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Recurring abbreviations and symbols

abbreviation description

AFM atomic force microscope
BSED back-scattered electron detector
CAEM controlled atmosphere electron microscopy
CNT carbon nanotube
CVD chemical vapor deposition
DFT density functional theory
EBID electron beam induced deposition
EBM Euler-Bernoulli beam model
EDX energy dispersive X-ray spectroscopy
MD molecular dynamics
hr-MFM high resolution magnetic force microscope / microscopy
MWCNT multi-walled CNT
PLL phase locked loop
SEM scanning electron microscope
SQUID superconducting quantum interference device
SWCNT single-walled CNT
TEM transmission electron microscope
VLS vapor liquid solid
XPS x- ray photoelectron spectroscopy
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Abbreviations and symbols

symbol unit description

E N/m2 elastic modulus
F N force, load
σ N/m2 stress
ε strain
α Nm/rad spring constant of elastic mounting
I m4 moment of inertia
k N/m cantilever spring constant
m kg/m mass density
A m2 cross section
ν or f 1/s frequency
ω rad/s angular frequency
Q quality factor
kB 1.38× 10−23 J/K Boltzmann constant
R 8.3145 J/(mol K) gas constant
T K, ◦C temperature
Ea J/mol activation energy
D m2/s diffusion coefficient
p N/m2 pressure
µ0 4π × 10−7 N/A magnetic constant

(permeability of free space)
A J/m exchange stiffness constant
B T magnetic flux density
K J/m3 anisotropy energy
Kn J/m3 n-th uniaxial anisotropy constant
Ks J/m3 shape anisotropy energy
M A/m magnetization
Ms A/m saturation magnetization
m Am2 magnetic dipole moment
q A m magnetic monopole moment
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Introduction and motivation

Carbon forms the basis of a variety of compounds whose number is larger than for any
other element. The allotropic forms of carbon include graphene, fullerenes, graphite,
carbon nanotubes and diamond. All these structures possess unique physical and
chemical properties. The existence of carbon nanotubes (CNT) was first experimentally
confirmed by Iijima et al. in 1991 [1]. The structural diversity of CNT initialized
extensive research in many different fields of fundamental and applied science, since
CNT offer unique properties such as high electrical and heat conductivity as well
as an exceptional tensile strength. Single-walled CNT are especially interesting for
micro electronics due to their either metallic or semiconducting electrical properties.
Multi-walled CNT are dedicated for many different applications enhancing the electrical,
thermal and mechanical properties of composite and lightweight materials.
However, not only the carbon shell but also the hollow interior of CNT offers great
research and application potential. This encapsulated cavity of CNT can be filled with
foreign materials reaching from single molecules, clusters, small particles to extended
nanowires. CNT have been investigated as drug delivery material in medical applications
[2, 3] and also nano temperature sensors have been developed [4]. Depending on the kind
of application, filled carbon nanotubes with tailored and tuned properties are necessary.
CNT filled with ferromagnetic material are of particular interest. Carbon nanotubes
filled with magnetic material have been studied as an alternative contrast agent for
magnetic resonance imaging and they might also be used for hyperthermia treatment of
cancer [2, 3, 5]. Furthermore, for the development of magnetic recording media having
increased storage density nanoscale magnetic particles show great potential [6]. All these
applications require rather partially filled CNT with short ferromagnetic nanowires. The
hollow core might be used as a multifunctional nano-container and the ferromagnetic
filling is only one component inside the tube. By varying the synthesis conditions
spherical particles and differing lengths of nanowires of ferromagnetic material can
be fabricated inside CNT. The emphasis of research was mainly focused on iron as
filling material. In contrast to the previous mentioned applications, a continuous filling
is stringently required for using iron-filled tubes as probes for magnetic field sensors
especially for magnetic force microscopy (MFM).
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Introduction

The usage of CNT in sensor and actuator applications is an area of intensive research
and development. Due to their high aspect ratio single-walled CNT are especially
interesting as tips in raster probe microscopy [7]. They have successfully been utilized
as tips for atomic force microscopy (AFM). With these probes surfaces with steep
structures can be investigated with a high resolution. Also multi-walled CNT were
employed for raster scanning applications [8]. A special scanning probe method is the
magnetic force microscopy, where besides the topographic information, the sample’s
magnetic stray field interacts with the magnetic moment of the scanning probe resulting
in a magnetic contrast. A CNT filled with an extended and continuous iron nanowire
constitutes an ideal magnetic force microscopy probe, possessing a sharp tip and high
aspect ratio for good topographic imaging and in particular a high and defined magnetic
moment perpendicular to the sample surface. The latter might be a dipole moment
spatially confined in three dimension or a monopole moment. Moreover, the carbon
shells provide an oxidation protection and ensure a high bending stiffness. For these
tips the CNT stiffness and resulting resonance frequency is important in order to avoid
resonant vibration of the CNT tip itself during scanning. Furthermore, these iron-filled
CNT are thought to be a promising material for micro- and nanoscale actuators and
sensors. A CNT under flexural bending represents a cantilever by itself. Especially the
elastic properties and the bending stiffness of the CNT determine the properties of the
cantilever.
This thesis addresses two issues which are deduced from the demands of CNT for
MFM. These are first the synthesis of CNT encapsulating long and extended nanowires
consisting of ferromagnetic iron and second their mechanical properties, especially the
determination of their elastic modulus.
The present work consists of three chapters. In the first chapter selected properties of
carbon nanotubes are briefly presented. The second chapter deals with the synthesis of
carbon nanotubes filled with ferromagnet materials focussing on the preparation of
iron-filled CNT for MFM. This chapter also includes a discussion about the synthesis
of iron-carbide filled CNT and some of their magnetic properties. The influence of
metallic interlayers and precursor mass flow is presented and the importance of these
two parameters with respect to the filling morphology is revealed. A combined growth
mode model is applied and adapted to explain the formation of filled CNT. Conditions
for a control of the properties are identified. In chapter three selected mechanical
properties of iron-filled CNT are investigated. In the mechanics section a new method
for the measurement and evaluation of dynamic bending experiments is developed and
applied to the synthesized material. Furthermore, a new method for the static bending
of CNT inside a TEM is presented. The boundary conditions and their influence on the
bending behavior of iron-filled CNT are discussed and their usability as mechanically
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stable probes is shown. The mechanical properties of iron-filled CNT determined
in the present work are compared to values of unfilled CNT found in literature and
the different structural aspects are discussed, showing a relation between the growth
process and the mechanical properties.
The present work will show that CNT with a low defect morphology are required in
order to achieve a sufficient stiffness for sensor applications. The results of the synthesis
and the study of mechanical properties reveal the potential of such iron-filled CNT for
application as raster probe MFM tips, which was recently published in the thesis of
Franzika Wolny [9].
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1 Structure and selected properties
of carbon nanotubes

1.1 Carbon nanotubes - structure, selected proper-

ties and application

The element carbon forms several allotropic structures reaching from fullerenes (0D),
carbon nanotubes (1D) over graphene (2D) and graphite (quasi-2D) to diamond (3D).
This diversity is related to the atomic structure of carbon, which is the first element
of the IV main group and has a 1s22s22p2 electron configuration. For carbon the
hybridization energy is low in comparison to the binding energy and thus the mixing of
orbitals occurs forming spn states. Diamond is formed by sp3-hybridized carbon orbitals,
while graphene, graphite, CNT and fullerenes are mainly based on the formation of sp2

orbitals. However, in the case of carbon nanotubes and fullerenes there is, due to the
diameter dependent curvature, a mixing of sp2 and sp3 orbitals. This influences the
physical properties of this group of material.

Graphene is the most basic carbon structure built up by benzene rings. It is the
basis for other carbon based structures such as graphite but also fullerenes and carbon
nanotubes. Carbon nanotubes are often discussed as an allotropic form of carbon [10].
Their properties can be explained by the theory of graphene considering some additional
effects as a consequence of their special structure. It is common to start with the
description of graphene and expanding the results to CNT. As result of their one
dimensional structure, cylindric shape and chirality, CNT show a wide spectrum of
physical properties.

The following sections describe the properties of single-walled CNT and focus on
the properties of multi-walled carbon nanotubes where necessary. Many properties of
multi-walled CNT can be attributed to the structure of single-walled CNT. An ideal
multi-walled CNT can be thought of a stack of single-walled CNT each with a different
radius and chiral vector. Therefore, the structure of single-walled CNT will be briefly
discussed.

14



Structure and selected properties of carbon nanotubes

1.1.1 Structure of carbon nanotubes

A single-walled CNT can be described as a graphene sheet rolled into a cylindrical
shape. The resulting structure is an one dimensional tube with an axial symmetry
and in general exhibiting a spiral conformation, called chirality [11]. The structural
features of CNT can be very effectively described by different vectors. A graphene
sheet with the relevant parameters is shown in fig. 1.1 based on [11]. A CNT might be

Figure 1.1: Graphene sheet based lattice of a carbon nanotube. The
rectangle given by the sites O, A, B and C defines the unit cell of a
single-walled CNT. When it is rolled up around the line

#    »

OC a tube is
formed.

#    »

OA defines the chiral vector ~Ch and
#    »

OC the translational
vector ~T [11].

constructed by rolling up a graphene sheet around a vector which is denoted by
#    »

OC in
the sketch. The direction of this vector concurs with the translational vector ~T of the
CNT. The vector

#    »

OA defines the circumference of the CNT and is rolled up around
the long axis direction ~T of the CNT. It is also known as equator or chiral vector ~Ch of
the CNT. The points O,A,B and C are crystallographically equivalent sites and they
coincide O with A and C with B after rolling up the graphene sheet. The unit cell
base vectors ~a1 and ~a2, which are not orthogonal, can be used to express the chiral
vector ~Ch.

~Ch = n~a1 + m~a2 = (n,m), (n,m ∈ 0 ≤ |m| ≤ n). (1.1)

The chiral vector can be used to define a number of other quantities such as the tube
diameter. The diameter (dt) is given by the circumferential length (L) of the CNT
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Structure and selected properties of carbon nanotubes

divided by π.

dt = L/π, L = |~Ch| =

√
~Ch ~Ch = a

√
n2 +m2 +mn 1 (1.2)

The translation vector ~T is orthogonal to ~Ch and corresponds to the first crystallo-
graphically equivalent lattice point in the 2D graphene sheet through which the vector
#    »

OC passes.
~T = t1~a1 + t2~a2 = (t1, t2), (t1, t2 ∈ N). (1.3)

The scalars t1 and t2 can be expressed in terms of n and m and the length is given by
T = |~T | =

√
3L/dR, where dR is the greatest common divisor of the terms (2m+ n)

and (2n + m). An unit cell within a 1D nanotube is defined by a rectangle O,A,B
and C which is spanned by the two vectors ~Ch and ~T , whereas the surface is given by
|~Ch × ~T |. The area of an unit cell in a 2D graphene sheet is defined by the vectors ~a1

and ~a2 and the area is given by |~a1 × ~a2|. With this two expressions the number of
hexagons N per nanotube unit cell can be calculated by using eq. 1.4.

N =
|~Ch × ~T |
|~a1 × ~a2|

=
2 (m2 + n2 + nm)

dR
=

2L2

a2 dR
(1.4)

Each hexagon contains 2 carbon atoms thus the number of atoms in a nanotube unit
cell is 2N . In order to determine the coordinates of a carbon atom within the nanotube
unit cell the symmetry vector ~R is defined.

~R = p~a1 + q~a2 = (p, q) (p, q ∈ Z) (1.5)

In a physical sense, the symmetry vector ~R consists of a rotation around the nanotube
axis by an angle ψ combined with a translation τ in the direction of ~T . The symmetry
vector can be expressed as the projection of ~R on ~Ch and ~T which is given by eq. 1.6.

ψ =
2π

N

τ =
(mp − n q)T

N
(1.6)

A more detailed description of the SWCNT structure can be found in literature [10–12].

1.1.2 Electrical properties

The electrical properties of carbon nanotubes are closely related to graphene, which
is a zero band gap semiconductor as result of its 2D-structure with an ideal sp2

1a = |~a1| = |~a2|
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Structure and selected properties of carbon nanotubes

hybridization of the carbon orbitals. The valence and conducting band are degenerated
by symmetry at the special K point at the 2D Brillouin zone corner where the Fermi level
in reciprocal space is located. While turbostratic graphite is a zero gap semiconductor
as well, perfectly ordered graphite is a semimetal with a small band overlap that results
in a metal-like conductivity.

The electrical properties of carbon nanotubes are influenced by the sp2 hybridization
but also by their sensitivity to the geometric structure especially the diameter and
chirality which in turn depend on the parameters (n,m). The band gap properties
depend on the chirality and the diameter which in turn results in a quantization of
the electron wave vector along the circumferential direction of carbon nanotubes. As a
consequence many properties are comparable to graphene but additional properties
arise since only preferred k-states can exist. Semiconducting CNT have a real band
gap at the K-point where no allowed wave-vector exist. Contrastingly, metallic CNT
have properties very close to 2D graphene and can be classified as zero band gap
semiconductors. They have an allowed wave-vector at the K-point. In both cases the
electrical properties of CNT are defined by the k-states in the vicinity of the K point.

Interactions between electrical and mechanical properties of CNT have been ex-
perimentally and theoretically investigated. Liu et al. [13] simulated the bending of
SWCNT caused by a sharp AFM tip resulting in a large local deformation of the CNT
structure. For deflection angles of the CNT above 15◦ the break of the sp2 hybridization
and formation of sp3 bonds were found. The electron π-system of the sp2-structure,
that is responsible for the high conductance, vanishes and the resistance increases
significantly. It is expected that only highly bent CNT with sp3-type bindings show a
significant reduction of the conductance [13].

1.1.3 Optical properties

The optical properties of carbon nanotubes depend on the diameter and chirality and
thus on the parameter set (n,m). They are also strongly correlated with the phonons
and electrical properties. The peak absorption frequency ω is proportional to 1/dt

and this dependency of the diameter of a CNT can be measured by resonant Raman
spectroscopy using different excitation energies. The so called Kataura plot [14] gives
all allowed transitions for optical absorption as a function of the diameter (curve
shape) and the chirality (curve). Raman spectroscopy can also be used to distinguish
semiconducting and metallic single-walled CNT. In the case of multi-walled CNT the
radial breathing mode (RBM) during resonant Raman scattering might indicate their
concentric structure. For multi-walled CNT a peak frequencies upshift in comparison
to single-walled CNT due to interaction with adjacent shells has been found [15].
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1.1.4 Thermal properties

The thermal properties of CNT are different from that of graphene. While graphene
has a 2D band structure, single-walled CNT have a 1D band structure due to their
periodic boundary conditions. CNT show a behavior that is related to their graphitic
nature as well as their unique size and structure. The behavior of the specific heat is
similar to 2D graphene at high temperatures. At lower temperatures it is dominated
by phonons and quantization effects due to the structure become visible. Carbon
nanotubes are excellent 1D thermal conductors whereby the thermal conductivity κ of
single-walled CNT depends on the diameter of the tube [16]. Multi-walled CNT can
be thought of a stacking of single-walled CNT having different diameters. This results
in a dispersion relation of the specific heat along the c-axis that is perpendicular to the
cylinder surface. For multi-walled CNT a graphite like behavior is expected but due to
the turbostratic structure the coupling could also be much weaker [16].

1.1.5 Mechanical properties

The carbon double bond in graphene is the strongest inter-atomic bond in nature
and thus the in plane stiffness is expected to be very high. In the case of carbon
nanotubes three forces are responsible for the characteristic elastic properties. The
fundamental atomic forces consist of strong in plane σ- and π-bondings and, in case of
multi-walled CNT, weaker interlayer bonding between adjacent layers. Single-walled
carbon nanotubes are therefore widely regarded as the fiber material with the highest
strength in direction of the tube axis. Furthermore, carbon nanotubes are rather
flexible and possess interesting elastic properties. CNT can sustain large nonlinear
deformations without failure and can relax into the original state without structural
changes when the stress is released. Especially under axial compression CNT do not
break easily but rather form kink-like ridges that often relax elastically. Due to their
remarkable flexibility they can also bent around sharp edges with small radii without
breaking. However, the electrical properties of such bent CNT can be different from
the unbent state [13].

In addition, multi-walled CNT have unique properties that do not appear in single-
walled CNT [17, 18]. The relatively weak interlayer interaction determines the stacking
structure and since adjacent layers are generally incommensurable with each other a
turbostratic structure is formed. This turbostratic structure affects the shear stress
between the nanotube shells. The increase of the layer distance from 0.335 nm to
0.344 nm reduces the force between the shells so they can easier slight past one another
in case each shell itself is perfectly pristine [10]. A stacking of carbon sheet comparable
to graphite can in general not be expected and this influences the shearing between
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adjacent layers. In this sense, the shear between two graphite layers should be reduced
in multi-walled CNT. One nanotube may move smoothly with respect to the adjacent
layers in the attractive force between the walls. However, the resistance to shear might
be increased by defects in the shells and sliding motion is hindered by the presence
of end caps. In the limit of large outer nanotube diameter the properties should
converge to those of bulk graphite, however, no clear criteria for a critical diameter has
been reported yet. In section 3.1 on page 86 selected approaches for the theoretical
description and experimental investigation of the mechanical properties of CNT are
presented.

1.2 Filled carbon nanotubes

Due to the remarkable physical and chemical properties of carbon nanotubes intensive
studies about the functionalization of their outer shell as well as their inner core
have been conducted. Most of the functionalization methods are applied after the
synthesis of the CNT. The functionalization can be based on covalent and non-covalent
binding. The functionalization is performed in order to expand the usability of CNT
in different fields [19]. In biomedical usage the functionalization is often necessary
to enable biocompatibility for cell membrane penetration [20, 21]. In that case often
non-covalent binding molecules are used. Another focus of the functionalization of
CNT is a modification of the surface properties in order to clean, separate and select
them depending on their physical properties [19]. Single-walled CNT can be separated
depending on their electrical properties [22]. The surface functionalization of iron-
filled CNT showed the separation of the nanowires which is a pre-requirement for
building defined structures [23]. Besides the outer shell also the core of CNT can be
functionalized. Depending on the synthesis method CNT encapsulate catalyst particles.
In case of transition metals (Fe, Co, Ni) and depending on the size these particles lead
to magnetic properties. Since these are often not desired the particles are removed
using different approaches of heating and dissolving the CNT in acids. A post-synthesis
functionalization of the interior of the CNT requires the opening of the shell structure
which has been done by selective oxidation of the CNT caps in an oxygen atmosphere
at elevated temperatures [24, 25] or acid treatment [26]. The subsequent filling with
therapeutics such as carbo-platin was shown [27]. Also other compounds such as CuI
and AgCl have been filled into the core of CNT after their synthesis [4]. Another
possibility is the in-situ filling of CNT with transition elements Fe, Co and Ni during
the synthesis using precursors having a significant amount of metal. Carbon nanotubes
filled with ferromagnetic nanowires were obtained by this method [28–31].
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1.3 Magnetic properties of Fe nanowires

Ferromagnetic nanowires are of great interest for both, fundamental research and
applications like, e.g., high-density magnetic recording [32–34] and magnetic sensors
probes for magnetic force microscopy [35, 36].
The transition element iron is a ferromagnetic material possessing a magnetic moment
even though no external magnetic field H is present. The magnetic moment of iron
results from unpaired electron spins within the d-shell of the atom. As a consequence
of a strong exchange interaction between atomic moments a parallel alignment occurs
giving a stable magnetic ordering. The magnetic ordering is thermally stable until
the so called Curie temperature (1043 K for bulk iron) is reached at which a random
orientation of the magnetic moments extinct the magnetization.
The magnetic properties of iron nanowires differ from those of bulk samples or other
low dimensional systems such as small spherical particles and thin films. Investigations
of interaction processes and magnetic reversal in low-dimensional magnetic structures
have been performed on arrays of aligned nanowires [33, 37]. A common method to
produce such nanowires is by self-assembly of porous alumina films and a subsequent
electrochemical deposition of ferromagnetic materials into the pores.

The coercivity, magnetization reversal and interactions of the magnetic nanowires
was studied [33]. Due to the high aspect ratio, the shape of the nanowires is the
dominant contributor to the magnetic anisotropy, exhibiting the easy axis along the
long wire axis [38, 39]. The shape anisotropy constant Ks = 1

4
µ0M

2
s of an α−iron

nanowire at 300 K amounts to Ks = 9.1× 105 J/m3 and is significantly higher than the
magnetocrystalline anisotropy constants K1 = 4.6× 104 J/m3 and K2 = 1.5× 104 J/m3.
The saturation magnetization at 300 K equals to Ms = 1.7× 106 A

m
. The switching field

for an iron nanowire with a diameter of 9 nm and a length of 1 µm is about 183 000 A
m

.
The remanence ratio is Mr/Ms = 0.96 but depends on the diameter and length [33].
The study of ensembles of magnetic nanowires considering also morphological imperfec-
tions give rise to localization of magnetization reversal and also its domination of the
hysteresis behavior was revealed [33].

Ferromagnetic iron nanowires encapsulated within carbon nanotubes are ideal model
systems for studying the magnetic behavior of isolated systems [40–42]. The covering
carbon shells exhibit a negligible diamagnetic behavior [43] and provide both an ap-
preciable mechanical stability and an effective protection of the ferromagnetic filling
against oxidation. However, the carbon-metal interface influences the properties of the
metal nanowire such as its lattice type or the lattice constant [40, 44].
The magnetic properties of ferromagnetic nanowires are predominately investigated by
magnetometry of ordered nanowire arrays [33]. The magnetization reversal of single,
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separated nanowires can be studied by means of submicron Hall magnetometry [45], mi-
crobridge dc superconducting quantum interference device (SQUID) [46, 47], cantilever
magnetometry [41] or magnetic force microscopy [48, 49]. Thereby, MFM is a widely
employed method to map magnetic stray field related properties of a sample [50–52].

1.4 Magnetic force microscopy

Magnetic force microscopy is a special raster probe method comparable to atomic
force microscopy (AFM). A typical raster probe setup for investigations of micro-scale
magnetic samples is shown in fig. 1.2 and represents a typical atomic force microscopy
setup. The setup consists of a cantilever as probe, a laser for the cantilever deflection
detection, a detector and a feedback controller. The ferromagnetic coated tip of the

Figure 1.2: Setup of a tapping mode MFM
consisting of a cantilever, laser, detector and
feedback controller. The topography is imaged
at height T and the magnetic contrast at
height M .

probe scans the sample and measures the interaction force between the tip and the
sample surface. The total force contains different contributions such as Van der Waals
forces, electrostatic and magnetic forces.
Different measurement modes have been developed such as dynamic (tapping) mode
MFM. The tip is dynamically excited by a periodic force at a height above the sample
surface defined by the selected interaction force. Using a feedback loop the cantilever
vibration amplitude is held constant. The scanning line of the tip is shown by the line
denoted with T in fig. 1.2.
In dynamic mode MFM, local force gradients due to magnetostatic tip-sample

interactions are measured. In order to exclude strong short range forces such as van
der Waals forces the magnetic contrast is measured at a greater distance above the
sample surface.
Raster scans are mostly conducted in constant height mode or lift-modeTM , whereas the
latter is illustrated by the line M in fig. 1.2. Performing raster scans such MFM maps
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contain spatially resolved information on the magnetization direction and magnetic
domain configurations. In hr-MFM measurements, the cantilever resonance frequency
shifts are mapped in constant height mode, scanning in a plane above the sample
surface. The resonance frequency shift is caused by tip-sample interactions, particularly
by magnetostatic force gradients. The cantilever resonance conditions are ensured by,
e.g., a phase locked loop (PLL) circuit.
In fig. 1.3 the topography and the corresponding magnetic contrast of a hard disk drive
is shown. The magnetic contrast results from positive and negative force gradients due

Figure 1.3: (A) shows the topography and
(B) the magnetic contrast of a hard disk drive
sample. a

aprivate communication Franziska Wolny,
IFW Dresden

to the interaction of the magnetic moment of the probe tip with the magnetic stray
field of the sample. In order to get a magnetic probe tip, often a conventional AFM
cantilever covered by a thin magnetic film is used.

A challenge in magnetic force microscopy is a quantitative evaluation of the measured
MFM signal. Hartmann et al. [53] proposed the point probe model where either a
magnetic dipole moment ~m or a magnetic charge q is assumed to be localized at one
particular point. In case of a pyramid-shaped tip this position is along the pyramid
center line. Furthermore, the exact position of the point probe and the strength of
the magnetic dipole moment or magnetic charge depend on the active volume of the
probe that contributes to the signal. As illustrated in fig. 1.4(a) and (b) the effective
probe volume depends on the decay length of the magnetic stray field of the sample.
In order to avoid these problems another possibility is the usage of long and extended
nanowires, as shown in fig. 1.4(c) and (d), where the distance between the two magnetic
monopoles is much larger than the stray field decay length. Only the magnetic charge
close to the sample stray field contributes to the interacting force. In fig. 1.4 the
effective position and amount of a magnetic dipole moment or magnetic charge for a
pyramid and an extended nanowire are shown. Different experimental approaches were
developed in order to approximate the assumptions of the point probe model. Most
concepts are based on the selective deposition of ferromagnetic material as narrow
wires or by external coating of carbon nanotubes. However, these approaches lack of
a long time chemical stability of the ferromagnetic coating against oxidation and are
easily mechanically damageable. Iron-filled carbon nanotubes are a promising material
to combine the advantages of extended nanowires contemporary protecting the wire

22



Structure and selected properties of carbon nanotubes

Figure 1.4: The point probe model [53]
assumes the effective tip magnetization
to be localized in a single point carrying
the magnetic dipole moment ~m or
magnetic charge q. The colored areas in
(a) and (b) illustrate the effective probe
volume that depends on the magnetic
stray field decay length of the sample
and contributes to the magnetic
interaction force. In (c) and (d), the
effective magnetic charge q is solely
defined by the wires cross section and its
magnetization. It does not depend on
the characteristics of the sample
strayfield. Its position is
strayfield-independent too.

against oxidation and supporting the mechanical stability by the carbon shells. The
successful usage of CNT filled with ferromagnetic iron nanowires has been proven
by [35, 36, 54].
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2 Synthesis of filled carbon nano-
tubes

2.1 Synthesis of carbon nanotubes by thermal CVD

The thermal chemical vapor deposition (CVD) is a convenient method for the synthesis
of different types of carbon nanotubes ranging from the single-walled over the multi-
walled to the metal-filled carbon nanotubes. CVD is suitable to produce large quantities
with satisfactory quality and allows also an up scaling at moderate costs for industrial
mass production. In this section we focus on the manufacturing of filled carbon
nanotubes. A short overview about the synthesis of such tubes with defined properties
as filling degree, length, diameter and form is given.
The CVD process can be schematically described by a sequence of temperature

depending processes which are shown in fig. 2.1. For the description of these processes
the concept of a boundary layer has been introduced. In general, it is assumed, that
the rate of precursor consumption in a CVD process is higher than the diffusion of the
precursor to the reaction side. But also the side products have to diffuse through this
layer. In the 1st step shown in fig. 2.1 the precursor compounds are delivered to the

Figure 2.1: Basic steps of a thermal
CVD process. 1.) Precursor delivery. 2.)
Precursor diffusion through boundary
layer. 3.) Adsorption on surface. 4.)
Activation of the molecules. 5.) New
compounds are formed by chemical
reactions and diffuse along the surface.
6.) Desorption of products. 7.) Diffusion
of by-products through boundary layer.
8.) Take away of the by-products.

reaction site. In the 2nd step they diffuse through the boundary layer. The adsorption
of the reactants at the surface of the substrate takes place in the 3rd step. In the 4th

step the precursor species gets activated and different products are formed. While
a part of the products desorb and diffuse back through the boundary layer into the
surrounding gas atmosphere other products diffuse at the surface as illustrated by step
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5. Step 6 represents the formation of thin films or other structures at the surface. The
steps 7 and 8 show the desorption of products that also diffuse into the gas atmosphere.
These process steps are common for all chemical vapor deposition reactions. In the
case of CNT formation the main product does not desorb but rather grow directly at
the surface. Only by-products desorb during the process and are carried away by a
carrier gas flow.
Since the governing processes are thermally activated and their kinetics depend on

the temperature. Fig. 2.2 shows the dependency of a CVD process on the reaction
temperature. At low temperatures (I) the supply with precursor material is larger than

Figure 2.2: Dependency of the growth velocity s
on the reaction temperature in a logarithmic scale.

the consumption by the reaction. The process is kinetically controlled in that case and
follows the Arrhenius-law

s = Ak exp

(
− Ea
RT

)
(2.1)

where s denotes deposition or growth rate, Ak is the collision rate of reagents and Ea
the activation energy within the exponential Boltzman distribution, which denotes
the probability that two reagents have enough energy to react with each other. With
increasing temperature (II) the kinetics of the reaction enhances and depletion zones
are formed that can be described by the boundary layer model. The growth velocity
now depends on the diffusion rate j of the precursor material through this boundary
layer.

j = D
nr
δG

(2.2)

The diffusion rate depends on the diffusion coefficient D, the thickness of the boundary
layer δG and the concentration of the reactive species nr. A further increase of
the temperature (III) allows for reactions already in the gas phase with powder-like
structures being formed.
Basically the methods for the synthesis of empty and filled carbon nanotubes are

similar. Within both processes hydrocarbon precursor compounds are required de-
livering the carbon for the formation of the CNT walls. Additionally, since it is a
catalytic process a catalyst, in this case a metal, is involved, that controls the kinetics
of the reactions such as the decomposition of the precursor. It also acts as a geometric
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confinement for the forming CNT structure. The catalyst can be located on a substrate
or is delivered via the gas phase. The latter is often called a floating catalyst process,
which is in the focus of this work.

While for empty CNT besides the metal-organic compound an additional hydro-
carbon (mostly liquid or gaseous) is very often used, the deposition of highly filled
carbon nanotubes is realized by using only metal-organic compounds. The family of
metallocenes (Me-(C5H5)2 with Me = transition metals) accommodates both elements
(C and Me) in their structure in a fixed ratio of 1:10. Because these compounds also
possess a convenient temperature range for sublimation and thermal decomposition,
the metallocenes ferrocene, cobaltocene and nickelocene are usually used as precursors
for filled carbon nanotube synthesis. It is well known, that these metals have a low
carbon solubility, form only metastable carbides and are so able to act as efficient
catalyst.
By using only such metallocenes the formation of the CNT and its filling is a

simultaneous process (the so-called in-situ filling process). Other strategies, e.g., for an
ex-situ filling of empty, hollow nanotubes in a separate process have been discussed in
literature as well [55, 56].
In the following we focus on the synthesis of filled CNT and discuss two different

methods for in-situ filling processes. The first method starts with a metallocene
powder as precursor and in the second method the metallocene is dissolved in a liquid
hydrocarbon at the outset of the synthesis process.

2.1.1 Solid source chemical vapor deposition (SSCVD)

For the solid source CVD a horizontal quartz tube and a two zone furnace setup can
be used. The typical setup for the SSCVD method is shown in fig. 2.3. In the first
temperature zone (Tpre � Treac) the metallocene powder is positioned in a quartz boat
and is directly sublimated at a compound specific temperature (e.g. for ferrocene in
the temperature range between 100 ◦C and 200 ◦C) [57, 58]. The metallocene vapor is
transferred by a controlled gas flow into the second temperature zone (Treac) where the
decomposition of the metallocene and the growth of the filled carbon nanotubes occurs.
As carrier gas argon, hydrogen, nitrogen or mixtures of those are used.

The chosen temperature (Tpre) determines the sublimation rate and combined with
the carrier gas flow the amount of metallocene which is transported into the reaction
zone. Thus the metallocene concentration is a function of temperature, gas flow and
furnace geometry. As discussed in more detail later, the precursor concentration is a
decisive factor for the properties of the obtained material.
For the deposition of iron-filled carbon nanotubes the Treac is preferentially varied

between 1020 and 1370 K. The deposition takes place on special substrates located in the
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hot zone of the reactor as well as on the inner wall of the quartz tube reactor. However,
the reactor wall is more provided with undefined material compared to the aligned
grown nanotubes on the substrate. Commonly, silicon substrates (semiconductor wafers)
with a thin oxide layer are employed and an additional coating of these substrates
with a few nanometer thin metal layer (the metal could be Fe, Co or Ni) leads to an
improved deposition behavior and higher filling degrees, because these layers act as
secondary catalysts.

Figure 2.3: Setup of a typical SSCVD experiment. Ferrocene is sublimated in
the preheater zone A at temperature Tpre. The decomposition of the precursor
and the formation of CNT occurs in the reaction zone B at temperature Treac.

2.1.2 Liquid source chemical vapor deposition (LSCVD)

The term liquid source CVD covers all methods employing solely liquid precursors
as starting material for the deposition process. Because of its high flexibility and
adaptability the LSCVD method is widely used in the synthesis of various empty and
filled carbon nanotubes [29, 59–62]. The liquid precursor is either the only carbon
source or it also acts as a solvent for other precursor compounds. In the case of carbon
nanotube synthesis the liquid precursor is a hydrocarbon (benzene, acetonitrile, heptane
etc.) in which the metal catalyst compounds (very often metallocenes) are dissolved.
If such liquids are introduced into the CVD reactor both, the hydrocarbon and the
metallocene decompose almost simultaneously. Caused by this high excess of carbon
in the gaseous phase predominantly hollow carbon nanotubes with small spherical
catalyst particles are formed but no filled CNT with long wires inside the tubes. The
simplest experimental design for a LSCVD is a two zone furnace (horizontal or vertical)
with an evaporation zone followed by a reaction zone. The principle setup is presented
in fig. 2.4. The injection of the liquid precursor into the reactor can be realized in
different manner, but often an additional inert gas flow such as argon or nitrogen is
used. In the hot zone the decomposition of all precursor components takes place and
the carbon nanotubes are formed. The attraction of the LSCVD method is its ability
to control precisely the concentration of the used solution (the atom ratio between
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Figure 2.4: Setup of an aerosol experiment. The precursor solution is introduced
by a nozzle and diluted by a transport gas flow. The solution evaporates in the
preheater zone at temperature Tpre. In the reaction zone both the hydrocarbon
and the metallocene decompose at temperature Treac to form the CNT.

carbon and the metal component (catalyst) can be exactly regulated in a certain range
(carbon/metal ratio � 10). Furthermore, the feeding amount can be adjusted using a
flux pump (e.g. syringe pump) [30, 59, 61, 63]. A special injection method is the spray
pyrolysis of the precursor solution by utilizing an aerosol generator, which e.g. can be
a nozzle or an ultrasonic bath [60, 63–66].

2.1.3 Discussion of synthesis parameters

In this section the state of the art concerning the so far reached filling degree (and
distribution) in dependence on the deposition conditions will be discussed. Beside the
filling degree, other important properties of filled carbon nanotubes are their diameter
and length. Both also determine significantly the application possibilities of these
species. The so-called aspect ratio, i.e., length to diameter ratio strongly influences
the physical and chemical properties of filled nanotubes. Furthermore, another often
demand is that the tubes are grown straight and not wool-like entangled and bended.
Straight grown nanotubes are easier to handle and show stronger anisotropic properties,
which are very important for applications.An alike important criterion for the quality of
all types of nanotubes is the crystallinity of the carbon shell, because a lot of properties
depend on its purity.

