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Abstract

The subject of this work is a fabrication of carbon nanotube (CNT) forest metamaterials,
by precise growth control of highly oriented, vertically aligned CNTSs. In the present study,
a systematic tuning of properties of CNT forest is presented in order to fabricate CNT

metamaterials.

In the first part of the thesis, a Taguchi method of designing experiments was applied to
optimize a formation of iron catalyst particles during the annealing process. For the sake of
obtaining a uniform single-walled CNT (SWNT) forest, an analysis of an average roughness
and a size of particles was carried out. The parameters optimized during the experiment were:
annealing time, hydrogen flow rate, temperature, and argon flow rate. Plots of signal-to-noise
(SN) ratios of obtained results showed that temperature and annealing time had the highest
impact on the average roughness and the size of Fe particles. Moreover, a physical model of
the catalyst formation process was provided for the first time with the support of the Taguchi
statistical method, proving that Ostwald ripening and subsurface diffusion of catalyst atoms
into AlOy support were basic mechanisms responsible for the formation of particles. Further
analysis of the results confirmed that temperature and annealing time were main parameters
inducing mechanisms responsible for the reduction of the size of particles, and were also
supported by additional Hz/Ar annealing atmosphere. For the final evaluation of the results,
a verification experiment was conducted, in which CNT forest was grown using the
optimized growth conditions, and its properties were compared to the CNT forest from before
the optimization. The average diameter of CNTs was decreased by 67%, from 9.1 nm (multi-
walled CNTs - MWNTSs) to 3.0 nm (SWNTS).

In the second part, the Taguchi approach was utilized to tune optical properties of CNT
forest by decreasing the total optical reflectance, which was required for metamaterial
application. The annealing parameters optimized previously remained unchanged, while the
other parameters related to catalyst deposition and CNT growth were optimized. In this part
of the study acetylene gas flow rate, Fe catalyst film thickness, substrate polarization
potential (bias) during AlOyx buffer layer sputtering, and acetylene/hydrogen gasses flow ratio



were tuned. Based on the SN ratio plots, the highest impact on the final results of total optical
reflectance was observed for bias during the deposition of the buffer layer and the thickness
of the catalyst. The introduction of bias during the deposition of AlOx layer changes the inner
structure of the film and affects the process of Fe catalyst formation, resulting in varying size
and density of Fe particles. On the other hand, the higher thickness of Fe catalyst supplies
more material during the process and allows the formation of a larger number of particles on
the surface, improving the density of CNT forest. A verification experiment was conducted
and it yielded a 45% decrease in the reflectance, to the lowest value (0.077%) ever reported
for a thin CNT forest films with relatively low height (~21 pum). The effect of the structure
of the CNTs was studied by obtaining Raman spectra of the grown CNT forest. It was found
that for a homogeneous, vertically aligned CNT forest, the effect of the type of CNT
(SWCNTs, DWCNTSs, or MWCNTS) was insignificantly small and could be neglected. The
analysis of the influence of the density and alignment of CNTSs on the total optical reflectance
was investigated for the first time and showed a significant impact of structural parameters

of CNT forest on the total reflectance.

Future applications of CNT metamaterials require a low-temperature growth on various
substrates. In the third part of the research, the low-temperature growth of CNTs on Al foil
was presented. The growth of CNTs requires treatment of the surface to remove
contaminations from the substrate. It was confirmed that both the usage of AlOy buffer layer,
and hydrogen treatment of the surface before deposition of Fe catalyst, have a positive effect
on the growth of CNTs. The influence of hydrogen annealing time on the growth of CNTs
was investigated. Moreover, with the introduction of water vapor during the CVD process
(water-assisted CVD), the height improvement of grown CNTs from 14.7 um (w/o H2O) to
24.4 pym (0.07 sccm H20) for 10 minutes growth was observed. The investigation of the
thickness of the catalyst showed that a thickness of 1.0 and 1.2 nm were the most suitable for
low-temperature growth. The water-assisted CVD growth of CNTs resulted in the increase

of the catalyst activity up to 120 minutes.

A new method of uniform and fine patterning of CNT forest nanostructures for

metamaterials, utilizing a focused ion beam (FIB) with additional secondary etching step,



was developed for the fabrication range of hundreds of nanometers to several micrometers.
The influence of FIB etching depth on the morphology of catalyst surface and growth of
CNTs was investigated. By removing redeposited material and decreasing the thickness of
Fe catalyst using FIB secondary etching method, fine patterning of CNT forest was proved.
The influence of the FIB processing parameters on the morphology of the catalyst surface
and the growth of CNT forest was investigated. The results of applying the FIB secondary
etching method included the removal of redeposited material, the decrease of the average
surface roughness (from 0.45 nm to 0.15 nm), and the decrease in thickness of the Fe catalyst.
With a FIB patterning depth of 10 nm and a secondary etching of 0.5 nm, a catalytic growth
of high-density CNT forest structures as small as about 150 nm on pre-deposited catalyst film
was achieved. Additionally, the influence of FIB etching depth on the morphology of catalyst
surface and growth of CNTs was studied.

In the final part of the work, infrared (IR) properties of various CNT forest patterns for
metamaterials, prepared on the predeposited catalyst, were presented for the first time. The
bulk properties of patterned self-standing uniform CNT forest in the IR region were
investigated. The IR reflectance of CNT metamaterial patterns was presented, showing high
dependence on shape, height, alignment and pitch of the patterns. Furthermore, the trail of
tuning of a magnetic resonance of CNT patterns was presented. The increase in height of
patterned CNT forest reduced the reflectance. It was confirmed that the absorption of infrared
radiation was increased by the formation of dip shape as resonator role in SRR patterns, not
by the total absorption area ratio covered by CNTSs. The tuning of the magnetic resonance of
CNT patterns showed insignificant changes in the FT-IR reflectance spectra. Furthermore,
the decrease of the spacing between the patterns caused the reduction of reflectance, and the
redshift of the phase of oscillations was observed. Apart from that, the control of the
alignment from horizontal to vertical resulted in the change of the absorbance and
significantly changed the phase of oscillations, due to the changes in the propagation of an
electromagnetic wave through the designed CNT structures composed of horizontally aligned
CNTs.



In conclusion, the optimization process allowed a growth of a high-density and high-
aligned SWNT forest with very low reflectance which was required for the successful
fabrication of metamaterials. By applying the FIB patterning process followed by the newly
developed FIB secondary etching method, the uniform and fine fabrication of CNT
metamaterial nanostructures was possible, in various sizes, shapes, and diversity. Finally, the
investigation of IR properties of patterned SWNT forest for metamaterials showed the
influence of shape, height, alignment, spacing, and magnetic resonance tuning on the
electromagnetic response in the IR regime, proving a successful fabrication of CNT

metamaterials.
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Chapter 1. Introduction

1.1. Background

Carbon nanotubes (CNTs), due to their unique structure and extraordinary physical,
electrical and optical properties, have received major attention since the first discovery by
lijima [1] in 1991. The bulk structure of vertically aligned, high-density CNTs (so-called
CNT forest) can provide CNTs with preferable length, diameter, and structure for mass
production of CNTs [2,3]. Physical properties and the structure of CNTSs directly influence

mechanical, electrical, thermal and optical properties of CNT forests [4,5].

It was reported that CNTs behavior is similar to nearly ideal one-dimensional nano-rod
antennas with a diameter of a several nanometers and length from tenths of nanometers to
many micrometers [6]. Furthermore, the behavior of a single-walled CNTs (SWNTS) is
similar to direct gap semiconductors with absorption spectra dominated by exciton lines [7].
Based on experimental observations, the nonlinear optical behavior of CNTSs [8] is related to
a high third-order susceptibility with sub-picosecond recovery time [9,10], in which the source
of the nonlinearities is an effect of the saturation of the resonant excitation lines and allows
many various applications, such as light sources in nanoscale, photodetectors, photovoltaic

devices and ultrafast lasers [11,12].

Various structures of CNTs are utilized in many electronic applications such as nano-
electronic devices [13], electrodes for MOS-FETs (metal oxide semiconductor field effect
transistors) [14], a wiring material for large-scale integrator (LSI) interconnects [15],
actuators and polymeric composites for electronic devices [16] or high emission current
density emitters [17]. Recently, electrical and optical properties of CNTs are utilized in
various types of solar cells, where CNTSs act as electrodes [18,19], counter electrodes [20,21],
active layers in solar cells [22] and conduct scaffolds for semiconducting materials used in
solar cells [23]. A large number of recently developed CNT-based devices allow us to assume
that CNTs can also be applied in wide-spreading fields for the successful development of

new applications.



At the same time, a relatively new research field of “metamaterials” emerged.
Metamaterials are artificial materials engineered to obtain properties that do not exist in
nature [24] and acquire their properties from embedded subwavelength structures grouped
together in order to manipulate electromagnetic waves [25,26]. Presented in 2000, by Pendry
et al. [27], the study of the perfect lens composed of metamaterials, followed by fabrication
of first negative index metamaterials in terahertz regime in 2001 by Shelby et al. [28],
resulted in rapid development of applications [29-35]. Finally, it opened an interdisciplinary

research field of nano-scale circuits and material sciences.

1.2. Motivation and research issue

Electromagnetic properties of metamaterials are derived from the shape and size of
designed structures of an electromagnetic circuit, and also from the properties of the material
that consist of those structures. Currently, the development of metamaterials is limited by the
design and fabrication methods. However, by utilizing anisotropic materials, like CNTSs,
which can produce negative refraction due to their chirality, those limitations may be
overcome. High shielding effectiveness accompanied by a high dielectric constant of SWNTs
[36,37] can be tuned by control of growth parameters and post-processing operations such as
chemical treatment or molecular functionalization [38], which is impossible with conventional
materials like metals. Due to this, unique structure and properties of CNTs influence the
performance of metamaterials and can be used for the design of metamaterials.

First trials allowed the utilization of the extraordinary properties of CNT forest in the
fabrication of metamaterials in the terahertz regime [38,39]; however, only in the form of slits,
which were cut in thin CNT films. To fully utilize the electromagnetic properties of CNT
forest originated from high alignment and density, a different approach for the metamaterial

fabrication is required.

Most of the metamaterial designs presented so far are in the form of Split Ring
Resonators (SRRs), which can be described as an LC circuit antenna of the EM wave [23].
It is known that the LC resonance frequency scales inversely with the lateral size of SRR
structures. For shorter wavelengths, obtaining high-resolution patterns on the large area

samples is quite challenging. One of the ways to solve this issue is to reduce the total size of



the patterned area of metamaterials and measure their optical properties at a smaller scale of

the patterned area.

There are several reasons why the successful fabrication of CNT metamaterials is

complicated and was chosen as the main target of research in this thesis. For the

manufacturing of electromagnetic metamaterials [16], [17] in a wide range of radiation, the

successful development of following issues has to be achieved:

The structure control of the diameter of CNTs (1 — 100 nm) and height of CNT (10 nm
— 10 pum) is not a trivial task due to a high number of process parameters influencing
the growth process. There are many growth methods; however, the future applications
have to be taken into consideration. Furthermore, for the application of metamaterials,
the precise control of the uniformity and quality of SWNTSs is crucial. Also, to fully
utilize the properties of CNTs in metamaterials, precise control of growth height is

required.

The structure control of the optical properties of CNT forests is required for
metamaterials. For various applications, the size of metamaterial structures will differ,
requiring the scaling of the growth height at the same time. The growth height of the
CNT forest is one of the most important factors, which results in the increase of the
absorbance of an electromagnetic wave in the CNT forests. For the optical or infrared
regime, reduction of the growth height is desired while, at the same time, maintaining
high absorbance in order to effectively interact with electromagnetic radiation and

allow the usage of the thin CNT film.

The fabrication of CNT forests for metamaterial application, in dependence of the
application, will require direct growth of CNTs on a desired part of the device. The
growth of CNT forests requires high temperature in all conventional methods, causing
limitation in the applicability of the various substrates. For that purpose, the
development of low-temperature growth of CNTSs is necessary to fulfill the need for

the future development of metamaterials for different applications.



The design of an electromagnetic circuit of metamaterial patterns and the precise
patterning process of CNT forest into the metamaterial structures are both critically
important for the CNT forest metamaterials with a required specification. The
nanoscale patterning of CNT forest for optical and IR metamaterial application has not
been presented before, so both the design and the fabrication method should allow the
possibility of testing of various designs. An appropriate design or a suitable
combination of metamaterial circuits will allow a verification of the electromagnetic
properties of fabricated CNT metamaterials, while the suitable choice of the fabrication
method will allow precise fabrication of CNT metamaterial patterns. In the nanoscale,
the fabrication method may influence the catalytic growth of CNTs, and these issues

should also be considered during the patterning.

1.3. Research objectives

The main objective of this dissertation the successful fabrication of the electromagnetic

metamaterials, composed of CNT forest meta-atoms, by precise growth control of highly

oriented vertically aligned CNT forests. The issues listed in the previous section are

addressed as following:

The growth of single-walled carbon nanotubes (SWNTS) — a precise control of growth
parameters in order to study the conditions of formation of catalyst particles during the
growth process. The properties that are originated from SWNTSs structure are required.
For successful fabrication of the electromagnetic metamaterials, properties directly

related to the structure of SWNTSs have to be controlled.

The improvement of the total optical reflectance of thin CNT forest film — the precise
control of growth parameters responsible for high absorption is necessary. High
absorption and behavior close to a blackbody is required for the fabrication of

metamaterials.

The development of low-temperature growth of CNTs — for future applications in
photonics and electronics, direct growth of CNTs on the fabricated parts of devices is

required.



e The development of a highly precise fabrication method of CNT forest for
metamaterials — in order to fabricate nanostructures with high precision and for optical

and IR regime.

e The investigation of the electromagnetic behavior of fabricated CNT metamaterials —
in order to evaluate the properties, performance and applicability of patterned CNT

forest into future applications.

1.4. Organization of this thesis

The structure of the thesis is as follows:

Chapter 1 introduces the main motivation and issues in the research field of CNT
metamaterials. The requirements for the current research are presented and explained. The

research objectives are demonstrated.

Chapter 2 introduces the detailed background of the presented research. The introduction
to the carbon nanotube and metamaterial field is presented. A literature review of the most
relevant experimental and theoretical studies in those fields is demonstrated.

Chapter 3 describes methods and experimental equipment used throughout the research.
The Taguchi method of designing the experiment is presented in detail. Furthermore, the
methods of catalyst deposition and carbon nanotube growth are described. Finally, the
introduction to the measurement methods, which were used during the research, is presented

with annotations to the conducted part of the research.

Chapter 4 presents the study on the catalyst formation condition optimized by the
Taguchi method in order to decrease the diameter of CNTs and achieve growth of SWNTSs.
Short introduction and objectives are described and followed by a short description of
methods used only in this chapter. Furthermore, the detailed study of the statistical approach
to the plan of the experiment is discussed. The optimum values of optimized parameters,
sensitivity analysis of parameters and analysis of mutual interaction are presented. Moreover,
the model of the formation of catalyst particles is proposed and supported by the statistical

analysis of the Taguchi method. The improvement of the optimization is presented.



Chapter 5 provides the investigation of the tuning of the total optical reflectance of thin
CNT forest film by the Taguchi method. Introduction, objectives, and used methods are
described and followed by the results of the optimization process. The optimum values of
parameters, sensitivity, and interaction analysis are presented. The improvement of the
reflectance, comparing to previous experiments, is defined. The elaboration over structural
parameters of CNT forest (density, alignment, etc.) is performed in order to define factors

crucial for obtaining low reflectance CNT forest.

Chapter 6 presents the investigation of the low-temperature water-assisted growth of
CNTs on the metallic (Al) substrates. The introduction, objectives, and experimental methods
are described. The investigation of the influence of the annealing atmosphere and the
presence of AlOy support layer on the catalyst is performed. Comparison of the growth of
CNTs with and without hydrogen pretreatment applied before catalyst deposition is presented.
In order to optimize the CNT growth, the study of annealing time, the second most important
parameter after temperature, is presented. Finally, the influence of the water vapor flow on
the height of CNTs, in dependence on the catalyst thickness is presented and discussed. The

activity of the catalyst particles during the water-assisted CVD process is studied.

Chapter 7 provides the study over a newly developed FIB secondary etching method for
fine fabrication of CNT metamaterial patterns. The introduction, objectives, and explanation
of method are provided. The influence of the FIB patterning depth and the FIB secondary
etching depth on the growth of CNTs in the fabricated patterns is studied. Furthermore, the
investigation over the influence of FIB fabrication on the surface of the catalyst, before the
CNT growth is studied. The model of the catalyst redeposition and various effects of cleaning
are discussed.

Chapter 8 presents for the first time the infrared properties of patterned CNT forest for
metamaterials. A brief introduction, objectives, and the experimental methods are described.
The study over the infrared properties of bulk CNT forest and patterned CNT forest is
presented. The effect of the height of CNTSs, shape of patterns, spacing, alignment of CNT,
and magnetic resonance tuning parameters on the IR spectra are presented and discussed in

detail. The metamaterial response in presented structures is studied.



Chapter 9 summarizes the main achievements drawn from the research and discusses
future research recommendations, which could develop the research of CNT metamaterials

into the direction of new applications.



Chapter 2. Research background

2.1. Carbon nanotubes
2.1.1. Introduction
Carbon (*2C) is a polyatomic nonmetal which belongs to group 14 of the periodic table
of elements with an atomic number of 6 and a mass number of 12. Carbon atoms have four
valence electrons, resulting in the 2s2 2p? electron configuration which allows the formation

of covalent chemical bonds. The electronegativity of carbon in the Pauling scale is 2.55.

Carbon is one of the most abundant elements; 4th most abundant in the universe and
15th in the Earth’s crust. The very high abundance of carbon is related to two main properties
of the element. First of all, carbon shows the possibility of creating simple and complicated
compounds which are built only from carbon atoms, and the high durability of such
compounds is related to high bonding energy between carbon atoms. The second important
property is the possibility of creating double and triple bonds between carbon atoms,
increasing the number of possible reactions.

Carbon isotopes possess atomic nuclei that contain six protons and a number of neutrons,
varying from 2 to 16. In nature, there are 15 carbon isotopes with the most common being
12C 13C, and *C. The stable *2C isotope is the most common, forming 98.93% of the carbon
on Earth, while the other stable 3C isotope forms around 1.07% carbon compounds. On the
other hand, the non-stable '*C isotope is formed in the upper atmosphere by thermal neutrinos
from cosmic radiation, and after being transported to the surface of Earth it is absorbed by
biological material. The very long half-life of 5700 years for “C isotope allows the
radiometric dating of biological material to identify the age of samples. Other isotopes worth
mentioning are 8C and °C. The 8C isotope has the shortest lifespan due to proton emission
and alpha decay, resulting in a half-life of 1.98739x 10! s. On the other hand, the 1°C isotope
possesses a radius of the nucleus larger than it would be expected for a sphere of constant

density, and this property is called a nuclear halo.



Figure 2.1. Allotropes of carbon: (a) diamond, (b) graphite, (c) graphene, (d) fullerene C60,
and (e) carbon nanotube.

Due to the short life of carbon in atomic form, the stabilization of carbon occurs in multi-
atomic structures, in various physical forms - allotropes. In allotropes, the whole structure is
made of the same atoms, so the properties of the allotrope are originated from the same atoms
joined together and aligned in the bulk structure. The first of allotropes — diamond (Fig.
2.1(a)), is well known for its very high hardness and dispersion of light. In diamond, each
carbon atom is tetrahedrally bonded to four other carbon atoms by covalent bonds in the sp®
hybridization of the electron configuration, forming the diamond lattice as a variation of the
face-centered cubic structure. Diamond exhibits the highest hardness of all known materials,
very high thermal conductivity of 900 — 2320 Wm™K!, wide bandgap of 5.5 eV, high optical
dispersion [40], and insulating electric properties. The other commonly known carbon
allotrope — graphite (Fig. 2.1(b)), due to altered structure, exhibits different properties. The
structure of graphite is composed of individual graphene layers, organized in the hexagonal
crystal. Carbon atoms in each layer are covalently bonded with a distance of 0.142 nm, while
each layer is bonded by weak van der Waals bonds with a distance of 0.335 nm. Compared
to diamond, graphite exhibits very low hardness, the thermal conductivity of 140 — 500 Wm"
K1 along the layer axis and 3 — 10 Wm™K! perpendicularly to the layers [41], and the band
gap of -0.04 eV, which makes graphite a relatively good electrical conductor. The fabrication

of single graphene sheets (Fig. 2.1(c)) was achieved only in 2004 by Novoselov et al. [42],



resulting in an intense investigation of 2D materials. In 1985, fullerene structure (Fig. 2.1(d))
as an allotrope of carbon was discovered by Kroto et al. [43]. First fullerene Ceo was
composed of 60 carbon atoms arranged in 12 pentagons and 20 hexagons, in the shape of a
“soccer ball” with the typical size of 0.7 nm in diameter. Later on, the formation of various
sizes of fullerenes was observed, e.g. C70, C76, C82, etc. Finally, in 1991, based on the work
of lijima [1], another carbon allotrope was defined — carbon nanotube (Fig. 2.1(e)).

