this case the relevant quantity is

instead the total sheet resistance Rtot
s of a square sheet in the tube layer. One

side of such a sheet is the tube’s circumference, so we focus on the resistance

of a section of the tube layer with a length equal to πdo, where do is the tube

diameter, which turns the “unfolded” sheet of graphene that makes up the

cylinder of the tube section into a square. This results in the expression

Rtot
s = Rl ·πdo, (5.16)

where Rl is the linear resistance of the outermost tube layer as measured along

the tube.

The linear resistance Rl of a quasi-one-dimensional conductor is defined as its

electrical resistance per unit length. To calculate Rl the measured point resis-

tance Rp at each point of contact was plotted versus the length lp between the

main sample and the contact point and a linear fit was made, assuming

Rp = Rl · lp + Rc, (5.17)

where in this case the fitting parameters Rl represents the linear resistance of

the outermost tube layer and Rc is the total sum of contact resistances between

the main sample, the specific tube and the probe electrodes. A typical example

of this is shown in figure 5.8.

To connect linear resistance and total sheet resistance with crystallinity, the

conducting outer tube layer was modeled1 to consist of a number of parallel

1It should be noted that each grain boundary chain is connected with its two neighboring
chains at every grain, which impacts the overall resistance. However, for sufficiently long
distances between electrodes the voltage difference between parallel conduction chains tends
to zero, meaning there is no current between grains across the tube, only along it.
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1 2

3 4

(a)

1
2 3

4

Figure 5.8: (a) Example of measurements along a CNT. Each point of contact is num-
bered chronologically. (b) The corresponding linear fit of the numbered measured points.
The slope of the line corresponds to the linear resistance Rl of the tube outermost layer
and the intersection with the y-axis to the total contact resistance Rc of the measurement
setup.

connected channels Np, and each such channel consists of a serial connection

of graphene-like grains interconnected by resistive boundaries, as shown in

figure 5.9. The number of grains and boundaries in a section of the tube which

is ltot long was denoted Ns.

The grains were assumed to have a constant sheet resistance Rs and the bound-

aries between grains a constant resistance ρb divided by the length of the

boundary lb. The resulting expression for the linear resistance of a section

of tube was
1

Rl · ltot
=

Np

Ns
· 1

Rs +
ρb
lb

. (5.18)

The number of parallel chains Np in a tube can be approximated2 by the tube

circumference divided by the effective grain size given by Np = πdo/La, and

the number of grains and boundaries in each chain by the tube section length

divided by grain size Ns = ltot/La.

The length of the boundary between each individual grain of course varies with

2Note that the number Np can not physically be smaller than 1, which is the case when
the crystallite size spans the entire tube circumference, and there is only one serial chain of
crystallite grains. For the specific batch of CNTs used in this work a sufficiently large effective
grain size La was never found for this to occur, but for larger crystallite size compared to tube
diameter this problem should be corrected for.
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Figure 5.9: (a) Schematic figure of the conduction model where Rs is the within-grain
sheet resistance, ρb is the boundary resistivity, lb is the boundary length and La is the
grain size. Two differently oriented crystallite grains are highlighted within the tube
wall. (b) Schematic in terms of resistors where Ns is the number of resistor couples Rs
and ρb/lb in the tube section, and Np is the number of such resistor chains around the
circumference of the tube.

the size and shape of the grains. However, we may assume that the average

boundary length between grains is directly proportional to the average grain

size, that is lb = c · La, where c is a dimensionless constant close to 1 depending

on grain shape geometry. Assuming we can approximate the grain shapes by

squares, we can take this constant to be exactly 1, resulting in lb = La. The

length of the tube section cancels out, and we obtain an expression for the

linear resistance

Rl =
1

π · do
·
�
ρb

La
+ Rs

�
. (5.19)

Finally, by moving the factor πdo to the left hand side, and combining it with

equation (5.16), we get an equation for the outermost layer total sheet resis-

tance Rtot
s , given by

Rtot
s =

ρb

La
+ Rs, (5.20)

which is valid for a specific CNT given its material parameters.