Therefore, in the following the connections between these properties (filling degree,
length, diameter, morphology and shell structure) and specific used process parameters
are shown. They are mutually dependent and complement one another. First, the role
of the precursor will be discussed followed by a description of the influence of different
substrates, including additional interlayers and catalyst layers on the deposition process.
Finally the effect of the reaction temperature and the gas atmosphere is presented. A
critical analysis of the literature will give an overview about the current possibilities to
produce filled carbon nanotubes with application-tuned properties.
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2.1.3.1 Role of the precursor

The choice of appropriate precursors is important for a successful synthesis. This
accounts for both, empty and filled carbon nanotubes. Fillings with ferromagnetic
properties at room temperature are restricted to the elements iron, cobalt and nickel.
The organometallic family of metallocenes, especially ferrocene, cobaltocene and nicke-
locene contain these metals and are therefore suitable as precursor for the synthesis of
metal-filled CNT. Apart from their decomposition temperatures also their kinetics and
the reactivity of by-products are convenient for a successful synthesis process [57, 67].
A further advantage is that metallocenes can be mixed. For example CNT with
iron/cobalt alloys inside were obtained by mixing ferrocene and cobaltocene powders
[68]. Metallocenes are solid crystalline powders at room temperature. Their structure
is sandwich-like with the metal in the center and two cyclopentadiene rings as ligands.
An example is shown in fig. 2.5. The material can be sublimated in a wide temperature
range starting from below 100 ◦C up to 300 ◦C. The sublimation behavior especially
for ferrocene was intensively studied [69–71]. For the synthesis often a value of 150 ◦C

is given as an optimum temperature.

Figure 2.5: Ferrocene
molecule as a representative of
the general structure of
metallocenes. Two cyclic
organic molecules (ligands)
bind to the central metal
atom. In the center is the iron
atom (blue), the carbon atoms
are black and hydrogen atoms
are white.

The concentration of the metallocene in the gas phase at a constant carrier gas
flow can be controlled by the temperature Tpre of the preheater. By setting a higher
temperature the concentration of the metallocene in the gas phase can be raised
keeping the transport gas flow constant. An increase of the inner and outer diameter
of iron-filled CNT was observed when the ferrocene concentration was hiked up [28].
The increment of the outer diameter occurred since more carbon shells were formed by
larger particles. At higher temperatures the metallocenes decompose according to the
equation (2.3)

Me(C5H5)2(g)→Me(s) +H2 + CH4 + C5H6 + ... (2.3)

whereas the moieties depend on the reaction temperature and the composition of the gas
atmosphere. The thermal stability of different metallocenes decreases from ferrocene
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over cobaltocene to nickelocene. Ferrocene decomposes above 1073 K whereas the
nickelocene already above 550 K. In contrast, Dyagileva et al. [57] found a significant
decomposition rate of ferrocene already at 823 K in a hydrogen-containing medium.
Since hydrogen is formed during the CNT growth, the decomposition starts at 823 K

and further heating will increase the decomposition rate and alter the composition of
moieties in the gas phase.

Metallocenes can also be dissolved in liquid hydrocarbons as applied in the LSCVD
method. The measured maximum solubility of ferrocene in selected solvents is given
in tab. 2.1. The higher the solubility of ferrocene in the solvent is, the higher is also
the possible concentration of metal in the reaction volume. But with the injection the
solvent also evaporates and decomposes depending on its thermal stability. The chosen
solvents (tab. 2.1) decompose in a wide temperature range (500 ◦C to 1100 ◦C) and thus
during the synthesis process more and less intensively. That means, more active carbon
is there in the reaction zone and the consequence is a lower filling degree. Finally only
partially filled CNT are formed [59, 61, 72, 73]. The encapsulated particles can show a
large variety of shapes such as spherical forms or small cylinders with low aspect ratio.
In contrast by employing only ferrocene as precursor high filling degrees up to 50% per
tube could be achieved [28]. It should be emphasized that a large fraction of the CNT
is filled with long and continuous iron nanowires.

Table 2.1: Maximum solubility of ferrocene in selected liquid hydrocarbons that
are often used as precursor in CNT synthesis. These organic compounds take part
in the formation process and increase the carbon to iron ratio above 10:1.

compound max. solubility of ferrocene boiling temperature in ˚C
in mg/ml at 293 K

Ethanol 2 78
1-Propanol 1 97
cyclopentane 71 49
n-hexane 36 69

cyclo hexane 56 81
benzene 222 80
toluene 160 111
xylene 146 138-144

1,2-dichlorobenzene 236 180

Wang et al. [30] used chlorinated hydrocarbons such as 1,2-dichlorobenzene as solvent
for the ferrocene (Tab. 2.1 last row). The boiling temperature is 180 K and thus in
the upper end of the sublimation range of ferrocene. Two further special features of
1,2-dichlorobenzene are important. In the presence of hydrogen hydrochloric acid can
be formed which might interact with the iron or with carbon atoms. It was suggested
that the etching effect of chlorine reduces the number of carbon shells and causes
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CNT with thin walls and smaller outer diameters [30]. To understand the influence
of the chlorine different chlorinated compounds were investigated [30, 74, 75]. The
other point is the special thermal decomposition behavior of the chlorine-contained
hydrocarbon, since thermal stable benzene might be formed and therefore less active
carbon is supplied to the CNT formation. The kinetics of the decomposition also
depends on temperature and the retention period of a gas volume element in the hot
zone of the furnace. Thus the decomposition of stable aromatic systems is more reduced
at high transport gas flow. This results in less active carbon which in turn leads to
shorter or thinner CNT. Also the number of carbon shells is reduced.
By using ferrocene as sole precursor a high filling degree can be expected. Any

addition of reactive hydrocarbons will lead to a decrease of the filling degree. Inferential,
the ratio of reactive carbon to reactive iron in the gas phase is an important control
parameter for the filling degree and filling distribution.

2.1.3.2 Role of the substrate

The condition of the substrates is also a very influential factor in the synthesis of carbon
nanotubes [76–80]. The substrate supports the nucleation and growth of the CNT.
It should be thermally stable under process conditions and should also be inert for
reactions with the different metal catalysts and with carbon. The most simple and inert
substrate is the inner surface of the quartz tube reactor. Due to the floating catalyst
conditions catalyst particles can condense at the surface and nucleation and growth
of CNT occur. However, growth conditions can be optimized if special substrates are
located at defined positions within the temperature profile of a furnace. This is due to
the growth conditions being strongly dependent on the location in the horizontal tube
reactor [67, 81]. Kuwana et al. [67] investigated the formation of small iron particles
by ferrocene decomposition. According to this work, best conditions for small and
homogeneous particles are found to be in the center line of the furnace.
Aside from the position influence, substrates with defined preparations can alter

the deposition process. The most common substrate types are silicon wafers having a
thermal oxide layer on top. Furthermore, sapphire substrates are also very often used.
Both substrates show the required thermal stability and chemical inertness. Not only
the chemical properties but also the physical interaction between substrate surface and
metallic catalyst are important since, e.g., the size of a catalyst particle is a function
of the surface tension of both substrate and catalyst.

The deposition of CNT on defined substrates has also the advantage that the substrate
surface can be changed by precoating and patterning of the catalyst material in order
to obtain a better control of the deposition process.

As interlayers, one or more thin layers of additional material that should adjust the
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properties of the substrate and the catalyst are employed. The basic structure of a
substrate with interlayers is sketched in Fig. 2.6. The substrate most often consists
of a silicon wafer. One or more interlayers such as a thin silicon oxide layer, alumina,
tantalum, copper or tungsten can be employed. On top a thin layer of catalyst is
deposited. If needed, the catalyst can be structured. For the formation of alloys more
than one catalyst layer can be deposited. Like the substrates the interlayers also have
to be thermally stable and chemically inert. Most often the interlayers are used to
enhance the activity of the catalyst in order to achieve long and defect-free CNT.

Figure 2.6: Schematic setup of typical
CVD substrate for CNT synthesis

The size of the catalyst particles is a decisive factor in the CVD to control the CNT
diameter. The diameter distribution and the density of catalyst particles can be varied
by the properties of the interlayer. The important feature is the wettability behavior
between the interlayer and the catalyst material.
To enhance the growth of CNT the element aluminum is often used as interlayer

material in the synthesis of CNT either as pure metal film [78, 82, 83] or as alumina
[84–86]. It was found, that these layers lead to a smaller mean diameter and more
narrow diameter distribution of the CNT in the synthesis of unfilled as well as of filled
CNT. The area density and the alignment of CNT increased. Furthermore, chemical
reactions of carbon on the interlayer surface might be involved [85]. This interlayer
should be thicker than 1 nm in order to completely cover the substrate. A thickness of
10 nm alumina was reported to give high quality iron-filled CNT [87]. Consequently,
such interlayer can change the catalyst particle size as well as its distribution on the
substrate and thereby the diameter of the nanotubes [88–90]. Ng et al. [82] investigated
the catalytic activity of Fe, Co, Ni and Fe/Ni in combination with several interlayer
materials such as Ti, Ta, W, Ir and Al. By using a combinatorial library Ng et al. found,
that most of the combinations allow the growth of CNT. Except Al all used materials
have a very high melting point in common. In a carbon containing atmosphere Ti,
Ta and W form stable carbides. The best result in terms of length, alignment and
purity of the CNT was obtained for Fe/Ni on Al. Iron gave good results on W and Al,
however, the best results were achieved on Ti as interlayer. The Fe/Ni alloy showed
the best results on all employed types of substrates. The combination of Ni and Al
showed good results as well. For Fe and Co a high density of CNT was found with Ti
as interlayer. In Tab. 2.2 the results are presented according to [82].

Another important feature of an interlayer is its possibility to act as an inhibitor in
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Table 2.2: Synthesis results of the transition elements Fe,Co and Ni (as catalyst) on different metal
interlayers. The classification into best, good and bad is related to the morphology of the obtained
CNT. The CNT were grown on the different substrates under the same synthesis conditions. However,
the results may differ to some extent if the growth conditions are optimized for each combination of
interlayer and catalyst respectively [82].

catalyst interlayer material
best growth conditions good growth conditions bad growth conditions

Fe Ti W, Al Ta, Ir
Co Ti Ta, Al W, Ir
Ni Al Ta, Ti W, Ir

order to prevent the formation of CNT at defined areas on the substrate. Especially
when using floating catalyst methods it is difficult to prevent a growth on special parts
of the substrate because both the carbon and catalyst are delivered via the gas phase.
This issue can be solved by employing additional interlayers. Thus non-inert layers
are deliberately used to locally prevent the growth of CNT in special applications [91].
The growth of CNT based on ferrocene as precursor was successfully prevented by
employing an amorphous carbon layer [92]. The iron from the gas phase falls onto the
amorphous carbon and diffuses into the layer possibly forming carbides. It was also
found that the iron diffuses through the amorphous carbon layer and accumulates at
the interface between the silicon substrate and the amorphous carbon as small spherical
iron-containing particles [92]. In principle, elements that form very stable carbides can
be imagined as potential inhibitor materials. Of course the suppression of the CNT
formation strongly depends on the interaction between the interlayer and the catalyst.
In tab. 2.2 the last column lists catalyst-interlayer configuration that result in very
low quantity or no CNT formation [82]. These materials could be used as inhibitor
materials in the floating catalyst method. Nevertheless, it remains a challenge to grow
ferromagnetically-filled CNT in well defined structures.

To conclude, due to their influence on the catalyst, interlayers can be used to control
the density and alignment of CNT films. The interlayers support the formation of small
particles with a narrow diameter distribution and a homogeneous particle area density.

2.1.3.3 Role of the catalyst

The most common catalyst materials are the VIIIb-metals of the periodic table of
elements [82, 93]. They possess a low carbon solubility and form only meta-stable
carbides, which are important properties of the catalyst material. However, an ex-
clusive consideration of the influence of catalyst material on the CNT formation is
somewhat artificial, since it is always in a strong interaction with the used substrate
and interlayers [76]. For the fabrication of well-filled carbon nanotubes two sources of
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catalyst material are available. The first is a metallocene in the floating gas and the
second is a thin catalyst layer on the substrate. The size of the catalyst particles is a
very important control parameter. The interaction of the catalyst material with the
substrate surface is a basic issue in the catalyst preparation. Demands on the catalyst
are the following: Defined diameter and small diameter distribution, low mobility
on the surface thus low agglomeration, possibility to solve carbon, ability to form
meta-stable carbides and to allow for surface or bulk diffusion.

On the nanoscale the catalyst affects the reaction not only due to its chemistry
but also by its geometry. The geometry of the catalyst in turn is affected by the
interaction of the catalyst with its surrounding [76, 77, 79, 80, 93, 94]. The so-called
size effect, caused by the nanodimension of catalyst particles is intensively discussed
in the literature [77, 79, 80, 93, 95–100]. Thereby it is possible to synthesize CNT at
temperatures far below the melting point of the VIIIb-metals, because nanoparticles
have lower melting points than the bulk material.

A simple method for the production of catalyst particles is the deposition of thin
films with thicknesses varying between 1 and 100 nm. A thermal treatment transforms
such layers into small islands. Often, the growth of CNT by thermal CVD is performed
on such catalyst precoated substrates.

It is advantageous if the catalyst particles are formed by the Volmer-Weber mode
(island mode). Islands are formed since the thin layer material wants to interact with
itself rather than with the substrate or interlayer surface. In contrast, if the catalyst
interacts corresponding to the Frank-van der Merve mode, which is the layer-by-layer
mode, no separated particles would occur. In a third mode (called Stranski-Krastanov
mode) the two before mentioned are combined. In this mode first a layer is formed
but with a raising amount of material the formation of islands starts. Therefore it is
called the layer-plus-island mode. In the last situation also catalyst particles might
be formed. In the synthesis of CNT by CVD most often the Volmer-Weber mode is
assumed. However, the last mentioned can not be excluded. As will be discussed in
the section about the growth mechanism the interaction between the catalyst and
the substrate determines the growth mode. In the Volmer-Weber mode the catalyst
particles can have a contact angle below or above 90◦. In the first case there is a strong
interaction between the particle and the surface and it broadens. In the second case
the particle surface interaction is weak and it does not spread.

It is known, liquid Co forms smaller particles than Fe on a SiO2 layer, because it has
a higher surface tension [83]. A thin Co catalyst layer (2 nm) on SiO2 resulted in a
visual decrease of the inner diameter of the grown CNT in comparison to an 2 nm Fe
layer. All other conditions were kept constant. It was suggested that a higher surface
tension of the Co nanoparticles on the surface caused the smaller particle diameter.
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Thus the diameter of CNT can be controlled by the choice of the catalyst material,
furthermore, by the catalyst layer thickness and the pretreatment conditions.
The size of the catalyst particles defines the inner diameter of a CNT. The larger

the particle diameter the larger the inner diameter is. Also the outer diameter depends
on the catalyst particle size in a similar way, since it increases with increasing particle
size. However, the outer diameter also depends on other parameters, e.g., the reaction
temperature and concentration of active carbon in the gas phase.
Besides all influences, which are mentioned before, the particle size also strongly

depends on the temperature of the pretreatment of the substrate and the gas atmosphere.
It was shown, that an annealing of thin catalyst films in the presence of hydrogen
produces smaller particles than in a pure argon atmosphere [101].

The properties of catalyst particles are comparable important for both, the growth of
unfilled as well as filled CNT. At the deposition of unfilled CNT on prepared substrates
the catalyst defines the growing site and the diameter of the CNT. However, before
we will discuss the influence of an additional catalyst layer on the growth behavior of
filled CNT, we present some remarks about the synthesis of CNT by using the floating
catalyst method. In this case the decomposition of the precursor in the gas phase leads
to the formation of metal clusters. These clusters agglomerate on the substrate in a
random manner and form heterogeneous nucleation sites. The precursor concentration
thereby defines the average size of the particles. In fig. 2.7 four different scenarios for
the correlation between the diameter and its distribution depending on the synthesis
method are shown. Case (A) represents the synthesis of unfilled multi-walled CNT

Figure 2.7: In the graph the mean outer
diameter and the diameter distribution of
CNT are sketched. Curve (A): small
diameter and distribution of unfilled
CNT grown on substrates with catalyst.
The other curves (B,C,D) represent CNT
grown by the floating catalyst method.
Curve (B): almost unfilled CNT, Curve
(C): well filled CNT, Curve (D): well
filled CNT grown by the combination of
catalyst supported substrates and floating
catalyst. Based on data from [28, 29].

on a substrate with a thin catalyst film. The synthesis of multi- walled CNT using a
precursor that contains a small concentration of catalyst in the gas phase is illustrated
in case (B). The comparison of floating catalyst experiments for the synthesis of filled
CNT without and with additional catalyst layers on the substrates is shown in fig. 2.7
in case (C) and (D). In the former case (C) the average diameter of the CNT is smaller
compared to the latter (D) but the diameter distribution is much higher. Without
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additional catalyst on the substrate (C) the diameter strongly depends on the ferrocene
concentration in the gas phase [28]. In principle the CNT possess a broader diameter
distribution for the floating catalyst method (C and D) in comparison to unfilled
CNT (A and B). The given mean diameters are typical values for multi-walled CNT
frequently found in literature [28, 29].

In the synthesis of metal-filled CNT by the LSCVD method normally no additional
catalyst is supplied with the substrate. The filling degree is reduced not only because
of the increased carbon to metal ratio but also due to the missing additional catalyst
material on the substrate. However, substrates with additional catalyst can be used in
the LSCVD as well [29, 66]. In the presence of an additional catalyst layer the mean
diameter of the grown CNT increases, because the size of the primary catalyst islands
are dominantly determined by the thickness of the catalyst film. Thus, the diameter
depends less on the ferrocene concentration [28].
In addition the alignment of the CNT grown by the SSCVD method enhances if

there is catalyst on the substrate [28]. It was further revealed that the density of
catalyst islands and the density of CNT corresponds [101]. The combination of both
sources, catalyst material from the gas phase and from the substrate, results in a high
filling degree up to 50 wt% [28, 29, 83, 102, 103]. Without an additional catalyst layer
a lower filling degree was found using the SSCVD method.
The catalyst is one of the most important parameter in the synthesis of CNT by

CVD. Its activity does strongly depend on the synthesis conditions especially the
reaction temperature and gas atmosphere. After selection of the catalyst the optimal
temperature and gas conditions has to be found.

2.1.3.4 Role of temperature and gas composition

All reactions in the thermal CVD including sublimation, evaporation and decomposition
of the precursors as well as the formation of CNT are temperature dependent. The
influence of the temperature and gas atmosphere on the formation of CNT are strongly
interlinked. The are discussed focussing on their effect on the CNT formation and
resulting morphology. Intensive numerical simulation studies have shown how the
reaction temperature influences the catalyst particle formation and the kinetics of the
gas phase reactions [67, 81, 104–106]. It was found that the diameter of the catalyst
particles, which are spontaneously formed in the gas phase or on a substrate, increases
with raising temperature. It is experimentally confirmed that the results significantly
differ depending on the substrate position in the reactor. This is related to the always
existing temperature profile in a reactor (radial and longitudinal) which depends on
the utilized particular setup. These results confirm the sensitive dependence of CNT
growth on the temperature and gas atmosphere. Besides the temperature profiles, each
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reactor has specific flow conditions which also strongly influence the deposition [67].
Because of that a comparison of the experimental results in the literature is difficult.

The morphology of CNT is characterized by the length, the outer and inner diameter
and the shell thickness. In the case of (in-situ) filled CNT also the structure of the
filling has to be considered. The inner diameter and to some extent the outer diameter
of a CNT are controlled by the diameter of the catalyst particle [89, 90, 107]. The
diameter of the catalyst particles depends on the temperature but also on the gas
atmosphere [101, 108]. For example a pretreatment of 2 nm Fe films in an Ar/H2

atmosphere (30:1) at 1100 K produces smaller islands in comparison with a treatment
under pure Ar at the same temperature. In the former case the surface roughness
was higher than in the latter [101]. This is due to the different surface energies of the
particles in the corresponding gas atmosphere. At a high temperature catalyst particles
on the substrate surface coagulate into larger islands. At lower temperatures the islands
are smaller due to a lower activation energy and hampered surface mobility. Thus the
pretreatment conditions are important for the diameter of the grown CNT. However,
using the floating catalyst method a random increase of the particle diameters should
be considered because of metal clusters originating from the gas phase that accumulate
on the substrate surface. Also in the floating catalyst method without additional
catalyst on the substrate the formation of clusters and the rate of cluster deposition is
related to the temperature and used gas phase. At low temperatures the metallocene
decomposition is slow and only few metal clusters deposit on the substrate. However,
the decomposition rate of the metallocenes increases in the presence of hydrogen
which also increases the deposition rate [57, 69, 71]. For example the decomposition
of ferrocene in vacuum starts at temperatures ≈ 1100 K, using a hydrogen flow, the
decomposition already at temperatures of ≈ 700 K occurs. However, there is a broad
variation in the behavior within the group of metallocenes. The decomposition kinetics
of hydrocarbons depends on the hydrogen concentration as well [57, 71]. Hence, the
balance between the temperature and the hydrogen concentration controls the diameter
of the CNT.

So far it was presented how the temperature and the gas atmosphere act on the
catalyst particle and thereby on the CNT diameter. Now the influence of these two
parameters onto the diameter, shell thickness and length of the grown CNT will be
discussed.

The most common inert or transport gas is argon, but also nitrogen [109] is used.
Hydrogen containing gases such as pure hydrogen (H2) or ammonia (NH3) are employed
as well, but they cannot be considered as inert gases since they take part in the reaction.
Wasel et al. [110] intensively studied the role of hydrogen on the formation of CNT.
And Kamalakaran et al. [60] suggested, that hydrogen is able to etch excess carbon
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from catalyst particle surface. Furthermore, the role of hydrogen is to limit or alleviate
the so called poisoning of the catalyst particle [111, 112]. The catalyst particle can
be deactivated if its complete surface is covered by excess carbon. By the loss of its
catalytical activity the growth process will stop. The removal of excess carbon is
therefore crucial for a long active period of the catalyst and thus for the length of
the CNT. If necessary, the growth of CNT can be stopped by a sudden increase of
highly reactive hydrocarbons. If the diffusion of dissolved carbon through the particle
is lower than the decomposition and deposition rate of carbon on the catalyst surface
the growth will terminate. A finishing of the growth process can also be achieved by
cooling which hinders the decomposition of hydrocarbons and diffusion of carbon.

Since hydrogen can have competitive effects on different occurring reactions its
influence has to be carefully considered. The etching of the catalyst to maintain its
activity is a desired effect. If the concentration of hydrogen is too high no CNT will
be formed but oil-like deposits. Therefore the growth of CNT will also stop at a
high concentration of hydrogen [113]. It was argued that with increasing hydrogen
concentration the dehydrogenation of hydrocarbons is reduced and less active atomic
carbon is available [110, 113]. Moreover, the role of hydrogen was discussed within a
concept that explains its importance during the CNT formation by a so called free
radical condensation mechanism [113]. Currently it is not completely clear whether
such non-inert gases as hydrogen etch carbon from the deposited structure or if its
influence is mainly to act on the gas phase reactions. Also the waiver of pure hydrogen
can lead to a better growth behavior if only argon is used as transport gas [58]. It is
suggested that the amount of H2 produced by the ferrocene decomposition is sufficient.
The total length of CNT did not increase with additional H2 but the filling degree
decreased [58].

Although filled CNT are grown using a relatively high metallocene concentration
and consequently fresh catalyst material is added during the process, it has been
observed, that the sudden growth stops after a certain time period [29]. This is valid
for CNT grown by LSCVD as well as SSCVD, although the observed maximum length
of CNT using the LSCVD is ≈45 µm and only ≈15 µm for SSCVD-technique. It
was suggested that the continuous delivery of ferrocene (LSCVD) into the furnace
allows an uninterrupted growth since there are no strong variations in the precursor
concentration. Nevertheless, the final length as well as the diameter of the grown CNT
are proportional to the ferrocene concentration [28]. However, it was proposed that the
growth of very long CNT is due to the continuous feeding of iron catalyst that results
from the ferrocene dissolved in xylene [61]. In that case the iron concentration was
much lower in comparison to methods that solely employ ferrocene. Up to now, there
is no conclusive explanation for these experimental observations.
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It is difficult to grow short CNT by LSCVD (shorter 1 µm) because of the high
amount of active carbon present in the reaction chamber. The high growth rates
in LSCVD (≈1000 nm

s
) are sometimes unfavorable since the length and diameter can

hardly be controlled. Depending on the nature of the precursor the growth rate
can be controlled by adjusting the ferrocene concentration, the gas composition and
temperature. For example, in the LSCVD the diameter and length was smaller at
a low ferrocene concentration but both are increased with raising concentration [28].
The averaged growth rate which can be reached in the SSCVD method is in general
lower (≈20-50 nm/s) than in the LSCVD. Therefore, the SSCVD is better suitable for
the synthesis of shorter CNT. The growth rate of a CNT, its diameter as well as its
length depends on the decomposition rate of the precursor, which in turn depends on
the temperature and the gas atmosphere. Above a certain temperature the diameter
of the growing CNT increases. This limit temperature depends also on the exact
composition of the gas atmosphere [114]. The optimal temperature for CNT formation
increases with increasing concentration of additional NH3 in the gas phase. For a higher
temperature the precursor concentration should be increased. This is related to the
balance between the precursor decomposition and the diffusion rate of dissolved carbon
through the catalyst particle [114].

The outer diameter strongly depends on the reaction temperature, in contrast to the
inner diameter of the CNT, which is mainly defined by the diameter of the catalyst
particle. At higher temperatures, the number of carbon shells and also the deposition
rate of amorphous carbon on the surface of already existing CNT increases. Juang et
al. [114] found a significant increase of the CNT diameter above 900 ◦C. An increase
of the reaction temperature, e.g., above 1000 ◦C did not lead to longer CNT but to an
increase of the number of amorphous carbon coated particles especially in the synthesis
of CNT from ferrocene precursor [28]. The wall thickness and thus the outer diameter
is influenced by the reaction temperature. In principle the crystallinity of the carbon
shells enhances with increasing temperature as confirmed by Raman spectroscopy [29].
By using a higher concentration of additional etching gases the growth temperature
can be higher and still the wall thickness of a CNT can be reduced. In contrast, by
using ferrocene the increased decomposition rate has to be considered since this could
lead to an increase of the diameter. If the carbon supply at the decomposition site of
the particle is at an identical rate as the diffusion rate of carbon through the particle
CNT will grow with best quality [114]. The total flow rate can be adjusted using a
mixture of an inert gas (argon) and a reactive gas (hydrogen, ammonia). However, for
each compound used new optimal values for the parameters have to be determined.
Besides the etching effect of hydrogen also that of chlorine was investigated [30, 74].
Using 1,2-dichlorobenzene as solvent for ferrocene in the LSCVD method a significantly
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smaller wall thickness for iron-filled [30, 74] and iron-carbide-filled CNT [66] was
obtained compared to material grown by the SSCVD method [58, 102]. By studying
different chlorinated hydrocarbons (benzene derivatives) it was suggested that the
etching effect of chlorine, which is formed during the thermal decomposition of the
solvent, is decisive for limiting the number of carbon shells [30, 74]. On the other hand
it might also be possible that the chlorine reacts with hydrogen forming hydrochloric
acid. Simultaneously the thermally stable benzene is forming. The benzene does not
intensively react in the reaction zone due to its high thermal stability. Thus the low
concentration of active carbon leads to relatively few carbon shells.

The structure of the filling also depends on the process temperature and the cooling
rate. At high temperatures a large amount of carbon dissolves in the catalyst particle.
As Ding et al. [115] have theoretically shown, it is most likely that the catalyst particle
is highly saturated with carbon during the growth. After a highly supersaturated state
it will oscillate around the saturation concentration. If the reaction is terminated by
cooling down, structural transformations will occur according to the phase diagram. The
structure of the filling can be changed by specific tempering the sample at temperatures
close to phase transitions. For example it has been shown that annealing at 645 ◦C can
transform γ-Fe into α-Fe [28, 74].
The phases of the filling also depend on the gas composition, gas flow velocity (retention
period) and the method of the transfer of the precursor into the reaction zone. For
example, Wang and Gui et al. [30, 74] used the LSCVD method and evaporated a
1,2-dichlorobenzene/ferrocene solution, with a concentration of 60 mg ferrocene in 1 ml
of the solvent. A gas flow of Ar/H2 with 2000 sccm was employed. Bundles of oriented
CNT were obtained having mainly α- and γ-Fe filling. Employing the same precursor
solution (same concentration) leads to mainly iron carbide filling when the solution was
sprayed into the furnace with a nozzle at a transport gas flow of 1000 sccm Ar/H2 [66].
However, the structures of the shells were quite similar and a significant limitation of
the wall thickness was observed in both cases. If only the transport gas flow as well as
the resulting precursor concentration are responsible for these differences can not be
answered yet. The CVD-process is kinetically determined therefore the gas velocity is
decisive for the deposition process. Because the gas velocity is strongly dependent on
the geometry of the used reactor (diameter, length, volume) also the deposition process
is influenced by the reactor geometry [67].

From the discussion above, some rules for the formation of in-situ filled CNT with
different filling degrees can be concluded. Firstly, for the synthesis of long and continuous
filled carbon nanotubes it is convenient to use a precursor with a low carbon to metal
ratio, such as it exists in the metal organic compound family of the metallocenes.
A metal catalyst layer as a secondary source for the filling material leads to higher
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filling degrees and a lower diameter distribution of the CNT. For partially filled CNT
a higher carbon to metal (catalyst) ratio is needed, which can be realized by additional
hydrocarbons in the precursor. A significant higher concentration of active carbon in
relation to the metal catalyst will lead to less filled CNT. Nevertheless, it should be
considered, that an additional catalyst layer leads to a smaller diameter distribution. For
highly crystalline carbon shells rather high temperatures are advantageous. However, to
avoid an increase in the wall thickness the amount of transport gas should be increased.
That reduces the stationary concentration of the reactive precursor and balances the
amount of active carbon. Due to the competitive reactions in the gas phase and on the
substrate an optimum for the temperature has to be found for each used precursor. A
reactive gas species takes actively part in the reactions. The gas velocity is important
since it defines the retention period of the reacting species in the reaction zone.

2.2 Growth models

Understanding the growth mechanism of carbon nanotubes is a key requirement for
the deliberated synthesis in order to obtain the special properties needed for their
applications. Intensive studies were performed to find a mechanism describing the
formation of carbon nanotubes. Up to now, there is no generally accepted growth
mechanism and further research is necessary.

The mechanism discussed here for the formation of in-situ filled CNT is a phenomeno-
logical description. It is deduced from different experimental observations to explain
the variety of observed structures of the CNT. The phenomenological mechanism is also
the foundation for theoretical studies. These theoretical studies are mainly performed
for the formation of single-walled CNT. However, many results are also useful for the
understanding of multi-walled CNT formation.
The knowledge and understanding of the growth mechanism is under continuing

development and several modifications were discussed during the last two decades. In
this section selected features of the growth mechanism are discussed, that are especially
suited for the synthesis of filled CNT by the CVD method.

2.2.1 VLS mechanism

The basis of the following discussion is the vapor-liquid-solid (VLS) mechanism, which
was originally developed for the growth of silicon whiskers by Wagner and Ellis in
1964 [116]. It bases on the assumption that a gaseous phase, a liquid phase and a solid
interact. The precursor is supplied as gas. The liquid phase is the molten catalyst
particle situated on the solid substrate. During the growth process the precursor
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decomposes in a specific area of the surface of the liquid particle at the temperature
T1. The precursor material dissolves until saturation at concentration c1 is reached. It
is assumed that the particle possesses an area with a lower temperature T2 and a lower
concentration c2. Thus the presence of both a concentration and a thermal gradient is
assumed. The precursor material diffuses through the particle and precipitates at T2.
These very basic assumptions of the mechanism allow the application to other systems.

2.2.2 Base and tip growth mode

One of the first mechanism to explain the growth of carbon whiskers was initially
developed by Baker et al. [117, 118] on basis of the VLS mechanism. They performed in-
situ studies on the growth of carbon whiskers employing controlled atmosphere electron
microscopy (CAEM). During the formation the (liquid) metal catalyst particles were
found either on the tip or bottom of the formed whiskers [118]. Due to forces acting on
the catalyst particles they deform during the process resulting in two growth modes. If
there is a strong attractive interaction between the catalyst and the substrate a good
wettability is found that lead to contact angles below 90 ◦C and the particle most likely
remains on the substrate surface. Since the decomposition of hydrocarbons relies on
the catalytical activity of the particle surface supplied carbon atoms can only connect
to the already existing carbon structure at the particle whisker interface. Therefore
the oldest part of the whisker is the tip and the youngest part is at the bottom. For
this reason it is called base growth mode. If there is a repulsive interaction between
the particle and the surface a contact angle above 90 ◦C will establish and the particle
most likely detaches from the surface and lifts up. In this case the oldest part of the
CNT is close to the substrate surface and the youngest part is the tip. Thus, this is
called tip growth mode. Both growth modes were introduced to discuss the different
occurrence of the metal particles in the as-grown carbon material.
Other groups adapted the mechanism of Baker et al. to explain their experimental

results for unfilled carbon nanotubes [89]. In the modified mechanism it is assumed,
that first of all the change in the size of the catalyst particles, from large dimensions
down to diameters below 100 nm is the reason for the formation of the tubular carbon
structures [89] instead of whiskers. The key features of the VLS mechanism like the
decomposition, dissolving and diffusion of carbon species into the metal particle and
precipitation due to supersaturation have been adopted and can be applied to describe
the formation of carbon nanotubes. The base and tip growth mode of unfilled carbon
nanotubes are shown in fig. 2.8 and fig. 2.9 respectively.
In the VLS mechanism a sufficient solubility and sufficient diffusion rate of carbon

in the catalyst material is assumed. Esconjauregui et al. [93] investigated the catalytic
effectivity of various metals depending on their electron configuration in detail. Elements
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Figure 2.8: Base growth mode
according to [118]: The metal particles
on the surface are exposed to gaseous
hydrocarbons, which decompose
catalytically on the surface of the catalyst
particle. An exothermic decomposition is
assumed and a carbon concentration as
well as a temperature gradient form.
After its decomposition the carbon
diffuses from the hot area with a higher
concentration to the colder region of the
particle and precipitates to form the
graphitic structure of the CNT wall. The
particle remains attached to the
substrate.