2.1.2. Discovery

For researchers, the discovery of carbon nanotubes is strictly related to work published
by Sumio lijima in 1991 [1], in which the growth of helical carbon structures was presented.
Despite the significant influence of this work for the current development of carbon nanotube
field, the history of this extraordinary material starts in the 1950s. The first work related to
carbon nanotubes was published in 1952 by Radushkievich and Lukyanovich [44]. In their
study, the first micrographs of graphitic hollow tubular carbon fibers of 50 — 100 nm diameter
prepared by thermal decomposition of carbon monoxide on iron catalyst at 600°C were
presented. The encapsulation of iron carbides in the tips of fibers was observed and this led
to the conclusion that the dissolution of carbon in iron caused the formation of iron carbides
and further carbon deposition resulted in the formation of graphene layers on the filament. In
the following year, a study of carbon nanofibers grown from the reaction of CO and Fe;O4
at 450°C was presented by Davis et al. [45]. In their work, the investigation of carbon fibers
formation showed that the iron, or iron carbide catalyst, was formed on the surface of the
iron oxide in the form of a speck which gave origin to a carbon filament growth with a
diameter of 10 — 200 nm. Moreover, the tip based mechanism of growth of carbon threads
was proposed. In 1955, Hofer et al. reported a very similar growth mechanism of carbon
nanofibers [46]. In 1959, the observation of growth of nanoscale tubular carbon fibers from
the decomposition of n-heptane on iron at 1000°C was reported by Hillert and Lange [47].
In 1971, Lieberman and et al. reported growth of various graphitic like fibers in three
different shapes: tubular, twisted, and balloon like [48]. The analysis of the TEM images and
diffraction data confirmed the existence of MWNTSs in the obtained samples. In the 1970s a
lot of research was done independently by Endo and Baker for the purpose of synthesis and

study of tubular fibers of multi-layered carbon. One of the most important works in that
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period was presented in 1976 by Endo et al. in which the growth of carbon fibers of
nanometer diameter was achieved by the CVD method, by pyrolyzing a mixture of benzene
and hydrogen at 1100°C. In the same work, the study of nanofibers in a shape of hollow tubes
was conducted [49]. In 1985, the other carbon allotrope — fullerene was discovered by Kroto
et al. [43]. In 1987, the U.S. patent for graphitic hollow core “fibrils” was issued for H.
Tennent [50]. In his work, the carbon fibrils of 3.5 — 70 nm diameter and length of hundreds
of nanometers were synthesized on a metal catalyst. Moreover, as mentioned at the beginning
of this chapter, nanotubes were synthesized by arc discharge method by lijima. In his work,
the crystal structure of hollow carbon molecules was determined for the first time in the soot
after the arc discharge. This work became the milestone in the research and is often referred
to as the moment of the discovery of carbon nanotubes. Finally, the first single-walled CNTs
were discovered independently by lijima et al. [51] and Bethune et al. [52] in 1993, together

with the introduction of methods of synthesis using transition-metal catalysts.

2.1.3. Types of carbon nanotubes
Since the first presentation of carbon nanotubes, two main types were distinguished:
multi-walled carbon nanotubes (MWNTSs) and single-walled carbon nanotubes (SWNTSs).
Sometimes, as a separate group, a type of MWNTSs build of 2 graphene sheets — double-

walled carbon nanotubes (DWNTSs) are distinguished.

2.1.3.1. MWNTs

Figure 2.2. (a) Multi-walled and (b) double-walled carbon nanotube.

The structure of MWNTSs can be modeled by rolling several graphene layers into a

concentric seamless tube, as shown in Figure 2.2(a). The number of the walls usually varies
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from 2 to 25 or more, with a diameter of tenths of nanometers. The formation of MWNTSs
can be described by two different models, the so-called Russian Doll model, and the
Parchment model. In the Russian Doll model, the sheets of graphene are organized in the
form of concentric tubes, where within a wider SWNT, the smaller SWNT can be found. The
distance between each layer of the graphene (wall) is slightly bigger than in graphite, about
3.3 A, which suggests a different mechanism of layer-stacking. The Parchment model,
suggested in 1960 for carbon fibers to explain their cylindrical structure, assumes that

graphene sheets scroll to form concentric cylinders.

As mentioned in chapter 2.1.3, DWNTs (Fig. 2.2(b)) are also included in the family of
MWNTSs. The morphology and properties of DWNTSs are similar to the properties of SWNTS,
while chemical properties for various applications are improved. DWNTs are especially
useful during the functionalization processes, in order to obtain new properties to CNTSs.
During functionalization, some C=C bonds in SWNTs may break, resulting in the generation
of holes in the CNT structure. On the other hand, the modification of DWNTSs is applied only

to the outer wall and allows preservation of the mechanical and electrical properties of CNT.
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2.1.3.2.  SWNTs
SWNTSs are built of a one-atom-thick carbon sheet as shown in Figure 2.3. The synthesis
of SWNTSs can be conducted by chemical vapor deposition (CVD) [49], arc discharge [51]
or disproportionation of carbon monoxide [53]; however, the most commonly used are CVD
methods [54]. The typical diameter of SWNTs is below 2 nm, with length up to several

centimeters.

@ nmetal (O semiconductor

Figure 2.3. The hexagonal lattice of the graphene layer [55].

The structure of SWNTSs can be described as a single layer of graphene rolled up into a
cylindrical tube. The tube can be rolled up in various ways and is represented by a chiral

vector Ch, as defined:

Ch = na; + may (eqg. 2.1)
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where a1 and az are lattice vectors define in Figure 2.4, and (n, m) are integers which denote
the number of a unit vector along two directions in the honeycomb structure lattice of
graphene sheet [55]. In case the integers n = m, the SWNTSs are called arm-chair, for m =0,
SWNTSs are called zig-zag, and the rest are called chiral and the values of (n, m) are assigned

to them. The graphic representation of chirality is shown in Figure 2.4(b-d).

(a)

(10,10) nanotube (armchair) (10,7) nanotube (chiral)

Figure 2.4. (a) Schematic of a graphene layer with (n, m) nanotube and description how a
nanotube is rolled up, a1 and az are the lattice unit vectors of graphene sheet. (b) Zigzag
SWNT (10, 0), (c) armchair nanotube (10, 10), and (d) chiral nanotube (10, 7).

The chirality of SWNTSs influences their electrical properties. For a given (n, m), in the
case of armchair nanotubes (n = m), the SWNTs are metallic with low energy properties
defined by Luttinger liquid model [56], which describes low energy excitations in a 1D
electron gas systems. On the contrary, both the chiral and zig-zag CNTSs can be either metallic

or semiconducting depending on the chirality or equivalently the diameter.

2.1.4. Synthesis methods
The growth of CNTs can be achieved by various methods, like arc discharge, laser
ablation, chemical vapor deposition, etc. The synthesis by those methods is usually

conducted in a vacuum or with process gasses. The modifications of the synthesis methods
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allowed the production of high yield CNTs for massive scale industrial applications. In the
following chapter, the most commonly used methods of CNT synthesis are introduced.

2.1.4.1.  Arc discharge method
The arc discharge method presented in Figure 2.5, was invented for the synthesis of
carbon nano-onions in 1980 and fullerenes in 1985. In this method, the negative electrode
containing carbon sublimates due to the high temperature, as a result of high current flow
responsible for the ignition of arc-discharge. The arc discharge method was used by lijima in
1991 [1] for the first successful synthesis of MWNTSs from the carbon soot of graphite
electrodes. Under suitable arc-discharge conditions, the very high yield of MWNTSs can be
achieved. On the contrary, the addition of metallic particles (e.g. Fe, Ni, Co, etc.) as a catalyst

in a graphite anode allows the growth of SWNTSs [51,52] in large quantities [57].
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Figure 2.5. Schematic of arc discharge system used for growth of CNTs.

The arc discharge method provides a useful tool for generating the high temperatures
required to vaporize carbon atoms into a plasma (>3000°C). The typical process consists of
the following steps. First of all, due to high current flow through graphite electrodes, the arc

discharge is generated and the evaporation of electrodes is observed. The process of
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formation of a carbon soot is observed at the anode, during cooling down of the evaporation
products. Typical arc product consists of a hard outer shell made of pyrolytic graphite and
the soft black powder core containing a mixture of CNTs and graphitic nanoparticles.
Furthermore, the process is carried out in the inert gas, such as argon or helium; however,
due to higher ionization potential of He, better results are achieved. External cooling of the
electrodes and arc chamber supports the increase of the CNT vyield during the arc discharge
process. As a result of the CNT synthesis by arc discharge method, a yield up to 30% by
weight can be achieved, which contains both MWNTs and SWNTs of lengths up to 50 pm.
The synthesis of CNTs on the surface of the cathode and non-constant spacing between
electrodes result in a non-uniform current flow and non-homogenous electric fields. Due to
those effects, the distribution of the temperature and the density of carbon vapor are non-
uniform and the impurities and graphitic nanoparticles are present and always co-exist with
CNTs. Moreover, the non-uniformity of the temperature and pressure results in limited
control of the diameter and length of the synthesized CNTSs.

The arc discharge method allows the synthesis of very high-quality CNTs; however, the
separation of amorphous carbon by-products requires various purification methods for both,
MWNTs and SWNTs. CNTs obtained by the arc discharge method have a very small number
of structural defects and very good crystallinity. Because of that, the arc discharge method is
widely used for large-scale production of SWNTSs.

2.1.4.2.  Laser ablation
The process of removing materials from a solid surface by laser beam irradiation of the
surface is called laser ablation. In the case of the lower laser flux, a heating of solid material
occurs due to laser irradiation and the evaporation or sublimation is observed. Laser ablation
was developed in 1995 for the purpose of CNT synthesis [58,59]. The schematic of laser

ablation method is shown in Figure 2.6.

16



Nd-YAG

_ Za
laser L | Cooling

| F |I | * 8 0 ol
| Hl:: e——
[ . i N

Quartz tube _ l

To pump
Graphite target

Figure 2.6. Schematic of laser ablation system used for growth of CNTSs.

During the process of the synthesis of CNTs by laser ablation, a block of graphite is
placed inside a furnace, heated to approximately 1200°C, and irradiated by the pulsed laser.
At the same time, the flow of inert gas (e.g. Ar, He), pumped along the direction of the laser
point is maintained. Laser irradiation results in the ablation of the graphite target, causing the
evaporation of carbon which is transported by the flowing inert gas in the direction of a
cooled copper collector. Cooled collector allows the condensation of the vaporized carbon
and formation of CNTs on the surface. Similar to the arc discharge method, the growth of
MWNTSs can be observed from a pure block of graphite as the starting material, while the
growth of SWNTSs requires composite of graphite and metallic particles (e.g. Co, Ni, Co +
Ni, etc.) which act as a catalyst.

In the laser ablation method, due to laser irradiation, the heating and evaporation of the
target surface, containing graphite and metallic particles, is observed. During the cooling of
the evaporated particles, the condensation of carbon atoms and molecules into larger, more
stable clusters is noted. Moreover, the condensation of the catalyst species is observed. The
catalyst attaches to carbon clusters and prevents the formation of closed cage structures. The
growth of SWNTSs from the clusters occurs as the diffusion of carbon continues, until the size
of the catalyst particles is too large or the growth conditions have cooled down and do not
allow further diffusion of carbon through catalyst particles. In this case, the catalyst particles
become coated with the uniform carbon layer, and the growth of CNTs is also stopped as no

more carbon atoms can be absorbed [60].
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By applying the laser ablation method, the yield of CNTSs is increased up to 70-90% in
the total product, compared to arc discharge method [61]. Furthermore, by better control of
the temperature during the process, better control of the diameter of CNTs can be achieved.
On the contrary, due to high-power laser required for the growth of CNTSs, the laser ablation
method is more expensive. Some modification of laser ablation allows replacing the high-
power laser sources with an electron beam which is used for the evaporation of graphite
targets instead [62].

2.1.4.3.  Chemical vapor deposition
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Figure 2.7. Schematic of hot-wall CVD system used for growth of CNTSs.

Chemical vapor deposition is the most commonly used method of CNT growth [54] due
to simplicity and relatively low cost of the process as compared to arc discharge and laser
ablation. Furthermore, CVD method allows synthesis at a relatively low temperature and
ambient pressure. The crystallinity of grown MWNTS is much lower than in the other two
methods; however, the crystallinity of SWNTs is very similar in all the cases. Another
advantage of CVVD method is higher yield and higher purity of grown nanotubes. In CVD
method, a big number of various substrates and hydrocarbons in any state allows very good
control of the structure of CNT forest and growth of CNTs in various form (powders, films,
aligned CNTs, etc.). Finally, CVD method provides better control of growth parameters than
other methods [54].

The schematic of CVD process used for the growth of CNTs is shown in Figure 2.7. The
furnace is usually heated above the temperature of 600°C, in which the decomposition of

hydrocarbon can occur. The carbon feeding gas, such as methane, benzene, acetylene,
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ethylene, etc. is introduced into the heated furnace and the pyrolysis over the metallic catalyst

surface occurs, allowing the growth of CNTs on various substrates. In some cases, a solid

hydrocarbon, such as camphor, naphthalene, ferrocene etc. is used and kept in the low-

temperature zone of the chamber. Solid hydrocarbon directly changes state from solid to

vapor, so the nucleation of CNTs can occur on the surface of the heated catalyst. In the CVD

method, the catalyst used for the growth is one of the most important factors. A successful

growth of CNTSs has been reported on iron, nickel, cobalt, gold, platinum and stainless steel.

The growth of CNTSs can occur according to two different mechanisms which depend on

the interactions between the catalyst and the substrate.

D)

@)

In the first case, when the interactions are weak, the decomposition of hydrocarbon
occurs on the top surfaces of the metallic particles which act as a catalyst and result in
the creation of H, and C, species. The carbon atoms and molecules diffuse down
through the catalyst particles, and CNT precipitates out across the bottom of the
metallic particle at a lower temperature, pushing the whole particle off the surface. The
process occurs as long as the top of the catalyst is open and the activity is kept, allowing
decomposition of hydrocarbons. The diffusion process depends on the carbon
concentration gradient inside the particle. Once the carbon species stop reacting with
the exposed end and the metallic particle is fully covered with carbon, the activity of
the catalyst decreases and growth of CNTs is stopped. Described model of CNT growth
is called “tip-growth model” [63,64].

A different mechanism is observed in the case when interactions between substrate and
catalyst are strong. The beginning of the CNT growth mechanism is very similar to the
first case, in which the decomposition of hydrocarbons and diffusion of carbon occur;
however, due to strong interactions, the CNT precipitation cannot raise the particle up.
Due to that, the CNT is compelled to grow from the place with the lowest interactions
with the substrate — the top of the particle. In this mechanism, the crystallization of
carbon is firstly observed in the form of a hemispherical dome, usually referred as half
of fullerene. The dome extends up and forms a seamless graphitic cylinder. During the

process, carbon species obtained through decomposition diffuse upwards, through the
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surface of the metallic particle. For that reason, this model is called “base-growth
model” [65].

The size of the catalyst particles governs the type of obtained CNT. When the size of a
particle is a few nanometers, the formation of SWNT occurs, while for the size of a tenth of

a nanometer, the formation of MWNT is achieved [66].

The CVD equipment used for growth is easy to modify, causing an expansion and further
development of CVD methods. Based on the method of the decomposition of carbon source
gasses, the CVD methods can be divided into two main groups: thermal CVD and plasma
enhanced CVD (PECVD) [67].

Thermal chemical vapor deposition

Thermal chemical vapor deposition is the simplest method. During the process the
pyrolysis of carbon source gasses occurs at high temperatures. The growth temperature is
usually between 700-1200°C in order to allow the pyrolysis process. The successful synthesis
of large arrays of vertically aligned CNT forest was achieved by thermal CVD, such as water-
assisted CVD [2,68] and atmospheric thermal CVD, due to a crowding effect originated from
van der Waals forces in the dense CNT forest. The thermal CVD can be divided into two

types, depending on the type of heating: a hot-wall CVVD and a hot-wire CVD.

A typical design of hot-wall CVD (Fig. 2.7) contains a reaction chamber in the shape of
quartz tube in which the CVD process is conducted, and a heated furnace. The energy
required for the heating of the reaction chamber to the temperature which allows the pyrolysis
of gasses, is usually provided by electric high-temperature furnace. The temperature that is

usually applied during the CVD process is above 700°C, even up to 1200°C.

The hot-wall CVD process starts from the introduction of substrates with prepared
catalyst into the chamber, which is pumped to the pressure below 1x107 Pa. After the base
pressure is reached, the heating of the chamber begins and after the sufficient temperature is
reached, the annealing process is conducted for a precisely controlled time in order to achieve
the formation of catalyst particles. The annealing process can be carried out in a vacuum or
gaseous atmosphere of hydrogen (Hz2), ammonia (NHs), argon (Ar), or mixtures of those
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gasses. After the annealing process, the hydrocarbon gas is introduced into the chamber for
the duration of CNT growth. After the process, the chamber is cooled down and the samples

are removed from the reactor.

One of the variations of hot-wall CVD is water-assisted CVD, often referred to as
“supergrowth”. In this process, the small quantities of a water vapor are introduced into the
reactor chamber during the experiment, in order to increase the activity and lifetime of the
catalyst. Introduction of water vapor allows the growth of dense, high purity and very high

SWNT arrays of length of several millimeters [2,69].
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Figure 2.8. Schematic of hot-filament CVD system used for growth of CNTs.

On the other hand, hot-wire CVD is also commonly used for growth of CNTs and is
presented in Fig. 2.8. The experimental setup is very similar to the hot-wall CVD method, in
which instead of an electric furnace, a hot-wire (hot-filament) is used for the pyrolysis of
hydrocarbon gasses. The advantage of the hot-wire CVD method is lower energy
consumption required for heating the chamber. The most simple setup of the hot-wire CVD
without a heater requires the activation of hydrocarbon gas by heating the filament up to
2200°C. During the process, the CNTSs are deposited directly on the surface of the substrate,
which is heated by the filament through the thermal irradiation. In some cases, the electric

furnace is used for the independent heating of the substrates [70].

21



Plasma enhanced chemical vapor deposition

In plasma enhanced CVD (Fig. 2.9), chemical reactions and the deposition of thin films
from a vapor to a solid state are enhanced by plasma. Compared with the thermal CVD

method, the PECVD allows the growth of CNTSs at significantly lower temperatures [71-73].
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Figure 2.9. Schematic of plasma enhanced CVD system used for growth of CNTSs.

The plasma occurs in the reaction chamber filled with reactive gasses between two
electrodes and is usually generated by radio frequency (RF) or direct current (DC) discharge.
After the ignition, plasma is involved with chemical reactions responsible for the CNT
growth process. Compared with the thermal CVD, the influence of PECVD method on the
properties of CNTs grown is much larger, due to big variation of parameters during the

process, such as etching ability, etching rate, selectivity of etching, hydrogen content, etc.

Based on the heating methods and plasma sources, a wide range of PECVD techniques
for the synthesis of CNT were developed [74,75]. In the group of PECVD techniques related
to the heating methods, the following types were developed: back-heated PECVD, hot-
filament PECVD and simple PECVD without heating. In the second group, related to the
plasma sources, DC PECVD, RF-PECVD, microwave PECVD, etc. can be listed. For the
synthesis of CNTSs, various heating methods and plasma sources are used in different

configurations.
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In the typical DC PECVD, without additional heating source, the plate-plate or rod-plate
electrode systems are usually used. The distance between cathode and anode is maintained
within a range of several centimeters. The current of the plasma discharge is controlled by
the DC power supply in a constant-current mode. During the process, various gasses are
introduced to the reactor chamber and the decomposition of hydrocarbons occurs in DC
plasma. As a result, radicals of the decomposed source gas are produced and then deposited
on the surface of the substrate. The growth temperature is usually higher than the room
temperature, due to the plasma heating and depends on the plasma density, energy, etc. The
DC PECVD allows growth of vertically aligned CNTs of various diameters, which depend
on the plasma intensity. For higher intensity the diameter increases. On the other hand, for
the precise control of the temperature of the substrate, the external heating source is usually
introduced to the process, in a form of an electric furnace or an IR lamp. In the back-heated
PECVD, the heating of the substrate is conducted by a resistance heater mounted below the
substrate holder, which allows precise control of the growth temperature [76,77]. In the hot-
filament PECVD, the heating of the substrate is provided by hot filament mounted above the
sample [78-80].