Equation (5.20) shows the dependence between the sheet resistance of an

individual MWCNT wall and its diameter and crystallite size, given the two
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material specific parameters sheet resistivity Rs and boundary resistivity ρb,

and can be thought of as a “scaling law” for MWCNT outer wall conduction

analogous to the scaling law derived for polycrystalline graphene in [106] and

further explored in [107]. The problem now becomes to identify the material

parameters sheet resistivity Rs and boundary resistivity ρb. It is very important

to note that these two parameters are not necessarily identical for all carbon

nanotubes, but should instead be used to classify tubes of different levels of

quality.

5.2.2 Error estimation

A statistical analysis of the variation in resistance during the hold phase of the

anneal was made, along with analysis of the quadratic errors in the fitted lines

for the linear resistances, in order to derive an estimation of the standard error

of these approximations.

Standard deviation of point resistance measurements

A statistical analysis including 90 different annealing instances was done in

order to analyze the behavior of the point resistance during the three anneal

phases. 81% of anneals had a lower resistance in the last two seconds of the

annealing hold phase compared to the first two, with a mean drop of 3.3%.

After the big initial drop, the drop in resistance decreased for each two second

interval to the next in the 10 second hold, and was on average 0.1% going

from time span 6–8 s. to 8–10 s.

The variance in resistance of the hold phase was also analyzed. Initially, the

variance is high, and some amount of variance in resistance remains through-

out the hold phase, but drops drastically after the first few seconds. In the

first two second interval the standard deviation from the mean was found to

be over 3 kΩ, while for all subsequent two second intervals of the hold phase,

the standard deviation was below 1 kΩ, as shown in 5.10. Since the resis-

tance seems to reach a steady state after the initial high variance, the first two

seconds of the hold phase were excluded, and the standard deviation of the re-
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maining 8 seconds was 1.3 kΩ. The analysis shows that the contact resistance is

initially high and unstable, as seen in figure 4.5 (a), significantly lowered and

stabilized by the end of the increasing phase of the anneal, and remains very

stable after the first two seconds of the hold phase. These uncertainties can

be interpreted as an instability in contact resistance induced by Joule heating.

For low bias, the contact resistance is completely stable, and the uncertainty

in contact resistance is carried over from the preceding anneal.

Figure 5.10: A statistical analysis, including 90 annealing instances, of the standard de-
viation from the mean resistance value during the hold phase of an anneal. The standard
deviation is taken in two second intervals, for all 10 seconds of the hold phase.

Apart from the analysis of the anneal phases, the deviation from linearity when

using equation (5.17) to calculate linear resistance was looked at. In a statis-

tical analysis including 82 points of resistance measurement it was found that

51% of values for Rp deviated less than 2 kΩ from the value predicted by Rl ,

63% deviated less than 3 kΩ and 70% deviated less than 5 kΩ.

The two methods of analysis display a similar standard deviation, however

with slightly more variance in the linear resistance analysis. This added vari-

ance may have more than one cause. One explanation is that inhomogeneity

in the tubes make the assumption of a linear resistance in the tube section

less accurate, adding to the errors there. Another explanation is that contact

resistance may scale with the total measured resistance of Rp, making it larger
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for low bias measurements, and thus scaling the standard deviation up along

with it. The median of the ratio between low bias measured resistance and

the preceding high bias resistance measured while annealing was found to be

about 2, which would scale standard deviation for low bias up to 2.6 kΩ. The

idea of a contact resistance which is relative to the total resistance was contra-

dicted however, as another statistical analysis showed there was no significant

dependence between standard deviation and resistance magnitude during an-

nealing hold phases, even though the span of annealing hold phase resistance

was 20–120 kΩ, clearly overlapping the span of low bias measured resistance.

Furthermore, no significant dependence between low bias resistance and de-

viation from Rl prediction was found. Thus, both methods of analysis indicate

that measurements have an absolute variance, rather than relative. For the

measurements of Rp in this dissertation, an estimated constant standard devi-

ation of 3 kΩ was used.