Figure 2.9: Tip growth mode according
to [118]: The metal particle is only
weakly bound to the substrate surface.
The decomposition of the hydrocarbons
takes place at the upper side of the
particle. Again an exothermic
decomposition is assumed and the
temperature and carbon concentration
increases at the top of the particle which
gets deformed during this process and
detaches from the substrate. The carbon
now diffuses to the colder side of the
particle and precipitates to form the
CNT shells.

with few d-vacancies such as iron, cobalt and nickel were confirmed to be very active
catalysts since they possess a high diffusion rate for carbon and form only metastable
carbides. The decomposition of carbides is required for growing CNT.

The estimated growth rates suggested that the CNT formation strongly depends on
the diffusion of carbon through the volume of the catalyst particle and its precipitation
at an opposed side of the particle [101]. Other groups stated that only surface or
subsurface diffusion takes place [119].

The dimension of the catalyst particle defines the inner diameter of the CNT but to
some extend also the number of graphite shells. Sinnott et al. [89] investigated the
influence of the catalyst particle size, the precursor composition and the temperature.
They observed that the carbon shells precipitate from one half of the particle if its
shape is spherical or pear shaped (on the lower curvature face for pear shapes). As the
main driving force a carbon concentration gradient was assumed [89].

43



Synthesis of filled carbon nanotubes

2.2.3 Base and tip growth mode for filled CNT

For filled CNT, not only the formation of the carbon shells but also the formation of the
in-situ filling has to be explained. It is particularly difficult to describe the influence of
the catalyst because it is applied on the substrate and additionally as floating catalyst
from the decomposed precursor. During the whole growth process metal particles,
most of them catalytically active, interact with the forming CNT. Nevertheless, several
research groups adjusted the VLS mechanism and the concepts of the tip and base
growth mode to explain the formation of in-situ filled CNT [61, 65, 89, 120].

From their experiments Zhang et al. [61] suggested a growth mechanism that could
explain the in-situ filling of carbon nanotubes with iron during the synthesis. The
scheme of the mechanism is shown in fig. 2.10. According to Zhang et al. [61], an

Figure 2.10: The figure presents the
growth process of in-situ filled CNT
after [61]. (A) shows the slow growth stage.
The carbon shells at the open tip react with
carbon clusters from the gas phase. In (B)
a larger catalyst particle attaches to the
open tip and the fast growth stage starts.
The CNT grows fast and the pressure
caused by the shells deforms the catalyst
particle. In this stage (C) a filling section is
formed. If the supply with catalyst material
stops the slow growth stage continues.

open-tip tip growth mode and furthermore the existence of two different growth rates
are present during growth. In the initial state the catalyst particles detach from the
substrate surface, which results in a tip growth mode. Thereafter the growth slows
down and stops eventually. An empty tube growth is explained by the reaction of
carbon clusters from the gas phase with the open tip of the forming CNT. This is the
slow growth stage. When a metal particle falls onto the tip the catalytic process takes
place and the CNT walls grow much faster until the particle is surrounded with carbon
again. This part is the fast growth stage. Both stages alternate with each other during
the process. During the fast growth stage the iron particles are forced into cylindrical
shape and form the filling. The necessary pressure originates from the comparatively
faster growing carbon shells [61]. The filling progresses by subsequent addition of iron
nanoparticles on the open tip of the growing CNT. However, the assumption of an
open CNT during the growth is critical. There are different possibilities to define an
open tip during the formation process and in fig. 2.11(B) and fig. 2.11(C) two cases
are shown.
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Figure 2.11: Three schematic cases for
the tip of a growing CNT. Case (A) shows
a closed tip since each shell is closed by a
fullerene-like cap. Case (C) represents an
open tip whereas this situation is only
favorable under certain conditions. An
open tip can be either stabilized by
lip-lip-interaction [121] or as result of the so
called “scooter” mechanism [122]. The case
(B) is sometimes called open [123] because
of the missing fullerene cap but it is also
regarded as closed due to the particle.

Since the existence of open tips is a fundamental assumption in some of the growth
mechanisms [61, 65] for filled CNT, we want to briefly discuss the possibility for their
occurrence during the CNT formation. Most of the discussion in literature is related
to unfilled and especially single-walled CNT. However, the understanding of these
investigations can be transferred to some extend to the carbon shell formation of filled
CNT.

Kwon et al. [121] simulated the growth of unfilled MWCNT without a metal catalyst
involved. The basic idea is that dangling bonds at the open tip are stabilized by
single atoms that form stable covalent bridge-bonds between adjacent layers which
are called lip-lip interactions. The CNT grow by subsequent incorporation of carbon
atoms into the shell structure. The formation of a cap requires more energy than
the lip-lip interactions and excess carbon is needed for building pentagonal defects.
This distinguishes the mechanism from others, because cap formation, in the lip-lip
interaction mechanism interrupts and finishes the growth process. However, another
type of simulation revealed, that the lip-lip interaction is not sufficient to keep the tip
of a growing CNT open [124, 125]. In other mechanisms the formation of a cap is the
initial step and often called nucleation of the CNT growth process [123].

An alternative mechanism to prevent the closure of the growing CNT is the “scooter“-
motion. A fast moving small metal cluster on the open tip prevents the closure of the
CNT cap [122]. In the CVD synthesis of in-situ filled CNT there is a relatively high
concentration of small metal clusters in the gas phase [105] and the tip of a growing
CNT interacts with these clusters. It is hardly possible that the lip-lip or scooter
mechanism are stable under these conditions. It is therefore assumed that either the
tip of the CNT is closed by a carbon cap or by a metal particle with a diameter at
least of the inner diameter of the CNT [123]. In case of MWCNT the particle diameter
should be as large as the outer diameter (see fig. 2.11(B)). Also Charlier et al. [126]
found that a metal particle under their simulation conditions promotes a closure of the
cap. Most of these simulations are restricted to the formation of single-walled CNT,
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but are also valid for multi-walled CNT.
An experimental evidence for an open tip growth was reported by Iijima et al.

[88], where the material was synthesized by arc discharge. It was suggested that the
continuous growth of long CNT results from addition of hexagons whereas heptagons
together with pentagons lead to the formation of closed caps. The thickness of the
CNT increases by subsequent addition of further carbon on existing basal planes. An
open tip growth was also proposed to explain the experimental data [60, 61, 65, 101].
However, in the as grown material open caps were not exclusively observed.
According to Deck et al. [65] the formation of iron-filled carbon nanotubes can be

explained by the open tip base growth mechanism which is shown in fig. 2.12. It is

Figure 2.12: Open tip base growth
according to [65]: The filling of the cavity
results from the diffusion of small metal
clusters that are produced in the gas
phase. The clusters diffuse a certain
distance, eventually forming a continuous
filling.

suggested that the long iron nanowires inside of the CNT are formed through the
subsequent addition of iron nanoclusters that fall onto the open tip. The liquid-like
metal clusters with diameters lower than the inner diameter of the CNT diffuse inside
the cavity. They can contribute to an existing nanorod or form a new one. For diffusion,
a liquid or at least highly mobile state of the clusters is required. In the work of Deck et
al. [65] no slow and fast growth stage are assumed. Deck et al. Instead, the formation of
small CNT embryos in the gas phase, which fall onto the growing CNT and contribute
to the formation of the filling is proposed. The mechanism offers an explanation for
micrometer long metallic wires encapsulated in carbon nanotubes. The presented
mechanisms are capable of describing the formation of both, the filling and the carbon
shells in a feasible manner. However, theoretical studies [115, 123–127] have shown,
that an open tip in the sense of fig. 2.11(C) is energetically unfavorable in comparison
to a closed cap.

2.2.4 Combined growth mode

An intensive discussion and interesting approach to explain the growth of metal-filled
CNT was presented by Kunadian et al. [120]. They combined the tip- and base-growth
mode explaining the formation of the filling in the context of a closed tip growth process
in the sense of fig. 2.11(B). In the following section the mechanism is presented and
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discussed since it might explain the in-situ filling of CNT during synthesis as it was
performed in this work.
In the mechanism (fig. 2.13) it is assumed that the initial state, i.e., the nucleation

follows the base growth mode. Hydrocarbons decompose on the surface of the catalyst
particles. In the continuous-feed CVD the precursor, which contains both, the carbon
source and the catalyst material, is provided continuously during the process. Due
to the floating catalyst conditions metal clusters are formed and hydrocarbons can
already decompose in the gas phase. The catalytically active metal clusters and the
carbon atoms fall onto the catalyst particles which remain anchored to the substrate
surface.
In addition to [120] the author of the present work assumes, that this results in a

continuing change of the catalyst conditions. Each cluster that connects to the catalyst
particle modifies the volume, shape and the carbon concentration of the catalyst. Thus
under floating catalyst conditions it is likely that the growth mode switches from the
base to tip growth mode. After the switching the filling process as well as the shell
formation occurs simultaneously at the tip. This mechanism could thereby explain

Figure 2.13: Steps of the combined growth mechanism according to [120]. In
step A a catalyst particle is formed. Step B describes the decomposition of
hydrocarbons on the particle surface. Due to the floating catalyst method
catalytic processes occur also in the gas phase forming metal and carbon clusters.
In step C the deposition of iron particles at the growing site takes place
continuously. Thereby the growth mode changes from base to tip growth mode
(step C→D). When further material deposits from the gas phase the growth
continues (step E) until a stable cap is formed. If the cap is closed, a so called
secondary growth might occur. This is often tip growth since the wettability of the
metal catalyst is low and the particles easily detach (step F and G).

many observed phenomena like the distribution of metal particles and wires along the
hollow core of the CNT. Furthermore, structure specifics such as kinks and branches of
CNT that are characteristic for filled CNT may be explained.
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As mentioned above, the closed tip growth (see fig. 2.11(A) and especially (B))
is an important assumption in this mechanism [120]. After the CNT have stopped
to grow a secondary nucleation can take place and further CNT are formed on the
existing material. These new CNT are most often formed by the tip growth mode since
the interaction between the metal particles with the already existing CNT material
is low and particles detach [120]. The combined mode proposed can explain many
experimental observations by only making a few assumptions, and taking theoretical
findings into account.

Experimental results of the in-situ synthesis of metal-filled CNT [58, 83] support the
idea of the combined growth mechanism. In these experiments different materials of
the substrate catalyst and the floating catalyst were selected. At first, a Fe catalyst
layer (2 nm) and cobaltocene as precursor was employed as carbon and metal source.
Energy dispersive X-ray spectroscopy (EDX) investigations in the middle of the filling
show resolvable amounts of iron [83]. Secondly, a Co layer (2nm) on a silicon substrate
was employed and ferrocene was used as carbon and metal source. Vertically aligned
iron-filled CNT could be achieved. Investigations by cross sectional EDX inside TEM
revealed that there is no Co at volume sections along the Fe filling [83, 128]. The latter
is an indication for switching from base to tip growth mode since only the material
from gas phase (Fe) was catalytically active and found as filling phase.

2.3 Synthesis of iron-filled CNT for magnetic probes

Depending on the growth conditions different filling morphologies, as shown in fig. 2.14,
can be formed. All types are found in literature, whereas type A and B are especially
interesting for applications where the cavity shall be filled with foreign material. A

Figure 2.14: The sketch represents
three types of filled CNT that possess
different degree and distribution of the
filling.

long filling (C) was reported for iron by, e.g., [29, 30, 58, 74, 102], for cobalt [129, 130]
and for nickel [56, 131], whereby one of the most promising application potential of
iron-filled CNT are carbon nanotube encapsulated single iron nanowires as probes for
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magnetic force microscopy. For this application CNT possessing a continuous iron
filling (type C) are stringently required. The high aspect ratio of the filling leads to a
geometrically extended magnetic dipole [35, 36].
In the synthesis of in-situ iron-filled CNT as tips for magnetic force microscopy

the influence of three parameters was investigated. The first was the role of the
temperature profile of the employed furnace, the second the influence of an aluminum
interlayer and the third the mass flow of the precursor ferrocene. The influences
of other parameters such as temperature and gas flow were investigated in previous
works [132, 133]. The conditions that were reported as best were retained in the present
experiments. Therefore, the reaction temperatures were set to Treac = 800 ◦C and
Treac = 830 ◦C, respectively. The reaction temperatures were achieved by placing the
substrates on the related positions of the temperature profile of the furnace. An inert
gas flow (argon) of 150 sccm was used. The aluminum layers were selected due to
reported positive effects on the growth of carbon nanotubes [85]. But also promising
results of preliminary testing with multilayer systems consisting of Al and Au were
found [87, 133]. The influence of the precursor mass flow will be discussed in the
context of the combined growth-mode model in section 2.3.5 on page 71.

2.3.1 Experiments

The employed setup for the SSCVD is presented in fig. 2.15. The setup consisted of an
outer quartz tube and two furnaces. The furnace A was used for the sublimation of
the solid precursor powder. In the furnace B the growth of the CNT took place. The
gas was introduced into the furnace by an inlet tube (Inlet in fig. 2.15). The transport
gas flow was used to transfer the sublimated precursor into the reaction zone. The
exhaust gases were removed through the flue. The gas flows were controlled by mass
flow controllers.
The metal-organic compound ferrocene (manufacturer: ACROS, purity: 98%) was

purified by sublimation and condensation. The so purified ferrocene was further
processed as precursor.
In order to place the quartz boat with the precursor and the substrates at the

right position and to prevent the contamination of the outer furnace tube during the
synthesis, an additional insertion tube was used. During and after the inner quartz
tube was inserted into the furnace the whole system was flushed with argon to remove
the air.

The powder-like precursor was placed into a quartz boat, equipped with two magnetic
skids that were fixed to it using a thermally stable glue. Thus, it was possible to move
the quartz boat inside the closed furnace from the outside with a strong permanent
magnet. This was necessary for two reasons. In the beginning of the process the
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sublimation furnace A was heated up to its nominal value at position C (fig. 2.15).
To avoid a sublimation of the precursor before the synthesis process the quartz boat
was placed in a cold region (position A in fig. 2.15) outside of the gas flow. To start the
growth process the quartz boat with the precursor was moved to position B (fig. 2.15)
as well as the sublimation furnace A . Consequently, the sublimation started at the
selected temperature. To stop the growth process, the sublimation furnace A was
switched off and moved back to position C and the quartz boat was moved to position
A where it cooled down. The experiments consisted of the following steps:

Figure 2.15: The sketch represents the basic elements and experimental steps.
The dashed line marks the middle of the furnace. The moveable Furnace A is used
for sublimation of the solid precursor. The decomposition of the precursor and the
formation of CNT occur in furnace B. The samples are placed on a substrate
holder. The quart boat with the precursor can be moved from the outside using a
strong permanent magnet. The transport gas is introduced through a inlet steel
tube.

• Flushing of the setup with Ar at 300 sccm for 10 min
• Positioning of the substrates in the inner quartz tube
• Filling of the quartz boat with the precursor
• Inserting the inner tube with the quartz boat and the substrates into the setup
• Flushing of the setup with Ar at 500 sccm for 10 min
• Setting the volume flow of the gases (argon and hydrogen)
• Heating of the reaction furnace B up to 870 K and holding for 10 min, treatment of the

substrates in a mixture of argon and hydrogen
• Heating up of the sublimation furnace A
• Stopping the hydrogen flow and further heating up of the reaction furnace B to the

final reaction temperature
• Reaching the nominal reaction temperature of 950 ◦C

• Sublimation furnace A is positioned over the precursor - beginning of the process
(reaction temperature is hold for 10 min to 30 min)
• End of the process: sublimation furnace A is switched off and moved away from the

precursor to position C, in addition the quartz boat with precursor is moved out of the
gas flow to position A and cooled.

• Reaction furnace B is switched off and cools slowly down to room temperature (20 K
min)

• Taking out of the samples
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In fig. 2.16 the temperature of the reaction zone versus time is shown as a scheme.
At first, the reaction furnace B was heated up to a pretreatment temperature of

Figure 2.16: Course of time of the set
point temperature of the reaction furnace.

873 K, which was kept for 10 min (section A in fig. 2.16). During this time period a
argon hydrogen gas mixture (50:50 sccm) was applied. At second, the temperature
was increased to the set point temperature for the growth process. The temperature
was kept constant for 10 or 30 min (section B in fig. 2.16). To finish the process the
sublimation was stopped but the reaction temperature was hold for another 10 min
(section C in fig. 2.16). In the end the furnace B was slowly cooled down to room
temperature at a cooling rate of about 20 K

min
.

The parameters used in the present work are shown in tab. 2.3. However, the optimal
parameter values depend on the particular setup. And for each setup the optimal
conditions have to be determined individually.

Table 2.3: The table shows the parameters that were used in the conducted experiments.

CVD reactor set point temperature 1223 K
temperature at sample position 1073 K to 1103 K
pressure reactor outlet 1.013× 105 Pa
ferrocene sublimation temperature 343 K to 403 K
ferrocene mass flow ≈0.5 mg

min
to 10.0 mg

min

transport gas volume flow 100 sccm to 300 sccm
process time 3 min to 30 min
cooling rate of the reactor 20 K

min

substrate position 2 cm to 11 cm

In the following sections the results of the investigations on the influence of the
temperature profile, the importance of the substrate and the role of the mass flow
are presented. Experiment that combine the investigation of the two last-mentioned
parameters were conducted. Each type of substrate was used for different time, substrate
temperature and precursor mass flow.
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2.3.2 Role of temperature profile

The influence of the temperature profile on the formation of iron-filled CNT can
be shown by comparing the effect of two different heating coils whereas all other
setup parameters and process conditions are kept constant. The experiments show a
significant impact of the particular profile on the formation of iron-filled CNT.
The first heating coil possessed a homogeneous distance between two subsequent

windings along the full length. The second heating coil had the same construction but
a smaller distance between subsequent windings at the beginning and the end. The
profiles were measured inside the furnace with a thermocouple every 10 mm at an
argon gas flow of 150 sccm for several given set point temperatures. In fig. 2.17(a) and
fig. 2.17(b) the temperature profile T1 of furnace 1 (red) and the profile T2 of furnace 2
(blue) for a set point temperature of 950 ◦C are shown. Additionally, the sketches at the
bottom illustrate the characteristic deposition behavior of carbon and iron structures
at the inner surface of the insert quartz tubes according to the temperature profiles T1
and T2, respectively. The dashed vertical lines mark the middle of the heating coils.

(a) (b)

Figure 2.17: The sketch fig. (a) shows the temperature profile T1 and the typical deposition
behavior of carbon and iron structures at the inner wall of the insert tube for the heating coil 1. The
sketch fig. (b) shows the temperature profile T2 and typical deposition behavior of carbon and iron
structures at the inner wall of the insert tube for the heating coil 2. The positions of the substrate
holders are shown for comparison. The dashed lines mark the middle of the heatings. The dashed and
dotted lines mark the entrance of the heating. The dashed box represents the position of the heating
coil and thus the region of the measured temperature profile.

The dashed and dotted lines mark the entrance of the furnaces which also defines the
common reference point for comparison of the results. The dashed boxes indicate the
position of the heating areas. The decomposition of the precursor and the deposition of
the iron and carbon structures took place in the first half of this area and no deposition
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was found beyond the middle. The intensity of the black color corresponds to the
deposition magnitude.

The temperature profile T1 enabled an active area in the range of 40 mm to 170 mm

where the precursor decomposition and the subsequent deposition of carbon structures
took place. As shown in fig. 2.17(a), the highest deposition intensity was at about
50 mm, whereas high quality CNT were obtained in the area ranging from 60 mm

to 70 mm at 800 ◦C and 830 ◦C, respectively. An example of iron-filled CNT grown

Figure 2.18: Iron-filled CNT grown at a
sample temperature of 800 ◦C employing
temperature profile T1. Insert shows the BSED
contrast of iron-filling.

at a sample temperature of 800 ◦C is shown in fig. 2.18. Typically, the CNT were
about 20 µm in length and possessed outer diameter in the range from 30 nm to 120 nm.
The filling length varied between short sections of only few nanometers and extended
nanowires up to several microns in length.
Employing the temperature profile T2 resulted in a different deposition behavior,

which is schematically shown at the bottom in fig. 2.17(b). In that case, there was
only a small region, starting at 40 mm, where the deposition of carbon at the wall was
observed and which was only about 20 mm in its extend. However, there was no area
at all where high quality CNT have been obtained.

Since reasonable results for the formation of iron-filled CNT were previously reported
to grow at 800 ◦C and 830 ◦C [28, 29, 58, 133], in most cases the substrates were
placed at the corresponding positions of the temperature profiles. However, in order
to investigate the morphology of the deposited material when using the profile T2,
substrates were placed in the region of the maximum material deposition at the wall at
a temperature of 750 ◦C at 40 mm. In fig. 2.19 some results of the synthesis employing
the temperature profile T2 are presented. The first column (fig. 2.19(a) and (c)) shows
the results at 750 ◦C for the substrate and the insert tube wall, respectively. Even
though the formation of low quality CNT was observed for this temperature at the
reactor wall, no formation of CNT was observed on the substrates at the very same
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position. Instead, only large amorphous carbon encapsulated iron particles were formed.
The second column (fig. 2.19(b) and (d)) gives an impression of the results at 800 ◦C for
the substrate and the insert tube wall, respectively. On this position some CNT were
found at the wall fig. 2.19(d). However, almost no CNT were formed on the substrate
fig. 2.19(b). At the position of the optimal growth temperature of iron-filled CNT

Figure 2.19: Results from the wall of the
furnace in comparison with the substrate
at the corresponding temperature.
Fig. 2.19(a) and fig 2.19(c) show the CNT
formation on the substrate and the tube
wall at the first temperature of 750 ◦C.
Fig. 2.19(b) and fig. 2.19(d) show the CNT
formation on the substrate and the tube
wall on the second temperature of 800 ◦C.

at 830 ◦C no deposition of carbon structures was observable, when using furnace 2.
This indicated, that all sublimated material did decompose and react in a very small
area between 700 ◦C to 800 ◦C. It was surprising, that the morphology of the carbon
structures was that different, since all conditions except the heating were the same.
It seems, that the difference in the temperature profile is responsible, which will be
discussed in the part below.

In the synthesis of unfilled CNT the temperature profile is of minor interest. While
the decomposition and gas phase reactions of hydrocarbons depend on the local
temperature of the profile, the formation of CNT is restricted to the area where the
catalyst is localized. Hence, the growth of CNT occurs only at the position of the
substrate borne catalyst. The reaction kinetics and quality of the CNT depends on
the local temperature but not on the temperature profile. However, in contrast the
temperature profile is especially important in the floating catalyst method, since the
gas phase contains the catalyst itself. It will be activated as soon as the reaction
conditions for any catalyzed reaction are satisfied.
Although the temperature profiles seem similar and result in the same set point

temperature (fig. 2.20(a)) the absolute temperature values differ in the beginning and
the end by up to 40 ◦C as shown in fig. 2.20(b). The reason is the deviating winding
of the heating coils. While T1 has a lower slope, T2 is designed to have a broader
temperature plateau. This differences give evidence, that the conditions at the heating
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(a) (b)

Figure 2.20: The temperature profiles of two different furnaces 1 (red) and furnace 2 (blue) are
shown in fig. (a). The corresponding temperature difference T1 minus T2 is shown in fig. (b).

entrance are decisively for the reaction products because of the reaction kinetics.

The collision model describes the reaction rate r of a bimolecular gas by eq. 2.4.

r = Z ρ [A] [B] exp

(
−Ea
RT

)
(2.4)

Where R is the gas constant, T the absolute temperature and Ea the activation energy
for a new bond formation. The concentrations of the two involved species are denoted
by [A] and [B]. The Boltzmann factor considers the fraction of collisions with more
energy than the activation energy where a new bond formation is possible. The collision
frequency of the two species A and B is denoted by Z and ρ is the steric factor, which
takes into account, that only a fraction of collisions with sufficient energy finally result
in a new bond formation. The rate constant k(T ) can be deduced as given by eq. 2.5.

k(T ) = Z ρ exp

(
−Ea
RT

)
(2.5)

In the present work ferrocene has been used as precursor for the synthesis of iron-filled
CNT. The decomposition of ferrocene is given by eq. 2.6

Fe(C5H5)2(g)→ Fe(s) + C5H
•
5 (g) + ... (2.6)

according to [57]. However, little is known about the chemical kinetic behavior of the
ferrocene decomposition [104]. The studies of Kuwana et al. were primarily interested
in the formation of iron catalyst particles [67, 104]. For the formation of carbon
nanotubes, the reaction and decomposition behavior of the involved hydrocarbons
is also important. In eq. 2.6 a cyclopentadienyl radical is produced which may be
combined with a hydrogen atom to form a cyclopentadiene molecule. The crucial step in
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the reaction behavior of the cyclopentadienyl radical is the so called ring opening [134].
Mainly acetylene, ethylene and methane but also benzene were found as decomposition
products [134].
Thus, in reality the complex synthesis process involves more than just two species

and results in a complex reaction model with different reaction constants for each pair
of species. The reaction rates for each pair are coupled via the concentration of the
particular species and depend on each other.

In fig. 2.21(a) and fig. 2.21(b) the processes and reactions between the molecules that
take place in the first part of the temperature profiles of the two employed furnaces
are shown. The following assumptions are encountered. The same setup for both

(a)

(b)

Figure 2.21: In fig. (a) part of the profile T1 of furnace 1 and in fig. (b) part of the profile T2 of the
furnace 2 is shown. The black boxes represent the control volumes labeled from A to G. The light
grey boxes illustrate the sublimated ferrocene. The small black squares symbolize different kinds of
reactants and products. The large black squares stand for larger structures formed during the process.
The green dashed box marks the area with the highest deposition rate of amorphous carbon
structures.

temperature profiles is used, as well as the same amount of carrier gas. Therefore,
the gas flow velocity is constant and consequently there is the same retention period
of a particular volume element in a certain area. The only difference between the
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setups is the spatial distance between points of equivalent temperatures. In order to
compare the experimental results, the reactor volume is divided into segments with an
identical control volume size, which run from A to G. In each volume the processes
are interpreted by classical collision theory with the reaction constant and Boltzmann
factor and consequently the reaction rates as functions of the local temperature per
volume. The sublimated ferrocene molecules in the gas phase are represented by light
grey boxes. The small black squares symbolize different kinds of reactants and products
that can result from the ferrocene decomposition and reaction of fragments. The
large black squares stand for larger structures that are formed by reactions of smaller
molecules. It is assumed, that the products of the previous volume determine the
reactants for the subsequent volume. Due to the deposition of material at the furnace
wall or substrate surface the mass flow decreases.

Since an identical size of the volume elements has been chosen, different concentrations
of particular species and chemical processes can be expected when comparing two
volumes with the same label letter as illustrated in fig. 2.21(a) and fig. 2.21(b). At
temperatures below 500 ◦C ferrocene is stable. The decomposition is initiated around
550 ◦C in a hydrogen containing atmosphere [57, 135]. In the temperature range
500 ◦C to 600 ◦C ferrocene gets activated and the decomposition starts. At 750 ◦C the
decomposition rate reaches its maximum at the given process conditions. Because of
the differences of the temperature profiles the precursor decomposition and subsequent
reactions are initiated at different locations in the heating area. The temperature
gradient in the decisive section B2 and C2 is higher than in B1 and C1 and hence the
decomposition as well as the reaction constant k(T ) of the molecules is higher in the
particular control segment. As consequence of the decomposition the concentration
of reactants increases. Because the reaction rate r(T ) is a function of temperature
and concentration the variety and output of possible reactants increases. Since both
parameters are higher in D2 and E2 in comparison with D1 and E1, all reactions occur
at higher rates. It also has to be taken into account that a variety of species result from
the ferrocene decomposition. Consequently, there are always pairs of reactants which
possess their specific activation energy at the local temperature. In case of furnace 2
the formation and deposition of large amorphous and spherical particles has its highest
reaction rate at 750 ◦C in volume D2 and E2. This results in an effective reduction
of the mass flow in the gas phase. The green dashed boxes mark the area with the
highest deposition rate of amorphous carbon structures. Due to the high concentration
of reactants the majority of material is used up in this particular region below the
temperature range of 800 ◦C to 830 ◦C which is optimal for the growth of iron-filled
CNT. The concentration of material in control volume F2 is lower in comparison to G1
and only very few CNT were found on the substrates. Consequently, no deposition of
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material is observed in volume G2. In contrast to the conditions in F2, the concentration
and hence reaction rate in the control volume F1 in furnace 1 is lower. And in section
G1 the concentration of material is suitable for the formation of iron-filled CNT with
long and continuous filling since there is sufficient carbon structures and iron.

From that it was concluded, that a too high excess concentration of carbon and iron
in close vicinity to the substrates is adverse to the formation of aligned and filled CNT.
The experimental results give evidence for the impact of temperature profile on the
floating catalyst synthesis of iron- filled CNT. As a result large amorphous spherical
iron containing carbon structures were formed which have been frequently observed
(fig. 2.19(a)). A higher transport gas flow could be used for dilution and to decrease the
concentration. Nevertheless, a lower ascent of the temperature would extend the area
of decomposition and thus lower the concentration of the decomposition products. Due
to the concentration dependency this is also related to the total amount of precursor
in the carrier gas flow, which is discussed in section 2.3.4 on page63. As consequence
of the experimental observations, the profile fig. 2.17(a) with the lower temperature
gradient is favorable and was selected for further experiments.

2.3.3 Role of the substrate

For all experiments substrates were employed to collect the material for further process-
ing and investigation. Furthermore, substrates with additional iron catalyst material
and aluminum interlayers were selected, in order to investigate the influence of this
type of layer system on the growth of iron-filled CNT.
The general substrate structure was the same in all experiments and consisted of

the following layer sequence starting from the bottom. For the experiments single
crystalline silicon wafers with a thin thermal oxide layer of 1 µm were employed. The
following layer was made of aluminum, whose thickness was 1 nm, 10 nm or 100 nm.
As an additional catalyst a 2 nm thick iron layer was deposited on top. In the first
case no closed Al-film could be expected. For the latter two it was anticipated, that a
closed Al-film was formed.

The aluminum as well as the iron layer were deposited by electron beam evaporation
under high vacuum conditions without interruption. However, the samples were always
exposed to air before further processing. It has to be considered that aluminum layers
cover them self with a thin natural alumina layer of approximately 1 nm when they
are exposed to air.

In order to measure the oxidation state of the aluminum layers, angle-resolved X-ray
photoelectron spectroscopy (AR-XPS) measurements at different incident angles were
performed. The angle of incidence was measured relative to the normal vector of
the substrate surface. Large angles correspond to surface and low angles to bulk
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measurements, respectively.
The results presented in fig. 2.22 show the XPS spectra of an as prepared 10 nm

thick aluminum layer with 2 nm Fe on top. The colors correspond to the incident

Figure 2.22: XPS spectra of
an as prepared substrate with
10 nm thick Al layer.

angle that was measured relative to the normal vector of the substrate surface. The
carbon (a) and oxygen (b) peaks resulted from the cleaning process of the substrate
with ethanol and from absorbances from the atmosphere. The Al layer (c) showed
a metallic behavior at all incident angles. The signal maximum and curve shape of
iron oxide is shown in fig. 2.22 (d). For the as prepared samples the absence of an
alumina peak was observed. This confirmed, that the as-prepared aluminum layer was
not oxidized. The aluminum was in the metallic state fig. 2.22 (c). As the presence of
a thin aluminum oxide layer was expected, the 2 nm iron layer may have acted as a
passivation layer.
In fig. 2.23 the XPS spectra of the same sample after a thermal treatment in an

argon and hydrogen containing atmosphere at 800 ◦C for 10 min are presented. The
gas atmosphere during the process was the same like during CNT synthesis, however
no carbon source was involved. It can be seen that the oxygen peak (b) at 530 eV

vanished. It was anticipated, that this was a consequence of the reduction of oxygen
containing carbon species. Furthermore, a peak for alumina was formed during the
thermal treatment. The metallic signal of the Al layer vanished and instead an alumina
signal (c) was found. The signal (d) could be attributed again to iron oxide. Despite
the reducing hydrogen containing gas atmosphere iron oxide was formed. However,
the state of iron at 800 ◦C could not be determined by this examination. The oxygen
spectrum in fig. 2.23 (b) showed no angle dependent variation of the signal shape after
the thermal treatment. Within the penetration depth of the XPS method no evidence
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Figure 2.23: Substrate after
thermal treatment at 800 ◦C
in an argon atmosphere.

of a layer system could be found anymore. It was anticipated that the layer system
was destroyed by the thermal treatment and the aluminum layer melted. Instead a
mixture of small alumina and iron oxide volume elements may have formed possessing
homogeneous properties.
There were two possible oxygen sources for the oxidation of the aluminum layers during
the heating process. Part of the oxygen could have originated from the iron oxide and
did diffuse into the aluminum at higher temperatures. The second source may have
had its origin in the oxygen that was contained in the argon gas itself.

The aluminum interlayers were introduced to enhance the growth of highly vertically
aligned CNT [84–86]. In order to investigate the influence of the interlayer thickness
on the growth of in-situ iron-filled CNT, substrates with 1, 10 and 100 nm of aluminum
were employed. Since the formation of in-situ filled CNT also depends on the precursor
mass flow each type of substrate was used in experiments with different preheater
temperatures (70, 100 and 130 ◦C). The influence of the precursor mass flow will be
discussed in the following section 2.3.4 on page 63.

In fig. 2.24 samples produced at the same process conditions especially the same
sublimation temperature of 70 ◦C but employing different substrates are shown. Each
column represents a different thickness of the aluminum interlayer with 1, 10 and 100 nm,
respectively. The samples were at different positions in the furnace but grown during
the same experiment. In the first row the samples were produced at Treac = 800 ◦C.
The samples in the second row were grown at Treac = 830 ◦C. The total reaction time
was 30 min. As visible in fig. 2.24 iron-filled CNT were formed on all substrate types.
However, the best results were obtained on a 10 nm thick Al interlayer. Also on 1 nm

at 800 ◦C and 100 nm at 830 ◦C a certain amount of aligned CNT grew. However, they
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Figure 2.24: Samples produced at Treac = 800 ◦C (a-c) and Treac = 830 ◦C (d-f), Al-interlayer of
1 nm (a,d), 10 nm (b,e) and 100 nm (c,f). Sublimation temperature of 70 ◦C. The scale bar is 2 µm.

were of minor quality in comparison to the CNT grown on 10 nm aluminum layers
independent of the temperature.
In fig. 2.25 the results for a sublimation temperature of 100 ◦C and a process time

of 10 min are shown. All other process parameters were identical to the previously
described experiment. Aligned iron-filled CNT grew on both 10 nm and 100 nm thick
Al interlayers. However, the quality of CNT grown on the former were of better quality.
On 1 nm aluminum layers only CNT of poor quality were formed.
In fig. 2.26 on page 63 the results for a sublimation temperature of 130 ◦C and

a process time of 10 min are shown. All other process parameters were identical to
the other two experiments. The formation of long and aligned iron-filled CNT was
only obtained on 10 nm thick Al interlayers. In the two other cases the formation of
amorphous structures and poorly shaped CNT dominated.