The typical RF-PECVD system is composed of a reactor chamber, anode and cathode
electrodes, a vacuum pumping system, and a RF power supply [81]. A formation of plasma
in the reactor chamber is achieved by the RF generation. The plasma generated during the
process contains reactive ions and radicals of the reactive gasses introduced during the
growth of CNTs. Compared with DC PECVD, the growth of CNTs by RF-PECVD is easier
due to the activation and cleaning of the catalyst surface, related to the less intense ion
bombarding.

The typical microwave PECVD system is composed of a microwave magnetron, a
circulator, a tuner, a cavity, and a waveguide [82]. The microwave frequency of 2.45 GHz,
generated by microwave magnetron allows the tuning of microwave power between 0 and
3000 W. In order to prevent the reflection of power back to the magnetron, the circulator is
used. The tuner is used for the optimization of impedance matching, while the cavity,

adjusted by sliding short, allows the resonance at 2.45 GHz and generation of microwaves.
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During the process, reactive gasses are introduced into the chamber, in which by the
decomposition occurs. Compared to DC PECVD and RF-PECVD, the cost of the microwave
PECVD is lower, allowing the growth of large-scale CNT arrays in the order of kilograms

due to the fast heating and cooling during the synthesis processes.

2.1.4.4.  Hydrothermal methods
Hydrothermal method is generally defined by heterogeneous reaction in the presence of
solvents or mineralizers, which is conducted under high pressure and temperature in order to
allow a dissolution and a recrystallization of materials that under normal conditions are
insoluble [83]. The hydrothermal processing is commonly used for the synthesis of metal

oxides, semiconductors, nitride nanomaterials, and recently also CNTSs.
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Figure 2.10. Schematic of hydrothermal reactor used for growth of CNTSs.

During typical hydrothermal process (Fig. 2.10), pressure and temperature in the
chamber (autoclave), applied during the experiment, are the most important parameters of
growth and are crucial for the precise control of dissolution process. In a typical setup, the
temperature is applied and measured by an external heater, while the pressure is controlled
by the direct measurement using the Bourdon pressure gauge, or by utilizing the pressure-

vapor-temperature (PVT) relation.

Compared to laser ablation and arc discharge, in which the synthesis of CNTs high
temperature and metal catalysts are required, the hydrothermal process allows the growth of
CNTs in a temperature from 160°C to 1000°C. The synthesis of CNTs was achieved for
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various pressures and temperatures, and also utilizing various solutions, without catalyst in
some cases. The growth of CNTs was achieved at 160°C using an ethyl alcohol/polyethylene
glycol mixture dissolved in basic aqueous solution [84], at 180°C using ethyl alcohol only
[85], while for the case of 350°C, the hexachlorobenzene and tetrachloroethylene with Ni/Co
catalyst were used [86]. On the other hand, the synthesis of CNTs was also achieved in higher
temperatures, e.g. at 600°C and in pressure of 12,4 MPa, using toluene and Fe alloy as a
catalyst [87]; at 700-800°C and pressure of 60-100 MPa, using polyethylene and ethylene
glycol [88,89]; and finally at 1000°C using supercritical CO2 [90].

The hydrothermal method allows the growth of both, multi walled and single walled
CNTs. The temperature of synthesis influences the diameter of CNTs, allowing growth of
MWNTs with smaller diameter at lower temperatures and bigger diameters at higher
temperature, with keeping the same number of walls [89]. Moreover, the hydrothermal
method provides very high quality of grown CNTs and allows precise control over the
structure and the diameter of CNTs. On the other hand, despite some advantages of the
hydrothermal method over arc discharge or laser ablation method, the parameters of synthesis
affect the stability of CNT growth. In time, the structure of obtained SWNTSs changes to
MWNTs and a formation of graphitic nanoparticles is also observed. Furthermore, the
addition of oxygen in the super-critical water results in the decrease of the diameter of
MWNTSs to the point where SWNTSs are not observed [83].

2.1.45.  Flame method
One of the oldest methods to produce CNTs is a flame method, shown in Fig. 2.11. Some
of the researchers claim that CNTs were discovered in 400-year-old sabers from Damascus
[91]. In the flame method the growth of CNTSs is achieved by the burning of hydrocarbon
gasses, such as methane, ethylene, benzene, etc. Moreover, CNTs can be commonly found

in the soot in various flame environments.

25



Substrate

- Cooled walls

Adiabatic flame

- Premixed burner
Fuel and Oxidizer

Figure 2.11. Schematic of typical system setup of flame method used for growth of CNTSs.

The mechanism responsible for the growth of CNTs by the flame method is related to
the diffusion of hydrocarbons during the process. The method allows the synthesis of both
MWNTs and SWNTSs; however, often due to uncontrolled process, the uniformity, shape,
size and quality of nanotubes may significantly vary. On the other hand, by the precise control
of growth process, the synthesis of highly-aligned MWNT [92] and SWNT [93,94] arrays
was also achieved. For example, Hu et al. [95] showed possibility of growth of high-quality
MWNT arrays using laminar flow of ethylene/air mixture and anodized aluminum oxide
(AAO) as a template, and Co particles as the catalyst placed at the bottom of nanopores. By
the flow of gasses perpendicularly to the surface of the AAO template, the growth of smooth
and uniform CNTs was obtained [95].

2.1.4.6.  Disproportionation of carbon monoxide
The first hollow carbon nanotubes reported in 1952 [44] and mentioned in chapter 2.1.2,
were prepared by disproportionation of carbon monoxide at 450°C. Moreover, catalytic
disproportionation allowed the growth of hollow structures of carbon fibers and SWNTs
[53,96].

In the presented method, the disproportionation of carbon monoxide occurs according to

the Boudouard equilibrium:

26



2C0 = C + CO, (eq. 2.2)

Below the temperature of 700°C, the right side of the equilibrium is favored, in case the
catalyst is present (Fe, Co, and Ni) [96]. Typically the carbon monoxide gas passes through
the powders or particles of iron, nickel or cobalt, resulting in the growth of CNTs. The
investigation of the growth mechanisms suggests that the dissociative chemisorption of the
CO gas on the NiFe alloy results in the diffusion of carbon into the alloy bulk structure.
Further investigation showed that the bulk diffusion is determined by an isothermal gradient
with local equilibria, at the interfaces between metallic catalyst-carbon and metallic catalyst-
gas. Due to that fact, the growth of CNTSs is observed as a result of the precipitation of carbon

at the metal-carbon interface.

The disproportionation of carbon monoxide allows the growth of SWNTSs through the
pyrolysis of various catalysts and carbon sources. By applying high pressures (0.1 — 1 kPa)
and temperatures of 800 - 1200°C, a very efficient synthesis of high yield SWNTs is possible
[97]. The high pressure modification of disproportionation method is often called HiPco
(high-pressure CO) [98].

2.1.5. Properties
Carbon nanotubes, due to their unique structure, exhibit a large number of extraordinary

properties. The most important are described in the following subchapters.

2.1.5.1.  Mechanical properties

The ratio of diameter and length of CNTs influences the mechanical properties. Due to
the extraordinary structure, the tensile strength and elastic modulus of CNTs have the highest
values ever reported. In the perfect CNT, the sp? bonds formed between carbon atoms decide
the strength of a nanotube. Due to the C-C bonds and unique geometry, CNTs have a very
big tensile strength along their axes and a very high elastic modulus in their axial direction.
The estimation of the Young modulus of CNTs, based on their structure, allows values
between 1 TPa and 2 TPa. In the case of SWNTSs, the elastic modulus depends on the diameter
and chirality, while in the case of MWNTSs, the crystallinity of the outer walls is the most

important [99].
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The theoretical study shows that the strength of a perfect nanotube is about 10 to 100
times higher than the strength of steel per unit weight, while the elastic modulus of 1000 GPa
is about 5 times higher than steel. CNTs have a very big potential in various mechanical
applications due to a very high strength, Young modulus, and tensile strength of 63 GPa,
combined with relatively small weight of nanotubes. It should also be noted that the
electronic properties of CNT are also very unusual. The change of the chirality of SWNTSs,
or the increase in number of walls, results in the change of type of conductivity, from
semiconductor to conductor [100-102]. Table 2.1 summarizes the mechanical properties of

CNTs and compares them with other string materials [103].

Table 2.1. Mechanical properties of CNTs and other string materials.

Material Young modulus (GPa) Tensile Strength (GPa)  Density (g/cm?®)
SWNT 1054 150 1.3
MWNT 1200 150 2.6
Epoxy 3.5 0.005 1.25
Steel 208 0.4 7.8
Wood 16 0.008 0.6

2.1.5.2.  Thermal properties

Due to their unique structure, CNTs exhibit anisotropic thermal conductance. Along the
axis direction CNTs show a very good thermal conductivity and a “ballistic conduction”
property, and while in the lateral direction to the axis, CNTs exhibit insulator properties. The
ballistic conduction refers to the transport of electrons in the material of a very low electrical
resistivity, caused by the scattering [104]. At room temperature, the thermal conductivity
along the aligned SWNTs is about 3500 W/mK, while the conductivity measured for isolated
SWNT of (10, 10) chirality is about 6600 W/mK [105]. For comparison, the thermal
conductivity of copper, which is known of its high conductivity, is about 385 W/mK. In the
case of CNT forest, the thermal conductivity is improved in the case of the improvement of

alignment of CNTSs.
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The thermal conductivity of MWNTSs along the axial direction is about 0.5 — 1.2 W/mK
at room temperature. Interestingly, the shortest MWNT forest exhibits the highest value of

thermal conductivity, which also decreases perpendicular to the CNT axis [106].

CNTs exhibit isotropic thermal expansion and high thermal stability up to 750°C in air
and up to 2800°C in vacuum [104]. On the other hand thermal diffusivity of aligned CNT
arrays shows very high anisotropy along the axial direction of CNTs and perpendicular to the
direction of CNT alignment. The measurements of thermal diffusivity of MWNTSs were
conducted by Borca-Tasciuc et al.[107]. Results of the thermal diffusivity of aligned CNT
arrays showed a small decrease along CNTs and perpendicularly, with increase of the
temperature, while the overall value was about 25 times smaller [107,108].

2.1.5.3.  Chemical properties

Chemical properties of CNTs are mostly originated from their structure. In CNTSs,
graphene sheet is rolled up in the shape of a tube which results in the increase of the chemical
reactivity of nanotubes. Due to the curvature effects, the o and n orbitals mix, causing the
hybridization of the orbitals. With the decrease of the diameter, the hybridization becomes
larger and is directly derived from the mismatch of the & orbital caused by the change of the
curvature of CNTs, resulting in higher chemical reactivity of SWNTs than MWNTSs. Due to
high chemical reactivity, it is possible to modify the caps and walls of CNTs and control e.g.
the solubility of CNTs. On the contrary, the covalent modification of sp? bonds of carbon
atoms in CNTs by attachment of various molecules is very challenging and therefore, CNTs

are considered chemically inert [109].

Finally, the chemical properties of CNTs allows the modification of other properties by
applying doping, wetting, charge transfer, filling, etc. The chemical properties of CNTs can
be utilized in various fields for different applications, such as sensing, energy storage,

electronics, biological separation, etc.

2.1.5.4. Electrical properties
The atomic structure of CNTSs, described by the chirality and diameter [110], defines
their extraordinary electrical properties. As mentioned in previous chapters, structure of CNT

is originated from a rolled up sheet of graphene. The graphene sheet is a semimetal and
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because of that, it exhibits both semiconducting and metallic properties. During the formation
of CNT, the proper organization of carbon atoms and quantum mechanical wave function of
the electrons has to be achieved. For the perfect CNT, the current density of 4x10° A/cm?

can be achieved and is over 1000 times higher than the current density of Co [111].

The individual CNTs can be characterized by resistance, capacitance and inductance
which are originated from their intrinsic structure and mutual interactions with other
materials. The transport of electric charges in the structure of CNTs and the resistance
originated from it depend on the scattering on structural defects and vibrations of atomic
structure of CNTs [112]. However, in the 1D materials, such as CNTSs, the strong covalent
bonding results in changes of the resistance and the electric transport process. In the 1D
materials, the small angle scattering cannot occur, so only charge carriers can move only
forward and backward along the nanotube. The 1D structure of CNTSs results in a new type
of quantized resistance which is directly related to the interactions between three-
dimensional (3D) and 1D materials, such as metal electrodes or CNTSs, and is expressed by:

é = (Z—ZZ) M (eq. 2.3)
where 2e?/h is quantized resistance and M is an apparent number of conducting channels
which include the coupling between 2 electrons and the coupling effects between nanotubes
and intrinsic channels. For metallic CNTs, the number M = 2, so the resistance is equal to
6.45 kQ. Moreover, except the quantized resistance, other types of resistance also occur and
are related to presence of Schottky barriers at semiconducting-metallic CNT interfaces or
bad contact between nanotubes. Also, in the case of long CNTs or at high bias, the scattering
collisions can be observed and results in the diffusive limit of transport of the charge carries,
limiting the mobility of electrons. Despite this effect, CNTs exhibit very high carrier mobility,

even 1000 times higher than carrier mobility in silicon.

The capacitance of CNTSs is originated from the unique electronic structure and related
to the density-of-states. The density-of-states of CNT describes how the states of energy are
distributed in energy, and is independent of electrostatics. Typically, the quantum

capacitance of CNTs is small and takes values of 10 — 16 F/um. On the other hand, CNTs
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also exhibit electrostatic capacitance which is dependent on the shape and electric structure
of the surrounding conductors [111,113].

The inductance of CNTs is originated from the resistance of the current flow through the
nanotubes. In the classical approach, the inductance of CNTs depends on their diameter,
shape, structure, defects, permeability etc. The electrical properties of CNTs are used for
various applications, such as electrodes for metal-oxide-semiconductor-field-effect-
transistors (MOS-FETS) [14], a wiring material for large-scale integrator (LSI) interconnects
[15], actuators and polymeric composites for electronic devices [16] or high emission current
density emitters [17]. The same properties are also utilized in various types of solar cells,
where CNTSs act as electrodes [18,19], counter electrodes [20,21], or active layers in solar
cells [22].

2.1.5.5.  Optical properties
The optical properties of individual SWNTs depend on the structure of metallic and
chiral nanotubes which possess second-order hyperpolarizability (a non-linear optical
property of a molecule) [114]. In contrast, in the case of well-aligned MWNT bundle, the
optical properties are similar to graphite and are not related to the helical structure of
nanotubes [115].

The absorption of individual SWNTSs shows that the zigzag nanotubes possess third-
order susceptibility [116,117]. The third-order susceptibility effect increases, by increasing
the diameter of CNTSs, due to stronger influence of the m electron transitions than the
interband transitions. For the determination of second-order hyperpolarizabilities of armchair
and zigzag SWNTs, an empirical exponent law can be applied and shows increase of the
second-order effect due to the increase of impurities in the inner structure of SWNTSs. This

effect can be utilized in the photonic devices [118].

Based on the experimental analysis of optical properties of CNT bundles, the
birefringence effect was determined [119]. In the birefringent material the refractive index
depends on the polarization and propagation of light. In CNTs those changes are related to
the propagation of light differently along and perpendicular to CNTs. In order to determine

the optical properties of CNT bundles, the calculation needs to include full electromagnetic
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coupling between individual CNTs in the bundle [120]. Furthermore, by studying Raman
spectra, various optical effects, such as splits of the optical phonon, or diameter-dependent

dispersions related to the size of CNT, can be observed [121].

CNT arrays possess unique anisotropic optical properties [8,122,123] and exhibit high
third-order susceptibility [9]. Low density, vertically aligned CNT forests have low refractive
index and due to their unique structure of effectively trapping light, CNTs exhibit superior
light absorbance properties [124-126]. Due to very high absorbance and low reflectance in
the visible and infrared light regions [125-127], CNT forests exhibit properties close to that
of a blackbody, a theoretical material, which is claimed to absorb all spectra of incident light.
Many groups of researchers have presented results of very low reflectivity of CNT forests,
with the lowest reflectance of incident light in UV-VIS range of 0.045% noted by Yang et al
[125] for 633 nm wavelength for the CNT forest height of 200-300 pum. On the contrary, the
very low reflectance, below 0.01%, in infrared regime (2.5 — 15 pum wavelength) was also
recently reported for CNT forests of 30-50 pum height, grown on a high roughness aluminum
substrates [128].

2.2. Theory of metamaterials
2.2.1. Introduction to metamaterials

The modern history of metamaterials starts from the first paper presented by Veselago
in 1968 [129], in which a general model of electromagnetic wave propagation in new “left-
handed” materials possessing negative permittivity (¢ < 0) and permeability (u < 0) was
theoretically presented for the first time. Despite the fact that the existence of “left-handed”
materials was not observed in nature, the Maxwell equations, which describe the electric and
magnetic fields, do not exclude their existence. Moreover, the theoretical study of lossless
materials showed possibility of obtaining extraordinary properties, which cannot be found in
nature. On the other hand, in the first experimental work presented in 2000 by Pendry [27],
the fabrication of “perfect lens” was proposed, in which a focus size smaller than the
diffraction limit was achieved. In his work [27], a search for an artificial material possessing
specific properties not observed in natural materials was presented. The perfect lens material

should possess both negative permittivity and permeability in the same frequency region;
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however, no such a material has been found in nature so far. He concluded that the materials
with negative refractive index could restore the phase of propagation and the amplitude of
evanescent states. Furthermore, a practical implementation was simulated by a slab of silver.
Pendry claimed that a “perfect lens” tuned to the surface plasma frequency of silver could be
achieved. In 2001, Shelby et al. [28], in their work, an array of metallic wires with suitable
spacing and radius of 0.03 mm was constructed to exhibit a negative permittivity at the
frequency of 8 — 12 GHz for microwave region, while metallic split rings were manufactured
in order to obtain a negative permeability. A schematic of such a material is shown in Figure
2.2. Their work and studies over design of lenses induced the recent active development of
negative metamaterials [130-133]. The electromagnetic properties of metamaterials became

a new branch of modern science, resulting in a large number of publications on this topic.

Wires
Split ring
resonators

Figure 2.12. Schematic of the first metamaterial constructed of copper slit-ring resonators
and wires mounted on the circuit board [28].

Starting from the work published by Pendry [27], a major effort in the fabrication of
metamaterials in the visible frequencies was made. Due to many difficulties related to the

scaling of the SRR structures to the optical wavelengths which would allow the interactions
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with the permeability, in order to achieve negative index materials, the fabrication of optical
metamaterials is still challenging. The fabrication of loops, ring resonators, and gaps is still
very problematic, and various changes of the electric properties of materials used for
fabrication are observed and related to the increase of the frequency in the optical range. Due
to high frequencies and a very small size of the metamaterial structures, the conduction
properties of the material change, resulting in the limitation of the transmission of the
electromagnetic waves through arrays. For that reason, a major effort related to the
development of new nanostructures was made in order to allow negative index materials in
the near IR and the visible light region. Various new designs of structures were presented,
such as coupled nanocones [134], plasmonic parallel nanowires and nanoplates [135,136],
anisotropic waveguides [137] or even defects in regular photonic nanostructures [138]. On
the other hand, in order to manipulate the transmission of the electromagnetic waves,
different materials, such as carbon nanotubes [4], or SizN4[39], were also used. Despite the
big improvement and the observation of the electromagnetic resonances in the optical range,
the most remarkable example of utilizing optical metamaterials — an invisibility cloak [139],

is yet to be achieved.

“Meta”- materials are artificial materials engineered to obtain properties that do not exist
in nature [24] and which acquire their properties from embedded subwavelength metallic
structures grouped together in a dielectric to exhibit the required values of permittivity and
permeability in the desired frequency range in order to manipulate electromagnetic waves
[25,26]. The electromagnetic properties of metamaterials are derived from the shape and size
of designed resonating structures of an electromagnetic circuit, and also from the properties
of the material that consist of those structures. In order to classify the material as a
metamaterial, a number of requirements have to be fulfilled. First of all, the description of
the structure of a material by effective homogenous electromagnetic parameters [140] has to
be possible. Furthermore, the electromagnetic parameters of such a material are determined
by the total response of small resonators, which have to be periodically placed in the structure.
In metamaterials, the ratio of electromagnetic wavelength and the lattice constant has to be

of the order of ten or more. By fulfilling those requirements, the metamaterials can be
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distinguished from other structures which manipulate the electromagnetic wave, like
photonic crystals, frequency selective surfaces, or arrays of metallic holes.