Measuring error of linear resistance calculations

For a given standard deviation of Rp we can calculate the measuring error for

linear resistance Rl , here denoted SE (Rl). The parameters that influence the

accuracy are the standard deviation of a single point measurement denoted

SD
�
Rp

�
, the number of points measured n and the total length of the CNT

section being measured, denoted ltot, which equates to the range of lp. There

may also be some influence from how the contact points are distributed, how-

ever we assume the points are distributed homogeneously over the distance

ltot.

To find the dependencies, simulations of measured points with a normally

distributed fixed standard deviation was made, and calculating the resulting

measuring error in the linear fits while varying the three variables. It was clear

that SE (Rl) is directly proportional to SD
�
Rp

�
, and inversely proportional to

ltot. For large number of measurements n we could also see that SE (Rl) was

approximately proportional to 1/
p

n, which was more accurately determined

as 1/
p

n+ 4, fitting better for small values of n, which was the case here. This
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lead to a final expression given by

SE (Rl) = 3.5 · SD
�
Rp

�
ltot ∗pn+ 4

, (5.21)

where SD
�
Rp

�
is in kΩ, ltot is in µm and n ≥ 2. The simulations and fitted

curves for n and ltot are shown in figure 5.11.

Figure 5.11: Each point is a simulated value, over 500 iterations, of the standard error
of Rl given a constant standard deviation SD

�
Rp

�
= 3 kΩ. In (a) each point of mea-

surement was distributed randomly over a length of ltot = 1000 nm and the number of
measurements was varied. The dashed line in (a) corresponds to the fitted function in
(5.21). In (b) the number of measurements was 10 and the length of measurement ltot

was varied. (b) is plotted with logarithmic axes. The dashed line in (b) corresponds to
a fit of 1/ltot

5.2.3 Influence of tube chirality

For carbon nanotubes with and ideal atomic structure, i.e. perfect crystallinity,

the electrical conductivity is predicted to depend on tube chirality. Depending

on the way the tube is “rolled up” it obtains different conductive properties,

where some tubes are metallic conductors which in essence have a zero linear

resistance, while some tubes are semi-conductors. The number of conducting

channels for multi-walled tubes also depend on tube diameter and the bias

voltage applied. Since tube chirality was not determined in this study, its pos-

sible influence had to be estimated.

By using the equations given by Kashcheyevs et. al in [108], which were based

on the Dirac cone approximation of the conducting band energy of graphene
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nearby the Fermi points, combined with the Landauer–Buttiker formalism, the

number of conducting channels of metallic- and semi-conducting CNTs was

calculated and compared at the maximum bias voltage used in this study of

5mV, shown in figure 5.12. The results show that for MWCNTs with a diameter

larger than about 10 nm the number of conducting channels differ by less than

a factor of two between metallic and semi-conducting tubes, meaning that the

problem is relatively small (much smaller than the two orders of magnitude

we see in our results on conductivity, shown in chapter 6) when dealing with

MWCNTs or large diameter SWCNTs, but may come into play for more narrow

tubes.

Figure 5.12: Number of conducting channels for undoped metallic and semiconducting
tubes calculated at room temperature for 5 mV bias voltage.

5.3 Mechanical stiffness

Previous research on the mechanical stiffness of CNTs has shown large differ-

ences depending on the quality and production method of the samples [9, 25].

As a continuation of the work done by Henrik Jackman and Krister Svensson,

described and summarized in Jackman’s doctoral thesis from 2014 [8], mea-

surements of crystallinity were done on the same very sample batches of CNTs

that the original research was made on. In the original studies, one of the
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properties measured was the Young’s modulus E, which corresponds to the

bending stiffness of the tubes when force is applied lengthwise. By using the

method for determination of crystallinity described in sections 4.2 and 5.1,

the mean values of crystallite size for the sets of differently produced CNTs

were obtained. A dependency of Young’s modulus E on crystallite size La was

established, and the results are presented in chapter 6.
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Chapter 6

Results and discussion
The development of the methods for measurement and analysis described in

chapters 4 and 5 is one of the main results of this dissertation, but it is not

the only one. Measurements of crystallinity and linear resistance of CNTs both

revealed some new and interesting facts, which are described here, and in

more detail in the articles included in the dissertation.