It has been reported [84–86], that aluminum layers enhance the formation of vertically
aligned CNT. Iron as catalyst on alumina layers gave good yield of CNT and it was
stated, that especially the catalyst particle size was stabilized by the interaction between
the alumina and iron. It was also found that the thickness of the aluminum layers plays
a role. The results gave evidence for the influence of the interlayer on the formation of
the carbon structures. In the present work, the effect of the interlayer on the formation
of in-situ iron-filled CNT was only indirectly regarded by evaluating the morphology of
the CNT.

Depending on the thickness of the interlayer the results of the grown carbon structure

61



Synthesis of filled carbon nanotubes

Figure 2.25: Samples produced at Treac = 800 ◦C (a-c) and Treac = 830 ◦C (d-f), Al-interlayer of
1 nm (a,d), 10 nm (b,e) and 100 nm (c,f). Sublimation temperature of 100 ◦C. The scale bar is 2 µm.

showed different morphologies. Almost no CNT formation was observed for 1 nm
thick Al layers as can be seen in fig. 2.25(a),(d) and fig. 2.26(a),(d). Only for a longer
reaction time and a low precursor sublimation temperature a significant amount of
CNT was formed fig. 2.24(a),(d). It is likely, that such thin layers were not closed or
partly vaporized during the CNT synthesis. The formation of amorphous structures
suggested that these thin layers did not prevent the formation of larger metal catalyst
islands on the substrate. These results showed, that the 1 nm Al interlayer did not
enhance the formation of aligned in-situ iron-filled CNT. The results were comparable
to the growth of iron-filled CNT on silicon substrates [136].

For 100 nm Al interlayer different results were observed and in fig. 2.24 (f) and
fig. 2.25 (f) aligned CNT are shown. For other process conditions no CNT but rather
amorphous carbon and iron containing structures were formed, as shown in fig. 2.26 (c)
and (f). Since the melting temperature of aluminum is about 600 ◦C, one reason might
have been the melting of the relatively thick layer due to the reaction temperature of
about 800 ◦C. Thus, the formation process of highly crystalline CNT was disturbed
and the CNT were of lower quality. Also on these substrates a relatively hight amount
of amorphous structures was formed. As the XPS measurements showed, aluminum
did convert into alumina during the heat treatment. However, since the XPS is a very
surface sensitive method, investigations of the deeper bulk were not possible.

The best results were obtained on 10 nm thick aluminum layers, as can be seen
in fig. 2.24(b),(e), fig. 2.25(b),(e) and fig. 2.26(b),(e). These layers were stable under
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Figure 2.26: Samples produced at Treac = 800 ◦C (a-c) and Treac = 830 ◦C (d-f), Al-interlayer of
1 nm (a,d), 10 nm (b,e) and 100 nm (c,f). Sublimation temperature of 130 ◦C. The scale bar is 2 µm.

the given process conditions. Even though XPS could only measure the substrate
surface, the complete oxidation during the growth process was likely. The synthesis on
these layers showed the best results for all process conditions. It could be concluded,
that these layers did support the formation of separated iron catalyst particles and
enhanced the growth of aligned iron-filled CNT.

2.3.4 Role of the precursor mass flow

Besides the influence of the interlayer a significant effect of the precursor mass flow was
anticipated. In order to investigate its influence the ferrocene precursor was sublimated
at different temperatures. The morphology of the resulting CNT was assessed.

The average precursor mass flow was determined by measuring the difference between
the initial weight and the weight after the synthesis divided by the sublimation duration.
The mass flow was estimated from the Clausius-Clapeyron eq. 2.7.

ln ppre = −B
T

+ A (2.7)

Whereas B is defined by the enthalpy of sublimation ∆subHm

R
devided by the universal

gas constant R = 8.314 J
mol K

. The term A is determined by ∆subHm

R T∗ were T∗ represents
the room temperature (298.15 K). The B and A value of ferrocene are 8830.89 K and
29.63 respectively. Their calculation was based on the sublimation enthalpy value
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of ∆subHm = 73.420 kJ
mol

[137]. The partial pressure pi of the gaseous precursor is
proportional to the mole fraction xi.

pi = xi p =
ni

ni + nT
p (2.8)

In this relation ni and nT are the mole of the precursor and the mole of the transport
gas (argon) respectively. Assuming an ideal gas the mole flow of the transport gas ṅT is

ṅT =
V̇T
Vmol

(2.9)

whereas Vmol is the molare volume. After converting eq. 2.8 to ni and inserting eq. 2.9
the mole flow of the precursor can be calculated.

ṅi =
V̇T
Vmol

pi
p − pi

(2.10)

From this relation one obtains the mass flow by multiplying eq. 2.10 with the molare
mass of the precursor (ferrocene 0.186 kg

mol
). A comparison of the theoretical estimated

and the experimental determined mass flow is shown in fig. 2.27. At temperatures below

Figure 2.27: The image shows the
theoretical estimated (red) and the
experimental measured (blue) mass
flow as a function of the preheater
temperature.

363 K the theoretical and experimental values match quite well. For temperatures
above the measured values (blue curve) are below the theoretical estimation (red curve).
In the following the results concerning the CNT morphology depending on the

precursor mass flow are presented. The carrier gas composition and flow, the set point
temperature and type of substrates were kept constant.

The sublimation behavior and the resulting mass flow depends on the specific setup
used and especially the gas flow conditions [81, 105, 106]. In tab. 2.4 the gas flow,
the temperature and the achieved mass flow between literature [133] and the present
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work are opposed. In both cases a geometrically comparable setup has been used. The

Table 2.4: Comparison of different sublimation temperatures and
resulting ferrocene mass flows.

literature [133] present work
carrier gas flow 120 sccm 150 sccm

T in K ṁ in mg/min ṁ in mg/min
343 – 0.84
373 1.8 2.34
403 – 6.78
453 12 –

experimentally obtained mass flow differs. That illustrates the necessity to determine
the mass flow of the metallocene for each setup separately. Parameters such as the
employed initial mass and the resulting surface to volume ratio do influence the
sublimation behavior. Furthermore, the gas flow behavior above the solid powder does
also alter the sublimation behavior. These effects were not studied in the present work
in detail. However, it should be mentioned that the used setup might have produced a
vacuum above the ferrocene containing quartz boat since the gas entered the furnace
through a tube with a diameter of 1 cm. From the volume flow in the tube an average
gas velocity of v = 0.03 m

s
could be estimated. This might have been one reason for

the higher sublimation rate in the present work in comparison to [133]. In tab. 2.5 the
sublimation temperature and the resulting precursor mass flow of the present work
are listed. The first column contains the aluminum interlayer thickness of the used
substrates.

Table 2.5: The table corresponds to the samples shown
in fig. 2.28. The field tabs contain the precursor mass flow in mg

s .
The first column lists the thickness of the aluminum interlayer.

Tpre = 70 ◦C Tpre = 100 ◦C Tpre = 130 ◦C

Al1 0.012 0.03 0.083
Al10 0.02 0.03 0.09
Al100 0.013 0.05 0.167

In order to determine the influence of the precursor mass flow, the morphology of
the filled CNT was investigated. Fig. 2.28 gives an overview about samples grown at
the same reaction temperature of Treac = 800 ◦C and a carrier gas flow of 150 sccm.
The reaction time was 10 min. The arrangement of the sample images is similar to
the entries of tab. 2.5. In the first row a substrate with an aluminum interlayer of
1 nm, in the second row 10 nm and in the third row 100 nm were employed. Moreover,
the columns represent the results for the precursor sublimation temperatures of 70 ◦C,
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100 ◦C and 130 ◦C, respectively. The insets show the corresponding top view of the
sample. The samples show a dependency on the interlayer properties as discussed in

Figure 2.28: Samples produced at different precursor mass flow and aluminum interlayer thickness.
Each column represents a different sublimation temperature of 70 ◦C, 100 ◦C and 130 ◦C respectively.
Each row represents a different thickness of the aluminum interlayer of 1 nm, 10 nm, and 100 nm
respectively. The samples were produced at Treac = 800 ◦C. The inset shows the sample from top.

the previous section (2.3.3). The growth on 1 nm thick interlayer did result in rather
short and low quality CNT for a low and medium precursor mass flow of 0.012 mg

s

and 0.03 mg
s
, respectively. At the highest mass flow of 0.083 mg

s
mainly amorphous

and spherical particles with high diameter were formed. Only few CNT could be
found on these samples. The same characteristics were observed for the growth on
substrates with a 100 nm thick aluminum interlayer. Also the samples grown on a
10 nm aluminum interlayer showed, that with an increasing sublimation rate and thus
increasing precursor mass flow the quality of the CNT diminished. However, the quality
of the CNT was better than in comparison to the other two substrate types. With
rising precursor mass flow the length of the CNT increased.
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In order to gain further insight into the influence of the precursor mass flow on the
morphology of the filled CNT especially the bottom part of the CNT carpet close to
the substrate surface was investigated in detail. In fig. 2.29 a sequence of samples
grown at a process time of 10 min is shown. The samples showed, that with increasing
precursor mass flow the alignment of the CNT was reduced and the defect density
increased. To provide a comparison between different samples the following defect
density was defined. First, an area of 1×1 µm2 was selected on each sample. Second,
the line density of CNT within this area was determined by counting the CNT along
the bottom line of the box. This was followed by counting defects within the selected
area. At last the number of defects was related to the CNT line density. Only defects
that could be resolved by SEM were taken into account. Furthermore, only one obvious

Figure 2.29: The image shows the bottom part of the CNT carpet near to the surface. The red box
is equivalent to a 1×1 µm2. The white circles mark significant defects.

defect per CNT was counted. As defects either kinks, spherical sections or branches
were considered. The defect density is presented in tab. 2.6. The table shows the
results of samples grown at 800 ◦C on substrates with 10 nm Al and 2 nm Fe, since
these parameters corresponded to the best growth conditions.

Table 2.6: Comparison of different sublimation temperatures and
resulting ferrocene mass flows (comp. fig. 2.29). Furthermore, the
CNT density, defect density and the average CNT diameter is
given.

sublimation temperature in ◦C 70 100 130
mass flow in mg

s 0.02 0.04 0.09
CNT density in 1/µm 18 16 19
defect density 8 12 17
average diameter in nm 55 63 53

In fig. 2.30 another sequence of samples is shown. Besides all synthesis parameters
were kept constant, the total growth time was 30 min instead of 10 min. The samples
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showed, that with increasing precursor mass flow the alignment of the CNT was reduced.
The average CNT diameter was slightly higher than in the immediately preceding

Figure 2.30: The image shows the bottom part of the CNT carpet near to the surface. The red box
is equivalent to a 1×1 µm2. The white circles mark significant defects.

example (tab. 2.6). Thus, the CNT line density is slightly less. As expected the total
length of the CNT was higher. However, the process time did not affect the defect
density of the in-situ iron- filled CNT.

Table 2.7: Comparison of different sublimation temperatures and
resulting ferrocene mass flows (comp. fig. 2.30). Furthermore, the
CNT density, defect density and the average CNT diameter is
given.

sublimation temperature in ◦C 70 100 130
mass flow in mg

s 0.01 0.03 0.1
CNT density in 1/µm 16 12 16
defect density 8 10 16
average diameter in nm 63 83 63

The experimental results revealed an increasing defect density especially at the
bottom part of the CNT carpet that could be correlated to the increasing precursor
mass flow. The lowest mass flow was still sufficient to form highly iron-filled CNT
which was proofed by BSED investigations. However, due to limitations of the setup
the sublimation temperature could not be reduced further.
The issue of excess carbon in the initial phase of the CNT formation that occurs

close to the substrate surface is shown in fig. 2.31. Large iron containing particles
formed and this disturbance of the initial growth phase compromised the formation
of aligned and continuously iron filled CNT. After the initial growth phase either the
formation of CNT took place or further amorphous structures accumulate, as can be
seen in fig. 2.32(c). The first two samples fig. 2.32(a) and (b) were synthesized at low
precursor mass flows and the formation of aligned CNT was observed.

68



Synthesis of filled carbon nanotubes

Figure 2.31: Excess iron on the substrate
surface led to the formation of large spherical
iron containing particles. The lower part of the
image shows the atomic number contrast (back
scattered electrons).

The effect of the precursor mass flow on the morphology and properties of iron filled
CNT should not only be visible in electron microscopy studies. The crystallinity of the
carbon shells was therefore also measured by Raman spectroscopy. For example, the
crystallinity of the carbon shells of iron filled CNT increases with rising temperature [28,
29, 132, 133]. The influence of the mass flow however is not as straight forward. It is
assumed by the author, that a low catalyst concentration in the gas phase is favorable
for the growth of CNT. At high concentrations the catalyst tends to disturb the
CNT formation process. At a too high concentration no formation of CNT occurs
and instead large iron containing amorphous particles are formed which can be seen
in fig. 2.32(c). The intensity ratio ID/IG between the G-band and D-band increased with
an increasing mass flow indicating that for a given temperature the number of defects in
the sample did accumulate. The images of the samples illustrate an enhanced formation
of amorphous particles with increasing ferrocene mass flow. Still the crystallinity of
CNT them self might not be reduced but amorphous structures accumulate on the
sample. These defect rich structures intensify the signal of the defect band (D-band).

Besides the effect of the formation process on the carbon shell structure, the morphol-
ogy and properties of the iron filling should also reveal a dependency on the precursor
mass flow. The AGM measurements in fig. 2.33(a) and fig. 2.33(b) on page 71 show the
in-plane and perpendicular normalized component of the magnetization, respectively.
The data belongs to the same samples which were measured by Raman spectroscopy.
An increasing inhomogeneity of the perpendicular and in-plane magnetization has been
observed. This was due to the high amount of spherical, isotropic iron particles in the
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Figure 2.32: The figure shows the Raman spectra of samples grown at different ferrocene mass flows.
The red, green and blue spectra correspond to the mass flows of 0.8, 2.3 and 6.7 mg

min respectively. The
ratios ID/IG are 0.69, 0.71 and 0.81.

sample. The AGM measurements indicated the increasing existence of spherical iron
particles. The signals related to the magnetic properties of the iron filling show the
same tendency that was found by electron microscopy and Raman spectroscopy.

As it turned out the mass flow of ferrocene had an important impact on the quality
of both the carbon shell structure as well as the filling. Since both the formation of the
carbon shell and the filling occurred at the same time they are strongly interlinked. For
the formation of a completely filled CNT the carbon structure and the filling should
grow at the same rate.

For discussing the influence of the precursor mass flow the term effective mass flow
was introduced in order to describe the difference between the absolute mass flow that
can be measured in the experiment and the mass flow the occurs at the position of the
substrate. Unfortunately, the effective mass flow is hardly measurable. It depends inter
alia on the actual gas flow behavior in the furnace and the temperature. The mass flow
is especially important in the floating catalyst CVD since the catalyst is present at all
positions in the reaction furnace. A very high concentration of the precursor in the
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(a) (b)

Figure 2.33: AGM measurements of samples produced at different ferrocene mass flows. In (a) the
normalized in-plane components and in (b) the perpendicular components of the magnetization are
shown.

gas phase leads to an increased collision probability of molecules and thus to reactions
within the gas phase but also on the substrate. As the experimental results have shown,
if the mass flow is to high the formation of CNT is disturbed or even hindered. Of
course, if the mass flow is to high depends also on the employed substrates and the
reaction temperature. However, the formation of CNT at a high precursor mass flow on
suitable substrates (Al 10 nm) at appropriate temperatures (800 ◦C to 830 ◦C) showed
a higher defect density in comparison to a lower mass flow.
Furthermore, it might be concluded that the defect enriched initial state of the

in-situ iron-filled CNT resulted from a depletion of reactive carbon species at the CNT
formation site. Even though the carbon to iron ratio in ferrocene (10:1) is preferable for
the formation of a continuous filling, the amount of carbon might have been insufficient
in the initial state. The depletion effect is further enhanced by the additional iron
catalyst layer. Almost no unfilled CNT and amorphous structures were found and
BSED contrasts near the substrate CNT interface always reveal a high amount of
iron within the structures. Nevertheless, the additional catalyst layer is important for
controlling the diameter and its distribution. But slightly more carbon for the initial
state seems to be necessary. Thereby it should be possible to prevent the formation of
spherical and v-shaped defects of the carbon shell around spherical iron particles.

2.3.5 Discussion of the combined growth mode

In this section the VLS mechanism together with the combined growth mode, as it
was suggested by Kunadian et al. [120], will be used to discuss the formation of in-situ
iron-filled CNT. Its applicability to the formation of in-situ filled CNT is examined

71



Synthesis of filled carbon nanotubes

and modifications are supposed that are motivated by experimental observations of the
present work. Beyond this the influence of the mass flow will be considered in order to
explain the formation of different morphologies of the filling.

For the formation of in-situ iron-filled CNT activation energies were determined
to 0.4 eV/atom on bare and 0.5 eV/atom on catalyst supported substrates, respec-
tively [101]. The growth rate as a function of temperature was measured and the data
was evaluated by assuming a kinetically controlled behavior, so that the Arrhenius-law
was applicable. However, the assumption of a kinetically controlled process should be
discussed further. The Arrhenius-law can be applied if there is a reservoir of reagents
and the reaction rate does only depend on the temperature. In this ideal case the
reagents in the reservoir do not interact with each other but solely into the desired
products at a temperature given rate. However, this can not be assumed in the case of
the synthesis of filled CNT on the basis of ferrocene. The ferrocene starts to decompose
at temperatures (≈700 ◦C) that are far below the temperature that is necessary for the
formation of filled CNT ( 800 ◦C) by thermal CVD. The decomposition fragments do
interact with each other forming new structures at the given temperature. That means,
if the temperature and thus the kinetics for the formation of CNT is not high enough
different structures will be formed. Moreover, if the concentration of reagents is very
high, these reactions will also disturb the formation of CNT. For that reason prevailing
amorphous structures instead of CNT were found at high precursor mass flows. In
part, a higher reaction temperature and a lower effective precursor concentration could
reduce these unwanted side reactions.

How are the experimental observations related to the growth mechanism of in-situ
filled CNT? In advance, it should be stated, that no open tip growth (section 2.2.3
on page 44) is assumed in the present work since it is, in agreement to [115, 123–127],
unlikely that under thermal CVD conditions an open tip growth process occurs. The
following two possibilities fig. 2.11(A) and (B) (page 45) are available for the formation
of CNT with closed tips. If a closed fullerene-like carbon cap forms a closed tip (A) the
CNT can not be filled anymore. In contradiction to this in the tip growth mode the
catalyst particle is located at the tip of the growing CNT (B). Its exposed surface allows
for the decomposition of hydrocarbons which dissolve in the particle and diffuse on the
surface or through the volume of the particle. Now, under floating catalyst conditions,
it is assumed that besides hydrocarbons also metal catalyst particles get in contact
with the particle on the tip. The particles volume can increase and while carbon shells
are formed also the catalyst particle grows and elongates. That means a tip-growth
mode like behavior is proposed in the present work, where the filling is formed by
subsequent addition of filling material to a existing particle at the tip. Furthermore,
it is suggested that the filling and the carbon shells have to grow at the same rate in
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order to get a continuous filling. This proposed mode, that is a particular case of the
VLS mechanism should be discussed, whether to explain the observed experimental
results and should furthermore be able to predict new experimental results.

A number of different kinds of defects have frequently been observed in the growth
of in-situ filled CNT. The most obvious characteristics of the filling is the discontinuity
of the metal nanowires inside of a CNT. Other observations are branches and v-shaped
defects in the CNT morphology that were found especially close to the substrate but
also in the middle and top of CNT structures. Typical examples investigated by SEM
and TEM are presented in fig. 2.34. These defects are most likely to occur in floating

Figure 2.34: The image shows some impressions of typical defects that have been observed. The
first row are SEM and the second row TEM images, respectively.a

aTEM images private communication with Dr. Christian Müller (IFW)

catalyst methods and especially in the synthesis of filled CNT. In the following the
morphological particularities will be explained in the frame of the discussed growth
mechanism.
In the very beginning of the formation process, which is also called the nucleation

state, the catalytic decomposition of hydrocarbons starts at the catalyst particle surface.
Atomic carbon from the decomposition starts to dissolve into the particle and additional
metal from the gas phase is added. Therefore the volume of the catalyst particle but
also the carbon concentration alters. It is most likely that no stable carbon cap is
formed under these conditions. Thus, a base growth mode is not likely. Nevertheless,
the particle starts to grow and since the carbon shells are formed the particle elongates
as well. The situation is shown in fig. 2.13(D) (section 2.2.4 on page 47). A particle or
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Figure 2.35: Typical morphologies and defects
that have been frequently observed are sketched
in this image. A) shows the branching of a CNT
during growth. B) shows an empty CNT tip and
a kink that is directly related to a catalyst
particle, however, kinks were also formed
without a particle next by. C) shows the most
common case, an interruption of the filling and
a spherical particle in the tip. D) shows a
continuous filling.

the upper part of the existing filling allows for a tip growth mode like behavior. The
complexity and diversity of possible reactions during the growth of in-situ filled CNT
leads to different kinds of defects. The most frequent defects are illustrated in fig. 2.35.
The occurrence of branches fig. 2.35(A) is a consequence of a too high supply rate of
catalyst (iron) material at the tip of CNT and either spherical or v-shaped particle
form. The upper edges of the v-shaped particle often act as new catalytic active sites
and as long as more carbon is added the formation process of CNT can continue. In
addition, in-situ transport measurements inside TEM have shown, that branches indeed
are often continuous with respect to the filling [138]. That means that no closed cap
forms and the new CNT are not added from the gas phase but grow directly from the
catalyst particle.

A particle on the tip of a forming CNT, as it is shown in fig. 2.11(B), could also
allow for a base growth mode like process. This can lead to the formation of an empty
CNT part as it is shown in fig. 2.35(B). Especially the upper parts of CNT show
this behavior. Since the particle covers itself with carbon, the growth process stops
because no catalytically active particle is available any more. The kink itself fig. 2.35(B)
is formed similar to the branch, however only one edge gives rise to further CNT
formation.

As the filling is formed, it might happen, that due to surface tension a part of the
already existing filling at the top of the CNT departs forming a separated catalyst
particle. This particle could either increase in volume due to the further addition
of filling material or it just leads to the formation of an empty CNT section. The
former would lead to another separated filling section as the middle part of the CNT
in fig. 2.35(C) shows. The latter corresponds to the upper part of the CNT in fig. 2.35(C).
As the spherical particel indicates, this part is most likely formed by a tip growth
mode. It is proposed that interruptions in the filling occur due to separation of smaller
fractions from an already existing filling. An indication for the splitting of the filling
due to the ratio between the surface and volume energy has been observed in transport
measurements [138]. During the transport small fractions separated from longer fillings
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and formed spheres. However, the empty section might also be formed in a tip growth
mode if a small part of the metal nanowire separates from the rest. In that case the
formation of the filling can start again, if the supply with metal increases again.

A continuous filling fig. 2.35(D) occurs if the appropriate amount of iron and carbon
is available at the CNT forming site. The constant adding of filling material and carbon
leads to the formation of a continuous filling. Within the proposed mechanism the
growth of the walls and the filling occur at the same rate. Since this is not very likely,
a continuous filling depends on optimal process conditions. Excess carbon would lead
to empty CNT while excess iron would form large particles that prevent the CNT
formation. If there is a sufficient supply rate of metal catalyst material the filling grows
at the same rate as the carbon shells. In that case the tip of the CNT is closed by
a catalyst particle during the growth process (comp. fig. 2.11(B)). At the end of the
process a fullerene-like cap will be formed (comp. fig. 2.35(D)).
From the discussion it is concluded, that the tip growth mode is the dominating

mode in the formation of in-situ iron-filled CNT. The growth can switch between
base and tip growth mode depending on whether the catalyst particle on top remains
anchored to the already existing structure or if a small amount departs. However, that
is in contrary to other explanations [101, 120]. In the cited literature the tip growth
mode was only discussed as a secondary mode after the growth of the CNT was finished
and new CNT were formed on top. Here it is described how the tip growth can explain
the typical morphology of filled CNT without assuming the rather unlikely occurrence
of an open tip or diffusion of liquid-like particles inside of existing tube on relatively
large length scales [65, 139].
Which predictions can be expected from the combined growth mode of the VLS

mechanism? The mass flow and resulting supply rate of the filling material is a
crucial parameter in the formation of in-situ filled CNT. Different morphologies may
be obtained by tuning the carbon to iron ratio. Excess carbon would lead to partially
filled CNT. However, kinks and branches can not be ruled out but it was shown, that
material that was grown at higher temperatures possessed a higher crystallinity and
thus less defects. All discussed defects are strongly correlated to the amount of the
metal catalyst (iron) in the gas atmosphere of the reactor. The experimental results
suggest, that a high concentration increases the probability of a defect formation. If
the mass flow is to high, the volume of the catalyst particle at the tip increases and
a spherical or v-shaped defect is formed. If the mass flow is low the particle volume
does not increase and only the decomposition of hydrocarbons and the precipitation
of carbon as CNT shells occurs. A deficiency of catalytic active metal leads to the
formation of unfilled CNT. Only if sufficient metal is added at the same rate as the
carbon for the shells a CNT with a continuous filling will be formed.
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2.4 Synthesis of iron carbide filled CNT

2.4.1 Experiments

As mentioned in the previous chapter 2.3 CNT can be synthesized by using the liquid
source thermal CVD. The employed setup for the aerosol based LSCVD process is
presented in fig. 2.36. The setup consisted of three main parts. The first was a self
developed external reservoir for the precursor solution ( A in fig. 2.36). The second
part was the nebulizer nozzle. The feeding of the nebulizer nozzle (Meinhardt) with
the precursor solution was controlled by a valve (E in fig. 2.36). The third part was
the quartz tube reactor with the furnace.

Figure 2.36: The setup for the aerosol based thermal CVD consists of a
reservoir A , a nebulizer nozzle B and the reaction furnace C . The reservoir
can be flushed with an inert gas (A). The precursor liquid is introduced into the
reservoir through the grind (B) and stored in the reservoir (C). (D) denotes the
pressure compensation tube. For the reaction process the liquid flows through the
valve (E) into the feeding tube of the nebulizer.

The LSCVD synthesis of iron carbide filled CNT was carried out at atmospheric
pressure. For the growth of CNT, silicon substrates with 1 µm of thermal silicon
oxide covered with 10 nm of aluminum [85] and 0.5 nm of iron as catalyst on top were
employed.
The following steps were performed during an experiment. First, the precursor solution
was prepared by dissolving 60 mg ferrocene in 1 ml 1,2-dichlorobenzene (C6H4Cl2) [30].
Second, the precursor solution was stored in the reservoir and the setup was flushed
with argon. The argon entered the setup through the inlet (A). Afterwards the argon
flowed through the flue (exhaust) and the pressure compensation tube (D). The nozzle
was flushed with argon as well. After the flushing step the furnace was heated and
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as it has reached the set point temperature the valve (E) was opened. A fast Ar gas
flow (see fig. 2.36) generated a vacuum at the tip of the nozzle and the solution was
sucked into the feeding tube of the nebulizer. The pressure compensation tube (D)
prevented the formation of a lower vacuum in the reservoir than at the nozzle tip. The
nozzle was operated with an argon gas flow of 300 sccm and generated a fine nebula of
the precursor solution. In order to dilute the nebula and ensuring an efficient transfer of
the precursor into the reaction zone, an additional gas mixture was added (see fig. 2.36).
An additional gas flow of 300 sccm hydrogen and 400 sccm argon was fed into the oven,
respectively. The average gas velocity in the furnace depends on the cross section. For
a given volume flow (V̇gas) and cross section (Afurn) the velocity vgas can be calculated

vgas =
V̇gas
Afurn

(2.11)

From vgas the average retention period of a gas volume in a certain region of the
furnace can be calculated. With an inner furnace diameter of 3.4 cm and a total gas
flow of 1000 sccm, the average gas velocity amounts to 94 cm

min
at room temperature.

Therefore the average retention period of a gas volume of 1.0 cm3 in a section of≈0.1 cm

in length was ≈0.07 s. For the CNT growth, the oven temperature was set to 830 ◦C

for a reaction time of 10 min. In order to stop the growth process the valve (E) was
closed and the nebula generation was finished by interrupting the argon gas supply. At
the end the furnace was slowly cooled down to room temperature.

2.4.2 Results and discussion

After the synthesis the morphology of the CNT shells and the magnetic properties of
the filling of single CNT were investigated.

2.4.2.1 Structure and synthesis

The CVD synthesis according to the preparation method and parameters described
above resulted in multi-walled CNT films on substrates as well as the inner furnace
wall. The iron carbide filled CNT were investigated using a 300 kV transmission elec-
tron microscope2. In order to prepare samples for TEM studies, as-grown CNT were
dispersed and thoroughly sonicated in acetone. This dispersion was dropped on a potas-
sium bromide single crystal and the resulting hydrophobic nanotube film was floated
off by distilled water and collected on a standard copper TEM grid. Additionally, small
parts of the substrate with the as-grown material were placed vertically into a special
TEM holder. Furthermore, electron backscattered diffraction (EBSD) measurements

2TEM, FEI Tecnai F30
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were performed in a scanning electron microscope3 equipped with a HKL Channel 5
detector.

A high fraction of the CNT contained single crystal iron carbide nanowires (fig. 2.37).
However, for a vast and statistically validated study the amount of material was too
little. The outer diameter of the nanotubes ranged from 20 nm to 60 nm. The average

Figure 2.37: TEM image of iron carbide
filled CNT. The typical outer diameter is
35 nm. Iron containing particles are
visible.

values of the carbon shell thickness 5± 2 nm were smaller than values reported for
iron-filled CNT [28, 29]. SEM studies revealed a typical CNT length in the range
of 10 µm to 40 µm and continuous iron carbide fillings of several hundred nanometers
length. Smaller iron carbide particles inside CNT were previously reported [140–143].
In fig. 2.38, a high resolution TEM micrograph of a CNT section with an iron carbide
filling is presented. The inset shows the Fourier transform of the partial image of the
filling, revealing lattice parameters corresponding to Fe3C. This was observed for more
than 90 percent of the filled CNT investigated in this particular study. Complementary
EBSD measurements confirmed the tube filling to be Fe3C. Larger spherical particles
were identified as α-Fe, as visible in fig. 2.37. Furthermore it was found, that the [010]

axis of Fe3C was generally aligned parallel to the nanotube axis leaving the [001] axis
to point perpendicular to the nanotube axis.
A possible explanation for the preferred orientation of the iron carbide filling is the
interaction between the carbon shells and the filling. The shell puts a pressure on
the filling [61, 65] inducing a stress. If the elastic modulus Eb of the anisotropic
orthorhombic system is larger than Ea and Ec the crystal might orient itself to minimize
the stress.

3LEO 1530 FEG

78



Synthesis of filled carbon nanotubes

Figure 2.38: High resolution TEM image
of a CNT showing the crystal structure of
the filling. The inset shows the respective
Fourier transform corresponding to Fe3C.

The synthesis of iron-filled CNT based on solid powder ferrocene was previously
reported 2.3. In most cases a dominating α−Fe phase of the filling was found [28, 58].
Using iron as the catalyst, a metastable iron carbide can be formed as intermediate
phase during the growth of carbon nanotubes. The role of iron carbide during the
CNT formation was, e.g., investigated and discussed by Schaper et al. [141], who
observed the segregation of graphene layers out of iron carbide by in-situ TEM measure-
ments at 875 ◦C. The metastability of iron carbide is associated with its positive enthalpy
of formation. Calculations by Shein et al. [144] and experiments by Meschel et al. [145]
yield values of 21.2 kJ

mol
and 4.7 kJ

mol
, respectively. The thermodynamic instability implies

that the formation is only possible in a non-equilibrium process. In order to stabilize
the iron carbide phase the presence of other Fe phases [146] or inclusion in confining
structures such as multi-walled carbon nanotubes [142] are required.

In the experiments performed in the present study, ferrocene was dissolved in an
organic 1,2-dichlorobenzene solvent. An increase of the concentration of reactive carbon
species for the formation of CNT in contrast to experiments using solely ferrocene as a
precursor was anticipated [28]. Wang et al. [30] and the present study used comparable
precursor solutions. However, the major phase of the CNT filling differs. In contrast to
the Fe3C found in this work, Wang et al. reported α−Fe and γ−Fe filling. The different
results may partly be explained by the difference in which the precursor solution was
brought into the reactor. In the present work, the solution was directly sprayed into
the reaction zone, whereas Wang et al. fed the precursor solution into a preheater zone
where it was evaporated. This and other differences of the experimental setup might
led to the observed differences in the obtained products.

The basic chemical reaction of ferrocene and 1,2-dichlorobenzene in the presence of
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hydrogen during the growth process is given in eq. 2.12. However, the equation is not
stoichiometrically balanced. The presence of hydrogen promotes the decomposition
of ferrocene [57] and also the formation of benzene and hydrogen chloride (HCl)
from 1,2-dichlorobenzene.

2 Fe(C5H5)2 + 4 C6H4Cl2 + H2
T=800 ◦C−−−−−→ 2 Fe + 3 Cl2 + nC + m CkHl + C6H6

+ 2 HCl (2.12)

The formation of hydrogen chloride was experimentally confirmed by measuring the
pH-value of the exhaust gas. Below Treac = 430 ◦C no change in the color of the unitest
paper has been observed. Above this temperature the unitest paper turned dark red,
indicating the formation of gaseous HCl. The reactions of iron and chlorine can be
described by the following equations fig. 2.13.

2 Fe + 3 Cl2 −→ 2 FeCl3

2 FeCl3
T>220 ◦C−−−−−→ Fe2Cl6

Fe2Cl6
T>750 ◦C−−−−−→ 2 FeCl2 + Cl2 (2.13)

whereas an iron-chloride dimer forms (second row in eq. 2.13) which easily sublimates at
the given temperature range of 800 ◦C to 850 ◦C. These reactions reduced the amount
of iron for the formation of iron-filled CNT and it is likely that smaller catalyst particles
were formed. Which in its turn led to the formation of thinner CNT [30]. Furthermore,
the iron carbide, that is often found as a transition state of the catalyst particle [141],
is much more stable than iron particles against reactions with chlorine. This may have
led to an enrichment of iron carbide as filling phase.

There were likely two different effects that led to the formation of thin walled CNT.
The first was the etching effect of the chlorine due to its reactions with carbon. The
second was the reaction of chlorine directly with iron. Actually, using an organic solvent
increased the carbon to iron ratio and filled CNT with a large number of carbon shell
could be expected. However, it was anticipated that 1,2-dichlorobenzene did not act
as an efficient carbon source in the formation process of CNT in the present work.
The inertness of the stable aromatic molecule under the given synthesis conditions was
verified by experiments using solely 1,2-dichlorobenzene as carbon precursor. Substrates
of alumina with a thin iron layer as catalyst were used (Al = 10 nm, Fe = 1 nm). The
amount and composition of gas mixture and the reaction temperature were kept
constant. Only the formation of CNT-like structures on the substrates, as shown
in fig. 2.39, but no deposition of carbon structures at the inner wall of the insert
tube has been observed. From these results it has been concluded, that the carbon for
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Figure 2.39: Results of experiments were solely 1,2-dichlorobenzene was used as
precursor. a) Treac = 800 ◦C and b) Treac = 830 ◦C

the formation of the CNT shells was primarily supplied by the ferrocene rather than
the 1,2- dichlorobenzene. Only a small increase of the reactive carbon species had to
be taken into account. The relatively inert organic molecule 1,2- dichlorobenzene could
be used as an inert solvent for the LSCVD.