Figure 2.13. Examples of metamaterial structures (a) SRR, (b) ASR, (c) e-SSR,
(d) rods, (e) fishnet, and (f) cross.

Since the work published by Pendry et al., many different types of subwavelength
resonators have been introduced for manufacturing the metamaterials, like split ring
resonators (SRRs), asymmetric split resonators (ASRs), electric SRRs (e- SRRs), rods,
fishnets, crosses, thin wires, etc. (Fig. 2.13). Some of the presented resonators are designed
to interact with the electric or magnetic part of the electromagnetic radiation, while the other
ones show a negative refractive index. At low frequencies, below the infrared, in order to
obtain the desired electromagnetic properties of the metamaterial, simple structures like
arrayed thin wires or SRRs are used. On the other hand, at higher frequencies, where the ideal
conductivity of metallic resonators diminishes and the difficulty of the fabrication process
rises, other advanced structures are designed to improve the performance of specific optical

properties of metamaterial structures.

2.2.2. Electromagnetic behavior
The electromagnetic behavior of metamaterials depends on the type of used structures
and range of frequencies. In the following part, the basics of the manipulation of the electric
and magnetic part of the electromagnetic radiation are presented.
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2.2.2.1.  Electric resonance
For the conductive materials existing in nature, the electric response occurs typically at
high frequencies, for metals at UV-VIS frequency region. This response is originated from

the electric plasma frequency:

Wep = %:) (eq. 2.4)
where n is the electron density, e is a charge of the electron, &o is the vacuum permittivity and
mis an effective mass of the electron. For that reason, in order to obtain an electric response
at lower frequencies, the modification of the plasma frequency is necessary. As can be seen
from equation 2.1., the modification of frequency of plasma can be obtained by changes in
electron density or effective mass. For that reason, a metamaterial structure based on the thin

wires can be used (Fig. 2.14).

.y

Figure 2.14. Thin metal wire structure used for the generation of electric resonance in
metamaterials.

The structure constructed from the thin metal wires changes the electron density due to
a distance of metal nano-rods in a unit cell and due to the mutual inductance of the wires, the
effective mass of the electrons is intensified. In such a structure, the plasma frequency can

be manipulated only by dimensions of the lattice spacing and the wire radius r. For that reason,

36



the permittivity obtained by the structure presented in Figure 14, can be explained by Drude
model as:

2
wep

Eef(@) = 1 — (eq. 2.5)

w?+jTw
where I’ is related to energy dissipation.

2.2.2.2.  Magnetic resonance

A magnetic response from nonmagnetic materials is possible if the current loop can be
supported in the material and the magnetic dipole moments can be induced. In metamaterials,
a magnetic response can be obtained for certain design of SRRs, in the case a suitable
alignment of the electromagnetic wave to the SRR circuit is achieved. A typical SRR design
introduces two metallic concentric loops with slits or gaps directed in the opposite direction,
as shown in Fig 2.13(a). For a magnetic field oscillating in the axial direction of the SSRs, a
current flow is induced in the ring and a raise of magnetic dipole parallel to the magnetic
field is achieved. The inductance of the SSR and the capacitance of the gap are the equivalent

of an electric LC circuit, resulting in magnetic resonance (Fig. 2.15).

Figure 2.15. Split Ring Resonator structure used for the generation of magnetic resonance
in metamaterials.

In the typical SRR (Fig. 2.13(a)), a second, inner ring is related to a net capacitance of
the double SRR and is responsible for the decrease of the resonance frequency. For that
reason, the ratio between the lattice constant and the electromagnetic wavelength is increased
and metamaterials built from the SRRs are more homogenous to the electromagnetic
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excitation. In contrast, in the case that the second ring is removed from the structure (Fig.
2.15), only the shift of the resonance frequency can be observed, without significant influence

on the whole metamaterial performance [141].

The effective magnetic permeability of periodically aligned SRR arrays, under a

magnetic field excitation, is given by Lorentzian model [141]:

Fow%

pegr(w) =1 — (eg. 2.6)

2 .
w?-wsotiTw

where wmo IS magnetic resonance frequency, " is related to energy dissipation and F is the
filling factor of the SRR patterns.

For SRR patterns, the frequency of magnetic plasma is given for the case when permeability

is below zero:
Weip = Wino/(1 = F) (eq. 2.7)

The SRRs at lower frequencies have a positive sign of permeability, while between the
resonance and plasma frequency, the magnetic response is negative. For that reason, SRR
structure with negative permeability supports both paramagnetism and diamagnetism [140].
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2.2.2.3.  Electromagnetic resonance
S
- 5 )
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H

Figure 2.16. Example of structure composed of thin metal wires and split rings, used for
generation of electromagnetic resonance in metamaterials.

As mentioned in chapter 2.2.1, the theory of material with both negative permittivity and
permeability was proposed by Veselago. In such a case, E and H form a left-handed vector
set with respect to k, and the wave vector becomes negative. On the other hand, pointing
vector S, which indicates the direction of propagation of the energy of the wave, still form
right-handed vector set with vectors E and H, and results in the backward propagation of the
wavefront [129]. The idea was utilized in order to develop negative index metamaterials
(NIMs). For that reason, by utilizing the magnetic and electric metamaterials at the same time,
the NIMs are possible [141,142]. The interactions between two classes of metamaterials are
minimized due to the filling factors of both types of metamaterials which allows the
preservation of negative permittivity and permeability [143]. As mentioned in chapter 2.2.1,
with a combination of copper SSRs and thin wires, the first NIMs in microwave frequency
were achieved in 2001 by Shelby et al. [28]. In NIMs, a structure composed of periodic SRRs
arrays and thin wires is specifically oriented in the electric field in the electromagnetic
incident wave. The vector of the electric field is parallel to the metallic wire axis, while the
magnetic field is parallel to the axis of SRRs. By such an orientation and the fact that
combination of SRRs and wires are responsible for magnetic and electric responses, it is
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possible to achieve negative permittivity and permeability in the narrow frequency range,
which allows the exhibition of the negative refractive index.

2.2.3. Applications of metamaterials
Metamaterials, due to their unique properties, allow many various applications in which
a precise control of the electromagnetic wave is required. The most common applications

include: antennas, absorbers, superlenses, cloaks, sensors, filters, etc.

By utilizing metamaterials for antennas, the enhancement of the radiation and a matching
of properties of electric and magnetic dipole antennas were achieved. The size of a typical
metamaterial antenna is about a fifth of the wavelength it interacts with. The development of
antennas using metamaterials allowed a very big improvement in the radiation power, up to
95% at 350 MHz. Furthermore, the directivity of the antennas was also improved by applying
patch antennas or flat horn with flat aperture which were made of zero index metamaterials.
In the case of zero index metamaterials, the propagation of signal stimulates a time dependent
spatially static field which results in the constant value of the phase at any point of the antenna
and allows the improvement of the directivity.

In metamaterial absorbers, in order to absorb a large amount of the electromagnetic
radiation, the manipulation of the permittivity and permeability of metamaterials is
conducted by the precise control of the structure of metamaterials. Metamaterial absorbers
can be used in photodetection and application of solar photovoltaic, in which high
performance, minimum resistive losses, and low power consumption are required.
Furthermore, the manipulation of the permittivity and permeability is relevant in

transformation optics and negative refractive index materials.

Another application of metamaterials are superlenses which are aimed to achieve
resolution beyond the diffraction limit. In conventional optics, materials used for lenses
suffer a diffraction limit as only the transmission of the propagating components from a light
source occurs while the transmission of the evanescent light through the lens is very limited.
In order to overcome this problem, the manipulation of the refractive index is required which
would allow the enhancement and recovery of the evanescent light. For that reason, the

metamaterial superlenses should possess negative refractive index, resulting in the yield of
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negative phase velocity. The fabrication of a perfect superlens which can constitute all

evanescent waves would allow resolution beyond ordinary microscopes.

The most desired application of the metamaterials is cloaking in the optical range. In
theory, a cloaking device can be achieved by cancellation of the electric and magnetic
component of the electromagnetic field which is generated by an object, or by guiding the
electromagnetic wave around the object. The guidance of the electromagnetic wave can be
achieved by the transformation of the system in a way, that inside the cloak, the
electromagnetic field will be equal to zero. In such a case, the region inside the cloak would
disappear for certain wavelengths. Recently, a cloaking device for thermal invisibility was
presented [144], and allowed the disappearance of the object for the propagating heat wave;

however, the optical cloak is still very challenging.

Despite many difficulties related to the fabrication of metamaterials, the possibility of
manipulation of electromagnetic radiation still attracts major attention and brings closer the
realization of possible applications of metamaterials.
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Chapter 3. Methods and experimental

In the following chapter, a method of design of experiment, sputtering and CNT

synthesis equipment, and measurement equipment used in this work is introduced.

3.1. Taguchi method

The Taguchi method is one of the methods of design of experiments (DOE) which
provide an efficient and systematic way to optimize the design for high performance, quality,
and cost. Taguchi method allows for the definition of which controllable factors reduce the
variation of results and make the product insensitive to changes caused by uncontrollable
factors. In this method, parameters are set to minimize response variation, adjusting the

results of the process on target at the same time.

The typical definition of quality is based on the minimum and maximum specification
level of a certain parameter, in which the measured value of the product should be included.
In other words, the measured value of the specific parameter should be in a certain range. In
such approach, no information of the methods and techniques required to obtain such a result
are presented. On the other hand, the quality defined by Taguchi is related to the minimum
loss of the property of the product, by introducing a loss function. In the Taguchi method,
the variation from the target decreases the quality of the product, which means that the

variation should be reduced and loss function should ideally take the value of 0.

The optimization of the properties of the product by the Taguchi method should be

considered in a few steps.

In the first step, the quality characteristic to be optimized is defined. The quality
characteristic defines the variation of which parameters has the highest influence on the
product quality. In this dissertation, the quality characteristic was defined by the average
roughness and size of the catalyst particles in the first part of the research, and also by the
total UV-VIS reflectance of thin CNT forest film in the second part of the research.

In the second part of the Taguchi method, the noise factors are identified. Noise factors
are parameters which are uncontrollable or too expensive to control but still have an influence

on the results and the quality of the product. Noise factors include changes of environmental
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conditions, a variation of the parameters, and also a variation of the products prepared by the
same design with the same input. In the CNT growth process, noise factors might be related

to the vacuum chamber design, gas flow fluctuations, gas leaks, etc.

In the third step, the control parameters which have a significant effect on the quality of
the final product are defined. Control parameters (factors) include all the parameters that can
be set and easily changed, in order to control the process. For each control parameter, levels
of the tested values have to be identified in order to improve the quality of the product. The
number of parameters with associated values defines the experimental region in the Taguchi

method.

Table 3.1. An example of an orthogonal array of L9 (3*) matrix.

Experimental trail Process parameters

A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

In the next step, based on the defined experimental region, the design of the experimental
matrix is conducted. In the Taguchi method, orthogonal tables of the experiment are selected
(Table 3.1). The orthogonal array is a matrix of numbers arranged in columns and rows in a
way that each pair of columns is orthogonal to each other. In the experiment, the row
represents a value of each controlled parameter (A, B, C, D) in a given experiment, while
each column represents a specific factor that can be changed between the experiments (1, 2,

3). In the orthogonal array, the effect of various parameters can be separated from each other.
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After the selection of appropriate orthogonal array, the procedure of simulation of the
variation of the quality characteristics is defined, based on the noise factors.

In the fifth step, the experiments prepared based on the orthogonal table are carried out.
The Taguchi method can be used for any controllable process, in which the response of the

variation of control parameters can be measured.

The sixth step of the optimization by the Taguchi method requires the identification of
the optimal parameter configuration. In Taguchi method, the changes of the product
properties dependent on noise factor (N — noise) are minimized and the changes dependent
on signal factors (S — signal) are maximized. Taguchi method provides the statistical
coefficient m, called signal-to-noise (SN) ratio, which is the logarithmic function of the
desired output values. The SN ratio allows for the evaluation of the influence of process
parameters on the properties of the final product. Taguchi method provides data that consists
of statistically significant factors of the process and allows to find the optimum level of the
parameters by using SN ratio analysis and experimental data analysis. Taguchi method
utilizes 3 main optimization targets: the smaller-the-better; the larger-the-better and nominal-
is-best. When it is preferable to minimize certain desirable properties of the product, the

criterion “the smaller-the-better’ is used, and the equation for signal-to-noise ratio n is:

1
n = —10log, (;Z?ﬂ ylz) (eq. 3.1)

In the case that it is preferable to maximize certain desirable properties of the product,
the criterion ‘the larger-the-better’ is used for calculation, and the formula for n calculation
is:

1 1
n = —10logy, (; i=1 _2) (eq. 3.2)
Yi

Furthermore, when it is appropriate to target the response for certain values, the criterion

‘nominal-is-best’ is used, and the equation for signal-to-noise ratio 1 is:

n = logyo (i_i) (eg. 3.3)
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In all equations, yi is the primary response to the signals, n is the number of repetitions

of each experiment, and o? is the standard deviation.

In the Taguchi method, in order to define the optimum parameters, the highest SN ratio

value is chosen for all 3 cases.

In the last step, the verification experiment, planned based on the optimum values of the
optimized parameters, is conducted. In the case the Taguchi optimization process was

designed properly, the highest quality should be observed.

One of the main advantages of the Taguchi method over the conventional methods is the
possibility of the defining the sensitivity of each parameter and the interactions between
individual parameters. Sensitivity analysis is performed in order to determine the mean
values of experiment results when the means are widely dispersed. In such a case, the relation
between input and output parameters should be proportional or linear. The better the linearity
and the steeper the relation between input and output, the better the adjustability. Based on
that, the slope is used as an equivalent to sensitivity. Analysis of the sensitivity allows a
definition of parameters, which have the highest impact on the results. Constant SN ratio

lines define the highest stability.

The analysis of interactions between individual parameters shows the condition in which
the influence of factor on the parameters changes depending on the other factor. The analysis
of interaction allows a more detailed analysis of optimum conditions of the optimization
process. The interaction plot does not describe the degree of interaction; however, it provides
many significant pieces of information about the process. The analysis of interactions
supports the analysis of reproducibility, stability, and favorable combinations of parameters
during the experiment, improving the overall quality of the product.
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3.2. Magnetron sputtering
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Figure 3.1. RF magnetron sputtering chamber (a) photo, (b) diagram, and (c) schematic
representation.

A deposition of catalyst film for the growth of CNT forest was carried out using a radio
frequency (RF) magnetron sputtering method. A photo, schematic representation, and
diagram of the vacuum system are shown in Figure 3.1. In the majority of the experiments,
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a 30 nm thick AlOy support layer and a Fe catalyst layer of various thicknesses were deposited
on electrochemically polished (Ra<0.15 nm) p-type (100) silicon or aluminum foil substrates.
A deposition chamber was equipped with an Al2Os target of 99.99% purity (4N) and a Fe
target of 99.99% purity (4N), 2 inches diameter each, mounted horizontally on the top of the
chamber, 100 mm above the substrate holder. Argon gas of 99.9999% purity (6N) was
supplied to the deposition chamber through a mass flow controller Horiba SEC-400MKS3.

During the experiments, prior to deposition, samples were mounted on a substrate holder
and introduced to a vacuum chamber. The evacuation of the chamber from the atmospheric
pressure down to 100 Pa was conducted by a rotary vane pump and was followed by the
evacuation by a turbomolecular pump (TMP) to a base pressure below 5.0x10* Pa. The value
of the initial pressure was controlled by an active Pirani cold cathode vacuum gauge Balzers
PKR 250, while the base pressure was controlled by an ionization gauge Canon Anelva MG-
2F. During the pumping, the rotary pump was connected behind the TMP in order to remove
gasses accumulated at the end of the pump. After the required vacuum was obtained, a water
flow was introduced to the back of the magnetrons for the purpose of cooling the cathodes,
while Ar gas flow of 25 sccm was introduced into the chamber through mass flow controller.
The deposition pressure of 0.8 Pa was achieved by a partially closed flap valve, situated
between the chamber and the pumping system, which allowed balancing of the flow of Ar
gas and the pumping speed. The control of deposition pressure was conducted by the
ionization gauge and a capacitance manometer gauge MKS Baratron 626A. After the
stabilization of pressure was achieved, the substrate holder was moved away from the
deposition area. In order to remove impurities and contaminations from the surface of the
Al>O3 cathode, a process of target cleaning was performed for 10 min. The deposition was
performed using the RF power supply and impedance matching network, with a typical
frequency of 13.56 MHz and power of 50 W. After the cleaning process was stopped, the
substrate holder was moved under the cathode, and sputtering of 30 nm thick AlOyx support
layer was conducted. Afterwards, the holder was moved away and the presputtering of Fe
target was carried out for 5 min. Similar as in the case of alumina, the substrate holder was
moved under the Fe target and the deposition of Fe catalyst occurred. The deposition of Fe

was conducted using RF power supply and power of 25 W. In several experiments, during
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the deposition of AIOx film, a polarization potential (bias) was applied through the direct
contact of insulated substrate holder with a polarized electrode. After the deposition, Ar gas
flow and water flow were stopped, and the air was introduced into the chamber by ventilation
valve. The deposition rates of AlOx and Fe films were investigated using an ellipsometry
method, which allowed precise calculation of the deposition time required for the deposition
of each layer. During that time, the changes in the thickness of the alumina and iron targets

were observed and required systematic revisions of the sputtering rate of the catalyst.

3.3. Chemical vapor deposition
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Figure 3.2. Thermal CVD chamber (a) photo, (b) diagram, and (c) schematic
representation.
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A growth of CNT forest was conducted using a thermal catalytic chemical vapor
deposition (CCVD) method on the as-prepared AlO/Fe catalyst deposited by the RF
magnetron sputtering method described in chapter 3.2. An image, schematic representation,
and diagram of a CVVD chamber are shown in Fig. 3.2. The CVD chamber was composed of
a pumping system, a quartz vacuum chamber, and a buffer tank. The pumping system was
used for the evacuation of the CVD chamber and was built with a rotary vane pump and a
turbomolecular pump (TMP). The CVD chamber —a 50 cm long quartz tube furnace with an
outer diameter of 5 cm was connected to the pumping system from one side and buffer tank

from the other side, through the set of pneumatic and manual valves.

At the beginning of the CVD process, samples mounted on a substrate holder were
inserted into the quartz tube and the chamber was evacuated. The pumping process started
from the evacuation of the chamber by the rotary pump to the initial pressure below 100 Pa.
This process was followed by the evacuation by the TMP to a base pressure of <5x10* Pa.
The value of initial pressure was controlled by a crystal gauge Canon Anet M-320XG, while
the base pressure was controlled by a hot-filament ionization gauge Canon Anelva BRG-1B.
During the pumping, a heating of 120°C was applied to the quartz tube, while a water cooling
was applied to the connections between the quartz tube and a metal piping in order to avoid
the overheating of the rubber O-rings. In most of the cases, the pumping was applied to the
entire vacuum chamber, including the buffer tank and gas lines. After the evacuation, a
number of valves was closed to separate the buffer tank and gas lines from the vacuum
chamber, and the further heating of the quartz tube in vacuum was conducted with a
temperature ramping speed of 60°C/min, until the process temperature was reached. The
typical value of temperature between 600 and 820°C was dependent on the experimental
conditions. After the heating, an annealing process was carried out in vacuum, argon,
hydrogen, or hydrogen/argon atmosphere, for various, precisely controlled times, depending
on the requirements of the experiment. After the annealing process, the growth of CNTs was
conducted using acetylene (C2H3) gas as a carbon source. The introduction of acetylene was
carried out using the buffer tank presented in Fig. 3.2. First, the acetylene was introduced to
the buffer tank until a certain value of pressure, controlled by a capacitance manometer MKS

Baratron 626B, was obtained. After that, the pneumatic valve was automatically opened,
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introducing the gas into the chamber, allowing the achievement of the required growth
pressure, in a step function behavior, instead of slow increase from base to CNT growth
pressure. In some cases, during the CNT growth, a hydrogen and/or helium/water vapor
mixture were also introduced to the chamber with various ratios to C2H.. The growth time
was controlled from several seconds, up to two hours. Gasses used during the process were
supplied to the chamber through mass flow controllers (MFC), allowing precise flow control.
Hydrogen was supplied using Horiba SEC-B40 controller, argon using Fujikin FCST 1005C
controller, water/helium mixture using Horiba SEC-400MK3 controller, and acetylene using
Fujikin FCST 1005LC controller. After the CNT growth process, the CVD chamber was
cooled down to the room temperature by an external air flow, usually for 30 min. Finally, the
turbomolecular pump was stopped, valves to the buffer tank, pump, and gas lines were closed,

and the substrate holder was removed from the chamber.