6.1 Young’s modulus and CNT production method

The measured integral breadths βS
L of CNTs from an arc-discharge sample

batch and a CVD sample batch were plotted against tube diameter, in order

to show there was no discernible diameter dependence of the peak breadth,

as is shown in figure 6.1 (a). The data points were grouped by production

method, showing a clear difference in the mean value of each set. In figure

6.1 (b) the integral breadths have been put into equation (5.13) and the cor-

responding values of La are plotted, which shows the mean crystallite size for

the arc-discharge batch to be 18.6 ± 3.3 nm and the mean value for CVD to

be 5.6 ± 1.6 nm, at a 95% confidence level, indicating a clear difference in

crystallinity.

The mean values for each group were plotted versus the two previously mea-

sured mechanical properties Young’s modulus E and the critical strain denoted

lcr, as is shown in figure 6.2, together with a visual guide of a plausible variable

dependence, shown as a dashed line.

The results show a clear difference in the average crystallite sizes of the two

materials. For a tube grown by arc-discharge, with the found average crys-

tallinity of this set, and with a typical outer diameter of about 10 nm, the crys-

tallite size would be enough to encompass more than half the circumference
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Figure 6.1: (a) Deconvoluted integral peak widths and (b) calculated crystallite sizes,
plotted versus outer nanotube diameters. Values for arc-discharge growth are shown
as filled circles and values for CVD growth as empty circles. The mean values of each
grouped material type is indicated by a dashed line in (b).

Figure 6.2: (a) Mean values of axial Young’s modulus E vs crystallite size La, grouped
by material. (b) Mean values of the critical length lcr vs crystallite size La, grouped by
material. A visual guide of a plausible variable dependence is shown as a dashed line
and error bars indicate the 95% confidence interval assuming a t-distribution.

of the outermost tubes. This enables the formation of continuous graphene-

like cylinders, or cylinder segments, which constitute the walls of the tubes.

In contrast, the very small crystallite sizes for CVD grown materials would be

much smaller than the tube circumference, implying that here the walls are

made from a patchwork of small graphene-like grains with different orien-

tations. The effect these differences have on mechanical behavior is clearly

shown in the study, and tubes created with these two production methods

should be treated as two distinctly different materials. A more in depth anal-

ysis of this can be found in publication I: “Quantifying crystallinity in carbon
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nanotubes and its influence on mechanical behaviour” [109] and more infor-

mation about the studies of the mechanical properties E and lcr can be found

in [25] and [9].

6.2 Linear resistance and its dependence on crystallinity

Initially the study on the influence of crystallinity on the electrical properties

of CNTs was going to compare production methods, similar to what was done

for mechanical properties. However, during the first phase of the study on

arc-discharge MWCNTs there was an unexpected and interesting result; within

the same batch of CNTs, produced by the same method, a sharp threshold and

a drastic shift in linear resistance at a critical value for the mean crystallite

size La was found, shown in figure 6.3 (a), and for this reason the study was

refocused to only include the tubes grown by arc-discharge. Conversely, there

was no significant dependence found between linear resistance and outer tube

diameter, as shown in figure 6.3 (b), which is in line with the discussion on

tube chirality from section 5.2.3.

Figure 6.3: Linear resistance Rl plotted versus (a) the mean crystallite size La, and (b)
the outer tube diameter do, with a logarithmic y-scale.

At room temperature this critical threshold point was found to be at a crystal-

lite size of around 11 nm and the measurements were split into two regions,

La < 10 nm and La > 12 nm. For each group, the within-grain sheet resis-

tance Rs and between-grain border resistivity ρb was extracted by calculating

the total sheet resistance Rtot
s for each CNT within each region and fitting it
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linearly against 1/La in accordance with equation (5.20). The linear fits for

both regions is shown in figure 6.4, and the fitted parameters are shown in in

table 6.1.

Figure 6.4: Linear fit of the total sheet resistance against 1/La for (a) the region La <

10 nm, and (b) the region La > 12 nm, according to equation (5.20). The slope of
the lines correspond to the boundary resistivity ρb and the intersection with the y-axis
corresponds to the within-grain sheet resistance Rs for each region respectively.