2.4.2.2 Magnetic properties of iron carbide filled CNT

In order to facilitate MFM measurements, individual CNT had to be preselected. This
was achieved by using oxidized silicon substrates with distinct gold markers allowing for
the localization of separated CNT during scanning electron microscope4 investigations.
First, to obtain the necessary separated CNT, as-grown CNT were sonicated in ethanol
to remove them from the substrate. To ensure homogeneity, the obtained dispersion
was stirred with a mechanical stirrer5 for approximately three minutes. Immediately
afterwards, a small drop of the dispersion was applied to a silicon substrate with unique
gold markers using a micro pipette. Single CNT were localized and imaged by means
of SEM investigations, where their position relative to the marker system was mapped.
For the MFM studies, the corresponding markers could then be located with the optical
microscope, attached to the MFM setup.
For the stray field studies two different MFM devices were employed. The initial

measurements were performed using an atmospheric pressure MFM6 in lift mode. Prior
to the scan, conventional silicon AFM probes coated with 50 nm of CoCrTa alloy were
magnetized along the tip axis. To improve the resolution and avoid a hysteretic tip
sample interaction, a vacuum high-resolution MFM7 with a low moment probe was

4SEM, FEI Nano-SEM
5IKA Ultra-Turrax
6Veeco DI3100
7hr-MFM, Nanoscan
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additionally employed. To exclude topographic and other external influences on the
acquired data, scans were repeated with reversed tip magnetization. Thus, only the
magnetic contribution to the frequency shift is inverted while non-magnetic interactions
remain constant. MFM measurements were performed on iron carbide filled CNT.
Fig. 2.40 shows SEM (fig. 2.40 a,b) and MFM images (fig. 2.40 c,d) of four partially filled
nanotubes. Two of the CNT are nearly completely filled, as visible in the backscattered
electron image (fig. 2.40 b). The MFM measurements were conducted under vacuum
conditions with a low moment hard magnetic tip. For opposite tip magnetization the
MFM maps in fig. 2.40 c and fig. 2.40 d reveal an inverted contrast [66].

Figure 2.40: Four partially filled
CNT. (a) secondary electron SEM
image; (b) backscattered electron SEM
contrast to emphasize the iron
containing filling; (c) and (d) MFM
images, the magnetization of carbide
nanowires normal to the tube axis is
visible. The contrast inversion is the
result of the reverse tip
magnetization (d) [66].

This confirms the magnetic stray field as the origin of the measured signal. The
magnetic contrast is rather homogeneous along the wires indicating a remanent single
domain magnetization perpendicular to the tube axis. For separated monocrystalline
nanowires, it should be emphasized that such a magnetization state has not yet been
reported. During the measurement, neither the sample nor the tip magnetization
changed.
In addition, atmospheric condition MFM measurements employing a high moment

probe were performed using the MFM in lift-modeTM . A section of a Fe3C-filled
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nanotube is shown in fig. 2.41. The direction of magnetization is perpendicular to the
nanotube axis in the image plane. However, now various magnetization changes of
the carbide nanowires caused by hysteretic and non-hysteretic magnetic tip sample
interactions are visible. Some scan lines show signatures of a continuous change of the
nanowire’s magnetization orientation (A in fig. 2.41) or even magnetization jumps (B
in fig. 2.41). Furthermore, magnetization reversals between subsequent MFM lift-
modeTM scan lines are visible that may have occurred during the topographic low
distance scan in tapping mode (C in fig. 2.41).

Figure 2.41: MFM phase shift image of
a filled section of a nanotube. White
represents repulsive and black represents
attractive interactions respectively. The
direction of magnetization (as indicated
by arrows crossing the dashed line) lies
perpendicular to the nanotube axis
(dashed line) in the image plane. It can
easily be seen that the direction of
magnetization switches direction several
times while scanning the tube [66].

The easy magnetization axis usually points along the wire axis due to the high
aspect ratio. A spontaneous or remanent magnetization perpendicular to the wire
axis has been observed only in electrodeposited multilayered nanowires [147, 148],
but not in ferromagnetic single crystal nanowires. Iron carbide (cementite) forms
an orthorhombic crystal structure with an unit cell containing 12 iron and 4 carbon
atoms which corresponds to the chemical formula of Fe3C. There are two possible
configurations for the carbon atom arrangement: prismatic and octahedral [149]. The
prismatic arrangement offers the lowest total energy as well as a magnetocrystalline
anisotropy being one order of magnitude higher than for the octahedral environment.
The lattice parameters are a = 0.4526 nm, b = 0.5087 nm and c = 0.6744 nm where by
convention the c-axis corresponds to the longest lattice parameter. By first principal
density functional theory, the c-axis is predicted to be the magnetic easy axis, with
an energy gain relative to the hard b-axis of 9.8× 105 J/m3. This is supported by
experiment values of 6.97× 105 J/m3 at 20.4 K and 3.94× 105 J/m3 at 290 K [150].
Since it is hard to calculate the domain configuration of a magnetic nanowire, the

critical size of a single domain iron carbide sphere is calculated in order to illus-
trate the problem. However, this is only a rough approximation [151, 152]. Using
A = 8.7× 10−12 J/m for the exchange constant [153], a saturation magnetization
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of Ms = 9.8× 105 A/m, and a magnetocrystalline anisotropy of k2 = 1.18× 105 J/m3

(easy-mid), a critical diameter of 60 nm was obtained. Since the diameters of the
nanowires investigated in the present study are below 60 nm a single domain magnetic
configuration is reasonable.

The observation of the magnetic easy axis perpendicular to the Fe3C wire axis
(fig. 2.40) might be explained by considering the anisotropy contributions. According to
calculations by Arzhnikov et al. [149], the magnetocrystalline easy axis of Fe3C is the
c-axis. The TEM investigations presented above (fig. 2.38) show that the c-axis is about
perpendicular to the wire axis. There is good correspondence between the orientation of
the nanowires’ remanent magnetization (fig. 2.40) and the expected magnetocrystalline
anisotropy. However, the shape anisotropy contribution must be also considered. Using
the room temperature saturation magnetization of Fe3C (Ms = 9.8× 105 A/m) [154],
the shape anisotropy energy density Ks of elongated Fe3C ellipsoids of revolution
yields 3.06× 105 J/m3. The magnetocrystalline anisotropy energy constant of the
magnetic hard axis Kb of Fe3C amounts to 3.94× 105 J/m3 [150]. This value is the dif-
ference of the orthorhombic b and c axes energies, i.e., the magnetic hard and easy axes.
Hence, the ratio of shape versus crystalline anisotropy energy density is 0.7, indicating
that the crystal anisotropy dominates. Nevertheless, the substantial shape anisotropy
contribution of elongated iron-carbide nanowires may control the magnetization rever-
sal. Assuming a homogeneous reversal as described by coherent rotation two different
paths of magnetization reversal might be considered: (i) magnetization rotation in the
a-c plane (via the magnetocrystalline mid-hard axis) and (ii) rotation in the b-c plane
(via the magnetocrystalline hard b-axis supported by the shape anisotropy). The
energy barrier is 1.18× 105 J/m3 in process (i) [150] and 0.88× 105 J/m3 in process (ii).
The latter is simply the difference between Kb and Ks of Fe3C. Thus, rotation in the
b-c plane might be preferred. However, even small deviations from the given energy
constants by, e.g., temperature changes or by deviations from the ideal shape may
support a magnetization reversal via rotation in the a-c plane. The anisotropy field
related to an effective b-c plane barrier is 1.4× 105 A/m which is much smaller than
the respective field of a long iron nanowire. The relatively small anisotropy field of the
carbide nanowires under investigation allows tip-induced switching by high-moment
MFM probes as shown in fig. 2.41.

Single crystal iron-carbide nanowires contained in multi-walled CNT have been
prepared by aerosol-based thermal chemical vapor deposition. Investigations by trans-
mission electron microscopy reveal the crystallographic [010] axis of the orthorhombic
Fe3C nanowires to be predominantly aligned along the nanotube axis. Despite the high
aspect ratio of the Fe3C nanowires, magnetic force microscopy measurements imply
single domain behavior with the easy magnetic axis of the nanowires perpendicular
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to the wire axis. In agreement with the structural results, these findings show that
the magnetic behavior is dominated by the magnetocrystalline anisotropy contribution,
causing the easy axis to be along the [001] direction [66].
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3 Mechanical characterization of
carbon nanotubes

3.1 Approaches for description of mechanical proper-

ties of carbon nanotubes

Carbon nanotubes represent a new class of nano materials with a very high mechanical
strength and stiffness while at the same time possessing a very low density. The high
strength is related to the structure of CNT (sec. 1.1.1) and different methods have
been used to describe and explore their properties. CNT are relatively large molecules
that can reach high aspect ratio. Although the diameters are only several nanometers,
the length can reach several microns and aspect ratio even above 1000 were found.
CNT are a challenge to both theoretical description and experimental investigation.
The structure of single-walled CNT has been modeled by density functional theory
(DFT) for small structures that contain only several hundreds of atoms [155–157].
Larger single-walled CNT were simulated by different types of molecular dynamics
(MD) [158–165], but also multi-walled CNT have been simulated. The usability of
bridged CNT as nano resonators was discussed by Li et al. [166] on the basis of molecular
dynamic simulations using a frame-like structure for the CNT and a type of Lennard-
Jones potential for the interaction between adjacent layers. However, long single-walled
CNT with a high aspect ratio and multi-walled CNT can only be handled at high
computational costs. A possibility of tackling this difficulty is the usage of multi-scale
methods that have been developed for treating most of the CNT as a continuum and
where only local structure details are simulated by MD or DFT [164, 165, 167–169].
The applicability of continuum mechanics for describing the mechanical properties of
carbon nanotubes is especially important for the simulation of larger compounds, but
also for the evaluation of experimental data. Also the simulation of the usability of
CNT in complex setups such as in sensor and actuator applications often requires the
modeling of their properties by continuum mechanics. However, more and more details
of the structure at atomic scale will be considered in future as the computational power
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increases [167, 169].

The in-plane stiffness of carbon nanotube structures is very high and elastic modulus
values between 0.5 TPa to 5.5 TPa have been predicted for single-walled CNT [159, 170–
172]. Values in the range between 0.1 TPa to 5.0 TPa have also been reported from
experiments [170, 173, 174]. However, the experimental data are most often evaluated
using continuum mechanic models. Whereas the physical properties of CNT such as
electrical and thermal conductivity are in general explored by atomistic and molecular
models, there is an attempt to describe the mechanical behavior in terms of classical
continuum mechanics. However, the transferability of the methods and assumptions of
classical continuum mechanics to nano- and mesoscopic systems like carbon nanotube is
not self-evident. Therefore, the possibility to describe a CNT by these methods needed
to be investigated. In continuum mechanics the definition of the elastic modulus as
a material property bases on the assumption of a spatial uniformity of the material,
provided that at least in an average the material properties exhibit translational
invariance [17]. In contradiction, speaking of elastic modulus in connection with
carbon nanotubes is ambiguous. A singular CNT lacks of translational invariance in
the transverse direction, which is therefore not a material, but rather a structural
member [17]. A rather natural description of a single-walled CNT in terms of continuum
mechanics would be a thin elastic shell. A multi-walled CNT could then be described
by a stack of nested coaxial single-walled CNT with increasing diameter and constant
interlayer spacing c, but again with no translational invariance in the radial direction.
Both, single- and multi-walled CNT are basically structures and care must be taken
when speaking of material properties of carbon nanotubes [17]. The assumption of the
transferability of a tube like structure and using continuum mechanics to model the
structure of carbon nanotubes, consisting of homogeneous material, has been widely
discussed in literature [165, 170, 175–179]. Several authors developed an equivalent
continuum model that links between the molecular description of nano structures and
the macroscopic behavior of classical structural mechanics [61, 163]. The challenge
in the description of the material properties at nanoscale is the interlink between the
atomic description and its continuum counterpart [164]. Chang et al. [164] developed
analytical methods to link the parameters of a molecular mechanical model to the
continuum (structural) mechanics expressions. As it turned out a single-walled CNT
can be assumed as a solid shell with a cross section and a finite very small shell thickness.
To accomplish this linkage the molecular potential energy Epot of the nanostructures is
represented by the mechanical strain energy of a representative volume element of a
continuum model [180]. The definition of the elastic modulus E in classical structural
mechanics is given by eq. 3.1.

E =
1

V

∂2Epot
∂ε2

(3.1)
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Where V is the volume and ε is the strain. However, applying this definition to
molecular structures such as carbon nanotubes is only possible for a strain ε directed
in the axial direction [17]. Furthermore, the relevant volume of a CNT is given by the
constituent graphitic layers and is therefore not well defined. The volume V = LA of
the tube is composed of the tube length L and the cross section A. It is ambiguous
since the cross section area A can be chosen in several relatively arbitrary ways.
Consequently, the elastic modulus E is not exactly defined but also depends on the
cross section definition. In order to eliminate this problem, the intrinsic elastic energy
of a nanotube is better characterized by the energy change not per volume but per
area S of the constituent graphitic layer(s) as it is defined by eq. 3.2 [17].

C =
1

S

∂2Epot
∂ε2

=
1

L
∫
dl

∂2Epot
∂ε2

(3.2)

The area S is given by the tube length L and the sum of the circumferential length
of all shells l and since S = L l is well defined C is unambiguous. Taking a similar
approach Hernandez et al. [161] avoided the definition of an effective single-walled
CNT layer thickness by relating the Young modulus to the perimeter of the tube.
While the partial derivative of the total energy at zero strain in all directions except
along ε yields an elastic stiffness similar to graphite, assuming a free-boundary (no
lateral traction on the nanotube) gives the elastic modulus E. In the latter case, the
nanotube’s elastic modulus can be recovered as E = C /h with E = C

∫
dl 1

A
and

A =
∫
dl h, where h denotes the wall thickness. But the non-unique choice of the cross

section thickness h has to be kept in mind [17]. For single-walled CNT an effective
bending stiffness was defined that is not directly related to continuum mechanics
in order to consider the non-continuous nature of single-walled CNT. However, the
definition of an appropriate wall thickness remains a challenging task [181]. While the
definition of the thickness as the interplane distance of graphene sheets in graphite
is widely used [61, 156, 170], also other values such as 0.066 nm [159] and 0.1 nm

[172] for the effective thickness were suggested. The assumption of an effective layer
thickness of 3.4Å as an ad-hoc assumption is only possible in case of a simple stretch
deformation [160]. Tu et al. [182] performed local density approximation model and
classical elastic shell theory simulations on both single-walled and multi-walled CNT.
An effective shell thickness of 0.75Å has been found. The authors reported a rather
high Young modulus for single-walled CNT of 4.7 TPa and also found, that the Young
modulus of multi-walled CNT decreases with increasing wall thickness, i.e., the number
of carbon shells. Thus, the Young modulus is also a function of the number of shells.
They considered multi-walled CNT up to 100 carbon layers. However, the authors also
stated that the description of CNT is on the borderline between quantum mechanics
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and classical bulk material methods. In contrast to these results Li and Chou et
al. [180, 183] found that the Young modulus of multi-walled CNT is slightly higher
compared to single-walled CNT and both are higher than for graphite, which is generally
accepted to be 1.02 TPa [170]. From scanning force microscopy on both single- and
multi-walled CNT it was concluded that the elastic modulus of multi-walled CNT is
higher than that of single-walled CNT [184]. However, using thermal excitation of
carbon nanotubes an average elastic modulus of 1.25± 0.45 TPa for single-walled CNT
has been found [170]. The insensitivity of the Young modulus of single-walled CNT
and multi-walled on the helicity, the radius, and the number of shells was reported as
well [160]. However, recent data reveal a dependency of the Young modulus on these
parameters [165, 167, 185, 186].
Besides the discussion about the appropriate shell thickness further effects have to

be considered in the case of multi-walled CNT. In order to assume a CNT as a solid
wall cylinder, slip between adjacent carbon shells should not be of importance [187].
Actually, the assumption of a tube with a continuous wall of thickness h is only valid if
slip between adjacent layers can be ruled out [176], and it has been shown, that in this
case the classical definition of the bending stiffness D of an elastic shell

D =
E h3

12 (1 − ν2)
(3.3)

is valid, where h again denotes the wall thickness, ν the Poisson ratio and E the
in-plane Young modulus. The expression in eq. 3.3 leads to an ambiguous D due to its
dependency on h. Therefore, a further expression for the bending stiffness denoted by
K has been defined (eq. 3.4), where κ denotes the curvature and L the length of the
bent CNT.

K =
1

L

∂2Epot
∂κ2

= C

∫
y2 dl (3.4)

In the case of a CNT with several constituent layers the integration on the right
hand side goes over the cross-section length of each layer and y is the layer distance
from the neutral axis [17]. In experiments at the nano scale it is in principle difficult
to distinguish between the influence of the geometry and the elastic modulus of the
material. Only the stiffness E A can be measured, whereas A is the cross section of
the structure.
Despite the enormous progress which has been made in the field of simulation of

mesoscopic systems the evaluation of experimental data is still a challenge. In most cases
the CNT under investigation are considered as solid tubes and continuum elastic theory
is used for the evaluation of the data [174, 186, 188, 189]. For the evaluation of the
experimental data the CNT are often approximated as hollow cylinders with a circular
ring cross section that is defined by the outer and inner diameter [170, 173, 174, 188, 190].
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However, this is a rough approximation that is caused by the limited information about
the sample which can be obtained about nano scale materials. For the description of
multi-walled CNT different methods exist. On the basis of the description of single-
walled CNT as shells with a small hence finite wall thickness h, multi-walled CNT are
described as stacks of nested single-walled CNT. Each shell within the multi-walled
CNT is represented by a single-walled CNT [176, 179]. Each single-walled CNT is
connected to its next neighbors by van der Waals forces. Following the knowledge about
graphite the force is often deduced from the so called Brenner-Potential [155, 191].
This potential leads to a force with repulsive and attractive properties. The elastic
modulus is not a real bulk property in this case. Each single-walled CNT has the same
elastic modulus E = C /h but its bending stiffness is also defined by the diameter
of the particular shell. The behavior of such a system depends on the interaction
between the shells and the total number of shells involved. While this model is a good
representation of the micro structure of a multi-walled CNT, it is hardly measurable
by experiments. Therefore, especially multi-walled CNT are often described by a
continuum mechanics model. The tube like structure is defined by the outer and inner
diameter of the multi-walled CNT. The elastic modulus is a bulk property in this
case, since the CNT wall is considered as a bulk material. Even though the effective
thickness of a single-walled CNT has to be handled with care, the bending stiffness
for multi-walled CNT can be estimated from classical bending stiffness formula quite
well [176].

Buckling and rippling mode of CNT

A CNT can neither be treated as a molecule nor as a structurally homogeneous material.
While molecules have a defined structure, real CNT in general have defects and thus are
not a defined type of molecule. They are mesoscopic objects and continuum theories
can only be applied with care in order to describe their properties [17].

In their static and dynamic bending experiments, Poncharal et al. [188] found a diam-
eter dependent behavior of multi-walled CNT. If a nanotube is deflected orthogonally
to its long axis the shape of the cross section is changed to an oval with its short half
axis in parallel to the deflection direction. On the upside of the tube (i.e. opposite to
the deflection) there is plain strain while on the downside of the tube, where it is under
compression, another structural change is very often found. A wave-like distortion is
formed locally reducing the compression induced stress. The observed phenomena has
been called buckling or rippling mode and is related to intrinsic bending instabilities of
the carbon nanotube structure. Therefore, the authors introduced the term effective
bending modulus into the discussion about the elastic modulus of CNT [188]. Buckling
has been reported for single-walled and multi-walled CNT [158, 159]. Beyond a critical
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curvature buckling pattern emerge, as result of the bending, which can either be a
single kink or a periodic pattern in correlation with a specific buckling wavelength λb.
Falvo et al. [192] used AFM for the deformation and imaging of CNT that lay on flat
substrates. A certain part of particular CNT was measured before and during bending
and the correlation between the curvature and the buckling of CNT was evident. It was
found that buckling appears with a characteristic interval, independent of their absolute
position along the tube and is related to a high curvature. This suggests, that the
buckling reduces curvature-induced stress, is reversible, intrinsic to the nanotube and
not mediated by defects [192]. The buckling behavior allows CNT to reversibly survive
large deformations. By applying a thin shell elastic model to each single CNT within a
stack of nested CNT and combining the separate CNT by van der Waals forces, Pantano
et al. [193] modeled the bending behavior of multi-walled CNT in good agreement with
experimental data [194]. The apparent softening of multi-walled CNT was also reported
for dynamic resonant bending [17, 188, 195]. Rippling is a special case of buckling
where a periodic and spacial extended wave-like pattern forms [195, 196]. Rippling can
not be described by continuum linear models. From their theoretical discussion Liu et
al. [195] concluded that rippling can be found for CNT with outer diameters ≥15 nm

which is also in good agreement to the experimental results of Poncharal et al. [188].
The basal plane distance remains almost 0.34 nm in state of rippling. These findings
suggest, that the effective elastic modulus and in particular its reduction depends on
the occurrence of a critical bending deflection and curvature.

3.1.1 Experimental methods

The measurement of the mechanical properties of nano scaled materials is quite
challenging and different methods have been employed.

Tensile Tests

Most of the simulations deal with explicit tensile load [162]. In order to obtain the
elastic properties of a material a sample with a defined geometry is necessary. The most
simple experiment is a tensile test performed on a rod-like sample with a homogeneous
and simple cross section. In the one dimensional case the change in length divided by
the initial length is the strain ε of the sample. The elastic or Young modulus E is the
proportional factor between the applied stress and the resulting strain.

σ = E ε (3.5)
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Pulling and compression experiments were conducted in order to determine the elastic
modulus and fracture strength of CNT [197, 198]. Yu et al. [197] used a soft and a
relatively stiff conventional AFM cantilever to measure the deflection and corresponding
load of the CNT. It was found by experiment and simulation that for strains larger
than 2% the load transfer from the outermost layer to the inner tubes begin to cease.
The reason might be the weak van der Waals interactions between adjacent layers.
It is often assumed that tensile load is only born by the outermost layer based on
the observed sword-in-sheath fracture mechanism. However, the exact load applied
during experiments is often not known due to the lack of proper force detecting systems
at the nanoscale [199]. In contrast to tensile tests the bending of the sample often
allows for larger amplitudes and thus a higher sensitivity of the measurement. Bending
experiments are therefore convenient especially for high strength materials. During a
bending the sample is compressed on one side and stretched on the other.

Static Bending

In the static bending method a static load is applied to a one- or two-side clamped
beam and from the known force and deflection, the material properties can be deduced.
By an AFM measurement the outer diameter and the length of a CNT can be gained
and force versa distance measurements allow for the calculation of the effective bending
modulus by evaluating the corresponding beam model. Especially for multi-walled
CNT a drawback is the unknown inner diameter. In order to evaluate the model,
assumptions about the mounting of the CNT to the support have to be done. Static
AFM bending measurements on bundles of single-walled CNT gave an effective bending
modulus in range of 0.6 TPa to 1.0 TPa [174]. The static bending requires samples
with separated CNT that lie cross holes [200] or bars separated by trenches [186]. The
elastic modulus of multi-walled CNT was measured by acquiring force-displacement
curves using an AFM [186]. CNT were aligned on top of a bar structure from a solution
by using AC dielectrophoresis. The elastic modulus exhibited a strong diameter
dependence. Thinner multi-walled CNT with an outer diameter of ≈10 nm possessed a
elastic modulus two orders of magnitude higher than thicker multi-walled CNT with
outer diameter above 20 nm. The bending modulus of a suspended beam can be set
equal to the elastic modulus if the influence of shear can be neglected [186]. This is
possible if the suspended length is large in comparison to the diameter of the beam.
For the evaluation of experimental data a homogeneous beam cross section has been
assumed [186].
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Dynamic Bending

In the dynamic bending methods the CNT are mostly cantilevered on a support which
can be either an as-grown substrate [170, 188] or CNT are picked off a substrate
and attached to some kind of tip [36]. In some cases the CNT are placed on the
edge of a substrate by dielectrophoresis [201]. The excitation can be achieved using
thermal heating to excite a vibration of the sample inside a transmission electron
microscope [170, 173]. Applying an electric field is another possibility which results in
an excitation force [188, 190]. Assuming a harmonic excitation, the force acting on the
CNT is given by eq. 3.6.

F (t) = αβ [∆V + Vs + Vd cos(ω t)]2

= αβ [(∆V + Vs)
2

+ 2 (∆V + Vs)Vd cos(ω t)

+
1

2
V 2
d cos(2ω t) +

1

2
V 2
d ] (3.6)

Where Vd is the driving amplitude, Vs is a DC offset voltage and ∆V is a potential
that occurs due to differing workfunctions of the CNT and electrode material. The
parameters α and β depend on the experimental setup and are defined by the capacitance
of this specific setup. Also mechanical excitation [189, 201] of CNT has been performed.

3.1.2 Beam models

As the previous section has shown, the simple beam model also called Euler-Bernoulli
beam model (EBM) can be applied to slender beams with a relative high aspect ratio
even at the nanoscale [179, 202]. The derivation of the simple beam model is based
on the assumption of a slender beam with an arbitrary cross section that is exposed
to an external vertical load f(x, t). In order to get a mathematical expression for the
differential equation of a vibrating beam, a small volume element with all relevant
quantities acting on it is considered. The shear forces Q(x, t) and moments M(x, t)

and the external load acting on the beam element are shown in fig. 3.1.

For the derivation of a description a beam in pure flexure is considered. After cutting
out a small beam section the relevant vertical forces (eq. 3.7) and moments (eq. 3.8)
can be written down.[

Q(x, t) + ∂Q(x,t)
∂x

dx
]
− Q(x, t) + f(x, t)dx = m(x)dx

∂2y(x, t)

∂t2
(3.7)

Where m is mass density per unit length and Q denotes the vertical shear force. The
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Figure 3.1: Basic assumptions for the
derivation of the simple beam model [203].

influence of torque associated with the inertia torque is ignored here.[
M(x, t) + ∂M(x,t)

∂x
dx
]
− M(x, t) +

[
Q(x, t) + ∂Q(x,t)

∂x
dx
]

dx + f(x, t) dx
dx

2
= 0

(3.8)
After canceling all terms that include higher order derivations in eq. 3.8 a simplified
expression eq. 3.9 results.

∂M(x, t)

∂x
+ Q(x, t) = 0 (3.9)

A form for the equation of motion is obtained by eq. 3.10.

− ∂2M(x, t)

∂x2
+ f(x, t) = m(x)

∂2y(x, t)

∂t2
(3.10)

The relation between the bending moment and the resulting bending deformation is
defined by eq. 3.11.

M(x, t) = E I(x)
∂2y(x, t)

∂x2
(3.11)

Inserting eq. 3.11 into eq. 3.10 the differential equation for the flexural vibration of a
bending bar is given by eq. 3.12.

− ∂2

∂x2

[
E I(x) ∂2y(x,t)

∂x2

]
+ f(x, t) = m(x)

∂2y(x, t)

∂t2
, 0 < x < L (3.12)

This forth order differential equation has to be solved with respect to the boundary
conditions. A rigidly clamped beam with a slope equal to zero at x = 0 is given by
the following boundary conditions

y(x, t)
∣∣
x=0

= 0,
∂y(x, t)

∂x

∣∣∣
x=0

= 0 (3.13)
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A so called hinged condition is given by

y(x, t)
∣∣
x=0

= 0, E I(x)
∂2y(x, t)

∂x2

∣∣∣
x=0

= 0 (3.14)

This boundary condition is important for beams which are supported at least at two
positions. A special situation is the assumption of a torsion spring like behavior of the
beam at x = 0.

y(x, t)
∣∣
x=0

= 0, E I(x)
∂2y(x, t)

∂x2

∣∣∣
x=0

= α
∂y(x, t)

∂x

∣∣∣
x=0

(3.15)

While this boundary condition is not frequently found in text books it is in particular
interesting for the evaluation of experimental data, since a rigid clamping of the
beam under experimental investigation is often not realized [191, 204]. The boundary
conditions at the free end of the beam at x = L are given by

E I(x)
∂2y(x, t)

∂x2

∣∣∣
x=L

= 0,
∂

∂x

[
E I(x) ∂2y(x,t)

∂x2

]∣∣∣
x=L

= 0 (3.16)

While the first expression in eq. 3.16 represents the fact that the free end can not bear
a moment, the second equation represent zero shear forces at the free end.

For dynamic resonant vibration experiments the corresponding eigenvalue problem
has to be solved. Considering the free vibration state, which corresponds to the
assumptions f(x, t) = 0, the solution becomes separable in space and time.

y(x, t) = Y (x)F (t) (3.17)

Since the time dependency F (t) is a harmonic function denoting its frequency with ω
and inserting this ansatz into eq. 3.12 gives

d2

dx2

[
E I(x) d2Y (x)

dx2

]
= ω2m(x)Y (x), 0 < x < L (3.18)

This eigenvalue problem can be solved for the given boundary conditions. In case of
a homogeneous cross section and material properties in the interval 0 < x < L the
equation can be simplified further.

d4Y (x)

dx4
− β4 Y (x) = 0, β4 =

ω2m

E I
(3.19)

Where E I represents the bending stiffness. The general solution for eq. 3.19 is given
by

Y (x) = C1 sin(β x) + C2 cos(β x) + C3 sinh(β x) + C4 cosh(β x) (3.20)
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The eigenvalue β has to be solved accordingly to the boundary conditions. In the case
of a free vibrating beam, that is clamped only to one side, the characteristic equation
is given by

cos(β L) cosh(β L) = −1 (3.21)

whereas solutions of this equation can only be obtained numerically. The first three
eigenvalues are β̂1 = 1.875, β̂2 = 4.694 and β̂3 = 7.855 with β̂j = βj L.

The Euler-Bernoulli beam model is often called the simple beam theory which assumes
that the rotation of each small beam element is insignificant compared to its vertical
translation. It can only be applied to slender beams and small deflections. Consequently,
the ratio between the length and the diameter of the beam should be greater than
50 [203, 205]. It is also assumed that shear in the material is very low in relation to the
bending deformation and can be neglected. However, if the aspect ratio for the beam
under consideration is below 30, other models that consider shear have to be used [206].
If shear effects and rotational moment of inertia have to be considered a more general
beam model, intensively studied and introduced by Timoshenko [207, 208], has to be
applied. It is therefore often called the Timoshenko beam model, which is of a more
general nature. Two coupled partial differential equations are necessary in that case.
The free vibrating Timoshenko beam is given by [206]

ρAω2 y(x) − KGA
(

dφ
dx
− d2y(x)

dx2

)
= 0 (3.22)

E I d2φ
dx2
− KGA

(
φ − dy(x)

dx

)
+ ρ I ω2 φ = 0 (3.23)

where y is the transverse displacement, φ the slope of the cross section due to pure
bending without shear deformation, x the axial coordinate, I the second moment of
area of cross-section, A the cross-sectional area, ρ the mass density per unit volume,
K the shear correction factor, E the Young’s modulus, G the shear modulus and ω the
circular frequency of the beam.

3.1.3 Special beam cases

Besides atomistic descriptions continuum mechanics is still very attractive especially for
meso- and nanoscopic systems since the complex behavior of the material is reduced to
a number of specific characteristic quantities, such as the Young modulus E or the shear
modulus G. Furthermore, knowledge about the natural frequency and mode shape can
reveal defect information, as the presence and location of a structural feature [30] and
to some extend the severity of the damage.
For the evaluation of experimental data of nanowires and also for their usage in

applications, knowledge about the influence of structural peculiarities [30] and mounting
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conditions [209] on the bending and vibrational behavior is mandatory. In theoretical
studies, structural defects are often expressed by a torsion spring [30], whereas the
elastic properties of the mounting are often modeled by a combination of torsion, lateral
and vertical springs [209].

The shift of the natural frequency as a consequence of non-rigid mounting conditions
has been shown and discussed by Ding et al. [204] for crystalline boron nanowires. At
first, the nanowires were attached to the substrate by using solely adhesion forces. Since
the stability of these connections was weak, additional carbon was deposited by electron
beam induced deposition (EBID). By comparing the first mode eigenfrequency of the
nanowire before and after the EBID process an increase of the eigenmode frequency has
been observed. After a deposition time of approximately 30 minutes a saturation of the
eigenfrequency was found. This was related to a stiffening of the clamping, approaching
a rigid-like clamping condition. A non-rigid rather elastic mounting reduces the first
eigenmode frequency. Since the carbon deposition also leads to a reduction of the
effective beam length and thus an increase of the resonance frequency, Ding et al. [204]
assumed, that the over all stiffening was much higher than could be expected from the
shortening alone. The increase of the resonance frequency was mainly effected by the
stiffening of the clamping. However, the deposited carbon might still be softer than the
CNT but its bending stiffness might exceed the one of the CNT. Due to the complex
morphology of micro- and nanoscaled beams, numerous deviations from a simple
homogeneous and rigid clamped beam situation have been studied theoretically [209].

Volume defects might be expressed by a torsion spring. If the defect location is very
close to the clamping, it has to be treated as a torsion spring. If the defect location is
somewhere within the structure and its properties are not too great a difference from its
surrounding an effective elastic modulus for the whole structure can be assumed [205].

Another interesting feature are point masses attached to a cantilevered beam [205].
This is in particular important for usage of nanowires as micro balances for the detection
of very small mass [201]. The frequency shift of the first and second eigenmode frequency
as function of amount and position of a point mass has been theoretically discussed by
Wang et al. [205]. Their findings are shown in fig. 3.2. While fi is the system frequency
with the point mass attached, Fi denotes the frequency of an ideal simple beam. The
ratio a

l
gives the relative position of the point mass along the beam. Within their

studies a perfectly rigid boundary condition was assumed. Depending on the mass
repartition the eigenmode frequencies are differently affected. The second eigenmode
frequency is reduced more than the first eigenmode frequency, if a point like mass is
located in the middle or close to the clamping point of the vibrating beam. It is also
affected, if the mass is close to the free end but less than the first eigenmode frequency.
The latter is mostly affected if the mass is at the free end. In general, if the mass is
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Figure 3.2: Resonant frequency shifts of the first and second eigenmode as a
function of the point mass position [205].

located in the area with the highest amplitude than it has the highest influence on the
corresponding eigenmode frequency. For a point mass m that is 20 % of the total beam
mass M , the authors found that the frequency ratio f2

f1
is within the range of 5.5 to 7.5

depending on the mass point position [205]. In comparison, for an ideal homogeneous,
one side clamped beam a frequency ratio f2

f1
of about 6.3 is expected.
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3.2 Experiments

In the following sections the experimental setups for the measurement of the mechanical
properties of the iron-filled CNT, used in the present work, are presented. Thereafter,
the results are presented and discussed. The elastic properties of CNT were measured
by two different methods. At first a dynamic resonant bending and at second a static
bending method have been employed.