The purities of argon, hydrogen during annealing, and helium and acetylene during
growth, were 99.9999% (6N), 99.99999% (7N) and 99.999% (5N), 99.999% (5N),

respectively.

3.4. Measurements
3.4.1. FE-SEM

The microscopic analysis was conducted using field emission scanning electron
microscope (FE-SEM) JEOL JSM-5310 (Fig. 3.3). The FE-SEM provides elemental
information about topography and morphology at magnification from 25x to 500 000, with
a very high depth of field. The FE-SEM produces a less distorted and clearer image than
conventional SEM, with a very high spatial resolution, up to single nanometers. A field-
emission cathode in an electron gun provides narrower electron beams at low and high
electron energy, resulting in an improved spatial resolution and minimized charging and

damage of the sample.
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Figure 3.3. Field Emission Scanning Electron Microscope JEOL JSM-5310.

The FE-SEM observations of CNTs included measurements of the height of CNT forest,
diameter for MWNTSs and density. High-magnification images of bundles and individual
nanotubes were used for the calculation of the CNT forest density and alignment. The FE-
SEM was also used for the observation of Fe catalyst particles in the series of experiments
related to the optimization of catalyst formation conditions. Additionally, the quality of the
FIB patterns fabricated on the catalyst surface and after growth of CNTs was investigated
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using FE-SEM imaging. The accelerating voltage of 5 kV and the electron beam current of

about 22 pA were used during a majority of measurements.

34.2. AFM

Figure 3.4. Atomic Force Microscope SPI3800N/SPA400, S1I Nanotechnology Inc.

The morphology of catalyst surface was determined by an Atomic Force Microscope
(AFM) SPI3800N/SPA400, S1I Nanotechnology Inc. (Fig. 3.4), using a tip with a diameter
of 10 nm, in a Dynamic Force Microscopy (DFM) mode. The AFM belongs to the group of
scanning probe microscopes, designed for the purpose of measurement of local properties,

such as roughness, height, magnetism, etc. The operation of the AFM is based on the
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measurement of interaction force between the tip and the sample and allows very high
vertical resolution up to 0.1 nm. To acquire the image, the measurement of vertical and lateral
deflections of the cantilever, using the optical lever, is conducted. A laser beam reflected
from the surface of the cantilever is directed into a position-sensitive photodetector and based
on the gathered signal, the position of the laser spot and thus the angular deflection of the
cantilever is defined.

The AFM was used for the measurements of the average surface roughness and size of
catalyst particles during the experiments of optimization of the catalyst formation conditions.
Furthermore, the AFM was used for the investigation of the influence of the FIB patterning
on the catalyst surface morphology, by defining the changes of the surface, in the cases when
a FIB secondary etching was applied. The AFM measurements were carried out using:
vibration frequency of ~138 kHz, vibration voltage of around 1 V, | gain of 0.4 and P gain
of 0.2

3.4.3. TEM

A transmission electron microscope (TEM) allows measurements of structures as small
as single nanometers. A high energy electron beam is focused into a small, coherent beam by
a condenser lens which restricts the beam by excluding high angle electrons. The electron
beam is then focused on the sample and partially transmitted and projected by an objective
lens on a phosphor screen or a CCD camera. The transmission of the electrons depends on
the thickness and electron transparency of the sample. The image is generated by the
electrons which strike the screen and based on the amount of the transmitted electrons, the
darker and brighter areas can be distinguished. Due to the interactions between the electrons
and the atoms of the investigated material, it is possible to observe nanoscale features such

as crystal structure, dislocations, etc.
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Figure 3.5. Transmission Electron Microscope JEOL JEM 2100M.

In this dissertation, the transmission electron microscope JEOL JEM 2100M was used
(Fig. 3.5) for measurements of the diameter of CNTs during experiments of the optimization
of the catalyst formation conditions. CNTSs dissolved in ethanol were placed on a copper grid
covered with thin graphite film. Due to the high resolution, it was possible to observe and
measure the diameter of SWNTSs obtained throughout the series of experiments. The typical
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parameters of the TEM operation were working pressure <2x107° Pa and accelerating voltage
of 300 kV.

3.4.4. Raman

Figure 3.6. Micro-Raman spectrometer HORIBA JOBIN YVON HR-800.

Raman spectroscopy is based on an inelastic scattering of monochromatic light. During
the measurement, a majority of the scattered light has the same frequency as an incident beam
(Rayleigh or elastic scattering), while in the inelastic scattering the frequency of photons in
the light changes upon an interaction with the sample. Photons of the monochromatic light
are absorbed by the sample, reemitted with different frequency, and shifted up (Stokes
radiation) or down (anti-Stokes radiation), as compared to the original frequency. An increase
or decrease of the energy is connected to the vibration energy level in the electronic state of
molecules and observed Raman shift is a direct measurement of the energy. Raman shift

provides information about vibrational, rotational and other transitions in molecules.

55



Furthermore, Raman spectroscopy is a very good tool to measure bands of symmetric
linkages, allowing detailed analysis of the structure of CNTs.

For Raman structural and quality analysis of CNT forests, micro-Raman HORIBA
JOBIN YVON HR-800 spectrometer was used, with a laser excitation of 532.08 nm, shown
in Figure 3.6. The intensity of laser light reaching the substrate was controlled by a neutral-
density (ND) filter and a magnification of the objective lens. Moreover, during Raman
analysis, the incident laser light beam of the diameter of 2 um and intensity of 50.4 pW/cm?
was maintained. For each measurement, height calibration by p-type Si substrate was carried
out in order to evaluate the improvement of intensity. In presented work, Raman analysis was
conducted in all parts of the research in order to evaluate the type of CNTs (SWNT, DWNT,
or MWNT), the crystallinity, a number of defects and the type of conductivity
(semiconducting or metallic) of CNTs. Moreover, Raman spectra were used for the

evaluation of the diameter of SWNTSs from the obtained radial breathing mode (RBM) bands.

3.4.5. UV-VIS spectroscopy

Figure 3.7. UV-VIS spectrometer HITACHI U-3900.
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An ultraviolet-visible (UV-VIS) spectroscopy allows measurements of absorption,
reflectance, and transmission of light in the near-UV, optical and near-infrared (NIR) regime.
A light beam is directed on the sample and due to the structure of the material, the radiation
is partially absorbed while the rest is reflected and transmitted. The absorption of UV-VIS
light is related to the excitation of outer electrons. Energy absorbed by atoms or molecules
results in the excitation of the electrons to a higher energy orbitals. The amount of the
absorbed energy, which is used for electron excitation, defines the total absorption of a

material.

During the research, the total reflectance of CNT forests in UV-VIS region was
measured by a HITACHI U-3900 spectrometer, shown in Figure 3.7. For the measurements
of the total UV-VIS reflectance of CNT forest, the integrating sphere was used and the
incident light beam with an angle of 10° was directed at the sample. The obtained spectra
were calibrated for the Al.Oz samples. Due to the fact that the growth of the CNTs was
performed on the Si samples, it was assumed that the transmission of light was 0%, in all
cases. Spectra of the total UV-VIS reflectance of CNT forests were used in the experiments

of the optimization of the total reflectance for thin CNT forest.
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3.4.6. FT-IR, FT-IR microscope

Figure 3.8. Fourier transform infrared spectrometer (FT-IR) JASCO FT/IR-6100.

An infrared (IR) spectroscopy is used to determine a molecular structure with a
characteristic absorption of infrared radiation. During measurements, the infrared radiation
is selectively absorbed, in specific wavelengths, by atoms and molecules of a material,
causing the change of dipole moments of molecules. Due to the absorption of the infrared
radiation, the vibrational energy levels are transferred to the excited state, and absorption
peaks, related to the vibrational energy gap, appear. The intensity of absorption depends on
the change of the dipole moment and the transition of energy levels. By analysis of the IR
spectra, it is possible to obtain information about the structure of the molecule. The Fourier
transform IR (FT-IR) spectroscopy allows measurements with very high resolution and in a
very wide range. Furthermore, in the FT-IR spectrometry the signal-to-noise ratio of obtained

spectrum is increased and due to that, the accuracy of the wavenumber is also improved.

In the presented work, the infrared reflectance spectra of bulk structure of CNT forest
without metamaterial patterns were obtained using a Fourier transform infrared spectroscopy
(FT-IR) JASCO FT/IR-6100, with an incident angle of 15°, which is shown in Figure 3.8.

58



The reflectance spectra were normalized to the Si substrate. The measurements of the CNT
metamaterial patterns were carried out by the FT-IR spectrometer (JASCO FT/IR 660 PLUS)
combined with an IR microscope JASCO IRTRON IRT-30, with an incident light
perpendicular to the surface of the samples. A 28 um diameter circular measurement area
was defined by an aperture in the light path of the IR microscope. The reflectance spectra
were normalized to the Si substrate. For both FT-IR spectrometers, during the measurements

of reflectance, no polarization of the incident light was applied.

3.4.7. Focused ion beam

Figure 3.9. Focused lon Beam system FEI QUANTA 3D 200i.

A focused ion beam (FIB) method allows the patterning of the surface of various
materials with a resolution of tenths of nanometers. The FIB method is maskless and by
precise control of energy and intensity of the beam, allows fine fabrication of various depths,
size and shape of patterns; however, due to sputtering, the redeposited material can be
observed on the surface of patterns. The ion beam is directed perpendicularly to the sample
and focused on the surface by a series of lenses. A high-energy ion beam reaching the
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substrate surface sputters the sample and allows precise milling of the specimen, down to
single nanometers. The diameter of the ion beam and the lateral resolution of the FIB milling
depends on the applied ion current. The FIB imagining is also possible for the low-energy

ion beams.

The fabrication of patterns was conducted after the deposition of the catalyst, before the
CNT growth. For that purpose, the FEl QUANTA 3D 200i FIB system was used and is shown
in Figure 3.9. The total patterned area varied from 10x10 pum to 30x30 um and contained
structures of various sizes (0.8x0.8, 1x1, and 2x2 um) and shapes (SRR, asymmetric split
resonators (ASR), L-shape, squares, etc.). The fabrication of patterns was carried out utilizing
prepared bitmap designs and was followed by a FIB secondary etching process, applied to
the entire patterned area, including the prepared structures. The fabrication of metamaterial
structures was conducted with a patterning depth of 10 nm in order to remove the top layer
of catalyst and support layer with diffused Fe particles. The optimized depth of secondary
etching was 0.6 nm. The secondary etching process was applied in order to remove the
redeposited material from the surface of the patterns and to smoothen the catalyst surface.
The FIB fabrication was conducted with 30 pA, 30 kV Ga ion beam.
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Chapter 4. Optimization of catalyst formation conditions for growth
of SWNTSs

4.1. Introduction

To achieve the desired properties of CNTs, various methods of CNTSs synthesis are used.
Of the methods mentioned in chapter 2, the most popular are arc-discharge, laser ablation
and chemical vapor deposition (CVD), among which the CVD method is the most commonly
used [54]. Catalytic CVD method is a simple and inexpensive way to grow CNTSs at a low
temperature and an ambient pressure. The catalytic CVD provides higher yields and higher
purity levels of grown nanotubes and allows for easier control of growth parameters and
structures of CNTs [13]. Also, the equipment used for growth is easy to modify, causing an
expansion and advances in development of CVD methods, such as: thermal CVD, Plasma
Enhanced CVD (PECVD) [67], water-assisted (super growth) CVD [2] and others. However,
despite the advantages of the CVD method, many problems associated with high-density
growth of single-walled CNTs (SWNT) exist [145].

Although many years have passed since the discovery of CNTSs, it remains difficult to
fabricate high-density and long SWNT forests, due to the influence of the many process
parameters on the growth process [73,146-148]. One of the most important factors is the
annealing process, which allows for the formation of the catalyst nanoparticles which govern
the diameter of CNTs [73,149]. Also, the density of the formed catalyst particles influences
the density of the CNTs forest. Although many experiments have been conducted, the
mechanisms of catalyst formation are not clear. For example, Sakurai et al. [150] explained
the formation of the catalyst particles by interpretation of the role of subsurface diffusion and
Ostwald ripening phenomena. In their work, the Ostwald ripening was shown to be the main
cause of elimination of small particles and subsurface diffusion was the cause of the reduction
in the size of larger particles, giving the high uniformity of the catalyst size. However, to
utilize those phenomena in the catalyst formation process, complicated calculations are
needed [151]. These complex calculations require additional time and make modifications of

the process even more difficult.
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The growth of CNT forest may cause many difficulties in finding optimum growth
parameters, reproducibility, and mass-production, related to the large number of parameters
influencing the growth during the synthesis process. Testing possible parameters separately
and choosing the proper values of the CNTs growth can be a time-consuming process, which
can give us a local minimum. However, there might still be a possibility of the existence of
better values, which would require a large number of experiments using standardized
procedures to confirm all possibilities. One of the many possible solutions to decrease the
number of experiments is to apply optimization methods to the design of the experiment
parameter matrix [152]. This method allows the screening of the factors and determines
which parameters are important for explaining process variation. A statistical approach
allows for the systematic investigation of the process and the parameters that influence the
quality of the final product [153-155]. Identification of significant factors leads to

improvements in the manufacturability, reliability, and quality of a product.

4.2. Objectives

In this part of the research, a statistical approach of designing CNTs growth experiments
using the Taguchi method in a small number of experiments, developed to control the size
and roughness of the catalyst particles after annealing process, will be presented. The study
focus on the determination of the optimum parameters and mechanisms of formation of the
catalyst, which determines the diameter of the CNTs. The growth of CNTSs involves various
steps, which cause high noise and low reproducibility of the process [156,157]. By employing
the Taguchi method, it is possible to remarkably decrease or eliminate negative effects of the
production process through a statistical approach. Using the Taguchi orthogonal arrays, we
were able to dramatically decrease the number of experiments from 4* (= 256) to 16, while
at the same time keeping accuracy high.. Due to the fact that all of the annealing parameters
in the design were weighted equally, we were able to evaluate all factors independently, so
the effect of one parameter did not influence other parameters. The aim of the experiments
was to reduce the average surface roughness and size of the particles after the annealing

process, based on the Taguchi method of designing experiments. Further, the physical

62



properties of CNT forests grown with the optimized parameters were measured and the effect
of the various annealing parameters on CNTs growth is discussed.

4.3. Experimental and methods
The deposition of the catalyst and growth of CNTs was performed accordingly to

methods described in chapter 3.2 and 3.3.

Based on the Taguchi method, described in chapter 3.1, an orthogonal table [158] of
experiments (Table 4.1.), various temperatures, gases flow rates of argon and hydrogen, and
annealing times were used. After vacuum annealing, the growth of CNTs was performed
using only acetylene gas (C2H2) with a flow rate of 10 sccm at 54 Pa partial pressure for
10 min. No additional gases were used. Based on previous reports [159,160], the annealing
parameters (ref. standard) used during the growth of CNTs were: an annealing time of 3.5
min, temperature of 730°C, hydrogen and argon flow rates of 0 sccm. These parameters were
used as a base for the Taguchi optimization process, as a starting point to decrease the
diameter of CNTs [161].

The optimization experiments of the catalyst formation during the annealing process has
been planned and carried out according to the Taguchi design. The parameters optimized
during the series of experiments were prepared using the orthogonal table L16 (4%) — four
process parameters with four different values. The parameters optimized in this research
were: 1) annealing time (tan), 2) hydrogen flow rate (fu2), 3) annealing temperature (Tan)
and 4) argon flow rate (far). For each parameter, four values were tested, which are
summarized in Table 4.1. Argon and hydrogen were used as annealing atmospheres with
different ratios. Based on the Taguchi orthogonal table design L16 (4%), a 16 experiment plan

was prepared and is presented in detail in Table 4.2.
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Table 4.1. The optimized parameters and their value level applied in the experiments

Variability interval

No. Parameter optimized

1. 2. 3. 4.
1) Annealing time (tan) [min] 1 2.5 4 5
2) Hydrogen flow rate (fi2) [sccm] 0 35 65 100
3) Annealing temperature (Tan) [°C] 730 760 790 820
4) Argon flow rate (far) [sccm] 0 20 40 60

The aim of the optimization was to decrease the size of catalyst particles and to decrease
the surface roughness, which should influence the final diameter of the CNTs grown on the
catalyst. After the experiments listed in Table 4.2 were conducted, a verification experiment
was performed, which allowed fine tuning of the annealing process. Within the described
research, the computer software Minitab 17 developed by Minitab® Inc. [162] was used for
planning the experiment, for statistical analysis of the results, and for computing the optimal
parameters of the annealing process.

The characterization of the catalyst and CNTs was conducted using three methods
described in chapter 3 - FE-SEM, AFM, and TEM.
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Table 4.2. Plan of experiments prepared according to the Taguchi orthogonal table L16 (4%).

Parameters values

Experiment Annealing time Hydrogen flow rate Annealing Argon flow rate
number (tan) [Min] (fi2) [sCCM] temper"["fgr]e (Taw) (far) [sccm]
1. 1 0 730 0
2. 1 35 760 20
3. 1 65 790 40
4, 1 100 820 60
5. 2.5 0 760 40
6. 2.5 35 730 60
7. 2.5 65 820 0
8. 2.5 100 790 20
9. 4 0 790 60
10. 4 35 820 40
11. 4 65 730 20
12. 4 100 760 0
13. 5 0 820 20
14. 5 35 790 0
15. 5 65 760 60
16. 5 100 730 40
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4.4, Results and discussion
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Figure 4.1. Average catalyst surface roughness and diameter of Fe catalyst particles in 16
experiments at selected parameters in Table 4.2 [161].

The goal of the experiments, presented in this part of the research, was to decrease the
size of the particles and the surface roughness of the iron catalyst after the annealing process,
based on the Taguchi method. Figure 4.1 shows the average roughness of the catalyst surface
and the average size of the particles after annealing under different conditions, which were
set according to the Taguchi orthogonal table (Table 4.2). Due to a wide range of tested
parameters, the results of measurements achieve different values, without a strong correlation
between them. The highest average roughness was measured for experiment 2 (0.51 nm),
while results show the lowest value of 0.17 nm for experiment 6. At the same time, the highest
and the lowest values of the average size of the catalyst are 20.9 nm and 9.7 nm, for

experiment 13 and experiment 1, respectively.
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Figure 4.2. Dependence of average surface roughness and size of Fe catalyst particles.

As can be seen in Figure 4.2, changes in the annealing conditions caused similar types
of changes in both the average size of the catalyst particles and in the roughness of the catalyst
surface. With the growth in size of the catalyst particles, the roughness of the surface also
increased. It can be assumed that both catalyst surface roughness and the size of the catalyst
particles play similar roles in the growth of CNTs [73,147]. Further, roughness and size of
the catalyst particles were analyzed, by dividing the experiments into 4 groups, according to

the annealing time during the experiments.

Figure 4.3(a) shows the plot of roughness measurements of catalyst surfaces of the first
four experiments performed with a fixed annealing time tan of 1min, according to the
Taguchi plan of experiments (Table 4.2). Experiment 1 (Fig. 4.3(a) — blue curve) presents a
catalyst surface with small, barely distinguishable, single particles. The average diameter of
the particles was d = 9.7 nm and the roughness was Ra = 0.18 nm. Figure 4.3(b) shows an
AFM image of experiment 1, which demonstrated the lowest average roughness and the

lowest average size of particles among the experiments with an annealing time of 1 min.
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Figure 4.3. (a) AFM line profiles of Fe catalyst particles after annealing process for
Taguchi experiments 1-4, (b) AFM scan of surface of experiment 1, with process
parameters and results of measurements. (tan — annealing time, fu2 — Hz flow rate, Tan —
temperature, far — Ar flow rate, Ra — roughness, d — average diameter). Fixed parameter in
Exp. 1-4 was the annealing time of 1 min [161].

In experiment 2 (Fig. 4.3(a) — violet curve), the rapid growth of catalyst particles was
observed. During the annealing, hydrogen gas was introduced to assists with the catalyst iron
oxides (Fe203, Fe304. FeO) reduction to pure metallic Fe particles. Hydrogen influences the
subsurface diffusion processes and helps in catalyst particles formation at the same time by

increasing the surface mobility [163,164]. As can be seen, in this case, both the mean
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diameter of the particles (d = 19.3 nm) and the surface roughness (Ra=0.51 nm) exhibit high
values, which are not suitable for the growth of SWNTSs [165].