Table 6.1: The fitted parameters for both regions of grain size.

CNT grain size Rs ρb

La < 10 nm 2.5 kΩ/� 17 Ω·µm
La > 12 nm 54 Ω/� 3 Ω·µm

The large change in conductivity at the critical crystallite size is thus explained

by a significant increase in both grain sheet resistance and boundary resistiv-

ity. Comparing the two regions we see that within-grain sheet resistance is

almost 50 times smaller in the high crystallinity region compared to the tubes

with lower crystallinity. The boundary resistivity in the high crystallinity re-

gion is also about 5 times smaller, indicating that the boundaries themselves

also deteriorate in electrical conductivity together with the lower crystallinity

within the grains.

By taking the reciprocal of equation (5.19) the linear conductance Gl was cal-

culated, given by

Gl =
πdo La

ρb + LaRs
. (6.1)
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The two regions of crystallinity was now tied together by creating a “universal

curve fit”, using the parameters from table 6.1 for the two regions separately,

with a smooth curve-transition using and S-shaped function, given by

Guniversal(x) = G1(x) + S(x) · (G2(x)− G1(x)) , (6.2)

where G1 and G2 denote the conductance for the two regions, and S is given

by

S(x) =
1
2

h
1+ tanh
� x − x0

w

�i
, (6.3)

with the parameters w = 0.55 nm and x0 = 11 nm. Since Gl also requires a

value for do we have used the mean diameter 14 nm to create the universal

curve, shown in figure 6.5. To illustrate the influence of the tube’s outer diam-

eter, the curve was also plotted using the extreme values found in the study,

do = 7 nm and do = 25 nm, displayed with dash-dotted lines.

Figure 6.5: Linear conductance of CNTs vs grain size measured at room temperature
and fitted with a “universal curve”. Each region was plotted according to equation (6.1)
with parameters taken from table 6.1, and the transition from one curve to the other
was done by using equation (6.2) and (6.3). Since equation (6.1) also depends on the
tube outer diameter do, the curve was plotted with the mean, minimum and maximum
values found in the study, which was 14 nm (solid line), 7 nm and 25 nm (dash-dotted
lines) respectively. For each region the curve is slightly extended beyond its valid interval
(dashed line) to indicate the continued shape.

We find that the influence of crystallinity is even greater on electrical con-
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duction than on mechanical stiffness and critical length, found in the former

study. The effect is interpreted as a result of quantum confinement and edge-

effects in the individual crystallites, which create band gaps that are large

enough in order to greatly reduce the electrical conductance at room tem-

perature. Even within the same batch produced by the higher crystallinity

method of arc-discharge we find large differences in conductivity, connected

to differences in crystallinity, which may be part of the explanation for the

wide variety of results in linear resistivity observed for MWCNTs previously in

the literature [14, 16, 17]. More detail this can be found in publication III:

“Influence of crystallinity on the electrical conductivity of individual carbon

nanotubes” [110].

6.3 Crystallinity method

A method was developed that provides quantitative information about the

crystallinity of MWCNTs. The method relies on analyzing straight sections

of individual tubes with detailed analysis of diffraction spots in positions and

directions that are not influenced by the curvature of the tubes. By carefully

mapping the optimal diffraction focus for different TEM beam diameters, and

by fitting the broadening stemming from the TEM-beam to a power function,

the instrument contribution can be separated from the total contribution using

a series of measurements at different beam diameters. This will then provide

a reliable measure of the inherent sample broadening effects and the effective

crystallite sizes. This method should be applicable also to other, non-carbon,

tubular structures. Some of the main advantages compared to other determi-

nation methods of crystallinity or defect density are that the analysis can be

done on a small segment of an individual nanotube, and that it can also be

done in the same session as the measurement of its mechanical or electrical

properties.