3.2.1 Sample preparation

For the measurement of the elastic properties of single CNT an adequate sample
preparation is required. For both, the dynamic resonant and the static bending method
a one side clamped CNT could be used. To prepare the samples, the as grown wafer
were broken into smaller pieces. Such a piece was then glued to a sample holder.
The sample was positioned such as the substrate surface was in parallel with the
electron beam inside the SEM. Thus, the breaking edge could be directly investigated.
Consequently, the CNT film itself was aligned perpendicular to the incident beam and
thus the morphology of CNT became visible.

As substrates tapered tungsten wires were utilized. The tips were produced by wet
electro chemical etching. A 2 molar NaOH solution was used and an electrical voltage
of 2 V to 3 V at 0.01 A to 0.05 A has been applied. The etch process resulted in tapered
tips with radii in the range of 10 nm to 1000 nm. Often the etching process produced
an tungsten oxide layer on the surface of the tip. Since this isolating material can
cause problems during the sample preparation and imaging of the attached CNT, the
oxide layer was etched away by hydrofluoric acid treatment. The etching duration of
each tip in a 37% HF was 3 minutes.

The steps of the sample preparation are illustrated in fig. 3.3. The sample preparation
has been performed in a SEM equipped with a micromanipulater (Kleindiek). The
etched tungsten tip was attached to a sample holder and mounted on the micromani-
pulator. Then the tip was carefully approached to the breaking edge of the sample.
As the tip was close by a previously specified CNT, the tip was approached further.
The contact with the selected CNT was visualized by using the internal vibration
mode of the manipulator. In the next step the CNT was glued to the wire by the
deposition of amorphous carbon. In the microscope atmosphere contained hydrocarbons
were cracked by the electron beam and deposited on the exposed area. If necessary,
the carbon concentration was increased by adding highly volatile hydrocarbons such
as paraffin, whose usage has been reported in literature [210]. Since the deposition
conditions depend on the selected acceleration voltage and beam current, appropriate
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Figure 3.3: Preparation of a free standing CNT as a prerequisite for bending
experiments. Step A: Tungsten tip approaching a free standing CNT. Step B:
Large magnification of the mounting area for fixation of the CNT by amorphous
carbon deposition. Step C: Tip with attached CNT is carefully retracted. Step D:
Single free standing CNT ready for measurements.

parameters had to be found. An acceleration voltage of 10 kV was selected together
with a beam current of 10 pA. After the glueing the tip with the mounted CNT was
carefully withdrawn. This step was critical, since both the stability of the mounting
and the maximum possible tensile load for CNT had to be higher than the contact
of the CNT to the substrate. This was often not the case. Either the mounting was
not stable enough or the CNT broke next to the mounting. In the former case the
deposition condition needed to be adjusted. A successful sample preparation resulted
in free standing one side clamped CNT that could be processed further.

3.2.2 Determination of length and diameter

The knowledge of the beam length is necessary for the evaluation of the elastic modulus,
especially in case of the resonant dynamic bending method [189]. In order to measure
the length of the CNT, the tungsten wire together with the attached CNT was rotated
inside the SEM by defined angles. The rotation axis coincides with the x-axis in fig. 3.4
which is defined here to be in parallel with the projection of CNT long axis into the
focus plane. For the rotation either the stage of the SEM was tilted or the rotation
extension of the micromanipulator was utilized. In the SEM only the projection of the
CNT is visible, thus the true length of the CNT is unknown. Directly from the image
only the projection onto the x-axis and the y-axis can be measured. There is also a
projection of the CNT onto the yz-plane. Even though the projection onto the151
yz-plane is unknown, it is a constant of rotation around the x-axis. If the sample is
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Figure 3.4: Method for the length measurement
of an one side suspended CNT.

Figure 3.5: Sketch of the projection of a CNT
onto the xy- xz- and yz-plane. The black curve
represents the CNT and light grey is the visible
projected length.

rotated by a known angle, the projection Lyz can be calculated by eq. 3.24.

Ly1 = Lyz cosα

Ly2 = Lyz cos (α + ∆α)

L =
√
L2
x + L2

yz (3.24)

Whereas α is an unknown angle of the CNT relative to the xy-plane and ∆α is the
known angle of rotation. Ly1 and Ly2 are the projections of the CNT onto the y-axis
before and after the rotation, respectively. These three equations 3.24 can be used to
calculate the total length of the CNT. In order to increase the accuracy of the length
measurement the same process was conducted for at least three rotation angles between
15◦ to 90◦. For highly curved CNT such as shown in fig. 3.24 this method was also
used to find the position with the largest projection onto the y-axis. In that case, the
full length was calculated from piecewise measuring the length of the CNT along the
curve and applying eq. 3.24. The orientation with the maximized y-projection was also
used for mounting the sample for the subsequent bending experiments.

The diameter of each CNT investigated was determined inside SEM by measuring
the diameter at ten different positions along the CNT length. For the analysis of the
experimental data the average diameter value was used. When possible the diameter
was additionally determined from TEM micrographs.
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3.2.3 Resonant dynamic bending

The dynamic resonant bending method requires a periodic excitation source. The
excitation can either be electrical [188, 190] or mechanical [201].

The electrical excitation was achieved by using a counter electrode and applying an
AC voltage between the sample and the electrode. This method requires a sufficiently
high conductivity of both the sample and the contact between the CNT and the
tungsten wire. An advantage is the possibility to perform also static bending of the
CNT by applying a DC voltage [188]. Especially in the SEM the high field strength
between the sample and the counter electrode led to disturbances of the electrons and
imaging is seriously disturbed. The setup for the excitation by AC voltage is shown
in fig. 3.6. A micromanipulator was used to bring the tungsten tip with the CNT

Figure 3.6: Setup for the electrical excitation
of CNT vibration.

sample into proximity of the counter electrode. An AC voltage was applied between
the CNT and the counter electrode using a signal generator (Stanford Research System,
Model DS345). In eq. 3.6 two harmonic terms can be identified. The amplitude of
the first term (blue in eq. 3.6 on page 93) depends on the DC offset voltage Vs and
can be set to zero if the condition Vs = −∆V is satisfied. In that case no excitation
caused by this term can be found. On the other side the second term (red in eq. 3.6)
only depends on the driving voltage. A resonant excitation of the CNT can be found if
2ωelec = ωres. That means, if the electrical frequency ωelec is half of the mechanical
resonance frequency ωres an eigenmode vibration occurs. In that case the vibration
amplitude is not sensitive to the DC offset voltage. By checking these two conditions
the origin of the excitation can be ruled out and the mechanical eigenfrequency of the
CNT can be measured independently by two different excitation frequencies. Due to
the second term in eq. 3.6 (red) the first as well as the second eigenmode can be excited
by an excitation frequency that is half of the mechanical eigenfrequency of the CNT.
While this reduces the necessary frequency that has to be provided by the function
generator it was found that the driving voltage was often to low for an excitation of the
second eigenfrequency. Even though the power was increased by using a power amplifier
the higher voltages lead to significant image distortions, which is shown in fig. 3.7.
Furthermore, the resonance frequency also depends on the applied voltage [211] and

102



Mechanical characterization of carbon nanotubes

Figure 3.7: Counter electrode and vibrating
CNT. On the right side disturbance of the
image caused by the electrical field between
electrode and CNT is shown.

very small excitation voltages have to be used. To avoid these problems a new setup,
that enables a mechanical excitation of the CNT vibration, was set up.
The mechanical excitation was achieved by employing a shear piezo actuator. The

sketch of the setup is shown in fig. 3.8. A driving voltage was applied between the
front side and back side electrode of the actuator. This voltage led to a mechanical
movement of the piezo crystal. In order to avoid charging disturbances during imaging,
the sample holder was grounded to the stage of the microscope. The back side electrode
of the shear actuator was attached to the ground plate using conducting silver. A
small aluminum cylinder with a length of 3 mm and a diameter of 2 mm, was used as
specimen holder for the tungsten nanowires. In order to prevent an electrical contact

Figure 3.8: Setup for the mechanical
excitation of CNT vibration.

of the front side electrode with the cylinder, an isolating glass substrate was glued in
between. The cylinder itself was grounded to the microscope stage to avoid charging of
the sample during imaging. The orientation of the actuator allowed the excitation of
the sample vibration perpendicular to the electron beam.
After the length measurement the samples were mounted to the shear actuator by

glueing the tungsten wire into a small aluminum cylinder using conducting silver. The
excitation was driven by a signal generator (Stanford Research System, Model DS345).
The signal generator could deliver frequencies in the range 0.01 kHz to 30.0 MHz and
a driving voltage of 10 V. The setup was especially suitable for SEM measurements
due to less disturbance of the electrons used for imaging. In order to measure the
free resonant vibrating state of the sample the frequency was manually tuned and the
amplitude of the sample evaluated from the images taken. The improvement of the
image quality as a consequence of the mechanical excitation allowed for the evaluation
of the envelope of the resonant vibrating state to gain further experimental information.
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Further improvements of the experimental setup should include an automated frequency
and amplitude detection system in order to measure the dynamics of the vibration
behavior of the sample.

Dynamic vibration experiments have also been performed inside of a TEM. Besides
the structure of the CNT, the fixation of the CNT to the tungsten wire was investigated
in detail. The typical mounting of a CNT onto a tungsten wire is shown in fig. 3.9. The
most important aspects of the mounting in conjunction with the bending experiments
are shown. On the right side it shows the onset of the free standing CNT with a thin
cover of amorphous carbon. Also other features of in-situ iron-filled CNT, such as
spherical particles on the surface and a short iron nanowire inside the CNT core are
shown. Besides the tip of the tungsten wire also the amorphous carbon deposition that
glues the CNT to the tip is clearly visible. It has been observed by TEM investigations

Figure 3.9: Typical mounting condition
of a CNT. On the right side the onset of
the free standing CNT is visible. Also the
tungsten wire and the amorphous carbon
deposition can be seen, and furthermore
iron particles on the surface and a small
part of iron filling.

that the vibrating CNT moves elastically within the amorphous carbon deposition,
indicating that the mounting is not perfectly stiff.

The structure of CNT has been investigated inside TEM in order to obtain information
about the carbon shell structure, the iron filling and deposition of amorphous carbon on
the CNT surface. The outer and inner diameter was measured from TEM micrographs.
As an example of special structural features, a volume defect is shown in fig. 3.10. It
includes all relevant effects such as a complex morphology of the filling and thereby
affected shape of the carbon shells. Furthermore, it shows the deposition of an unusually
high amount of amorphous carbon on the surface of the CNT. Some of the carbon was
previously deposited during imaging.

3.2.4 Static bending

Another method for measuring the elastic bending modulus of carbon nanotubes is
the static bending. In the present work a setup that combines the advantages of force
deflection measurement of conventional AFM with the advantages of TEM imaging
was developed. Static bending was achieved by using a conventional AFM cantilever
and a TEM nanomanipulator (Nanofactory). The setup for the static bending method
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Figure 3.10: Typical large volume
defects of an iron-filled CNT. The
micrograph shows the shape of the filling
and the carbon shells as well as
amorphous carbon deposition.

is shown in fig. 3.11. In preparation of the experiment a conventional conducting AFM
cantilever with a known spring constant was mounted onto a small isolating glass
substrate with the cantilever tip almost in the center of the working area (eucentric
focus) of the transmission electron microscope. The cantilever itself was grounded to
avoid charging during imaging. The tungsten tip with a free standing carbon nanotube

Figure 3.11: Sketch of the experimental setup for static bending inside TEM. a)
cantilever with known spring constant, b) CNT sample attached to c) a tungsten
nanowire as sample holder, d) sample holder TEM and e) piezo actuator head.

was mounted to the sample holder of the TEM nanomanipulator. By using the piezo
scanner which can move in the x-,y- and z-direction the sample was attached to the
cantilever tip, whereas it has been checked that the tip of the tungsten wire and the
cantilever tip were approximately in the same focus plane. After the CNT snapped
into contact with the cantilever tip it was affixed by deposition of amorphous carbon
using a concentrated electron beam. No force has been applied to the carbon nanotube
until then.
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The cantilever was placed such as the bending of the CNT could be observed directly
in the focus plane of the TEM. From the cantilever deflection and its known spring
constant the applied force could be calculated. Before a force was applied a sequence
of micrographs was taken in order to obtain the initial curvature of the unloaded state
of the CNT under investigation. Using this curvature information the shape of the
bending curve of the loaded state could be extracted afterwards. The principle of
the experiment is shown in fig. 3.12. In A no force was applied to the CNT. The

Figure 3.12: Principle of static bending inside a TEM

amorphous carbon deposition that pinned the CNT onto the tungsten wire and the
cantilever tip respectively is illustrated. After the initial state of the complete CNT
has been recorded, an image of the initial position of the cantilever tip relative to
the image border was taken. For the following micrographs all imaging conditions, in
particular the magnification and focus, were kept constant and only the beam shift
was used when necessary. To apply a force to the CNT the tip holder with the CNT
sample was moved against the cantilever. Thus the cantilever was deflected and the
CNT bent as it is shown in fig. 3.12 B . After the movement of the nanomanipulator
was completed, the displacement of the cantilever tip dCant was measured relative to
the image boundary again. It was crucial, that the field of vision did not change, since
the boundaries were used to determine the tip position between the actual and the
previous state. This required the maintenance of the imaging parameters so that the
image frame border was at the very same position and only the cantilever tip relative to
the boundary moved. Ensuring these requirements the acting force after each step was
obtained from Fi = kCant

∑
i

dCanti where kCant is the known spring constant of the

cantilever. The bending curve of the CNT under different load was measured. Before
each increase of the applied force an image of the previous tip position was taken. After
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the force was increased the cantilever position was measured within the same frame
again and afterwards a sequence of micrographs of the bent CNT were captured. By
carefully reconstructing of the total image of the CNT the overall bending curve has
been extracted.

The deflection of the free end of the CNT dCNT was obtained by superimposing the
image of the unloaded CNT and the actual loaded state which is shown in fig. 3.13.
By superposing the tungsten wire side of the initial unloaded and the actual loaded

Figure 3.13: Deflection of the free end due to the acting force.

state exactly one on top of each other, the deflection of the side where the force was
applied (free end) could be obtained. This value was necessary for the formulation of
the boundary conditions in the model.

In order to extract the real bending curve shape the curvature of the unloaded
CNT was subtracted from each CNT bending curve under load. Afterwards, the
Euler-Bernoulli beam model was fitted to these data.

∂2

∂x2

(
E I ∂2y

∂x2

)
− σ A

∂2y

∂x2
= −w (3.25)

where w = F
L
is the linear force density. The second term on the left hand side denotes

any axial forces which may act on the nanotube. For the sake of simplicity these were
omitted and the experiments were conducted in a way to ensure that this assumption
was reasonable. The boundary conditions depend on the particular properties of the
fixation points. No deflection was assumed at the left side of the beam where it was
mounted to the tungsten wire. The free end deflected as a consequence of the applied
load but due to the amorphous carbon clamping a non zero bending moment was
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assumed. The corresponding boundary conditions can be formulated like this

y(x)|x=0 = 0

E I ∂2y
∂x2
|x=0 = α1

∂y
∂x
|x=0

E I ∂2y
∂x2
|x=L = −α2

∂y
∂x
|x=L

∂
∂x

(E I ∂2y
∂x2

)|x=L = F (3.26)

Therefore the shape of the bending curve differs from that of a simple beam with a
concentrated load acting on the free end.
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3.3 Results and discussion

Before the results of the measurement of the mechanical properties will be presented, a
short remark on the selection of the CNT for the investigation should be given. The
up-taking of CNT by sharply etched tungsten wires or cantilever tips requires a free
standing reachable section of the CNT. Therefore, taking such CNT from an as-grown
sample prefers mostly straight aligned representatives. Often these CNT have less
defects in their structure and are also filled with extended iron nanowires. These CNT
are required and used for the preparation of magnetic force microscopy probes [36, 54].

3.3.1 Static bending

Static bending of micro- and nanostructures inside TEM is a convenient method to
measure the material properties while also gaining information about structural details.
In the following section the measurement of elastic properties of iron-filled CNT is
shown based on an example.
In fig. 3.14 the full length of an iron-filled CNT is presented, which corresponds to

the CNT shown in fig. 3.13. Further structural details of the CNT are shown in fig. 3.15.
The CNT was almost completely filled with a continuous iron nanowire with a total

Figure 3.14: The bottom part shows a carbon nanotube with a long and
continuous iron filling. The CNT is about 16 µm long and the filling is
about 14 µm. In the upper left corner, the section of the CNT is shown, which was
measured by the static bending method.

length of 14 µm. Only a length of 2 µm close to the mounting point was unfilled. The
BSE contrast of the filling is shown in the upper right part of fig. 3.14. In the upper
left part of the figure details of the mounting area are presented. Unfortunately, a part
of the CNT broke off during the nanomanipulator infiltration into the TEM, thus only
a short part of ≈5 µm remained for the static bending measurement. After the static
bending experiment, a part of the amorphous carbon broke off when pulling back the
CNT from the cantilever tip and the actual diameter of the CNT became visible. The
outer diameter of the CNT could be determined as 70 nm.
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Figure 3.15: Structural details of the
CNT. The lower two images show part of
the CNT structure and the corresponding
amorphous coating attached to the
cantilever tip.

The spring constant of the cantilever was measured by the thermal vibration excitation
method [212]. Considering the geometry of the gold coated silicon nitride cantilever a
spring constant of ≈4.2 N

m
was found. In fig. 3.16 four representative bending curves of

the CNT and the corresponding fits for each load applied are shown. The forces were
in the range of 0.6 µN to 4.0 µN and the resulting deflections of the cantilever end in
the range of 288 nm to 1351 nm.

Figure 3.16: Static bending curve of a CNT for different loads. The inset shows
the elastic modulus and the corresponding forces.

Since the CNT was mounted by amorphous carbon deposition on both sides of the
CNT, the elastic properties of these connections needed to be considered. In that case
two torsion spring constants α1 and α2 were introduced. In the inset of fig. 3.16 the
effective elastic bending modulus versus the corresponding applied force is shown. The
obtained Eb values are below the average value for forces in the range of 1 µN to 3 µN
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indicating that a small compressive stress was applied to the CNT. For a higher force
of 4 µN the Eb increases above the average which might be the consequence of a tensile
stress within the CNT.

The cross section of the beam consists of the iron filling, the CNT shells and the
amorphous carbon deposition. Referring to eq. 3.33, only the effective bending stiffness
can be measured in a bending experiment. The elastic modulus of iron is at least one
order of magnitude smaller than that expected for the CNT. Also the diameter of the
filling is small in comparison to the CNT diameter. Therefore the contribution of the
filling can be neglected. The elastic properties of the amorphous carbon are unknown.
Assuming a very low elastic modulus for the amorphous carbon a CNT diameter
of 70 nm can be used. In that case an elastic modulus of about 20 TPa would have
been obtained for the CNT. However, this value is unreasonable high. Unfortunately,
for this particular sample the elastic properties of the amorphous carbon can not be
determined. Thus, in a second approach the whole carbon structure was considered
as pristine carbon shells and a value of 240 nm for the outer diameter was assumed.
In that case an effective elastic modulus of Eb = 0.22± 0.04 TPa was found. This
value is a lower estimate for the elastic modulus. However, it has to be stressed, that
with this specific experiment the Eb of the pristine shells could not be revealed. This
particular CNT in full length without amorphous carbon contamination was measured
by dynamic bending as well and an effective elastic modulus of 0.57 TPa was found
(compare tab. 3.2 in section 3.3.2.6).

For high sensitive measurements the spring constant of the cantilever should be in
the same range as that of the sample (CNT) measured. Since axial forces were not
considered in the used model a brief discussion of their influence on the bending behavior
and the estimated elastic bending modulus is given here. A tensile or compressive
stress might occur if the applied force does not only act perpendicular but also has
a component in the direction of the beam axis. The movement of the cantilever tip
and also the CNT free end proceed on curved paths. Depending on the deflection
amplitude of the cantilever the distance between the tungsten and cantilever tip can
change. If, e.g., a soft cantilever in relation to the stiffness of the CNT is used the
cantilever tip tilts towards the CNT resulting in a force component in parallel to the
x-axis. If there is a compressive stress, the CNT experiences an additional bending
moment and appears less stiff. In the simplified model the bending and thus the
curvature of the beam is only expressed by the effective elastic modulus. In the case
of compression of the CNT, mainly at small deflections, the used model leads to an
underestimation of the elastic bending modulus. On the contrary, a tensile stress causes
stiffening and the CNT would seem more rigid due to the reduced curvature. If this
tensile effect is not taken into account it results in an overestimation of the elastic
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modulus. In the present experiments there was evidence for a stiffening of the CNT at
higher forces and deflections, as it is visible in the inset in fig. 3.16. The value of the
elastic modulus rises with increasing deflection, indicating the incidence of tensile stress.
Also a reduced Eb has been found for lower forces, which might be a consequence of
compression. However, no axial stress has been considered in the present evaluation. A
more detailed investigation should consider tensile forces. The experimental challenge
is the simultaneous measurement of axial and vertical forces in AFM and especially
inside TEM where only the bending of the CNT and cantilever within the focus plane
can be measured.
Besides the static bending of CNT inside a TEM employing an AFM cantilever

another approach was used [213]. Due to the high magnetic field of about 2.16 T of
the objective lens system at the position of the sample inside a TEM, a lorenz force
is acting on the CNT, if a current is flowing through it. The force per unit length is
almost homogeneous. By these static bending experiments again the importance of
the consideration of the elastic mounting properties has been confirmed. Furthermore,
inhomogeneities of the CNT cross section originating from amorphous carbon deposition
were resolved and reasonable values for the elastic modulus of the CNT as well as for
the amorphous carbon have been deduced.

The advantage of both static bending methods is the knowledge about the quantity
of the load acting on the structure. Furthermore, in case of low contact resistance both
methods might also be suitable for combining electrical and mechanical measurements
on the same sample. A combination of Lorentz force excitation and a soft conducting
contact mode cantilever might be used to measure also tensile forces and the impact of
axial stress on the electrical and mechanical behavior of CNT.

3.3.2 Resonant dynamic bending

The main method for the investigation of the mechanical properties of iron-filled CNT
within this work was the resonant dynamic bending method. This method is capable
to measure the mechanical properties such as the bending stiffness, from which the
elastic modulus can be deduced. It also gives information about the possible vibrational
behavior of the investigated CNT in comparable application setups such as probes for
scanning probe microscopy and actuators.

3.3.2.1 Amplitude versus frequency

The vibrational amplitude versus frequency was measured in order to obtain the
resonance frequency. In fig. 3.17 at the bottom part the resting state and in the upper
part the first resonant vibrational state of a CNT is shown. The amplitudes were

112



Mechanical characterization of carbon nanotubes

obtained by taking SEM images of vibrational states at several driving frequencies.

Figure 3.17: The vibration state of an
excited CNT and the resting state of a
CNT are shown.

However, only the projection of the vibrational amplitude into the imaging plane of the
SEM could be measured for each excitation frequency. An example of the amplitude
versus the excitation frequency is presented in fig. 3.18. The change of the vibration
plane of a CNT is shown in the upper part of this figure. The five images show the
transition from the resonant excitation of one main axis to the other main axis via
intermediate states with elliptical trajectories of the free end. The two resonance
frequency peaks shown in fig. 3.18 might be explained by two different influencing
factors. One reason are the non-isotropic properties of the CNT clamping generated
by amorphous carbon deposition. Another could be a non- circular cross section of the
CNT. Even though an elliptical cross section could not be measured inside SEM, the
observation of two adjacent resonance peaks suggests an elliptical cross section. Within
this particular discussion the presence of a torsion spring like mounting of the CNT is
not regarded. Assuming an elliptical beam cross section the resonance frequency of
each peak is given by
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The elastic modulus E, the cross section area and the mass density m are identical
for both main axis. The moment of inertia for an elliptical cross section depends on
the bending direction relative to the large or small major axis. If D and d denote the
length of the large and small major axis respectively, the moments of inertia are given
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Figure 3.18: The figure presents the amplitude projected into the imaging plane
of the SEM. The amplitude of the main axes vibration at different excitation
frequencies and elliptical trajectories as transition states are visible.

by

ID =
π

4
D3 d (3.28)

Id =
π

4
Dd3

where ID is the moment of inertia of the larger and Id of the smaller outer main axis
respectively. Inserting the expressions from eq. 3.29 into eq. 3.28 the following relation
can be found
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√
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Id

=
D

d
(3.29)

The frequency ratio is proportional to
√

ID
Id
. Since the mounting of the sample resulted

in a random orientation of the two main axes relative to the excitation plane, both axes
have been excited in the experiments but with slightly different resulting amplitudes.
Thus a frequency ratio of two peaks of fundamental modes related to the two main
axes being close to each other gives evidence for an almost circular cross section.
The data of the CNT shown in fig. 3.18 suggested only a small deviation of the
cross section shape from a circle, which is reflected by the ratio between the two
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eigenfrequencies νres,D1

νres,d1

= 1.04.
As already mentioned above, another even more significant reason to explain the
occurrence of two resonance frequencies might be the amorphous carbon deposition
of the mounting. The stiffness of the amorphous carbon might be highly anisotropic
depending on the deposition conditions. The elastic properties of the deposited carbon
are also influenced by the energy of the electrons [210] from the microscope electron
beam. The electron energy as well as the electron dose on the backside of the CNT
is lower than on top and on the sides of the CNT resulting in anisotropic properties.
In general it should be assumed that the amorphous carbon is much less stiff than
the CNT itself, which might be the origin for several of the observed effects that are
discussed in this work.
In some cases the data of the amplitude versus frequency could not be fitted by a

single Lorentzian-shape function. An example is shown in fig. 3.21. The shoulders, such
as shown in fig. 3.21, were observed and may indicate a second main axis vibration with
a slightly different resonance frequency. A linear combination of two Lorentzian-shape
functions was used for the data evaluation. If the corresponding peak frequencies are
close to each other the cross section is assumed to be almost circular. In the case of
two separated signals the peak corresponding to the resonance frequency resulting in
the higher amplitude has been evaluated.

3.3.2.2 Q-factor

The Q-factor is a quantity used to describe the quality of vibrating systems regarding
their damping. It is defined by the ratio between the resonance frequency divided
by the full width of frequency at half maximum energy eq. 3.30. It measures how
much energy of a vibrating system is stored in relation to the energy dissipation in
one oscillation cycle. The Q-factor is an important quantity for the description of
vibrational behavior of a CNT.

Q =
ν0

∆ν
(3.30)

The ∆ν for the Q-factor was obtained by getting the full width at the maximum
amplitude value divided by

√
2 from the fit of the amplitude-frequency measurement.

Strictly speaking the Q-factor can only be obtained if the correlation between the
amplitude and the exciting frequency shows a Lorentzian-like behavior. In the case of
the complex vibration behavior of iron-filled CNT this was not always fulfilled. A large
distribution of Q-factors in the range 70 to 800 has been found for iron-filled CNT.
Typical examples are shown in fig. 3.19 and fig. 3.20. In the first example, the evaluation
of the amplitude as a function of the excitation frequency gave a resonance frequency
of ν0 = 2731 kHz together with a band width of ∆ν = 3.8 kHz which resulted in a
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quality factor of 718. The second example shows a resonance frequency of ν0 = 353 kHz

together with a band width of ∆ν = 2.7 kHz which resulted in a quality factor of 131.
A more complicated relation between the driving frequency and the amplitude is

Figure 3.19: Amplitude versus frequency and
frequency range that has been used to determine
the Q-factor of 718 of the CNT.

Figure 3.20: Amplitude versus frequency and
frequency range that has been used to determine
the Q-factor of 131 of the CNT.

Figure 3.21: Non symmetric shape of the
amplitude as function of the driving frequency.
The data was fitted by a linear combination of
three Lorentzian-shaped functions.

shown in fig. 3.21. In such case no Q-factor has been determined. Since the data points
were measured manually the vibration behavior was measured with poor resolution. In
order to gain detailed information a more sophisticated experimental setup, that allows
for automatic sweeping of the frequency and measurement of the vibration amplitude
should be used for further study.
The low Q-factor of multi-walled CNT might be explained by structural defects

within the carbon structure [214]. In the concept of continuum mechanics they might be
interpreted as bulk defects. Ono et al. reported a Q-factor of 800 for oscillation of CNT
under high vacuum conditions [214]. Contaminants on the CNT surface were desorbed
by heating in vacuum and a decrease of energy loss has been observed. However, the
Q-factor remained below 1000 and suggested bulk defects as the origin of the energy
loss. The Q-factor is related to the energy dissipated during the vibration of the
system. Several mechanisms result in energy loss during vibration such as intrinsic
internal friction, acoustic emission from a support or via air, friction at the surface and
thermoelastic loss [214]. The latter is a type of internal friction and occurs in vibrating
structures since generated heat leads to spatially limited areas with higher and lower
temperature that can not reach thermal equilibrium [215, 216]. An irreversible heat
flow leads to additional energy dissipation. However, this loss mechanism scales with
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the size of the structure and is less important in nanoscale objects [215]. An alternating
thermal current is driven by the time dependent thermal gradient within the structure.
The surface friction effect was identified to be important in the vibration of silicon
nanoneedles. Internal friction, especially due to internal defects and their dynamics
within the microstructure of the CNT is thought to be the most important energy
loss mechanism [214, 216]. Amorphous carbon layers of several nanometers on the
surface of the CNT might contribute to the energy loss as well. As shown in fig. 3.1
the extension and compression of a structure during bending of the beam is highest
on the upper and lower surface, respectively. Thus, the deformation and strain of the
CNT itself is smaller than that of the amorphous layer. The higher the deformation,
the higher is the dissipation of energy and more heat can be generated within the
amorphous carbon structure [217]. Thus, the low Q-factor of the iron-filled CNT might
be partly related to the existence of amorphous carbon.
Nevertheless, in literature small Q-factor far below 1000 have also been reported for
MWCNT grown by arc discharge (Q=500) [188] and thermal CVD (200-800) [214]
and (115) [218]. Sazonova et al. [178] found Q-factors in the range of 40 to 200 for
single-walled and double-walled CNT. The resonance frequencies were between 3 MHz

to 200 MHz. Other authors reported Q-factors in the range of 150 for multi-walled
CNT and 2500 for single-walled CNT [188, 219, 220]. However, no information about
the existence of amorphous carbon was reported.
Due to the thickness of the amorphous carbon and its formation during the synthesis it
might be considered as an intrinsic effect and not as surface defect in the present study.
As mentioned in the synthesis chapter, the formation of amorphous carbon during the
synthesis of in-situ iron-filled CNT is often inevitable. Thus, the iron-filled CNT possess
a layer of amorphous carbon that contributes to the energy loss and can be thought of
as an internal defect. However, no annealing experiments have been performed. But a
discrimination between adsorbates and internal defects is not clearly possible, since the
heating removes the adsorbates but also heals defects in the structure [214, 221]. For
very small structures with a high surface to volume ratio such as CNT it is difficult to
distinguish between pure surface and bulk defects. Also clamping losses can not be
ruled out, especially when considering, that the mounting is not perfectly rigid but
elastic.

3.3.2.3 Resonance frequency

A homogeneous, simple vibrating beam has a set of characteristic eigenfrequencies
given by eq. 3.31, which depends on the geometry, the mass and elastic properties of
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the material.
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Where β̂j is the mode depended dimensionless eigenvalue, L is the length, m is the mass
per unit length, I the bending moment of inertia of the beam cross section and E the
elastic bending modulus of the beam material. Resonant dynamic bending methods are
often used to determine material properties in the case of a known and defined geometry.
Assuming a homogeneous beam with a circular ring cross section (I = π
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the eigenfrequency is given by eq. 3.32
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In most cases the CNT can be assumed as a homogeneous beam. However, the cross
section in case of the material of the present study can be more complex. In general
three different contributions have been found. The carbon shell structure itself, the
filling and often an amorphous carbon layer were observed. Since all three contributions
are symmetrical around the centerline of the beam their contributions to the total
bending stiffness EIn can be summed up according to the rule of Steiner (eq. 3.33).

Ini = Isi + Ai a
2
i (3.33)

Where In is the moment of inertia relative to the off-centroid n-axis which has the
distance ai relative to the axis that goes through the centroid of Is which in turn is
the moment of inertia relative to this centroid axis. The beam cross section area is
denoted by Ai. The total moment of inertia In is the sum of all partial moments of
inertia (eq. 3.34).

In = In1 ± In2 ± In3 ± ... (3.34)

Since all three cross sections have the same reference axis, that is furthermore located
in the center of mass of the corresponding cross section no additional term Ai a

2
i has to

be considered, because all a2
i are zero. With eq. 3.35 the total bending stiffness of the

filled CNT can be expressed by

EnIn = ECNT ICNT + EfillIfill + EaCIaC (3.35)

The influence of the mass per unit length to the resonance frequency can be obtained
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in a similar way according to eq. 3.36.

mn = mCNT + mfill + maC

= ρCNT ACNT + ρfillAfill + ρaC AaC (3.36)

For the density of the CNT a value of 2200 kg/m3 and for the iron filling a density of
7874 kg/m3 has been assumed. According to Wang et al. [222] a density of 2000 kg/m3

was used for the amorphous carbon. However, also values in the range 1800 kg/m3 to
2100 kg/m3 were reported.

The presence of amorphous carbon on the surface of the CNT increases both the
outer diameter and the mass. While its contribution to the enhancement of the bending
stiffness has to be considered due to the significant impact of the outer diameter on
the moment of inertia, the effect on the mass is rather low. Especially in comparison
with the mass influence of the iron filling the mass of the amorphous carbon is a minor
contribution. Even though the inner diameter was relatively small the high density of
iron, that is approximately three times higher than the density of graphite, leads to a
significant contribution of the filling mass to the resonance frequency and can not be
neglected. An empty CNT of the same length and carbon structure but without an
iron filling would have a much higher resonance frequency, thus for a given geometry
of the CNT the mass of the filling reduces the resonance frequency. The mass of the
filling is especially important if it is located close to the free end of the vibrating
CNT. The mass density m of the filling was calculated by ρFe π4 d

2
i where di is the

inner diameter of the CNT. As shown in fig. 3.14 long and aligned CNT were most
often filled with extended iron nanowires. Nevertheless, small interruptions or unfilled
sections can not be ruled out. Furthermore, the distribution of amorphous carbon is
also not always homogeneous along the CNT surface. It was often concentrated in the
vicinity of the mounting, where it contributes to both the stiffness of the beam but
also to the elastic properties of the mounting. Strictly speaking each inhomogeneity
such as interruptions of the filling or local depositions of amorphous carbon actually
limits the simple application of eq. 3.32 and requires the segmentation of the beam
into sections with constant properties. Each section is connected to its environment by
either natural or boundary conditions. The treatment of such a multisegment system
can easily become quite elaborate to be analytically solved and for more detailed studies
numerical methods should be used.