In experiment 3 (Fig. 4.3(a) — green curve), a decrease in roughness (0.21 nm) and
particle size (9.9 nm) is observed. Due to a high temperature which causes higher subsurface
diffusion, and higher hydrogen flows which reduce oxidized Fe [163], increasing surface
mobility at the same time, smaller particles are formed [164]. On the other hand, in
experiment 4 (Fig. 4.3(a) — red curve), a further increment of temperature and gas flow seem
to cause substantial growth of particles. It is assumed that around a temperature of 820°C,
the Ostwald ripening phenomenon has a higher impact on the particles formation than
subsurface diffusion. In addition, higher flows of argon gas decrease the total partial pressure
of hydrogen, which also decreases its influence on the formation and final size of Fe particles

(16.4 nm) and surface roughness (0.45 nm).
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Figure 4.4. (a) AFM line profiles of Fe catalyst particles after annealing process for the
Taguchi experiments 5-8, (b) AFM scan of surface of experiment 6, with process
parameters and results of measurements. Fixed parameter in Exp. 5-8 was annealing time of
2.5 min [161].

Figure 4.4(a) shows the AFM line profiles of Fe thin films after annealing for runs 5-8,
based on the Taguchi plan of experiments (Table 4.2). Experiment 5 (Fig. 4.4(a) - blue curve)
presents catalyst surface after annealing with relatively large, distinguishable particles. The
average roughness Ra = 0.3 nm and the average particles diameter of 15.4 nm in Exp. 5 are
the effect of annealing in a temperature of 760°C for 2.5 min in the Ar atmosphere. The

presence of argon gas during the annealing, according to Pisana et al. [149], helps in
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decreasing the size of the catalyst in a small degree. Experiments 6-8 (Fig. 4.4(a)) exhibit
similar values of average roughness and particle diameters; however, the mechanisms behind
such results are slightly different in each case. In experiment 6, because of the relatively low
temperature and the hydrogen/argon atmosphere of annealing, formation of small diameter
particles (d = 11.8 nm) with the lowest average surface roughness (Ra=0.17 nm) was possible,
which is shown in Figure 4.4(b). In experiment 7, the annealing process was performed at
820°C in a hydrogen atmosphere. Due to this fact, the expansion of the catalyst particles,
caused by the influence of the Ostwald ripening effect, was suppressed, giving the particles
an average diameter of 13.2 nm and a roughness of 0.19 nm. Experiment 8 was also
performed in a relatively high temperature of 790°C and in a mixture of hydrogen and argon.
It is believed that the influence of hydrogen on the formation of the catalyst particles was
reduced due to the argon flow, which decreased the partial pressure of hydrogen, increasing

average roughness (Ra=0.19 nm) and the size of Fe particles (d = 14.5 nm).

Figure 4.5(a) shows the AFM line profiles of experiments 9-12 based on the Taguchi
plan (Table 4.2). The fixed parameter in experiments 9-12 is an annealing time of 4 min,
which caused a significant increase in both the average diameter of particles and roughness.
In experiment 9 (Fig. 4.5(a) — blue curve), due to a relatively high temperature, a longer time
of process and annealing in an argon atmosphere, the average size of the particles (d = 17.5
nm) and roughness (Ra= 0.47 nm) exhibit higher values. A higher temperature and a longer
annealing time without hydrogen supported the Ostwald ripening process during annealing

and enhanced the increment of the size of particles and surface roughness.
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Figure 4.5. (a) AFM line profiles of Fe catalyst particles after annealing process for the
Taguchi experiments 9-12, (b) AFM scan of surface of experiment 11, with process
parameters and results of measurements. Fixed parameter in Exp. 9-12 was annealing time
of 4 min [161].

Annealing parameters in experiment 10 (Fig. 4.5(a) — violet curve) are: annealing for 4
min, a temperature of 820°C and an Ar/H, atmosphere. Due to the presence of hydrogen gas
during the annealing process, it is expected that the size of Fe particles will decrease.
However, due to an Ar flow of 60 sccm, a temperature of 790°C, and a process time of 4 min,

the hydrogen effect on catalyst formation seems to be suppressed, which can be observed on
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the AFM image, where the increased average catalyst size of d = 18.1 nm and the increased
average surface roughness of Ra= 0.43 nm were observed.

Experiment 11, shown in Figure 4.5(a) (green curve), presents a decrease in the size of
particles (d = 16.3 nm) and surface roughness (Ra=0.28 nm). A temperature of 730°C and a
high H> flow (65 sccm) compared to the Ar flow (20 sccm) resulted in reducing the size of
the Fe particles. Due to a lower temperature of 730°C and to the hydrogen flow, and its
reducing effect on oxidized Fe particles [150,163], the Ostwald ripening phenomenon effect
was decreased and the subsurface diffusion effect was improved. The AFM scans of the
catalyst surface of experiment 11, shown in Figure 4.5(b), demonstrate the lowest roughness
and smallest size of particles for experiments performed with an annealing time of 4 min. On
the other hand, in experiment 12 (Fig. 4.5(a) — red curve), an increase of temperature (760°C)
and H> gas flow (100 sccm) did not result in a further decrease of Fe particle size. It is noted
that, for this combination of conditions where the annealing time is 4 min and the temperature
Is 760°C, the Ostwald ripening effect dominates over the subsurface diffusion phenomenon

and oxide reduction caused by hydrogen flow is less significant for catalyst formation process.

Figure 4.6(a) shows the AFM plots of the average roughness of Fe catalyst surface after
annealing for runs 13-16 of the Taguchi plan of experiments (Table 4.2). According to this
plan, experiment 13 (Fig. 4.6(a) — blue curve) was performed at an annealing temperature of
820°C in an Ar atmosphere (20 sccm) for 5 min. This set of parameters resulted in the highest
average particle size (d =20.9 nm) among all of the experiments and a high surface roughness
Ra=0.48 nm. Due to the high temperature, long annealing time and non-reducing atmosphere,

extensive growth of Fe particles was observed.
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Figure 4.6. (a) AFM line profiles of Fe catalyst particles after annealing process for
Taguchi experiments 13-16, (b) AFM scans of experiment 16 surface with process
parameters and results of measurements. Fixed parameter in Exp. 13-16 was annealing time
of 5 min [161].

In experiment 14 (Fig. 4.6(a) — violet curve), for the same annealing time, a reduction of
the average size (d = 17.1 nm) of the Fe catalyst and average roughness (Ra = 0.28 nm) was
observed. It can be seen that the reduction in temperature to 790°C and the change of the
annealing atmosphere for hydrogen, resulted in a decrease of average values. As can be seen
in Figure 4.6(a) (green curve), in experiment 15, an increase in the size of Fe particles was
observed. Although, the temperature of annealing was reduced to 760°C and the hydrogen
gas flow was increased to 65 sccm, the introduction of 60 sccm of Ar gas decreased the partial
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pressure of Ho, reducing its effect on the oxidized Fe particles. Finally, the average size of
the catalyst particles (d = 18.7 nm) and average roughness (Ra= 0.49 nm) increased. The last
experiment (Fig. 4.6(a) — red curve) based on the Taguchi plan of experiments (Table 4.2)
was performed at a temperature of 730°C and with a hydrogen gas flow of 100 sccm. As can
be seen, both the average diameter (d = 11.8 nm) of the Fe particles and the average roughness
(Ra=0.23 nm) were reduced; however, due to the time of annealing (5 min) and the presence
of Ar gas, the achieved values are not as good favorable as in experiment 6-8. A longer
annealing time caused a larger growth of particles when Ar decreased the partial pressure of
H>, reducing its influence on the process. The AFM scans (Fig. 4.6(b)) show that the Fe
catalyst surface in experiment 16 with the smallest size of particles was achieved with an

annealing time of 5 min.

The influence of individual process parameters on the average diameter of Fe catalyst
particles and average catalyst surface roughness was determined by the Taguchi method,
using the computer software Minitab 17, and is shown in Figure 4.7. The goal of the
experiments was to reduce the size and roughness of the Fe catalyst particles to values
sufficient for SWNT forest growth. Accordingly, the criterion ‘the smaller-the better’ was
applied to evaluate the influence of the annealing parameters on the average particle size and
surface roughness; based on the results of measurements, SN ratios response graphs were
prepared. Based on the diagram in Figure 4.7(a), in order to obtain the minimum average
roughness of the catalyst surface, the annealing process should be performed using the
following process values: an annealing time of 2.5 min (level 2), a hydrogen gas flow of 65
sccm (level 3), an annealing temperature of 730°C (level 1), and an argon gas flow of 0 sccm
(level 1). Moreover, the analysis of SN ratios showed the highest influence of the temperature
and the annealing time on the final values of the average roughness of catalyst surface, with
a percentage effect of 44.49% and 37.75%, respectively. Interestingly, the argon flow rate
has a higher influence (12.92%) on the roughness than the hydrogen flow rate (3.76%), which
is related to the changes in the partial pressure of hydrogen in the Ar/H2 mixture atmosphere.

The percentage value of the residual error of the statistical calculations is 1.09%.
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Figure 4.7. The influence of the individual process parameters on the properties catalyst
layer: (a) roughness of surface (b) size of particles [161].

The diagram shown in Figure 4.7(b) represents the SN ratios of the results obtained for
the Fe catalyst particle diameter. The lowest diameter of particles can be obtained in the
annealing process carried out for 1 min (level 1 of annealing time), in an hydrogen
atmosphere with a flow rate of 65 sccm (level 3 H, flow rate), at a temperature of 730°C

(level 2), and with a flow of argon gas at 40 sccm (level 3 of Ar flow rate). Similar to the SN
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ratios of the roughness measurement results, temperature and annealing time seem to play
the most important role in the formation of the particles, with the percentage effects of
44.78% and 31.08% respectively. Also in this case, an argon gas flow rate of (18.08%) seems
to have a higher impact on the average size of Fe particles than the hydrogen flow. rate (4.7%).
For the calculation of particle size optimization SN ratios, the percentage value of residual
error is 1.37%. As can be seen in Fig. 4.7(a, b), to achieve a small average diameter of
particles and a lower surface roughness, annealing temperature and hydrogen flow rates, in
both cases, should take the same values of 730°C and 65 sccm, respectively. However, as

described above, the annealing time and argon flow should take different values.

In order to clarify the mechanisms behind the formation of Fe catalyst particles, a
sensitivity analysis of tested parameters was conducted, based on SN ratio graphs (Fig. 4.7).
In the Taguchi method, the flat SN ratio lines indicate that particular parameters have low

sensitivity.

As can be seen in Figure 4.7, the catalyst formation process was highly sensitive to
temperature and annealing time. In other words, changes of temperature and annealing time
during the process, markedly increased or decreased the average size of Fe particles and
average surface roughness. Comparison of sensitivity also showed that during the annealing
process, the argon flow was more sensitive to change than the hydrogen flow, but not as
much as the temperature and annealing time. It means, that the size and roughness of Fe

catalyst changes less rapidly with argon adjustments from the baseline.

Additionally, for temperature, the highest sensitivity change was noted between 730°C
and 760°C. It means that, changes in that range of temperatures caused the most rapid
changes in the size of Fe particles and roughness values. The highest sensitivity of annealing
time was noted in the case where the time increased from 2.5 min to 4 min, causing rapid

changes and resulting in a decrease in the SN ratio value.

As can be seen from the sensitivity analysis, temperature and annealing time caused the
biggest changes of catalyst structure, which supports Ostwald ripening and subsurface
diffusion as mechanism responsible for the formation of catalyst particles. Both of these

mechanisms are temperature and time dependent.
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Figure 4.8. Diagram schematic of catalyst formation mechanisms in dependence of
annealing time (temperature = const. (730°C)) [161].

AlO,

For an annealing time of 1 min, formation of particles of various sizes and shapes from
a catalyst film is noticed (Fig. 4.8). Due to a short time, the influence of Ostwald ripening
and subsurface diffusion seems too weak to influence the formation of the catalyst particles
in a major way [151]. Increase in time causes further recrystallization of the catalyst film into
small particles and migration of the Fe atoms begins, as a part of the Ostwald ripening process,
where Fe atoms migrate from smaller particles into the direction of larger ones. In the time
range between 2.5 min and 4 min, sensitivity is increased. It means that in this phase, the
formation of particles is highly affected by time changes. Furthermore, an increase of time
to 4 min, connected with a sudden drop of the SN ratio, can also be explained by the Ostwald

ripening mechanism. With an increase of time, due to the effect of Ostwald ripening, the size
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of particles dramatically increases. Additionally, with the improvement of particle size, the
subsurface diffusion also increases, as it depends on the cross section of nanoparticles. With
a further increase in time, the Ostwald effect of Ostwald ripening starts to slow down, as the
quantity of small particles decreases. On the other hand, due to the fact that a certain particle
size was achieved, the subsurface diffusion starts to dominate and the bigger nanoparticles
start to decrease in size. This effect is confirmed by the SN ratios graphs (Fig. 4.7 — annealing
time curve).
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Figure 4.9. Diagram schematic of catalyst formation mechanisms in dependence of
annealing temperature (annealing time = const. (2.5 min)) [161].

Simultaneously, the formation mechanisms depend on temperature (Fig. 4.9). With a
relatively low temperature of 730°C, the Ostwald ripening and subsurface diffusion occurs,
however at a relatively low speed which, is the reason that the particles are small. Between
730°C and 760°C, a rapid drop of the SN ratio was observed. Due to the increase of

temperature, the atom migration correlated with the Ostwald ripening was enhanced, causing
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the increase in catalyst particle size. At the same time, subsurface diffusion also occurs,
however, to a smaller degree than with surface diffusion. A further increase in temperature
causes an increase of subsurface diffusion. The pace of change of Ostwald ripening and
subsurface diffusion are different. At lower temperatures the Ostwald ripening mechanism
has a much higher speed than subsurface diffusion; however, with an increase in temperature,
the subsurface diffusion effect starts to dominate in order to achieve an equilibrium state with
the Ostwald ripening mechanism. This state continues also at a temperature of 820°C. The
observation of sensitivity at various temperature shows its slow decrease. It is assumed that
at higher temperatures, above 820°C, sensitivity of changes in catalyst structure would

decrease even more, meaning the SN ratio lines would become flatter.

To better understand the influence of each parameter on the process and the final results,
interaction plots were prepared. Due to a lower values of the diameter of CNT, the
interactions in the roughness optimization process were analyzed. The interaction plot does
not describe the degree of interaction; however, it provides many significant pieces of
information about the process. Additionally, interaction plots are one of the most important
feature of the Taguchi method, which support the analysis of reproducibility, stability and

favorable combinations of parameters during the experiment.
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Figure 4.10. Interaction plots of tested parameters in dependence on SN ratios (Fig. 4.7)
[161].

Figure 4.10(a) shows interactions between the annealing time and temperature. The
analyzed results of the interactions show strong interactions between those parameters,
implied by many crossovers and slopes in the curves. As can be seen, in every case of
annealing time, a temperature of 730°C achieves the highest values of the SN ratio, which
implies that the processes performed at that temperature are the most stable and reliable. Also
the highest SN ratio values were achieved with the 2.5 min annealing. On the other hand, the
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lowest SN ratio value was achieved at a temperature of 760°C and with an annealing time of
4 min, a temperature of 790°C resulted in a smaller value. An annealing temperature of 2.5
min seems to promote the stability of the process by increasing the signal-to-noise ratio for
every temperature value, whereas 4 min of annealing seems to decrease the signal ratio. It
seems that the lower annealing temperature produced a more stable environment during the

process and achieves better results.

Additionally, the mechanism of catalyst formation is also confirmed by the temperature
— annealing time interaction plot (Fig. 4.10(a)). In various temperatures with a small
annealing time, the homogenous catalyst film recrystallizes into particles of various size,
which is visible on the interaction plot. With an increase in time to 2.5 min, the size of the
particles decreases to either a greater or lesser degree, depending on the Ostwald ripening
and subsurface diffusion effect at different temperatures. With a further extension of the
annealing time, rapid changes in catalyst particles size are observed, as a result of the Ostwald
ripening effect. In the case of an annealing time of 5 min, at various temperatures, the
Ostwald ripening and subsurface diffusion mechanisms are close to equilibrium. Small

changes in catalyst size are observed.

Figure 4.10(b) shows the relationship between the annealing time and hydrogen flow
during the process. Strong interactions between parameters can be observed, the sensitivity
of the annealing time is much higher than the sensitivity of the hydrogen flow rate. It can be
noticed that by increasing the time of annealing, in the case where no hydrogen was used
during the process, the SN ratio drops quickly, which is due to the expansion of particles over
an extended time. Also with a hydrogen flow of 65 sccm, after the peak in 2.5 min of
annealing (the highest SN value), the SN ratio drops to a similar value as in the case of 0
sccm. Similar to Figure 4.10(a), the annealing time of 2.5 min promotes the increase in the

signal-to-noise ratio when hydrogen is introduced to the chamber during the process.

Figure 4.10(c) shows a plot of the interaction between the annealing time versus the
argon flow. Due to many crossovers and curve slopes, strong interactions between parameters
are observed. As can be seen, for 1 min of annealing, an argon flow rate of 0 sccm has the

highest SN ratio. On the other hand, for the same time, a flow of 20 sccm of argon gas exhibits
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the lowest SN ratio. For an annealing time of 2.5 min, the argon flow rates of 0, 20 and 60
sccm show similar values of SN ratios. As in previous interactions plots (Fig. 4.10(a, b)), an
annealing time of 2.5 min seems to be favorable for increasing the SN ratio and maintaining

stability and reproducibility of the annealing process.

Interactions between temperature and the hydrogen flow rate are shown in Figure 4.10(d).
With a hydrogen flow of 0 sccm, the increase in temperature results in a decrease of the SN
ratio, due to enhanced growth of Fe catalyst particles at a higher temperature. On the other
hand, the signal-to-noise ratio changes for the hydrogen flow rates of 35, 65 and 100 sccm,
are similar in all 3 cases, and are similar to the Fig. 4.7(a) temperature changes. As can be
seen, a temperature of 730°C seems favorable for catalyst formation with all of the hydrogen
flow rates, maintaining high SN ratio values, which results in higher stability levels of the

annealing process.

Figure 4.10(e) indicates strong interactions between the temperature of the process and
the argon gas flow rate. For a temperature of 730°C, argon flow rates of 0 and 60 sccm seem
to be optimal to achieve the smallest roughness of the Fe catalyst surface. On the other hand,
a temperature of 760°C caused a decrease in the average signal-to-noise ratios for all argon
gas flows; whereas at 790°C, the SN ratio values improved again. This behavior is related to
the catalyst formation mechanism described previously. As can be noticed with the argon
flow of 0 sccm, the most favorable temperatures are 730°C and 820°C. Similar to previous
interaction plots, a temperature of 730°C is favorable for achieving the highest SN ratios, as

well as for improving the reliability, stability and reproducibility of the annealing process.

Figure 4.10(f) illustrates the interaction plot for the argon flow rate and the hydrogen
flow rate. It should be noted that the sensitivity of both parameters is lower than the annealing
time and temperature. It can be assumed, therefore, that even strong interactions between
those parameters might not be critical for final evaluation. As can be seen, strong interactions
exist between the analyzed parameters. Different ratios of argon and hydrogen during the
annealing process seem to affect SN ratios to various degrees. For example, a hydrogen flow
rate of 35 sccm seems to be optimal with Ar gas flow rates of 0 and 60 sccm. However, with

Ar flow rates of 20 and 40 sccm, the SN ratios take the lowest values. A similar trend is
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observed with a hydrogen flow of 100 sccm with reversed values, when the highest signal-
to-noise ratio is observed for 20 and 40 sccm. Hydrogen flow rates of 0 sccm and 65 sccm

have similar trends, with the highest SN ratios for 0 sccm of Ar gas flow.

In Figure 4.10(a-c), an annealing time of 2.5 min seems the most favorable for increasing
the signal-to-noise ratio of the results of experiments. In every interaction plot, an annealing
time of 2.5 min increased the value of the signal compared to noise, which promotes the
stability and reproducibility of the process. Results of the interaction plots correspond to SN
plots (Figure 4.7(a)) and sensitivity analysis, where the optimized time of the annealing
process was also set to 2.5 min. From analysis of the mechanisms of catalyst formation
process, based on the annealing time SN ratio, Ostwald ripening and the subsurface diffusion

influence were responsible for enhancing the growth of small particles.

Finally, based on the SN ratios diagrams (Fig. 4.7) with optimized annealing process

values, two verification experiments were planned and performed (Table 4.3).

Table 4.3. Parameters of verification the Taguchi experiments.