Another example of how the method can be used to measure the effect of ther-

mal treatment on CNTs, and how the crystallinity may be improved by such

methods, is found in publication IV: “Effects of high temperature treatment

of carbon nanotube arrays on graphite: increased crystallinity, anchoring and
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CVD

Arc-discharge

Figure 6.6: With the method that was developed here, the crystallinity of carbon nan-
otubes produced by different techniques could be determined and compared. In the TEM
images to the left, the CVD tubes on the top row can qualitatively be seen to be of lower
crystallinity than the bottom row tubes produced by arc-discharge. The diffraction im-
ages seen in the center of the figure also show a difference in overall sharpness. The
difference is finally quantified in the rightmost images, by measuring the peak integral
breadth of the diffraction peaks corresponding to atomic lattice spacing. The linescan
data is taken from the two narrow rectangles seen in the diffraction images.

inter-tube bonding” [35]. In this article, the TEM diffraction method is used

in tandem with Raman spectroscopy, which is valid for crystal sizes of about

2–10 nm [57]. The method developed here using the Scherrer equation has

a theoretical upward limit of about 200 nm [111], limited further in practice

for the studies described here to about 100 nm, and a lower limit due to in-

strumental limitations such as signal-to-noise and resolution of approximately

3 nm. In the overlapping range between the two methods, the results were

found to be very similar, which further confirms the accuracy and validity of

the Scherrer-based method.

6.4 Linear resistance method

Amethod for characterization of the electrical resistance of the outermost tube

wall of MWCNTs was developed. The analysis showed that two-probe meth-

ods can provide a very accurate measure of the linear resistance in carbon

nanotubes. By annealing with joule heating the contacts have a low and sta-

ble enough contact resistance in order to provide accurate estimations of the
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linear resistance. The accuracy and repeatability of the method is very high,

and we find a standard deviation of around 3 kΩ for each point of contact.

With a suitable number of contact points and a large enough spread in the

positions, it is possible to characterize the linear resistance with a high accu-

racy even down to only a few kΩ/µm. The exact number of contact points

and distance to measure over depends on the standard deviation of each point

measurement, so a general prescription can not be given, however for similar

values of variance as seen here we suggest the use of about 8 or more points,

over a distance of 1 µm or longer.

By combining the methods for determination of linear resistance with a char-

acterization of crystallinity, it was found that an apparent spread in the linear

resistance values can be explained by differences in the material properties

of individual tubes, rather than in the methods themselves. Taking the data

shown in figure 6.3, and using equation (5.21) to calculate the standard error

of each data point, based on the actual measured section length ltot, the num-

ber of measurements n and using an estimated standard deviation of each

point measurement SD
�
Rp

�
of 3 kΩ, we can plot the data with error bars,

shown in figure 6.7.

Figure 6.7: (a) Linear resistance Rl plotted versus the crystallite size La. The fitted curve
was plotted using the mean value of the outer diameter of the dataset, which was 14 nm.
The curves shown above and below were plotted using the two extreme values of the
outer diameter found, to illustrate the variance explained by tube diameter. (b) Linear
resistance plotted versus the outer diameter do. The error bars of both figures indicate
the estimated standard error of Rl , using equation (5.21).

From inspection of figure 6.7 (a), we find that the correlation described by
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equation (5.19) holds, even after taking into account the uncertainty in Rl as

calculated before, indicated by the error bars. Instead, looking at figure 6.7

(b), it is clear that tube diameter alone can not account for the spread in linear

resistance seen in the data, even when taking into account the measurement

error margins as before.

The study also showed that the tube layer can be modeled as a patchwork of

crystallite grains connected by boundaries. A scaling model for the electrical

conductivity within a single layer of a CNT was suggested, which connects its

electrical conductivity with the crystallite size and tube diameter. It also links

the overall sheet resistance of the outermost tube wall to its intrinsic material

parameters Rs and ρb which correspond to the crystallite grain sheet resistance

and grain boundary resistivity respectively. The method is described in greater

detail in publication II: “Accurate determination of electrical conductance in

carbon nanostructures” [112].