3.3.2.4 Resonance frequency shift

The resonance frequency of a vibrating CNT depends on the length, the bending
stiffness and the mass. There are several reasons for a frequency shift of a vibrating
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beam and a discrimination of the competitive effects is hardly possible [216].
A downward resonance frequency shift was more often observed during the con-

ducted experiments. In that case the deposition of additional contaminations from the
microscope atmosphere on the surface of the CNT was the dominating effect. In order
to show the frequency shift due to the formation of a localized mass as consequence of
a local mass deposition, amorphous carbon has been deposited at the tip of a CNT.
In fig. 3.22 the drift of the resonance frequency versus time and the corresponding
CNT are shown. The total imaging time for this CNT was 120 min and the deposition
of amorphous carbon was clearly visible. In order to investigate the influence of the
mass deposition, every three minutes the resonance frequency was measured. In case
of the upper curve in fig. 3.22 the CNT was measured every three minutes and in
between the CNT was not exposed to the electron beam. Thus the mass deposition
and corresponding frequency shift could directly be related to the imaging time which
was approximately 20 min, that is almost one minute per point. The total frequency
shift was 31 kHz. The lower curve in fig. 3.22 was obtained by a permanent exposure
to the e-beam. Therefore, the CNT was exposed to the electron beam for 60 min. The
significant higher frequency shift was 100 kHz and thus about three times higher. In

Figure 3.22: Resonance frequency shift due to mass deposition. The upper curve
shows the deposition behavior without permanent imaging of the CNT. The lower
curve shows the frequency shift for a permanent observation.

total a layer of approximately 60 nm thickness was deposited on the tip of the CNT.
Especially if the amorphous carbon is located close to the free end of the vibrating

CNT the resonance frequency of the first mode would be reduced. Consequently, the
imaging time was kept as short as possible and furthermore a low pressure inside the
SEM was maintained. Since the deposition rate of gaseous carbon is smaller for high
e-beam energy an acceleration voltage above 15 kV was chosen. However, at higher
electron energy the strength of the deposited material increases [115].
In the case of an adsorption of material a reduction of the resonance frequency

due to the increase of the vibrating mass can be expected. However, assuming the
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adsorption of amorphous carbon on the surface of a CNT the resonance frequency might
even rise, if the influence of the increasing moment of inertia exceeds the influence of
the additional mass. In fig. 3.23 a simulation of the resonance frequency shift as a
function of increasing outer diameter is shown. If the additional material has nearly

Figure 3.23: Simulation of resonance
frequency shift due to increase of the
outer diameter and mass deposition. The
blue curve shows the increase of the outer
diameter due to material with the same
properties as the original beam. The red
curve shows the deposition behavior for
material with different material
properties than the beam, especially a
lower elastic modulus.

the same elastic properties and density as the vibrating beam, the resonance frequency
will always increase (blue curve in fig. 3.23). The red curve represents the case of an
diameter increase due to an amorphous carbon layer with a lower elastic modulus in
comparison to a diameter growth with the same properties (blue). In a certain diameter
range the resonance frequency drops down due to the higher beam mass. When the
diameter increases further, its contribution to the bending stiffness dominates the
resonance frequency behavior. In the present experiments a downward shift of the
resonance frequency has been observed.

3.3.2.5 Resonance frequency ratio

A vibrating beam possesses different modes, each with a characteristic eigen frequency,
which depends on the geometry, the material and the boundary conditions. For an ideal
homogeneous, one side clamped beam a resonance frequency ratio ν2

ν1
of 6.3 between

the second and first eigenmode is expected. In the present work only the first two
eigenmodes were considered.
In fig. 3.24 the resting state of a completely iron-filled CNT together with its first

and second resonant eigenmode vibration is presented. The resonance frequency of the
first eigenmode was 747 kHz and of the second eigenmode 3182 kHz. The resonance
frequency ratio of this particular iron-filled CNT was 4.25. The envelope of the first
vibrating eigenmode in fig. 3.24 (middle position) was fitted using the Euler-Bernoulli
beam model as shown in fig. 3.25 . The assumed elastic properties of the clamping
have been considered by using a torsion spring like formulation of the corresponding
boundary condition as given by eq. 3.15. For the elastic clamping a torsion spring
constant α = 4.2× 10−12 N m

rad
was found. The resonance frequency ratios of several
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Figure 3.24: Vibration of an iron-filled CNT. The upper part shows
the resting state. In middle the first eigenmode and at the bottom the
second eigenmode vibration is shown. The resonance frequency was
747 kHz for the first mode and 3182 kHz for the second mode.

iron-filled CNT investigated in the present work are presented in tab. 3.2 on page 133
and were below the expected value of 6.3.
The evaluation of the bending curve of the resonant vibrating state furthermore

indicated the elastic properties of the CNT mounting, since a non-zero slope in the
vicinity of the mounting area was frequently observed within this work. The fit of the
bending curve supports the experimental observation related to the elastic mounting
properties as mentioned before and shown in fig. 3.9. In addition, the curvature of the
bending curve deviated from that of the ideal simple Euler Bernoulli beam which is
illustrated in fig. 3.29 and will be discussed in detail in 3.3.2.6.
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Figure 3.25: Envelope of vibrating bending curve of the CNT corresponding
to fig. 3.24.

The presence of localized masses could be a reasonable explanation for a reduced
resonance frequency ratio. Depending on the amount and position of a localized
mass, it has been shown, that the resonance frequency ratio can be lower or higher in
comparison to an ideal homogeneous beam [205]. For a point mass that was 20 % of
the total beam mass it was found, that the resonance frequency ratio is in the range
of 5.5 to 6.3, if the position of the point mass is between the mounting point and the
half beam length (fig. 3.2 on page 98). If the point mass is somewhere between the
half beam length and the beam tip, the resonance frequency ratio was in the range
of 6.3 to 7.5. Within their work Wang et al. [205] were focussed on the effect of a
small point mass but also indicated, that localized defects might have similar effects
on the vibration behavior of CNT. If an attached localized mass is the origin of the
frequency shift the bending stiffness of the CNT itself is not changed but the kinetic
behavior during the oscillation is affected. In some rare cases a distribution of particles
was found, as shown in fig. 3.30, but these particles were not attributed by the used
analytic model. In the present work the influence of point masses was not explicitly
considered since in the majority, localized mass accumulations of iron particles were not
observed. Nevertheless, diameter variations of the iron filling inside of the CNT could
lead to a point like mass distribution. Especially for CNT revealing a non-continuous
and inhomogeneous iron filling a model that considers the influence of localized masses
would be useful for further studies.

The properties of the clamping of the CNT to the support did also have an influence
on the vibration properties and thus the resonance frequency ratio. The clamping
properties of CNT used in the experimental setup were described by the boundary
conditions of the model of the vibrating beam. The solution eq. 3.20 of the eq. 3.19
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satisfies the boundary conditions eq. 3.13 and therefore the slope has to be zero at
x = 0 which is in the vicinity of the clamping point. The elastic properties of the
clamping can be explained by a boundary condition eq. 3.15, which enables a finite slope
of the curve at x = 0. The proportional constant α in eq. 3.15 is called torsion spring
constant. The resonance frequency ratio is a function of the elastic properties of the
beam clamping. A non rigid clamping reduces the first mode eigenfrequency whereas
the second mode eigenfrequency is less affected. For that reason the eigenfrequency
ratio νres2

νres1
increases above 6.3 which would be the theoretical frequency ratio for a

rigidly clamped beam. The measurements of in-situ iron-filled CNT often revealed a
frequency ratio lower than this value. Since the elastic properties of the mounting can
not explain a reduced frequency ratio, another effect has to be considered as the origin
of the reduced frequency ratios.

When the envelope of a vibrating CNT was evaluated it was found, that in some
cases a homogeneous beam could not be fitted. In fig. 3.26 the shape of a long iron-filled
CNT and its first and second eigenmode vibrations are shown. The shape of the initial
non vibrating state was measured, since the shape of the CNT was not a perfectly
aligned beam. In order to obtain the shape of the bending curve, the shape of the
resting CNT was subtracted from the envelope of the first eigenmode. In fig. 3.27
the data points and an Euler-Bernoulli beam model fit are shown. The data of the
envelope of the first eigenmode vibrating state could be fitted by a homogeneous beam
model only up to a partial length of approximately 10 µm. At a length of ≈10 µm

a significant deviation between the data points and the fit was visible. A frequency
ratio of 4.75 was found for this CNT. The kink in the shape of the envelope curve
suggested the existence of a dominating localized large volume defect in the structure
of the CNT in the last third of the tube length close to its free end. An example of
such a localized large volume defect is shown in fig. 3.10 in section 3.2.3. It locally
weakens the strength of the CNT and can be described as a local inhomogeneity of
the bending stiffness E I that consists of the elastic modulus E and the moment of
inertia I. The rather complex in-situ filling process during the CNT formation might
have led to localized volume defects in the carbon shell structure of the CNT. Such
defects do have an influence on the properties of the CNT and hence on their vibration
behavior. In the case of volume defects the effective bending stiffness of the CNT is
reduced. Different types of defects lead to different response in the vibration behavior
of CNT. As yet, no genuinely suitable model for the treatment of volume defects and
their influence on the resonance frequency has been found [205]. But the description of
such a defect by a torsion spring has been suggested [205] as an first approach.

In order to understand the influence of such a local defect and the elastic properties
of the clamping on the vibrational behavior of a CNT, numerical simulations of a
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Figure 3.26: Vibration of a long iron-filled CNT. Top shows the non vibrating
state. In middle the first eigenmode and at the bottom the second eigenmode
vibration is presented.

representative model system were conducted. An Euler Bernoulli beam with an elastic
mounting and additional volume defect within the structure was simulated. Whereas
the properties of the mounting were kept constant in the case of the defect containing
simulations, the strength and the position of the defect were varied. The parameters
used for the simulation are given in tab. 3.1. The black curve in fig. 3.28 represents
a continuous and homogeneous beam without an additional defect. In that case the
x-axis represents the strength of the mounting, expressed by its elastic modulus. It
shows, that the frequency ratio clearly increases if the mounting becomes softer.
In the case of the red, green and blue curve the x-axis represents the strength of the
defect at constant beam cross section. For the mounting an elastic modulus of 1 GPa

was chosen. As it can be read off fig. 3.28 a dominating defect (blue) close to the
mounting, that would be the first third of the beam, results in an even larger increase
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Figure 3.27: The envelope of the vibrating bending curve of the CNT
corresponding to fig. 3.26. Only a part of the data could be fitted by a
homogeneous beam model. The last third of the beam could not be fitted.

Table 3.1: Parameter of the numeric simulation of the influence of elastic
mounting and defects on the vibration behavior of iron-filled CNT.

Parameter Value Dimension
Length of CNT 15 µm
Outer diameter 90 nm
Inner diameter 30 nm
Elastic modulus of CNT 100 GPa
Length of defect 0.1 µm
Elastic modulus of defect 0.01 - 100 GPa
Length of amorphous mounting 1 µm
Diameter of amorphous mounting 270 nm
Elastic modulus of amorphous mounting 1 - 100 GPa

of the frequency ratio in comparison to the homogeneous beam (black). If the defect is
in the middle of the structure (green), it depends on its strength whether the frequency
ratio is above or below the value of 6.3. Only if the defect is in between the half beam
length or even more close to the free end of the vibrating beam (red), a continuous
decrease of the frequency ratio can be found for a diminishing strength of the defect.
That shows, that the frequency ratio depends on the defect strength and its position.
With increasing stiffness of the defect and increasing stiffness of the mounting all cases
approach to the value of 6.3. However, for a finite stiffness of the mounting that can
not be considered as perfectly rigid the frequency ratio will remain above 6.3.
The simulation results, especially the red curve in fig. 3.28, can explain the experimental
results of the particular CNT shown in fig. 3.26 and the corresponding envelop data
in fig. 3.27. The assumption appears to be supported, that the presence of a localized
volume defect within the vicinity of the free end in combination with an elastic
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Figure 3.28: Influence of defect strength and position on the resonance frequency
ratio. The colors corresponds to the different beam cases, while the x-axis
represents either the strength of the mounting (black) or of the defect.

mounting is one reason for the reduced resonance frequency ratio, which was 4.75 for
this particular CNT. From the discussed influence of the mounting and defect properties
on the frequency ratio it was also understandable, that in some cases no vibration of
the second eigenmode was observable. That was especially the case for short CNT
possessing a high first eigenmode frequency and furthermore a high elastic modulus,
i.e., a low defect density, and no additional dominating volume defect. In combination
with an elastic mounting the frequency ratio might have been clearly above 6.3 and
thus the second eigenmode frequency could not be observed during the experiments,
due to a limited maximum excitation frequency of the function generator.

Of course, other structural inhomogeneities such as diameter variation and non
continuous filling will also affect the vibration behavior. The evaluation of the envelope
curve of the resonant vibrating state reveals further information about the investigated
structure, that can not be obtained from evaluating the resonance frequency alone. By
using the resonance frequency expression eq. 3.31 only an effective elastic modulus
can be obtained in the case of an inhomogeneous beam structure. The envelope curve
contains spatially resolved information and can be used to obtain the elastic modulus
of the beam structure even if it includes localized inhomogeneities. Also the elastic
properties of the mounting become only visible by evaluating the envelope curve which
is vividly shown in fig. 3.29 (page 130) in the following section 3.3.2.6 about the
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determination of the elastic modulus.
All resonance frequency ratios found within the present work were less than 6.3.

Reduced resonance frequency ratios for unfilled multi-walled CNT such as 5.68 and 4.18

have also been reported in literature [188, 190]. These are surprising and unexpected
results for ideal homogeneous vibrating beams (CNT). Furthermore, for an elastic
mounting of an one-side clamped vibrating CNT a resonance frequency ratio above 6.3

is expected. A part of the experimental results within this work gives clear evidence for
the presence of elastic mounting properties, which has also been revealed in a previous
work [213]. The reduced resonance frequency ratio could be explained by the presence
of a point mass [205]. Another possible explanation for a reduced resonance frequency
ratio is based on the presence of a localized volume defect within the CNT structure
near the middle or in the vicinity of the free end of the vibrating beam as shown by the
green and red curve in fig. 3.28. The morphology of the as grown CNT as shown, e.g.,
in fig. 2.32 on page 70, indicates the defect enriched structure of the CNT close to the
substrate surface. The middle part of the CNT show off less defects, whereas the tip of
the CNT again possess a higher defect density. Due to the sample preparation method
the upper part is connected to the tungsten tip and the lower part becomes the tip
of the free standing CNT and consequently the part with the high defect density is
close to the free end. This might explain why in most of the measurements a reduced
resonance frequency ratio has been found.
The special structure of multi-walled CNT gives evidence for a further effect which could
cause a reduced ratio. Even though most of the experimentally investigated multi-walled
CNT can be regarded as slender beams, when looking at the high aspect ratio above 100,
it is still possible, that the Timoshenko beam model has to be considered [223], due to
shear effects within the structure during bending [193]. However, for a homogeneous
beam this model can not explain resonance frequency ratios below 4.0 [224]. Due to
the complex structure of in-situ iron-filled CNT a combination of all above mentioned
effects can not be excluded.

3.3.2.6 Determination of elastic modulus of iron-filled CNT

The purpose of the dynamical bending experiments was to gain knowledge about the
elastic modulus of in-situ iron-filled CNT, which is an important material property. Its
knowledge is necessary to predict the mechanical behavior of this type of CNT.
After describing the evaluation procedure based on selected examples, the experimental
results will be presented and a discussion about the obtained elastic modulus in relation
to the literature follows.

In order to obtain the elastic modulus of the CNT from the dynamic bending method
the resonance frequency and the geometry had to be determined. The geometry in
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particular the length, the outer and inner diameter were measured from SEM and TEM
micrographs.

The evaluation of eq. 3.31 is a widely used procedure [188, 190, 218]. It was also
applied to a number of CNT within the present work. The results are presented in
the upper part of tab. 3.2. In order to obtain additional information on the vibration
behavior and mechanical properties of iron-filled CNT the evaluation of the envelope
of the resonant vibrating state of the CNT was added to state of the art approaches.
Thereby, further knowledge about the bending behavior and in particular about the
elastic mounting properties of the CNT become available.

After the length measurement, compare section 3.2.2, the curvature of the resting
state of the CNT was determined. Thereafter, the presumed resonance frequency of
the particular CNT was estimated from its measured diameter and length according
to eq. 3.32. The precise resonance frequency was then obtained from the amplitude
versus frequency data as described in 3.3.2.2. The data points of the CNT curvature and
envelope of the resonant bending state were taken from the images of the resting state
and the resonant vibrating state, respectively. These two sets of data points, containing
the relevant information of the bending state, were deduced for each investigated CNT.
However, the CNT were not perfectly aligned beams rather than possessed a certain
curvature, visible in particular in the resting state. In order to get the real bending
curve of the particular CNT, the data of the resting state were subtracted from the
data of the resonant vibrating state. The resulting bending curve was afterwards
fitted, using the Euler Bernoulli beam model implemented in Mathematica. By solving
the boundary condition eq. 3.15 an expression for the torsion spring constant α was
obtained, which was inserted into eq. 3.20. The free unknown parameters β = f(E)

and Ci of eq. 3.20 were determined by a non-linear fit.

As discussed earlier, the mounting was in general not perfectly rigid but rather
showed an elastic behavior. Thus, it was necessary to modify the boundary conditions
accordingly. An example of a particular CNT bending curve is shown in fig. 3.29. The
amplitude versus frequency measurement of this CNT revealed a resonance frequency
of 2731 kHz and a Q-factor of 718. Regarding only the resonance frequency eq. 3.31 and
a theoretically expected β̂ = 1.875 an elastic bending modulus of Eb = 0.24 TPa was
obtained. In the next step the envelope of the resonant vibrating state was considered.
Without the torsion spring assumption the model could only poorly fit the data of the
envelope, since the finite non zero slope at the mounting was not taken into account.
This fact is illustrated by the green curve in fig. 3.29, which shows a higher curvature
than the data points demand and consequently gives a lower elastic modulus. In that
case the effective elastic bending modulus is Eb = 0.22 TPa and β̂ = 1.932. This gave
only a small difference to the previous case, where only the resonance frequency was
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Figure 3.29: Envelope of an oscillating CNT. The red curve shows the fit
assuming a torsion spring like mounting. The green curve is the fit assuming a
perfectly rigid clamping.

regarded.
Considering the elastic properties of the mounting by a torsion spring constant α
provided an additional parameter, that took the finite slope of the envelope near
the mounting into account. Consequently, the model represented by the red curve
in fig. 3.29 fitted the data better and gave a significantly higher effective elastic bending
modulus of Eb = 0.35 TPa. For β̂ a value of 1.891 was found which is somewhat higher
than 1.875. For the torsion spring constant α = 2× 10−12 N m

rad
was obtained which

indicates a rather high stiffness of the mounting.
This example vividly shows, that assuming the two options, a zero slope at the mounting
point or evaluating only the resonance frequency, gives significantly different results.
Thus, the elastic mounting conditions can only be neglected, if the mounting is either
perfectly rigid or its stiffness is very high in comparison to the stiffness of the CNT.
Due to the expected high stiffness of CNT this is usually not fulfilled. However, the
assumption of elastic properties of the mounting requires the evaluation of the envelope
of the resonant vibrating state by fitting the particular bending curve. Furthermore,
the modified model of a simple beam can only be used without restrictions, if the
elastic properties of the CNT are sufficiently homogeneous along the full beam length.

However, due to the complex morphology of iron-filled CNT and amorphous carbon
deposition during sample preparation this assumption is not always fulfilled. In fig. 3.30
the structure of a completely iron-filled CNT and a corresponding schematic sketch
are shown. The attached structures on the CNT surface consisted of carbon deposited
during the formation process but were not filled with iron. Thus, no significant influence
of these masses on the vibration behavior was expected. At the left side a part of the
tungsten wire can be seen and also an amorphous carbon deposition of an approximate
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length of 2 µm. The amorphous carbon deposition in the vicinity of the mounting
locally increases the outer diameter and therefore enhances the bending stiffness. The
sketch in fig. 3.30 shows the different parts, whereas the slanting hatched area represents
the amorphous carbon, which is represented by the torsion spring in the model and the
horizontal hatched area the CNT, respectively. The back scattered electron contrast
at the bottom of fig. 3.30 revealed, that the CNT shown here was continuously filled
with iron. In fig. 3.31 the fit of the experimental data with the analytical model is

Figure 3.30: Structure of a completely iron filled CNT and a corresponding
model structure. The amorphous carbon deposition around the mounting can be
seen. The carbon structures on the surface were not filled with iron. At the
bottom the BSED contrast is shown revealing the iron filling.

shown. An elastic modulus Eb = 0.52 TPa and a β̂ = 1.948 was obtained. The value of
β̂ was higher than the theoretically expected 1.875. The torsion spring constant α was
≈9× 10−13 N m

rad
, which suggested a rather soft mounting of this particular CNT. This

gave evidence for a low elastic modulus of the amorphous carbon deposition. Since the
underlying model assumed a homogeneous beam, the analytical fit function could not
explicitly account for the influence of the amorphous carbon deposition in the vicinity
of the mounting point. However, the slope of the envelope supports the assumption of
elastic mounting properties and no discontinuities in the curve shape were observable.
The two discussed examples show the relevant features, that were found during the
investigations.

The results of the dynamic bending experiments on in-situ iron-filled CNT, in order
to gain information about their vibration behavior and elastic modulus, are presented
in tab. 3.2. In the upper part the experimental results are shown assuming a rigid
clamping and the validity of a homogeneous beam model. These results are based on
the evaluation of the resonance frequency only and do not contain information about
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Figure 3.31: Experimental data and analytical fit of the envelope of the CNT
shown in fig. 3.30. An effective elastic bending modulus of Eb = 0.52 TPa was
found.

the envelope of the resonant vibrating state. In the lower part experimental results
are presented, in which the envelope curve of the free resonant vibrating state has
been evaluated. This led to modified values for the elastic modulus Eb. In the cases
where both, the first and the second eigenmode were measured, the corresponding
frequency ratio is given. The data in line 16 belongs to the CNT shown in fig. 3.26
and is an exception. Because of the kink, only a part of approximately 10 µm was
considered in the fitting process. The parameter β̂1 was calculated by eq. 3.32 and
deviates significantly from the other β̂1 values. The measured CNT were grown on the
same type of substrate and using the same argon gas flow and pressure. Some samples
(line no. 8, 10 and 16 in tab. 3.2) were grown at a reduced precursor mass flow. In
order to show the effect of the boundary condition modification, the average elastic
modulus of the investigated samples was evaluated. For the upper part in tab. 3.2
an average of Eb = 0.45± 0.33 TPa (Ē1) and for the lower part Eb = 0.41± 0.11 TPa

(Ē2) was determined. It should be emphasized, that the standard deviation was much
lower in the case of the advanced evaluation method, in which the resonance frequency
and the envelope have been considered.
Although the average values seemed quite similar, a significance test in the framework
of a Tukey-test has been performed in order to test that there was no significant
deviation of the mean values. As primary hypothesis no deviation of the mean values
(Ē1) and (Ē2) was assumed. Since the p-value was 0.7 and much higher than the
significance level α = 0.05 this hypothesis could not be rejected. Due to the limited
number of investigated CNT the conclusiveness of this test is limited, as it requires a
minimum sample size of 30 for the comparison of data sets with such a high difference
of the standard deviation.
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Table 3.2: Geometry, parameter β̂1, number of shells (nos), resonance frequency
νresi and the effective elastic bending modulus Eb for a number of iron-filled CNT.

Nr. L do di nos β̂1 νres1 νres2
νres2
νres1

Eb

µm nm nm kHz kHz TPa
1 16.23 90 23 98 1.875 325.00 - - 0.12
2 18.90 74 20 80 1.875 204.00 - - 0.13
3 18.17 119 39 118 1.875 454.40 - - 0.21
4 18.50 106 35 104 1.875 509.90 - - 0.39
5 21.70 103 25 115 1.875 334.00 - - 0.64
6 17.60 104 34 103 1.875 774.00 - - 0.82
7 11.84 90 27 79 1.875 1632.00 - - 0.90
8 21.49 69 23 68 1.290 90.50 296.00 3.27 0.23
9 16.35 122 33 130 1.974 747.60 3182.00 4.25 0.29
10 5.27 48 16 47 1.891 2731.00 - - 0.35
11 19.05 130 28 150 1.844 585.30 - - 0.36
12 16.38 147 27 176 1.914 1107.00 - - 0.46
13 16.80 179 32 216 1.197 510.00 1183.00 2.32 0.47
14 15.44 112 33 116 1.816 826.00 4613.00 5.58 0.48
15 10.39 60 20 59 1.948 1141.00 - - 0.52
16 14.04 90 20 103 0.741 146.00 694.00 4.75 0.53?

17 17.48 104 24 117 1.635 545.00 2196.00 4.03 0.57

At this point it should also be mentioned, that in the first case, i.e., the upper part
of the table tab. 3.2, where no elastic mounting properties were considered, a lower
mean elastic modulus than in the lower part would have been expected. However, the
evaluation of the CNT shown in fig. 3.29 on page 130 revealed, that the value of the
elastic modulus was significant higher if the elastic mounting properties were taken into
account. The same phenomena was reported for quasi-static bending experiments [213].
Despite the differences between the individual in-situ iron-filled CNT investigated in
the present work, the reduced standard deviation indicated, that a narrow range of
the elastic modulus values for this class of material exists. The consideration of the
elastic mounting properties by evaluating the envelope of the free vibrating CNT in
combination with the resonance frequency clearly gave more reliable results for the
elastic modulus.
Tu et al. [182] investigated MWCNT up to 100 carbon shells theoretically and cal-
culated an elastic modulus of 1.04 TPa. Also other authors [161] obtained an elastic
modulus of 1 TPa. Although values above 1 TPa such as 1.8 TPa and 1.3 TPa have
been reported [173, 225] the experimentally obtained values for MWCNT are in general
below 1 TPa.

An analytical solution of the differential equation 3.12 can only be found for special
cases such as a homogeneous bending stiffness E I or some simple zero dimensional
deviations. However, in many situations this requirement is not fulfilled and the
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4th order differential equation of the problem can only be solved numerically. In
this particular case, the solution depends on the known geometry and resonance
frequency, whereas the torsion spring constant α and the effective elastic bending
modulus Eb are directly obtained from the data fitting. Furthermore, the elastic
modulus of the amorphous carbon deposition can be obtained, if it is inhomogeneousely
distributed along the CNT surface. In order to fit the envelope data of a beam with an
inhomogeneous cross section, an additional numerical method has been used. Each
change of the beam geometry or material property actually requires the introduction
of a separate beam section with homogeneous properties. Depending on the number
of inhomogeneities the number of sections might get quite large. For each section the
beam equation has to be solved, whereas the sections are connected with each other
by natural boundary conditions. Due to the special geometry of the CNT another
modeling approach can be used. The total area moment of inertia is given by eq. 3.34.
The total bending stiffness is given by eq. 3.35, whereas each moment of inertia is
weighted by the corresponding elastic modulus. The contribution of the amorphous
carbon to the total bending stiffness, as a consequence of the change of the cross section,
was weighted by a Fermi-function (eq. 3.37) that returns function values in the interval
[0 , 1] = {f(x) ∈ R | 0 ≤ f(x) ≤ 1}.

f(x) =
1

exp(x−d
c

) + 1
(3.37)

While the parameter d defines the point where the function returns
1

2
, the parameter c

controls steepness of the function around x = d. The beam is not divided into sections
but special features such as the amorphous carbon deposition can be weighted by one
or zero which is comparable to switching the particular feature on or off. This can
be achieved by multiplying the corresponding contribution of the feature to the total
cross section along the tube axis with the Fermi-function. By using this method one
differential equation, that represents the whole CNT including the inhomogeneities of
the cross section and material, is obtained. This method can in principle also be used
to encounter for the influence of filling sections, if the filling is not continuous.

Applying both the analytical and numerical method to a homogeneous, almost
completely iron-filled CNT, which is shown in fig. 3.14 on page 109, confirmed their
usability. In the first case the analytical method containing the parameter β, the
torsion spring constant α and the amplitude C has been applied to the data shown
in fig. 3.32. The fit revealed a β̂ = 1.635 and from eq. 3.32 an effective elastic bending
modulus Eb = 0.57 TPa was determined.
In the second case the 4th-order differential equation was directly fitted to the data as
shown in fig. 3.33 and from that an effective elastic modulus Eb = 0.55 TPa was obtained.
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Figure 3.32: Fit of the envelope data with the analytical expression. An effective
elastic bending modulus of Eb = 0.57 TPa was found.

Thus, the elastic modulus obtained in both cases is almost the same regarding the
differences between the two fitting approaches. However, for comparison a β̂ = 1.648

was calculated from the resonance frequency expression eq. 3.32, which is very close
to the value found by the analytical fitting method. This is a remarkable compliance,
attributable to the homogeneous properties of this particular CNT. Although the CNT

Figure 3.33: Fit of the envelope with the numerical expression. An effective
elastic bending modulus of Eb = 0.55 TPa was found.

possessed an amorphous carbon deposition in the vicinity of the mounting, it turned
out, that it did not increase the bending stiffness but was actually the origin of the
elastic mounting properties. Both methods gave a value of the torsion spring constant
of about 1.0× 10−12 N m

rad
and thus the clamping could not be considered as rigid. This

also supported the assumption, that the amorphous carbon was the origin of the elastic
properties of the mounting.
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However, fig. 3.35 shows an example, where the analytical and numerical approach re-
vealed different results. The analytical fit of this CNT was already presented in fig. 3.31,
whereas the numerical fit is shown in fig. 3.34. Using a value of c = 1.0× 10−9 m, which

Figure 3.34: Experimental data and numerical fit. The elastic modulus of the
CNT was Eb = 0.21 TPa.

corresponds to a smooth decline in eq. 3.37, a good fit has been obtained. In that case
a value for the amorphous carbon of Eam = 0.6 GPa was found, suggesting a rather
soft amorphous carbon deposition on the CNT surface. The effective elastic modulus
of the CNT was Eb = 0.21 TPa which is about half the value that was found by fitting
the data with the analytical model. Furthermore, a relatively high value for the torsion
spring constant α of ≈1.0× 10−9 N m

rad
was obtained, indicating a rather high stiffness of

the mounting. Thus, the slope of the curve was flat in the vicinity of the mounting
point.

The direct comparison of the analytical fit (green curve) and numerical fit (red curve)
is shown in fig. 3.35. It is obvious, that in the former case a much higher slope than
in the latter case was obtained at the mounting point. However, the curvature in
the analytical case is lower, which is reflected by the higher effective elastic bending
modulus. The analytical model was not capable to consider the local influence of the
amorphous carbon to the overall bending stiffness of the CNT. Therefore, the effective
elastic bending modulus might have been overestimated, if the stiffening, that results
from the deposition of amorphous carbon was not taken into account as it is shown by
this example. It can be concluded, that the numerical fit (red curve in fig. 3.35) gave a
reliable result and the effective elastic bending modulus Eb of this particular CNT is
about 0.21 TPa.

The conducted examinations suggest, that more detailed studies of the influence of
amorphous carbon and inhomogeneities of the CNT structure should be performed.
Even though it has been shown that continuum mechanics can be used also for
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Figure 3.35: Comparison of the analytical and numerical fit. The numerical
approach gave a better fit and an elastic bending modulus Eb = 0.21 TPa. The
analytical fit gave Eb = 0.52 TPa.

mesoscopical systems, such as CNT, their complicated and often complex structure has
to be regarded. Sophisticated models, that reflect special features of CNT are necessary.
A better agreement between experiments and theory will be achieved. Whether a
certain behavior of CNT found in experiments related to the internal structure or the
boundary conditions effects can only be determined, if the data evaluation reflects the
experiment in more detail. The comparison between different features and methods of
evaluation in the case of in-situ iron-filled CNT illustrates this aspect vividly.

3.3.3 Influence of the parameters

In the following section the experimental results of the present work are compared and
discussed with literature, mainly focussing on multi-walled CNT grown by thermal
CVD.

Influence of the length

Due to the high aspect ratio, the CNT length measurement is not straight forward.
The length is a critical parameter and its value is often underestimated for two reasons:
First, only the projection of the real length can be measured which is always smaller
than the real length. Second, due to screening effects or uncertainties of the exact
mounting point position a shorter length is measured. The exact anchoring point is
often not visible [209]. The free standing part of the length of a micrometer long beam
can in principle be measured with good accuracy, whereas a large uncertainty with
respect to the exact clamping point exists [188, 209]. Consequently, the beam length
contains a certain systematic uncertainty. The length enters with the power of four
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into the formula of Eb (eq. 3.38).

Eb =
64 π2 ρT ν

2
jL

4

(d2
o + d2

i ) β̂
4
j

(3.38)

While in the present work the length of free standing CNT was measured either by
using the tilt functionality of the the SEM stage or by using the rotational extension of
the micromanipulator inside SEM, Poncharal et al. [188] rotated the stage of the TEM
in order to get at least two projections of the CNT for the length estimation. However,
while the length unsureness due to an unknown angle between the CNT and the focus
plane can be corrected the above mentioned uncertainties remain. To show the effect of
the length uncertainty onto the elastic modulus eq. 3.38 was evaluated with the initial
length as it was measured only from one image and with the corrected length. Referring
to the CNT line number 10 in tab. 3.2, in the first case Eb = 0.26 TPa corresponding
to a length of 4.89 µm were found. In the second case Eb = 0.35 TPa were obtained,
using the corrected length of 5.22 µm. This clearly shows, that the elastic modulus is
underestimated if only the projected length is used.

All methods, in literature as well as in the present work, that have been applied
to determine the elastic modulus have in common, that the length has a high impact
on the obtained value. In experiments often the exact mounting point can not be
determined due to screening by amorphous carbon deposition or by shadowing by
sample itself [188, 190]. In case of AFM measurements it is also often uncertain where
the CNT is actually clamped and where the unsupported part begins. Furthermore, the
CNT might also be supported by other structures such as other CNT or dirt below the
sample. These problems can only be minimized to a certain level but should always be
considered. Zeng et al. [209] suggested the introduction of an additional support with
known properties in order to reduce the uncertainties of an undefined clamping position.
However, the suggested solution is not suitable for experimental implementation since
such an additional support would introduce a number of new unknown properties to the
experiment. Furthermore, it is not obvious that a certain mounting point exists [226].