S Annealing
. Annealing time Hydrogen flow Argon flow rate
Experiment (tan) [min] rate (fuz) [sccm] temper?fgr]e (Taw) (far) [sccm]
Roughness optimization — 25 65 730 0
condition 1
Catalyst size optimization 1 65 730 40

— condition 2

Verification experiments were conducted in 2 stages. First silicon samples with a Fe
catalyst were annealed according to the parameters shown in Table 4.3, then the average size
of catalyst particles and surface roughness were measured. After that, a second set of samples
was prepared for CNTs growth. The experiment performed according to the parameters
optimized for the lowest surface roughness of the catalyst showed an average particle size of
d = 11.8 nm and an average roughness of Ra = 0.159 nm, which was the lowest achieved
during all experiments. For optimization of the size of the particles, the AFM measurements
showed an average roughness of 0.18 nm and an Fe particle diameter of 11 nm which was
not the lowest size achieved during the experiments (9.7 nm). Based on the results of the
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verification experiments, CNT growth was performed on both samples using acetylene gas
with a flow rate of 10 sccm (partial pressure 54 Pa) for 10 min.

Figure 4.11(a, b) shows the SEM analysis of grown CNT forests using optimized
conditions 1 and 2 respectively. As can be seen, in both cases high, vertically-aligned CNT
forests were grown; however, the measurements of the diameter of CNTs showed a mean
diameter of 4.8 nm for a process with an optimized particle size and a diameter of 3.02 nm
for the optimization of the catalyst surface roughness. TEM observations of a CNT forest
grown according to condition 1 (Fig. 4.11(c)) confirmed that the CNT forest contains mostly
SWNTs and DWNTSs.

W CNT forest before optimization
© CNT forest after optimizati

012345067 289101112131415
Diameter (nm)

Figure 4.11. SEM image of as-grown CNT forest synthesized under (a) optimized condition
1, (b) optimized condition 2, (c) TEM image of as-grown products of condition 1 (Table
4.3), (d) diameter distribution of grown CNTs before (standard condition) and after the

Taguchi optimization (condition 1) [161].
For a final evaluation of the Taguchi optimization method, the average diameter of the

CNTs grown by the standard conditions (before optimization) and optimized conditions were

compared (Figure 4.11(d)). As can be seen, after the optimization process, the diameter
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distribution of CNTs became narrower, also the average diameter decreased from 9.18 nm
for the CNT forest before optimization to 3.02 nm after the optimized condition 1. The
Taguchi optimization method allowed for transition from MWNTs to SWNTs in 16

experiments based on Taguchi orthogonal table of experiments.

4.5. Conclusions

The studies described in this part of the research concerned the tuning of the annealing
parameters of CNTs growth by a thermal CVD method. The Taguchi method of experiment
design proved to be very effective for planning the experiments, processing the experimental
results, and optimizing the parameters of the annealing process. The Taguchi method allowed
fine tuning of catalyst formation for CNTs growth, in the case of the control of independent
and dependent parameters. Using the Taguchi approach, the number of necessary
experiments was dramatically reduced to one series of experiments, containing 16
experiments in total. One series of experiments was enough to determine individual influence
of each parameter on the final properties of the catalyst. Among the optimized parameters,
temperature and annealing time have a higher impact on the control of the average diameter
of the Fe catalyst particles and surface roughness. Using the Taguchi method it was possible
to tune out CNTs (diameter) properties without interference in the growth process itself. By
dividing the average diameter of CNTs from before the optimization (9.1 nm) and after
optimization (3.0 nm), a 67% diameter reduction in 9 experiments was successfully achieved
by employing the Taguchi method. During the process, the structure of the CNTs was
changed from MWNTSs to SWNTs and DWNTSs.

Experimental results and the Taguchi statistical analysis of the SN ratios and sensitivity
demonstrate that Ostwald ripening and subsurface diffusion of catalyst atoms into AlOy
support layer were the basic mechanisms responsible for the formation of catalyst particles.
Analysis of these results confirmed that temperature and time are the main parameters
inducing the mechanisms of the particle size reduction, which is also supported by additional
H/Ar annealing atmosphere.

In the future, it would be advisable to conduct a further optimization process in the

vicinity of the optimal SN ratios values, in order to further investigate the optimal annealing
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process. Furthermore, additional unknown parameters of the annealing process might be
better understood. In future experiments, we plan to the optimize growth process, in order to

tune the optical properties of the CNT forest for optical applications.
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Chapter 5. Optimization of total reflectance of SWNT forest

5.1. Introduction

In order to achieve desired optical properties of CNT forest, various growth methods are
used, with the most common, a thermal CCVD. It provides high yield and relatively high
purity of grown CNTSs and allows easier control of growth parameters and structures [54].
However, even though many years have passed and great improvement has been made to
control the growth of CNTSs, fabrication of high-density, high-aligned and high absorbance
CNT forest, is still difficult due to a large number of process parameters influencing CNT
growth [146-148,166]. The CNT growth process is still challenging due to a wide range of
parameters, starting from catalyst preparation methods, and finishing on annealing and
growth processes. One of the solutions is the reduction of the number of experiments by
applying optimization methods, like Taguchi method [153]. This method can be applied for
systematic investigation of the process and parameters that influence the quality of the final
product [155,167,168] in order to improve manufacturability, reliability, and quality of a
product.

Due to a very high absorbance and a low reflectance in the visible and infrared light
regions [125-127], CNT forests exhibit properties close to that of a blackbody, described in
chapter 2. Many groups of researchers have presented results of very low reflectivity of CNT
forests, with the lowest reflectance of incident light in UV-VIS range of 0.045% noted by
Yang et al. [125] for 633 nm wavelength for the CNT forest height of 200-300 pm.
Additionally, the very low reflectance, below 0.01%, in the infrared regime (2.5 — 15 um
wavelength) was also recently reported for CNT forests of 30-50 um height, grown on a high
roughness aluminum substrates [128]. Blackbody properties of CNT forest were recently
used in designing metamaterials [38,39]. Properties of metamaterials are derived from a
shape and size of designed structures and also from the properties of the material that consist
of those structures. Due to that, the density, alignment and other electrical and optical
properties of CNTs, influence the performance of metamaterials. One of the most important
features of CNTs for metamaterial applications is a total reflectance of CNT forest, which
should possibly be the lowest [38].
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Although in many experiments the very low reflectance of CNT forest has been already
achieved, mechanisms responsible for a variation of absorbance are still not clearly explained.
Recently, a research on the influence of the height of vertically aligned multi-walled CNT
(MWNT) forest [169] showed changes in CNT absorbance in dependence of forest height
for the same structure of CNTSs. Also, the influence of chirality of individual CNTs on the
optical properties was studied, revealing strong dependence in this matter [170]. Furthermore,
electromagnetic response simulations of CNT arrays were performed using the finite-
difference-time-domain (FDTD) method, in order to study the effect of structural randomness,
like random position, diameter, length or orientation [170], and also to investigate total
visible absorbance of two-dimensional nanotube arrays [171].

5.2.  Objective

In presented part of the dissertation, a statistical approach to the design of experiment of
CNT growth by the Taguchi method developed to tune the optical properties of CNT forest,
is presented. The work is focused on the examination of the optimum growth parameters
responsible for the decrease of total reflectance of CNT forest, and the investigation of the
dependence of structural parameters (density, alignment, etc.) of thin CNT forest film on the
reflectance results. For various industrial applications, high absorbance uniform materials are
needed; however, for most of the cases, the height of the highest absorbance CNT forest is
above 200 um. In presented research, the remarkably low total reflectance for the thin CNT
forest of 20 um height, over 10 times smaller than conventional forests of high absorption,
is presented. The main purpose of the experiments was to reduce the total reflectance of
relatively thin CNT forest film grown by thermal CCVD method, based on the Taguchi
method of design of experiments. Moreover, the alignment and growth density of structure
of CNT forest structure, and optical properties originated from it, were measured and the

effect of various growth parameters was discussed.

5.3. Experimental and methods
The methods of catalyst preparation and CNT forest growth were described in chapter
3.2 and 3.3.
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The optimized growth parameters presented in chapter 4, were used in chapter 5 to define
the improvement of the total reflectance, which was achieved throughout optimization
process. The parameters used during growth of CNTs were: Fe catalyst thickness of 0.5 nm,
an annealing time of 2.5 min, a temperature of 730°C, hydrogen flow of 65 sccm, argon flow
rate of 0 sccm, and C2Ho> gas flow rate of 10 sccm. The total reflectance of CNT forest grown
by standard parameters was compared to results obtained after the Taguchi optimization, and

the improvement of reduction in reflectance was calculated.

In chapter 4, the Taguchi method was used to decrease the diameter of CNTs by
investigating the influence of annealing temperature, annealing time, hydrogen flow rate, and
argon flow rate on the annealing process. On the contrary, in this study, the experiments of
optimizing optical properties, were designed to tune parameters of the catalyst deposition and
the growth of CNTs which influence the optical properties. It should be noted, that previously
optimized annealing parameters remained unchanged during the Taguchi optimization of the
total reflectance. For that purpose, the orthogonal table L9 (3*) [172] was used, four process
parameters with three different values were optimized. The parameters optimized during
presented series of experiments were: (1) acetylene gas flow rate (fcon2), (2) Fe catalyst film
thickness (dre), (3) substrate polarization potential (bias) during AlOyx buffer layer sputtering
(Vbias), (4) CoHa/H2 gas flow ratio (Rconzmz2). Values of parameters are summarized in Table
5.1. Moreover, a plan of 9 experiments was prepared and presented in detail in Table 5.2. It
should be noted that in order to avoid major growth fluctuations during the analysis, in the
case of the observable variation of CNT growth yield (insufficient height, etc.), the
experiment was repeated. Throughout the experiments, due to a different CNT growth rate,

only the variation of height was observed and required additional experiments in some cases.
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Table 5.1. Optimized parameters and their value level applied in the experiments.

Variability interval

No. Parameter optimized

1. 2. 3.
1)  Acetylene flow (fcan2) [scem] 5 10 15
2) Fe catalyst thickness (dre) [nm] 0.5 0.7 0.9
3)  bias of AlOx support layer (Vbiss) [V] 0 -75 -150
4) C2Ha/H2 ratio (RcaH/m2) 1:0 11 1:2

The aim of this optimization was to decrease the total reflectance of CNT forest in UV-
VIS light range. The optimization of acetylene flow rate (fcon2) was chosen to control the
crystallinity and purity of CNT forest. Higher crystallinity is expected to increase the
absorbance of visible light. The thickness of Fe catalyst (dre) has an impact on a formation
process of catalyst particles which affects size and density of catalyst particles, determining
the structure, density, and alignment of CNT forest. The increase of substrate polarization
voltage during AlOyx deposition (Vbias) is the direct cause of the increase of ions energy
reaching Si substrate surface, and affects the structure of alumina layer support. The
structural changes of the supporting layer, influence the catalyst formation process, due to
changes in surface roughness and subsurface diffusion processes. Finally, a CoH2/H> ratio
(Rc2H2iH2) changes the alignment of CNTs in the forest [166], resulting in changes of visible
light absorbance. All the presented parameters are anticipated to decrease the total reflectance
of CNT forest in UV-VIS region.
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Table 5.2. Plan of experiments prepared according to Taguchi orthogonal table L9 [172].

Parameters values

Experiment

Acetylene gas Fe catalyst bias of AlOx
number flow rate (fcanz)  thickness (dre)  layer deposition rgfg'gg;'jifz)
[scem] [nm] (Vbias) [V]
1. 5) 0.5 0 1:0
2. 5 0.7 -75 1:1
3. 5 0.9 -150 1:2
4, 10 0.5 -5 1:2
S5. 10 0.7 -150 1:0
6. 10 0.9 0 1:1
7. 15 0.5 -150 11
8. 15 0.7 0 1:2
9. 15 0.9 -75 1:0

The characterization methods of CNT forest, used in this part of research were described
in chapters 3.4.1, 3.4.4, and 3.45 (FE-SEM, UV-VIS spectroscopy, and Raman
spectroscopy). Additionally, Python software ver. 3.5 was used to calculate fast Fourier
transform (FFT) of the cross-sectional SEM image of CNT forests to evaluate alignment. For
density analysis, filling factor of CNTs was determined from SEM observations and
calculated using ImageJ 1.50b software. The value of filling factor was expressed by
calculation of the sum of diameters of CNTs observed in the SEM photo, divided by the SEM
field width [173]. Due to that, filling factor of SWNT and MWNT forests should be similar;

however, a number of CNTs may differ.
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5.4. Results and discussion

Reflectance (%)
IR

Reflectance (%)
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Figure 5.1. SEM images of CNT forest grown according to Taguchi plan of experiments,
and spectra of total reflectance for experiments 1-9 in Table 5.2 [submitted to Journal of
Material Science].

Figure 5.1 shows the SEM images of CNT forest grown according to applied Taguchi
plan of experiments (Table 5.2). To avoid the influence of CNT forest height on the
measurements of the total reflectance, the time of growth was precisely controlled to achieve
growth height of 22+0.75 um. In all experiments, uniform CNT forests were observed.
Various densities of vertically aligned CNT forest were observed as shown in high
magnification insets in Figure 5.1. Accordingly, insets of reflectance spectra showed major
changes in the total reflectance of CNT forest, in dependence on experimental conditions.
Furthermore, as the growth experiments were planned to keep the similar height of the forest
in all experiments, it was assumed that the influence of height variation on the total
reflectance of CNT forest can be neglected, as it is known that absorbance raises
exponentially by increasing forest height [169]. In table 5.2, the average CNT forest height

93



and total reflectance measured for 350, 550 and 750 nm wavelengths, are presented, and
represent beginning, middle, and end of the visible region. The height difference between the
shortest CNT forest (21.22 um) and the highest (22.68 pum) CNT forest was less than 1.5 um,

resulting in unnoticeable reflectance changes.
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Figure 5.2. Height of CNTs vs total optical reflectance for 350 nm, 550 nm, and 750 nm
[submitted to Journal of Materials Science].

It was confirmed (Fig. 5.2) that for the similar height of CNT forest, significant changes
in total reflectance were observed. Additionally, the lowest reflectance in all 3 measured
points was defined for experiment 6 (%R = 0.102% for 750 nm), and the highest for
experiment 5 (%R = 3.76% for 750 nm). ). From the first observations, it appears that higher
density and alignment of CNT forest observed for experiment 6 or 8 caused the decrease of
total optical reflectance, while a lower density and wavy-like structure of CNT forest,
observed in experiment 5 or 9, resulted in a higher reflectance. It seems that for the same
height, the variation of density and alignment of CNT forest results in different values of the
reflectance. The rise of the reflectance in the UV region and observed in a few cases peaks
around 370 nm are caused by the presence of Si substrate. For SWNTSs, the absorption in the

UV region is caused by 1 — ©* excitations of the electron system in nanotubes [53].
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Table 5.3. Height and total reflectance of CNT forests.

Experiment Average Total Reflectance (%)

No. Height (um) %R (350 nm) %R (550 nm) %R (750 nm)
1. 21.74 0.612 0.692 0.753
2. 21.50 0.471 0.301 0.327
3. 21.52 0.251 0.290 0.557
4, 22.17 0.246 0.120 0.158
5. 22.12 0.789 2.507 3.760
6. 21.24 0.178 0.104 0.102
7. 21.22 0.256 0.597 1.201
8. 21.59 0.218 0.141 0.140
9. 22.68 0.434 1.339 2.447

By utilizing Taguchi orthogonal arrays of experiments, we were able to remarkably
decrease the number of experiments from 3* (=81) to 9, while keeping a high level of
accuracy. Due to the fact that the parameters in the design were weighted equally, we were
able to evaluate factors independently.
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Figure 5.3. The SN ratio of the individual parameters, a higher SN ratio value indicates
lower reflectance [submitted to Journal of Material Science].

The impact of process parameters on the average total reflectance of CNT forest in the
range of 250 — 850 nm was determined by the Taguchi method using software Minitab 17,
and the SN ratio of impact is shown in Fig. 5.3. Accordingly, the SN ratio plots based on the
criterion ‘the lower-the-better’, were prepared for the purpose of evaluation of the influence
of individual parameters on the reflectance results of the experiments. Based on the results
acquired from statistical analysis, in order to obtain minimum value of the total reflectance
of CNT forest, the growth process should be conducted according to following values of
optimized parameters: acetylene gas flow rate of 15 sccm, thickness of Fe catalyst of 0.9 nm,
bias during AlOy support layer deposition of 0 V and acetylene/hydrogen flow ratio of 1:1. It
was concluded that acetylene gas flow rate and acetylene/hydrogen flow ratio improved the
crystallinity and alignment of CNTs. Furthermore, the Fe catalyst thickness of 0.9 nm
deposited on the AIOy allowed the formation of high-density nanoparticles during the
annealing process, which induced the high-density CNT forest growth, observed in

experiment 6 (Fig. 5.1).

The statistical analysis of SN ratios provided the influence of each parameter on the

results, in which the impact of bias during deposition and thickness of Fe catalyst layer, were
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defined as 48.53% and 36.94%, respectively. Additionally, the influence of C>H. gas flow
was calculated as 8.9%, and the influence of C2H2/H: gas ratio as 5.5%. The percentage value
of the residual error of the statistical analysis was calculated as 0.13%. Based on the results,
it was concluded that parameters responsible for catalyst formation (Fe thickness and support
bias) had the highest effect on the total reflectance of CNT forest. It was assumed that
formation of the high-density catalyst particles was the main reason behind the decrease of
the reflectance as the growth of high-density CNT forest was possible. Moreover, it appeared

that the density of the CNT forest was the main reason behind the decrease in the reflectance.

For the purpose of analyzing the influence of parameters on results, based on SN ratio
plots in Fig. 5.3, the sensitivity analysis of tested parameters was conducted. In the Taguchi
method, the lowest sensitivity of parameters was indicated by constant lines of SN ratios. As
indicated in Figure 5.3, the reflectance optimization process was highly sensitive to the bias
value during deposition of AlOyx support layer and the thickness of a catalyst. In other words,
changes of the bias voltage and the thickness of catalyst, noticeably increased or decreased
total reflectance of CNT forests. Comparison of sensitivity showed that CoH» gas flow rate
during the growth process was more sensitive to changes than the C2H./H> gas ratio, although
not as much as the bias of support and thickness of Fe catalyst. It means, that changes of total
reflectance of CNT forest, were less rapid with CoH> gas flow rate adjustments from the
baseline.

For bias adjustments, the highest change of sensitivity was observed between 0 and -75
V, as shown in Fig. 5.3. Changes of polarization voltage in this range resulted in the most
rapid changes in the total reflectance of CNT forests. Interestingly, the sensitivity changes of
bias in the range of -75 and -150 V were almost as large, indicating a significant change of
AlOy structure during deposition with different polarization voltage. The highest change of
sensitivity of the catalyst thickness was noted in the case of the increase from 0.7 to 0.9 nm,
causing a rapid increase of SN ratio value. A bigger amount of material provided due to the
increase the Fe catalyst layer thickness resulted in the formation of higher density particles,
which were responsible for the high-density growth of CNTs and the decrease of the

reflectance value. As can be seen from sensitivity analysis, bias and catalyst thickness caused
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the most significant changes of the reflectance, which supported changes of catalyst
formation mechanisms, due to change of the AlIOy/Fe catalyst structure, as the reason of
reflectance variation.

One of the main advantages of the Taguchi method is the possibility of defining
interactions between individual parameters. To clarify the influence of each pair of optimized
parameters, the contour plots of interactions were prepared as shown in Figure 5.4.
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Figure 5.4. Contour plots of the SN ratio of the total reflectance reduction interaction of
parameters [submitted to Journal of Materials Science].

The relationship between the bias voltage during deposition of AIOx support layer and
thickness of Fe catalyst layer, is defined in Fig. 5.4. Strong interactions of both parameters
are defined as a result of high sensitivity to changes in the growth process. The highest value
of the SN ratio can be observed for the bias of 0 V and thickness of Fe layer of 0.9 nm, while
the lowest SN ratio can be noted for the bias of -75 V and catalyst thickness of 0.5 nm. Bias
voltage of -75 V in interaction with Fe layer thickness, in all cases, provides the lowest SN
ratio values. Interestingly, while for catalyst layer thickness of 0.7 nm and 0.9 nm, a bias
voltage of 0 V seems to improve total reflectance of CNT forest, for the case of the thickness
of 0.5 nm, the voltage of -150 V seems to provide better results. The strong effect of the bias

and the catalyst thickness on catalyst formation processes, responsible for the density and
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alignment of CNT forest, is also confirmed. The increase of the bias voltage during the
deposition, results in the increase of the energy of ions reaching the Si surface. For the bias
of 0 V, the energy of ions is relatively low and allows a deposition of uniform AlOy layer.
For a relatively low sputtering pressure, the increase of the bias to -75 V causes the increase
of the ion energy and results in the resputtering of material from the Si substrate. The
resputtering effect leads to the decrease of the growth rate and changes in the inner structure
of AIOy buffer layer. As a result, the change of a surface roughness [56] and mechanisms
responsible for the formation of Fe catalyst particles can be expected. Interestingly, a further
increase of the bias to — 150 V leads to further changes. It was assumed, that high energy
ions causes a significant resputtering and the increase of the surface temperature, enhancing
the surface diffusion of particles during the formation of AIOy film. Higher diffusion during
formation of a thin film allows the decrease of the roughness and due to that, the increase of
the SN ratio is observed. Additionally, the variation of the thickness of Fe layer influences
the amount of the catalyst material involved in the process of particles formation. Typically,
larger amounts of material result in the formation of big high-density particles. The size and
density of catalyst particles directly affect the diameter, density, and alignment of CNTs [31],
which govern the total reflectance of CNT forest. These effects are confirmed by the high
SN ratio values.