The accuracy of the method is thought to be sufficiently high to warrant inclu-

sion in the general toolbox needed for the characterization and classification

of carbon nanotube materials, as a first step towards a measurement stan-

dard.
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Chapter 7

Conclusion and outlook
The work described in this dissertation has led to the development of new

methods for characterizing carbon nanotubes. The ability to accurately and

quickly quantify the crystallinity of an individual CNT, and even a small sec-

tion of one, inside a TEM has great possibilities. Combined with the two-point

electrical measurement methods and models for analysis to characterize the

linear resistance of CNTs presented here, as well as with other TEM character-

ization such as bending stiffness, the usefulness of the method becomes even

clearer. Here, and in the publications from which this dissertation builds, the

necessary steps for these methods to be implemented have been presented in

detail, including instructions for calibration, methods for electrical annealing,

models for analysis as well as error estimates and suggestions for measurement

error minimization.

There are no claims that these techniques are the most accurate available in

all cases, nor that they should be the first choice in every situation, however

the overall ease-of-use, versatility, and their reasonable accuracy make them

a powerful new addition to the nanotube experimentalist’s toolbox. The pro-

posed method is believed to be accurate enough in order to serve as a first step

towards a measurement standard, and hence as one of several tools needed

for the characterization and classification of carbon nanotube materials.

Apart from the methods for measuring and models for analysis, there were

also some new and unique results and conclusions from the data. It is clear

that “carbon nanotubes” is not a single material, but rather an assortment of

materials. Different productionmethods result in vastly different levels of crys-

tallinity, and the electrical and mechanical properties are greatly affected by

these differences. Even within the same batch made with the same techniques

there are differences in crystallinity that can result in electrical resistance vari-
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ations of two orders of magnitude, or more. Single-walled CNTs are likely very

different from multi-walled, especially those with high crystallinity where the

small tube diameter and chirality differences will have a large effect on linear

resistance, while the lower crystallinity tubes will likely not be affected very

much by differences in chirality and diameter.

In this work it was shown that outermost wall conduction for MWCNTs at low

bias voltage may be modeled as a patchwork of crystallite grains connected

by boundaries, and that the overall conductivity of the tube wall is greatly

influenced by even small changes in this structure. In future work, the model

should be combined with existing models for multi-shell conduction, and its

validity should be tested for higher bias voltages as well as for smaller sized,

and single-walled tubes.

In publication IV, the method for determination of crystallinity described in

this dissertation was used to confirm that it is possible to increase crystallinity

in CVD grown tubes by thermal treatment, resulting in piecewise straight sec-

tions of high quality separated by structural defects. The effects of treatment

on the mechanical and electrical properties of the tubes can be inferred by the

suggested dependencies on crystallinity presented in this work, but should in

the future be confirmed by direct measurement, coupled with crystallinity data

from the very same tubes. Furthermore, it would be very interesting to inves-

tigate whether post-treated CVD tubes can achieve properties similar to the

higher crystallinity tubes made by arc-discharge, or if there is a cap on how far

the crystallinity can be improved for tubes that initially have very small crystal-

lite sizes. This type of quantitative data can be used in order to classify carbon

nanotube materials in terms of their crystallinity and physical properties, and

thereby provide reliable source materials for industrial applications.
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The influence of crystallinity on the properties 
of carbon nanotubes

Carbon nanotubes have been advertised as a material with quite extraordinary 
properties, both mechanically and electrically. The truth is that carbon nanotubes is not 
one material, but several different. Depending on the method used to produce them, 
and consequently the quality of the atomic structure within their walls, their physical 
properties can also differ drastically. 

In this doctoral thesis a method was developed for quantifying the degree of order 
within the tubes’ walls, namely their crystallinity, by using transmission electron 
microscopy. The method enables the characterization of the inherent properties of the 
tubes such as electrical conductivity and bending stiffness, alongside the determination 
of crystallinity, making it possible to quantify the influence of tube crystallinity on these 
critical properties. Furthermore, a model for electrical conduction in the outermost wall 
of multi-walled carbon nanotubes is suggested, enabling the determination of intrinsic 
quantities like the sheet resistance of individual crystallite grains within the walls and 
the boundaries in-between them. 

The studies reveal a profound shift in both mechanical and electrical behavior at a 
critical crystallite size, with large differences connected to production method, and 
even between individual tubes from the same production batch. These findings 
successfully explain previously seen differences and highlight the need for well-defined 
characterization techniques with protocols and classification systems, in order to 
successfully exploit the promising properties of carbon nanotubes in the future.
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