Another issue is the curvature of the CNT. Most nanotubes investigated experimen-
tally in this work but also in the literature [188–190, 201] are no straight aligned but
possess a certain curvature. This leads to an additional uncertainty about the real
length of the measured CNT. Due to the curvature the length is often underestimated
as it is measured from the anchoring point to the tip. The measurement of CNT
deposited onto specially prepared substrates can be advantageous [174, 186]. In that
case the CNT were dispersed in an organic solvent and a small amount dropped to the
surface of either a porous substrate [174] or an especially prepared line grid [186]. In
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the latter case the CNT were additionally orientated perpendicular to the lines using
dielectrophoresis forces as consequence of an applied electrical field. Only a small part
of the CNT across a hole or trench is unsupported and can be bent. The rest of the
CNT is anchored to the substrate surface. If the hole diameter or the trench width
is given also the free length of the CNT is known. Furthermore, such a short beam
section of several hundred nanometers can be considered as straight aligned.
As a consequence of the challenges regarding the length measurement, the investi-

gation of the elastic bending modulus by resonant dynamic bending often gives an
underestimated value. It is therefore stated, that in most cases the given values for the
effective elastic bending modulus in tab. 3.2 can be considered as a lower boundary
estimation.

Influence of the cross section geometry

The bending stiffness E I of a beam consists of the material properties represented by
the elastic modulus E and the bending moment of inertia I which is defined by the
geometry. The elastic modulus can only be extracted if the cross section of the beam
is known. Although in general the cross section of a CNT can be approximated by a
circular ring, the cross section of an in-situ iron-filled CNT is not that simple. In fig. 3.36
the most relevant features of an iron-filled CNT are sketched. The amorphous carbon
in section A originates from the mounting process, whereas the amorphous carbon in
section B was formed during the CNT growth process. The filling might be interrupted

Figure 3.36: Typical inhomogeneities
and different possibilities of cross sections
of in-situ filled CNT.

as it is shown in section D. In section E an additional iron particle is attached to the
surface. In a model each part should be described as beam section with homogeneous
properties. At the nanoscale not all inhomogeneities might be known, nevertheless the
elastic modulus is influenced by these unknown properties and only an effective elastic
bending modulus Eb can be obtained.

A thickening of the CNT cross section especially in the region of the highest bending
moment in the immediate vicinity of the mounting point, such as in section A, results in
a higher effective bending stiffness. This implies a higher overall Eb, if the influence of
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the specific geometry in this particular beam section is not considered. An amorphous
carbon deposition, as indicated in section B in fig. 3.36, can either lead to an over- or
underestimation of the elastic modulus of the investigated CNT. If amorphous carbon,
with a strength that is almost one order of magnitude lower than that of the graphitic
carbon shells, is located in the surrounding to the mounting area of the CNT, the
resonance frequency increases due to additional stiffening of the vibrating structure.
Thereby it is assumed, that the density of amorphous carbon is similar to graphite.
The consequences of these assumptions were already shown in fig. 3.23 on page 121. If
not explicitly considered the elastic modulus is overestimated.

In the present work and in literature two main sources of the amorphous carbon at
the CNT surface are discussed. Amorphous carbon is often formed during the synthesis
of CNT by chemical vapor deposition. Carbon from the pyrolytic decomposition of the
precursor deposits on the graphitic CNT shell during the formation process [103, 114].
Another source results from the treatment and storage of CNT in organic solvents.
The deposition of CNT from an organic solution results in the deposition of carbon
contaminations at the full length of the CNT [174, 186]. If the samples are only
measured by AFM or SEM it is not possible to distinguish between the highly graphitic
CNT structure and contaminations. This information can only be obtained by TEM
measurements.

In principle, bending experiments can not distinguish between different contributions
of the composed cross section if it is homogeneous along the nanowire length. Only
if significant inhomogeneities exist and the bending curve is spatially resolved, the
contributions of different parts of the cross section to the overall bending stiffness can
be resolved. If a CNT is completely covered by amorphous carbon its contribution
to the total bending stiffness can not be concluded in comparison to the contribution
of the graphitic shells. For the same reason the contribution of the iron filling to the
bending stiffness can not be discriminated in the case of a continuous filling.

The following example of a vibrating CNT, completely covered by amorphous carbon,
illustrates this problem. If no distinction is made between the CNT shells and the
amorphous carbon a low elastic modulus of 0.07 TPa has been found, whereas for this
particular CNT no torsion spring was taken into account. In the first step (point A
in fig. 3.37) the complete outer diameter of 179 nm was regarded as the graphitic shells
of the CNT, according to SEM measurements. In the next step (point B in fig. 3.37)
the CNT diameter (dCNT ) was reduced to 86 nm as it was measured by TEM. For the
elastic modulus of the amorphous carbon Eb = 50 GPa has been assumed [210]. Due to
the reduced effective diameter of the CNT the elastic modulus increased to 0.49 TPa.
In that case the soft amorphous carbon does not significantly contribute to the bending
stiffness. If the amorphous carbon is not considered at all (point C in fig. 3.37) the
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elastic modulus decreases a little bit because the CNT appears lighter.

Figure 3.37: Change of elastic modulus if the
composition of the cross section consists of
graphite and amorphous carbon.

Figure 3.38: Elastic modulus of graphite and
amorphous carbon

An approximation for the evaluation of the elastic modulus of CNT can be performed
in the following way. At first, a CNT with a known outer diameter but unknown
properties of the cross section is considered. Furthermore, it is assumed that there
is a non-uniformity in material properties of the cross section. From the resonance
frequency and the given geometry the elastic modulus Etot can be calculated. Now the
cross section is artificially divided into two sections with the same elastic properties
(Etot Itot = E1 I1 + E2 I2, with E1 = E2). This is equal to point A in fig. 3.38. If
E2 = 0 than E1 = Etot and I1 = Itot. If an amorphous carbon layer is assumed the
colored area in fig. 3.38 is valid whereas ECNT > EaC . However, from pure bending
the ratio between the two elastic moduli can not be determined. But a value for the
amorphous carbon can be estimated from literature such as 60 GPa [210]. Taking this
value a new value for the elastic modulus of the CNT can be calculated using eq. 3.39.

Eb =
EaC (d4

aC − d4
o)

(d4
i − d4

o)
+

64π2 ν2
j L

4 (−d2
aC ρaC + d2

o (ρaC − ρT ) + d2
i (−ρF + ρT ))

(d4
i − d4

o) β
4
j

(3.39)
Where ρaC and daC are the cross section and outer diameter of the amorphous carbon
deposition, respectively. An upper estimate for the elastic modulus is obtained by
calculating Eb based on the measured CNT diameter not considering the amorphous
carbon layer. On the contrary, a lower estimate is found by assuming the full diameter
of the CNT. The amorphous carbon increases the outer diameter and therefore the
bending stiffness but its elastic modulus is almost one order of magnitude lower. Thus
the elastic modulus of the carbon shells seems to be much lower. The value for Eb
obtained by considering the EaC should be within this range. Without any further
information the contribution of two or more different materials to the cross section
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and thus the bending stiffness can not be resolved. As given by eq. 3.35 on page 118
the total bending stiffness is a linear sum of the individual cross section contributions
and in case of a continuous iron nanowire inside its particular influence can not be
revealed. For that reason only an effective elastic modulus for the complete cross
section can be determined. However, due to the small inner diameter, hence lower
elastic modulus of the iron filling in comparison to the elastic modulus of CNT by
at least one order of magnitude, a minor contribution to the overall bending stiffness
can be assumed. Furthermore, due to the synthesis conditions an amorphous carbon
layer is often deposited on the surface of thermally grown CNT, whereby its thickness
is not always precisely known [103, 114]. The elastic modulus of such an amorphous
carbon layer can be one or two orders of magnitude lower than that of CNT and, as
before, its particular contribution to the overall bending stiffness can not be identified.
By assuming, that the outer diameter equals the thickness of the CNT shells, the
outer diameter of the real CNT is overestimated and consequently the effective elastic
bending modulus of the shells is underestimated.

Influence of the mounting properties

As shown in 3.3.2.6 the mounting properties do have a significant influence on the
vibrating behavior of the CNT and the determination of the elastic modulus. In order
to measure the CNT properties the sample has to be prepared. As presented in the
immediately preceding section, CNT are often dispersed in organic liquids and dropped
onto the substrate surface [174, 186]. The properties of the CNT-anchoring to the
substrate are partly influenced by this organic carbon contaminations at the CNT
surface. An individual CNT can also be clamped to a sharp wire tip by the deposition
of amorphous carbon [189, 201, 218, 219]. In that case the carbon contamination
is more localized. The latter sample preparation method was used in the present
work. Within a typical exposure time of 10 min in the present study, gaseous carbon
compounds from the microscope atmosphere diffused along the CNT and condensed at
the surface. However, since this material was not exposed directly its structure was soft.
Values below 1 GPa are reasonable for this material. On the contrary, measurements
on amorphous carbon that was directly exposed to the electron beam revealed values
above 10 GPa [210]. Depending on the elastic properties of the amorphous carbon
deposition and its geometric dimensions a rather stiff clamping can be achieved.
In fig. 3.39 three different experimentally found cases are presented. In case A the

CNT is mounted to the wire in a small localized area. This situation is schematically
illustrated in fig. 3.40 A1 and A2. The CNT is embedded in a small amount of amorphous
carbon and its elastic properties can be expressed by a torsion spring constant. This
can be explained by the movement of the CNT within the soft material. In that case
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the well localized amorphous carbon deposition did not lead to an additional stiffening
of the structure. The evaluation revealed a torsion spring constant of ≈1.0× 10−12 N m

rad
.

In some situations amorphous carbon was also deposited on the surface of the CNT in
the vicinity of the mounting point. This is shown in fig. 3.39 case B. Consequently, the
diameter of the vibrating beam was enhanced in this particular area. The torsion spring
constant in this case was ≈1.0× 10−9 N m

rad
. This situation is sketched in fig. 3.40 B

using a torsion spring in combination with a section of an increased outer diameter.
The situation in fig. 3.39 C represents an almost perfectly rigid clamping condition.

Figure 3.39: Case A shows a situation where
the CNT is glued to the tungsten wire and a
torsional spring constant was used to model the
elastic properties of the glue. In case B the
torsion spring represents the elastic properties
of the amorphous carbon, which was in part
also deposited in the vicinity of the mounting
point. In case C a small part of the CNT was
completely embedded in amorphous carbon
with a high bending stiffness. In that case also
a high torsion spring constant was found.

Figure 3.40: Different mounting cases. Case
A1 considers relatively soft amorphous carbon.
Its properties can be expressed using a torsion
spring model (case A2). Case B consists of a
torsion spring and additional amorphous
carbon. Case C corresponds to the ideal case
where CNT clamping can be considered as
perfectly rigid and no significant additional
carbon is deposited on the CNT surface.

The CNT was completely embedded in amorphous carbon with a high elastic modulus
in comparison to case A and B. A high torsion spring constant of ≈1.0× 10−7 N m

rad
have

been found in this case.
All situations, in particular case A and C, can be described by a modified Euler

Bernoulli beam model, which considers the elastic properties of the clamping. In case
B the consideration of a separate section for the region with the amorphous carbon
deposition might be useful. More complex situations could be modeled by numeric
models. The evaluation of the envelope of the free vibrating state took the special
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features of the CNT structure into account. The examples shown in this section
emphasize the need for considering the properties of the mounting.
Most of the experimental data in literature and also in this work were evaluated

using the Euler Bernoulli beam model. Depending on the experimental situation the
boundary conditions have to be adapted accordingly. For microbeams, especially silicon
based cantilevers, this has been theoretically and experimentally done [209, 227, 228].
In their review Gibson et al. [191] raised the question whether the assumption of a
torsion spring like boundary condition is feasible at the nano scale and in particular
for CNT. As shown above, the results of the present work suggest that the influence
of amorphous carbon should not be underestimated and that its elastic properties
have to be considered. The evaluation of the material properties of the CNT under
investigation is influenced by the boundary conditions of the sample. The vibration
behavior and material properties can only be understood if the mounting properties
are considered. If not, the elastic modulus might be highly underestimated, since the
only parameter of the model to encounter for the slope and curvature would be the
elastic modulus. However, the elastic modulus is actually only related to the bending
of the beam. It is therefore stated, that in most cases the given values for the effective
elastic bending modulus can be considered as a lower boundary estimation. The elastic
modulus of the CNT investigated in the present work might even be higher than the
values given in tab. 3.2.

Rippling and buckling mode

Besides the influence of structural defects and disorder which are discussed later, there
is also an intrinsic property of CNT that might result in a reduced effective bending
stiffness. It is known from slender beams and thin-shell structures, especially tubes,
that the so called rippling or buckling bending mode appears, if a critical load is
imposed. Depending on the material properties either extended wave-like distortions
or one or more kinks arise. As mentioned before in section 3.1 on page 86, in particular
single-walled carbon nanotubes can be considered as a thin shell structure in the
framework of continuum mechanics [17, 179]. But also multi-walled CNT show, due to
the nested shell structure, the tendency to ripple [188]. This is especially related to
the relatively low van der Waals interaction force between adjacent layers in highly
crystalline multi-walled CNT. In fig. 3.41 an example of a rippling pattern is shown
that was obtained by electrostatic bending of a CNT achieving a high curvature [188].
Poncharal et al. [188] reported the reduction of the effective elastic bending modulus
down to ≈0.2 TPa for multi- walled CNT with an outer diameter above 12 nm. It was
later on also supported by theoretical investigations, that only CNT with a certain
outer diameter tend to ripple [195, 196]. Liu et al. [195] applied a model to the data
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Figure 3.41: Formation of a rippling
pattern for a CNT highly bent by
electrostatic forces [188]. Such patterns
show a characteristic wavelength λ. They
only occur on the compression side of the
beam and reduce the energy due to inner
planar stress.

of [188] containing the concept of a critical load and corresponding critical curvature of
the loaded structure, above which rippling is energetically favorable in order to reduce
in-plane stress. The data and model curve are presented in fig. 3.42. However, in

Figure 3.42: Relation between outer
diameter and elastic modulus for
multi-walled CNT grown by arc
discharge [195]. The experimental
data [188] was fitted by a model that
encounters for the occurrence of the
rippling mode of the CNT structure.

agreement with Poncharal et al. it was indicated that the CNT have to exceed a certain
outer diameter. Even though the experimental data suggested a critical diameter of
12 nm it is not known up to now, whether this is the critical diameter for MWCNT.
It was suggested by the authors of both groups [188, 195], that rippling patterns are
energetically favorable with increasing outer diameter and number of carbon shells.
But they also suggested, that defects in the shell structure, which lead to interactions
between adjacent layers might hinder the formation of rippling patterns and lead to an
increase of the effective bending stiffness.

For an one-side clamped homogeneous CNT the formation of such a rippling pattern
is expected in the region where the highest bending moment occurs. A rippling pattern
can be considered as an energy or load dependent defect. It locally reduces the bending
stiffness of the CNT. In a dynamic bending experiment the resonance frequency of
the beam correlates with both, the defect position and its specific elastic properties.
The resonance frequencies of the first and second eigenmode as well as their ratio are
sensitive to the position and number of distinct defects. Hence, a number of defect
types can be seen in the shape of vibration curve. Rippling is a phenomena with
a periodically extended manifestation. It might be considered as a kink-like defect
that influences the bending stiffness and thus the resonance frequency of the beam
structure. The appearance of such a defect would depend on the amplitude of the
dynamic excitation or static external load, respectively. However, the amplitude during
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the vibration experiments were most likely too low for the occurrence of the rippling
mode in the present work as well as in literature [188].
Rippling was not observed in the present work. Neither the dynamic nor the static

bending experiments inside TEM showed the formation of rippling patterns. However,
due to the large outer diameter of the CNT in the present work, rippling would have
been likely to occur. Based on the experimental knowledge it is assumed, that because
of the defects within the CNT shells adjacent layers were interlinked. This might have
prevented the formation of rippling patterns even at high amplitudes during bending
as was also indicated in literature [188].

The rippling and buckling behavior of CNT is not completely understood up to now.
However, at least two conditions have to be fulfilled: 1.) a certain critical outer diameter
has to be exceeded and 2.) a critical load has to be imposed that leads to a critical
curvature of the bent CNT. Kuzumaki et al. [229] investigated the buckling behavior
of MWCNT and concluded that a CNT can only bent without changes in bonding,
which was called the rippling mode later on, up to a certain critical curvature. Further
bending and increase of the curvature requires a change of the bonding state from sp2

to sp3, which was called the buckling mode. Several groups performed simulations
either based on molecular dynamics [17] or continuum mechanics [193, 195]. It was
found, that multi-walled CNT with high crystallinity prefer rippling, whereas a higher
defect density, especially interlinks between adjacent layers might have a higher energy
barrier against rippling. For that reason, for multi-walled CNT grown by thermal CVD
not such a obvious dependency on the outer diameter has been found [201, 218], which
is also shown in fig. 3.46 where literature data and the results of the present work are
shown. The higher defect density within the shells reduces their strength but due to
interlinks the overall stiffness might increase and rippling is more unlikely to occur.
It is possible that in some cases multi-walled CNT with a certain defect density are
favorable to high crystalline CNT. Due to the formation process, in-situ iron-filled CNT
possess a variety of defects that might increase the overall effective bending stiffness of
the CNT synthesized and measured in the present work.

Influence of defects

The effective bending stiffness of carbon nanotubes depends, besides on the geometry,
especially on the structural properties of the carbon shells and in particular their
defects. There are different kinds of defects which have to be considered in this type of
material.
The first kind are defects within the carbon structure that can be expected for all

multi-walled CNT grown by thermal CVD. During the CNT formation process point
defects are formed which lead to disorder within the graphene structure of the carbon
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shells. It can be assumed that these defects are homogeneously distributed along the
CNT resulting in some kind of defect density, which in its turn influences the material
properties. This results in an effective elastic modulus that is characteristic for the
investigated material.

The second type are larger volume defects. These extended structural defects have
their origin in the formation process of the CNT as well. Also unfilled CNT show
several long range structural defects such as spiral formation and kinks [218, 219].
Additional defects such as branches and spherical catalyst particle inclusions result
in a larger variability of defects in case of in-situ iron-filled CNT. These defects can
extend into large volumes up to several hundred nanometers and contribute to the
effective bending stiffness, which, e.g., is reflected in the CNT vibrational behavior.
If such a large volume defect exist within the CNT it might be called a dominating
defect. With a more advanced experimental setup its presence and position along the
tube axis might be found by evaluating the frequency ratio and the envelope curve. As
it was discussed earlier the frequency ratio changes as a function of the defect position
and strength.

The third type are adsorbents on the surface of the material. These depositions can
have different origins. Amorphous depositions can be formed during the synthesis [28,
31] and their formation can hardly be prevented. Another part might originate from
the sample preparation where amorphous carbon is used as glue for the fixation of the
CNT. Although only a very small area is exposed to the electron beam, carbon may
diffuse in the gas phase to some extend and adsorb at the CNT surface. Furthermore,
the imaging process itself leads to the deposition of amorphous carbon on the sample.
Thus, during the measurement of the resonance frequency itself further carbon might
be adsorbed by the surface.

The material investigated in the present work was not homogeneous. The material
properties along the radius varied from highly graphitic and crystalline graphene shells
to amorphous carbon deposits. In the following section possible correlations between
the structure and the elastic modulus will be discussed.

Thinner CNT should show a better structural quality than thicker CNT. Low elastic
moduli in the range of (1 GPa to 100 GPa) were reported for CNT grown by thermal
CVD [174]. Higher moduli were found for double and quadruple-walled CNT [230].
Their bending behavior is similar to that reported for single-walled CNT. Thin multi-
walled CNT have higher elastic modulus than thicker [222]. In tensile tests multi-walled
CNT actually did act like single-walled CNT as the inner shells did not contribute
to the elastic properties due to the low van der Walls interaction forces (shear forces)
between adjacent shells [231]. The diameter dependence of the elastic modulus of
multi-walled CNT in bending experiments reflects also diameter-dependent material
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properties. When grown in CVD, thinner multi-walled CNT are structurally superior
to the thicker tubes [186]. It was suggested, that the formation process of the CNT
is reflected in the elastic properties of the material. The link between the metastable
catalyst model and the elastic properties of the resulting CNT was discussed by Lee
et al. [186]. A diameter-dependent variation of the elastic modulus was suggested to
be a strong evidence for a metastable catalyst growth model [186]. Helveg et al. [232]
did observe numerous morphological changes of the catalyst suggesting its instability
during the formation process.
Gao et al. [219] assumed point defects in the CNT structure to be responsible for the
reduction of the elastic modulus to values as low as 2.2 GPa. The CNT were grown by
thermal CVD and possessed a high point defect density. Since the defect distribution
was considered to be homogeneous along the CNT, the usage of a continuum beam
model was claimed to be applicable. Large volume defects were also investigated but
no influence on the overall behavior was found [219]. The CNT was considered to be
homogeneous even though structural inhomogeneities were found and the mounting
has been assumed to be perfectly rigid. A reduction of the elastic modulus of CNT
due to defects was also claimed by Xia et al. [233]. The authors found different values
for the axial and radial elastic modulus of SWCNT by hydrostatic pressure simulation
(classical MD). Furthermore, the elastic modulus depends on the strain that is applied.
With greater strain the CNT become softer [233]. No multi-walled CNT were simulated
and thus the influence of shell interaction was not investigated.

Salvetat et al. [200] proposed a correlation between the degree of disorder and the
elastic modulus, which is shown in fig. 3.43. For material with a low disorder (type A) a
high elastic modulus can be expected, whereas in the case of increasing disorder (type B
and type C) the elastic modulus might be low.
It may be assumed, that in case of a homogeneous defect density no dependence between
the elastic modulus and the outer diameter exists. For each type of homogeneous
material the elastic modulus is not a function of the diameter as it is shown in fig. 3.44.
Data of both, homogeneous low defect density material as the arc-discharge CNT
(type A), but also homogeneous material possessing a higher defect density as the
CVD-grown CNT (type B) should show almost no diameter dependency [174]. As it
was reported for arc-discharge material [174], no dependence on the outer diameter
was found which is anticipated for very homogeneous material [186].
With increasing disorder the elastic modulus might be more dependent on the diameter
especially if the defect density is not a constant along the radius of the CNT cross
section. Also the occurrence of large volume defects influences the elastic modulus. In
the case of a very high disorder, the elastic modulus might be within a broader range
of values. Nevertheless, if the defect density is homogeneous and constant along the
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Figure 3.43: Correlation between degree of
disorder and expected average for the elastic
modulus after [200]. (A) low, (B) medium and
(C) high defect density

Figure 3.44: Elastic modulus is a function of the
disorder but not of the outer diameter. Variations
in the elastic modulus only occur if the defect
density is not a constant along the diameter.

radius the elastic modulus might be small (type C) but should not strongly depend on
the diameter.
However, if CNT with large diameters are grown by catalytic thermal CVD the

probability of defect formation especially in the outer shells is high [186, 218]. Gaillard
et al. [218] performed studies on MWCNT grown by thermal CVD. Material grown
from three different types of precursors have been investigated. As their data in fig. 3.45
suggest, the elastic modulus of CNT depends on the growing conditions such as the
precursor material and the temperature. But for the same growth conditions and
within one particular type of precursor only a minor dependence on the diameter of
the CNT was observed. Even though the diameter of this material was 2 to 6times

Figure 3.45: Elastic moduli for CNT
grown by thermal CVD employing
different precursors [218]. The blue
rhombs corresponds to trimethylamine
(TMA), the green squares to xylene and
the red circle to melamine, respectively.

higher than the largest CNT measured in [186], the elastic moduli found in [218] are
much higher especially for thicker CNT. Nevertheless, in both cases it is assumed,
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that the reduction of the elastic modulus is related to the defect density. Gaillard et
al. [218] presumed that the elastic bending modulus of CNT is relatively more sensitive
to defects of the carbon shells than to the diameter. The higher the defect density, the
lower the elastic bending modulus of the CNT is. The authors further agreed, that the
defect density increases with the number of shells and is strongly related to the growth
conditions. Due to the higher concentration of material involved in the formation of
thicker CNT the possibility of defect formation increases. In principle, also thick CNT
with a high elastic modulus and low defect density can be obtained.

In the present work the material was produced by thermal CVD based on ferrocene
as precursor. Due to the growth conditions the materials structure and morphology was
inhomogeneous. This is reflected by the fact, that a certain range of elastic moduli was
found tab. 3.2, even though the diameter distribution is relatively small in comparison
to Gaillard et al. [218]. This shows that the material obtained by the in-situ filling
process possesses a defect density that is comparable to other multi-walled CNT grown
by thermal CVD. The origin of the defects which are formed during synthesis was
discussed in chapter 2.3 on page 48 about the synthesis. Besides major defects such as
kinks and spherical particle inclusions, a certain defect density within the carbon shells
can be assumed.

The values obtained for the elastic modulus within the present work in comparison
to literature [174, 186, 218] are shown in fig. 3.46. The material investigated by static
bending using AFM [174, 186] might also have carbon contamination on top of the
surface as a result of the dispersion of the CNT. This deposition might lead to an increase
of the outer diameter, however, this material has a significant lower elastic modulus
than highly crystalline carbon shells. In that case the increase of the diameter and the
strong decrease of the elastic modulus might also be explained by an overestimation
of the CNT diameter. The data marked with � represent results of the present work
assuming elastic properties of the mounting by introducing a torsion spring as boundary
condition. The mean elastic modulus for these data points is Eb = 0.41 TPa with
a standard deviation of 0.11 TPa. There is no obvious dependence of the effective
elastic modulus on the outer diameter as it is shown in fig. 3.46. Also measurements
reported in literature did not reveal a clear functional relationship [173, 174]. However,
a dependence of the elastic modulus as a function of the outer diameter can be discussed
for the data of Poncharal et al. [188] and Lee et al. [186]. A sharp drop of the elastic
modulus around 15 nm was observed in both cases. As it can be expected for the elastic
modulus as a material property, it is not a function of the diameter. However, since
each CNT is an individual and the CNT are from different samples, the morphology
and thus the defect density has still an impact on the elastic properties and different
values for the elastic modulus can be expected.
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Figure 3.46: Elastic moduli of multi-walled CNT versus the outer diameter.
Data points marked with � represents data of iron-filled CNT measured in this
work, assuming elastic properties of the mounting. One additional data point
(purple upwards triangle) with the coordinates (3,1.9) is not shown [173].

3.3.4 CNT as sensors and actuators

CNT have been proven to be a suitable material for raster scanning probes such as
AFM [234] and MFM probes [54]. A sufficient high bending stiffness of the CNT
structure is one important requirement for a successful application of carbon nanotubes
as free standing probes for raster scanning microscopy. Therefore, especially for using
iron-filled CNT as probes for MFM a high bending stiffness is mandatory, since the
magnetic filling should be several microns in length which requires a stable and stiff
carbon structure for its protection. The usage of CNT as free standing probes for AFM
applications is limited by the stiffness of the CNT. It was found that only very short
single-walled CNT below 100 nm can be used for non-contact AFM [8]. The issue with
SWCNT is the low lateral bending stiffness due to the small outer diameter (≈1 nm).
Also the diameter of a multi-walled CNT-tip should be as small as possible in order
to ensure a high lateral resolution. A thin walled cap also ensures a close distance
between the sample surface and the magnetic moment of the nanowire inside of the
CNT providing good sensitivity. In case of a rough surface also the unsupported length
of the CNT should be long enough to measure the surface features with substantial
inclines. The spring constant of the iron-filled CNT is within the range 0.0008 N

m
to

0.0131 N
m

for measured elastic moduli in the range 0.06 TPa to 0.9 TPa. In tab. 3.3
the expected deflection of CNT with a free length of 10 µm or 20 µm and an elastic
modulus of 0.1 TPa or 0.1 TPa for a static vertical force of 0.001 nN is given.
During the MFM measurements few of the CNT could neither be used for a topography
nor for a magnetic contrast imaging. It might be that either the bending stiffness of the
CNT or the stiffness of the mounting was too small. A number of CNT was successfully
used for both, measurement of the topography and the magnetic information. Thus, it
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was shown that the produced material is suitable for the production of MFM probes
based on CNT filled with α-iron as ferromagnetic material. The iron-filled CNT have

Table 3.3: Expected deflection of CNT for a static
vertical force of 0.001 nN.

L in µm do di Eb in TPa defl. in nm
20 30 10 0.1 680

0.4 170
10 100 30 0.1 0.68

0.4 0.17

been proven as probes for MFM imaging applications [35, 36, 54]. The magnetic moment
of the filling might also be used for actuator applications. A magnetic dipole, such as a
ferromagnetic filling section inside of a CNT, experiences a force ~F = (~m∇) ~B and a
torque ~T = ~m × ~B when exposed to an inhomogeneous magnetic field. In a sensor
application the CNT might be fixed on one or even two sides and thus it can only bend
but not translate. In a first approximation the torque ~T results in a bending of the
CNT while the force ~F is compensated by the fixation. CNT filled with ferromagnetic
material could be used for magneto (electro) mechanical systems such as actuators and
sensors.
In order to achieve a higher sensitivity in future, the stiffness of the CNT has to be
lowered. This could be achieved in general by reducing the number of encapsulating
carbon shells but also by local weakening of the CNT structure using etching methods.
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An industrial application of CNT requires the understanding of the growth mechanism
and the control of the synthesis process parameters. In case of single- and double-walled
CNT the chirality and thus electrical properties are the most interesting properties.
The research objective is the controlled synthesis of CNT with the desired properties.
Albeit multi-walled CNT generally show metallic electrical behavior, the formation of
defined properties such as diameter, number and crystallinity of the shells is required as
well. The most promising synthesis approaches are CVD and laser ablation techniques
which evolved successfully during the last two decades. However, due to the extensive
parameter space the nucleation and growth process are not fully understood, yet. In
conjunction with filled CNT in addition to the shell formation the filling process has to
be understood in order to control the distribution and dimension of the filling. Different
models have been proposed in literature, but many open questions still remain.

Chapter 2 of the present work dealt with the synthesis of iron-filled CNT. In this
thesis all experiments and the discussion about the growth process were conducted
with respect to the demands of magnetic force microscopy probes. Since the impact of
reaction temperature has been investigated in previous works [132, 133], the present
thesis focused on the temperature profile of the furnace, the aluminum layer of the
substrate, the precursor mass flow and their impact on the morphology of in-situ
iron-filled CNT. By selecting appropriate process parameters for the temperature,
sample position, gas flow and by controlling the precursor mass flow, CNT with a
continuous filling of several microns in length were obtained.
Existing growth models have been analyzed and controversially discussed in order to
explain the formation of typical morphologies of in-situ filled CNT. In this work a
modified growth model for the formation of in-situ filled CNT has been suggested that
is based upon a model introduced by Kunadian et al. [120]. The combined-growth-
mode model is capable to explain the experimental results. Experiments which were
conducted in consideration of the assumption of this model, especially the role of the
precursor mass flow, resulted in the formation of long and continuous iron nanowires
encapsulated inside multi-walled CNT. The modified growth model and the synthesis
results showed, that besides the complexity of the parameter interaction, a control of
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the morphology of in-situ iron-filled CNT is possible.
In addition to the established solid state CVD method a liquid source CVD employ-
ing 1,2-Dichlorobenzene as organic solvent and dissolved ferrocene as precursor was
performed. As an unexpected result it was found, that a significant part of the CNT
was filled with iron-carbide [66]. The synthesis conditions and chemical reactions that
might be the reason for the occurrence of the iron carbide phase were discussed in
section 2.4.
In order to further investigate the implications of the proposed combined-growth-mode
model a two-parted precursor evaporator is suggested. The possibility of two different
subsequently or even alternately provided precursors can be used to study the filling
process. The sequence of the filling material could be examined and the found mate-
rial sequence and its constitution should reveal whether the model could predict the
experimental results. In addition, a setup with two or more precursor sources could
also be used for growing CNT filled with alloys.

In chapter 3 the measurements of mechanical properties of in-situ iron-filled CNT were
presented. Two different experimental methods and setups were established, whereby
one enabled a static bending measurement inside a TEM and another a dynamical
excitation of flexural vibration of CNT inside SEM, which was the preferred method.
For the first time mechanical properties and in particular the effective elastic modulus
Eb of in-situ iron-filled CNT were determined basing on the Euler-Bernoulli beam model.
This continuum mechanic model can be applied to describe the mechanical properties of
CNT and especially MWCNT in consideration of the restriction that CNT represent a
macro molecular structure built of nested rolled-up graphene layers. For evaluation and
determination of the elastic modulus the envelope of the resonant vibrating state was
evaluated by fitting the EBM to the experimental data. The experiments also showed
clearly, that at the nanoscale the properties of sample attachment have to be taken
into account. Thus, instead of a rigid boundary condition a torsion spring like behavior
possessing a finite stiffness was used to model an one side clamped CNT. The extended
data evaluation considering the elastic boundary conditions resulted in an average
elastic modulus of Eb = 0.41± 0.11 TPa. The low standard deviation gives evidence
for the homogeneity of the grown material. To some extend a correlation between the
formation process, the consequent morphology and the mechanical properties has been
discussed. The obtained results prove the usability of this material as free standing
tips for raster scanning microscopy and especially magnetic force microscopy. The
developed methods provide the basis for further investigations of the CNT and the
understanding of mechanical behavior in greater detail.

Besides the successful usage as MFM tips, iron- or iron-carbide filled CNT synthesized
in the present thesis formed the basis for several other fundamental research activities.
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The electrical current induced transport of the filling material was investigated inside a
TEM [235]. The extended iron nanowires of several microns in length enabled investiga-
tions on their magnetic properties. The switching behavior of single encapsulated iron
nanowires by micro hall microscopy was investigated [236]. The magnetic properties
of iron- and iron-carbide filled CNT employing the MFM were investigated [237]. For
Fe3C nanowires it has been shown that the magnetic crystalline anisotropy of this
material can have a larger influence on the magnetic configuration than the shape
anisotropy [66]. The research done on and with this material underlined its great
potential for the usage as magnetic field sensors [36, 42, 54, 238, 239].
An one or two side clamped CNT can be considered as a cantilever beam, which
enables future fields of application. Especially iron-filled CNT can be thought of as
an excellent material for magnetic nano electro mechanical system (magnetic NEMS).
Magnetometry measurements of an encapsulated ferromagnetic nanowire directly using
the CNT itself as the cantilever have been performed [42]. These experiments presented
the proof of principle, that CNT filled with ferromagnetic material can be used as
sensors for magnetic stray fields. Also actuators based on this material might be built
in future. However, this demands further experiments and more detailed results. A
faster and automatic vibration detection setup should be utilized in order to increase
the potential of the magnetic CNT oscillators. Furthermore, more complex models of
the particular CNT under investigation should be used taking the special characteristics
such as diameter variations and composed cross sections into account. Regardless of the
preparation method of the setup construction, a detailed study of boundary conditions
will be inevitable. However, it also provides the possibility to taylor a device with
a desired behavior, especially if the bending stiffness is too high. A soft and elastic
mounting might provide the possibility of a magnetic switch at micro- or nanoscale.
Carbon nanotubes with additional magnetic properties due to ferromagnetic filling

or adhered particles will provide the basis for many interesting future applications as
they step out from the laboratory into applied science and engineering.
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