The analysis of the contour plots of the SN ratio in the interactions between acetylene
flow rate and bias voltage (Fig. 5.4), shows the highest SN ratio value for combination of
acetylene flow rate of 10 sccm and bias voltage of 0 V, while the lowest value is observed
for voltage of -75 V for the same gas flow. It should be noted, that voltage of -75 V in
combination with all acetylene flow rates results in the lowest SN ratio value in every case.
Effect of SN ratio variation can be explained by changes of AIOx support layer structure,
which affects the formation of catalyst particles [174], by influencing Ostwald ripening and
subsurface diffusion mechanisms [150,175]. Moreover, further increase of bias voltage to -
150 V during the AlOy sputtering process, seems to increase the SN ratio value, resulting in
decreasing the total reflectance of CNT forest. The variation of the structure of AIOyx support
layer affects the process of catalyst formation, resulting in various size and density of Fe

particles. Due to higher influence of the bias than the acetylene flow rate, the growth of CNTSs,
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despite an improved crystallinity caused by acetylene, is still mostly affected by the density
of CNTs and the total reflectance is changing accordingly.

Interactions between bias and C>H»/H> ratio are shown in Fig. 5.4. It should be noted,
that the impact of bias voltage (48.53%) on the total reflectance is much stronger than the
influence of gas flow ratio (5.5%). The highest SN ratio is observed for the bias of 0 V and
1:1 flow ratio, while the lowest SN ratio is observed for voltage of —75 V and
acetylene/hydrogen flow ratio of 1:2. For all bias values, the ratio of 1.1 exhibits the highest
values of the SN ratio, supporting the stability and reproducibility of the experiments.
Additionally, acetylene/hydrogen flow ratio of 1:0 has the lowest sensitivity to changes
during the growth process. Similar to the previous case, the improvement of the total
reflectance, followed by the increase of SN ratio, is mostly a result of changes of AlOx layer,
due to the variation of bias value. The alignment improvement related to the variation of
CoHo/H:> ratio seems to be less significant than the alignment improvement related to the
formation of catalyst particles.

Interactions between catalyst thickness and acetylene flow rate show the highest SN ratio
value for the thickness of 0.9 nm and flow rate of 10 sccm (Fig. 5.4). On the other hand, the
same acetylene flow rate combined with Fe catalyst thickness of 0.5 nm shows the lowest
SN ratio. Interestingly, the higher thickness of the Fe catalyst and higher acetylene flow,
seem favorable to improve reflectance of CNT forest. Furthermore, the changes of acetylene
flow rate of 15 sccm seem to be the least sensitive to the final values of reflectance, improving
the stability of the process at the same time. It was concluded that higher thickness of Fe
catalyst supplies more material during annealing process and allows the formation of a higher
number of particles on the surface, while the higher flow of acetylene improves the

crystallinity of CNTSs, resulting in the improvement of total reflectance CNT forest.

Interactions between the thickness of Fe catalyst and the C2H2/H> flow ratio are shown
in Fig. 5.4. As can be seen, the highest SN ratio is observed for the combination of Fe layer
thickness of 0.9 nm and 1:1 gas flow ratio, while the lowest value is noted for the thickness
of 0.5 nm and 1:2 acetylene/hydrogen gas ratio. Moreover, the highest SN ratios are achieved

for catalyst thickness of 0.9 nm for various flow ratios. Additionally, the gas flow ratio of 1:0
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(without hydrogen) seems to have the lowest sensitivity, and shows only a small changes of
total reflectance. Similar to the previous case, higher thickness of the catalyst supplies more
material and supports the agglomeration of the catalyst into small particles, resulting in
growth of high-density CNT forest. Despite the small influence of CoH2/H> flow ratio, the
balanced flow of gasses seems to improve the alignment of CNT forest and decrease the

reflectance.

The contour plot of interactions between C2H> flow rate and C2H2/H: flow ratio is shown
in Fig. 5.4. It should be noted, that based on SN ratios plot (Fig. 5.3), CoH. flow rate and
C2Ho/Hz ratio had the lowest sensitivity and the lowest influence on the CNT growth process
during experiments of total reflectance optimization. As can be seen, the most suitable
combination of parameters for total reflectance improvement was achieved with a flow rate
of 10 sccm and 1:1 ratio, while increasing hydrogen flow during the process caused a
dramatic decrease of SN ratio. It was concluded that too high partial pressure of hydrogen
reduces the alignment of CNT forest by an extensive decrease of the size of catalyst particles,
resulting in decreasing the total reflectance. Furthermore, higher percentage ratio of acetylene
resulted in a decrease of the alignment, which seemed to have a higher influence on the total
reflectance, than on the crystallinity of CNTs. These results correlated with the results
obtained in [166]. Additionally, it could be observed that acetylene flow rate of 15 sccm and
the ratio of 1:0 flow, seemed the most stable in various combinations of parameters, due to

relatively low changes of SN ratios.

Finally, for interaction analysis of bias voltage, the highest SN ratio values were
achieved for voltage of 0 V in every case. Also, analysis of Fe catalyst layer thickness in
interaction with other parameters, showed that in every case thickness of 0.9 nm resulted in
the highest SN ratio. Furthermore, CoH2/H: ratio of 1:1 gave the highest SN ratios in
combination with other parameters. Results obtained from analysis of interactions correlating
to results of the SN plot of individual parameters during the experiments are shown in Fig.
5.3. On the other hand, the analysis of interactions shows the highest values of SN ratio for
acetylene flow rate of 10 sccm, which is lower than the value of 15 sccm achieved from SN

plots in Fig. 5.3. Alternatively, during analysis of interactions, the CoH> gas flow rate of 15
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sccm attained high values of SN ratios for every value of interacting parameters, while the
flow of 10 sccm achieved the highest and the lowest values of SN ratios, depending on the
value of other tested parameters. It seems that higher stability and reproducibility of the

process is crucial for defining acetylene flow rate of 15 sccm as the optimal value.

Table 5.4. Parameters of Taguchi verification experiment.

. Acetylene gas Fe catalyst bias of AI.O.X C2H2/H2 gas
Experiment . layer deposition .
flow rate [sccm]  thickness [nm] V] ratio
Reflectance 15 0.9 0 11
optimization
Standard

parameters 10 0.5 0 1:0
(chapter 4)

Based on the results of optimization, the verification experiment using optimized values
of parameters, was carried out. Experimental conditions are shown in table 5.4. The
experiment conducted according to growth conditions chosen during the optimization
process for total reflectance improvement, showed average height of 21.88 um and
reflectance %R of 0.198%, 0.104% and 0.077% for 350, 550 and 750 nm wavelengths,
respectively. Figure 5.5(a) shows SEM image of grown CNT forest using standard condition.
As can be seen, verification experiment allowed growth of homogenous vertically aligned
CNT forest, with very low reflectance (Fig. 5.5(b)). Reflectance results were compared to
results obtained for the CNT forest grown according to the standard condition from before
the optimization process. While for 350 nm wavelength, the reflectance of CNT forest was
decreased by 11% (from 0.218% to 0.194%), the improvement for 550 nm and 750 nm
wavelengths was calculated as 26% (from 0.14% to 0.104%) and 45% (from 0.14% to
0.077%), respectively.
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Figure 5.5. SEM images of CNT forest grown according to (a) standard condition, (b)
optimized parameters condition in Table 5.4; (c) reduced total reflectance for sample
before and after optimization, (x - Si peak) [submitted to Journal of Materials Science].

As should be noted, the verification experiment conditions, chosen based on the SN ratio
analysis graph in Figure 5.3, were similar to experiment 6 from table 5.2, with a change in
acetylene gas flow rate. Furthermore, by increasing acetylene and hydrogen flows, in order
to keep same flow ratio, it was also possible to improve the already low reflectance of
experiment 6 (%R = 0.102% for 750 nm). Through statistical optimization, the most suitable
values of bias and catalyst thickness were chosen, and allowed the formation of relatively
small, high-density catalyst particles, which resulted in the growth of high-density CNT
forest with improved alignment and crystallinity, achieved by the control of growth

atmosphere (acetylene flow, ratio).
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Figure 5.6. Raman spectra of CNT forest grown according to Taguchi plan of experiments
(Table 5.2) [submitted to Journal of Materials Science].

In order to explain the influence of CNT structure on optical reflectance, Raman
spectroscopy was used for CNT forest characterization. Figure 5.6 shows the overall Raman
spectra of samples grown according to Taguchi plan of experiments, ordered from the highest
measured value of reflectance (bottom spectrum) to the lowest value (top spectrum). The
radial breathing mode peaks (RBM), which are an indicator of the existence of SWNTs
[145,176], were defined in experiment 1, 5, 8 and in the verification experiment (Exp. Ver.).
For those samples, based on peaks observed in the RBM bands, the diameter of SWNTSs (0.8
— 1.2 nm) was calculated. Additionally, the RBM peaks of very low intensity could be
observed for sample 2, 4 and 6, implying the presence of SWNTSs in the MWNT forest. For
large diameter MWNTS, the intensity of RBM band was very weak and hardly observable
[177].

The intensity ratio of the G and D band indicates the quality of CNTSs in the samples.

The lg/lp ratio close to 1, indicates the high quantity of structural defects and is usually
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correlated to MWNTS, due to a greater number of defects, originated from multiple graphite
layers. Alternatively, SWNTs and DWNTSs show higher differences in the G and D band
intensities [178]. Based on that, the existence of SWNTs in experiment 1, 8 and in the
verification experiment was confirmed. Interestingly, in experiment 5, despite visible RBM
band, the intensity of the G band is relatively low in comparison to the D band. This results
might indicate a mixture of SWNT, DWNT, and MWNT in the sample. Furthermore, for
samples in which the low-intensity RBM bands are observed, higher G band intensity is
noticed. It is assumed, that also in those samples, despite the high quantity of MWNTSs,
SWNTs are also present. For the rest of samples (exp. 3, 7, and 9), the Ig/lp ratio is close to
1, indicating MWNTSs in the CNT forest volume.

Additionally, the G band frequency might be used to define electrical properties of
SWNTs, due to differences in Raman line shapes [177]. The G band consists of two main
components, the G* band and the G-, the existence of which is related to vibrations of carbon
atoms and stretching C-C bonds in the high-frequency region [179]. Due to that, it was
defined that SWNTSs identified in the experiments 1, 8 and in the verification experiment are
semiconducting. Due to relatively low intensities of G bands and presence of MWNTS in

structure, the type of SWNTSs present in other samples was not defined.

As can be seen, throughout the experiments, various types of CNTs were observed, from
semiconducting SWNTs to metallic MWNTs, and no clear relation to reflectance
measurements was defined. High crystallinity of individual SWNTs results in the
improvement of the total reflectance, due to the higher optical density and improved
propagation of light in CNT structure. Furthermore, the total reflectance of the typical
MWNTs is higher than the one of the SWNTS, due to a higher number of the defects related
to a higher number of graphene sheets in their structure. This could imply that CNT forests
composed of SWNTSs should result in the lowest values of the reflectance. However, due to
a large number of structural defects accumulated in the whole volume of CNT forest, the
effect of the crystallinity improvement is dramatically decreased. It is also known, that
chirality and diameter of SWNTSs affect optical reflectance; however, for uniform, vertically

aligned CNT forest, this influence also seems to be insignificantly small and can be neglected.
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For that reason, the order of Raman spectra in Fig. 5.6 do not show the dependency between

the type of CNTs and the total reflectance values.
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Figure 5.7. FFT Alignment and filling factor of CNT forest grown according to plan of
experiments, ordered by reflectance value [submitted to Journal of Materials Science].

Figure 5.7 shows FFT alignment and filling factor (density) of CNT forests calculated
for the experiments carried out during the optimization process. Results were ordered from
the lowest to the highest value of the total optical reflectance. During the experiments,

various density and alignment of CNTs in the forests were calculated.

The results of density measurements of CNT forests were divided into 2 groups. The
first group (Group 1) of relatively high-density forests, with similar values of filling factor,
exhibited low total reflectance in UV-VIS light range. For higher values of filling factor of
CNT forest, changes of density seemed to be the main reason behind the changes of
reflectance, while the effect of alignment could not be clearly defined. On the other hand, in
the case of very similar values of filling factor, alignment of CNTs was a crucial factor

deciding the value of the total reflectance, as shown in experiment 8 and 4, or experiment 3
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and 2. In those experiments, for the same densities of CNT forest, an increase of alignment
seemed to decrease the total reflectance values. Additionally, high-density CNT forest
seemed to improve overall alignment, through supporting an effect of neighbor nanotubes
[170].

In the second group (Group 2), relatively high change of density was observed and was
followed by a noticeable variation of reflectance of CNT forest. Due to the lower density of
CNT forest, the specular part of total reflectance spectra was affected in a higher degree by
the reflected light of the incident beam. Additionally, low density of CNT forest was usually
the origin to low alignment, as the CNT-supporting effect was decreased. It seems that for
lower density forest, the role of high alignment of CNTs increases. For example, in
experiment 7, despite the very low value of filling factor, high alignment of CNTs was
observed in the sample, causing a decrease of the total reflectance compared to experiment
9, which exhibited higher density yet much lower alignment. Lower density, while
maintaining relatively high alignment, resulted in the decrease of the reflectance, as

compared to experiment 5 and 9, in which low-density was followed by a low alignment.

Additionally, as was visible in Raman spectra, in Figure 5.6, CNT forest of experiment
5 contained a mixture of SWNT, DWNT, and MWNT, compared to experiment 9, in which
only MWNT were observed. As MWNTSs have higher stiffness, compared to DWNT and
SWNT, alignment of such a forest, in the case of lower density, should be kept on a higher
level. This observation was also confirmed in experiment 3 and experiment 7, in which only
MWNTSs were observed.

As can be noted in Fig. 5.5(b), the alignment of CNT forest was very high and shows
almost ideal vertical alignment perpendicular to the surface of Si substrate. Moreover, a
higher density of CNT forest observed in the sample results in the increase of the total
absorption area and the decrease of the average distance between individual nanotubes. For
a small incident angle of 10°, each interaction between the light and CNTs can result in the
reflection, transmission or absorption of the radiation, while the probability of the occurrence
of the back reflection for small angles strongly decreases. The propagation of the light in the

CNT forest body continues until it is completely absorbed or scattered within the forest.
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The changes of alignment can be considered as changes of the incident light angle.
Numerous experiments shows that the increase of the incident angle results in the increase
of the total reflectance; however, the change is not significant [21, 22]. In the high-density
CNT forest, due to a smaller distance between nanotubes, the probability of reflection and
transmission of the propagating light decreases, as the amount of absorbing CNTs increases.
In Fig. 5.7, the improvement of alignment, in the case of similar density, allowed the decrease
of the total reflectance as a result of the decrease of the angle between CNTs and incident
light. High-density, followed by high alignment of CNT forest allowed the most efficient
absorption of incident light propagating within the forest, and resulted in a blackbody
behavior in thin CNT forest film. The influence of the density and alignment was also
confirmed by the SN ratio analysis, in which the highest value represented the lowest

reflectance.

In conclusion, the total reflectance of CNT forest, in the case of the same height, is
governed first by the density, and second by alignment of CNTSs. It was confirmed that for
the highest density and the highest alignment of CNT forest, the lowest value of the total
reflectance was observed (%R = 0.077%), in the verification experiment. Furthermore, in the
opposite case, in which the lowest values of density and alignment were observed, the
reflectance of CNT forest was increased (%R = 3.76%), as observed in experiment 5.

5.5. Conclusions

The tuning of optical properties of a CNT forest grown by thermal CVD has been
demonstrated. The Taguchi method of statistical analysis was used to plan the experiments
and analyze the obtained results. The Taguchi method proved to be very effective for
planning experiments of CNT growth, processing the obtained results, and optimizing the
parameters of the growth process. Using this method, the number of necessary experiments
was drastically reduced to one series of nine experiments in total, without sacrificing high

accuracy of the results.

The experimental results and Taguchi analysis of the signal-to-noise ratios and
interactions showed that the alumina bias potential during sputtering (48.53%) and the

thickness of the catalyst layer (36.94%), which were both parameters of the catalyst
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formation process, had the highest impact on the total reflectance. Furthermore, the process
of catalyst formation affected the size and density of the particles, which were crucial factors
of the diameter, density, and alignment of CNTSs in the forest. This means that it was possible
to improve the total reflectance of the CNT forest by optimizing the conditions of catalyst

formation.

During the series of nine experiments and one verification experiment, the total
reflectance of the CNT forest was reduced by 11% (from 0.218% to 0.194%), 26% (from
0.14% to 0.104%), and 45% (from 0.14% to 0.077%) at wavelengths of 350, 550, and 750
nm, respectively, which represent the lowest values of reflectance ever reported for a
relatively low CNT forest.

The effect of the structure of the CNTs was studied by obtaining Raman spectra of the
grown CNT forest. It was found that for a homogeneous, vertically aligned CNT forest, the
effect of the type of CNT (SWCNTs, DWCNTSs, or MWCNTS) was insignificantly small and
could be neglected. There was no observable relationship between the CNT type and values

of total reflectance.

The experimental results showed that the changes in reflectance were more strongly
affected by the CNT density, defined by the filling factor of CNTSs, than the alignment of
CNTs. For a high-density CNT forest, changes in the filling factor affected the results of
reflectance measurements. For forests with the same densities, however, a higher alignment
of CNTs resulted in a further decrease in reflectance. Moreover, in a forest with a lower
density of CNTs and thus more unoccupied space, CNT alignment had a stronger impact on

the optical reflectance.
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Chapter 6. Low-temperature growth of carbon nanotubes on
aluminum substrates

6.1. Introduction

A high-density and high-alignment CNT forest may provide uniform CNTs with
desirable length, diameter, and structure [161,180]. In recent years, CNTs were used for
various electronic applications such as nanoelectronic devices [13], wiring material for
Large-Scale Integrators (LSI) interconnects [15] or current emitters [17]. Methods of a direct
growth of carbon nanotubes on various conductive parts of fabricated devices are very limited
and mainly narrowed to the CVD methods. In the contrary, the CVD method requires higher
temperature of substrates during the growth of CNTSs, as compared to laser ablation, or
hydrothermal methods. For different devices, a thermal durability of the actual elements is
usually limited, typically to the temperature below the growth temperature of CNTs in the
CVD process. In order to allow further development of various applications of CNTs in
electronics, photonics, and various types of metamaterials, the direct growth of CNTs on the
conducting metallic elements of the real devices is necessary and the growth of high yield
and high-density CNTs at lower temperatures is required [181].

6.2. Objectives

Aluminum (Al) is acommonly used material for various applications in electronics, such
as electronic storage, semiconductors, electrolytic capacitor foils, and electrodes.
Furthermore, the thermal properties of aluminum allow effective thermal dissipation of heat.
However, at the same time, it possess a relatively low melting point of 660°C. For this reason,
in order to allow successful growth of highly-aligned CNTSs, the synthesis temperature has to
be significantly decreased, as compared to the typical temperatures used during the CVD
process. In the following chapter, for the first time, a low-temperature growth of CNT forest
at temperatures below 600°C was conducted using water-assisted catalytic chemical vapor
deposition (CCVD) [2,68] on aluminum foil substrates [182]. In this chapter, the influence
of preparation operation of Al foil surface on the growth of CNTSs is investigated. Two main
processes are studied: the influence of AlOy buffer layer deposited on the Al foil directly

before the deposition of Fe catalyst, and a hydrogen pretreatment of Al foil at higher
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temperatures. Moreover, due to the overall decrease of the growth temperature, the
investigation and tuning of the annealing time of Al substrates during the low-temperature
growth was carried out. Finally, the systematic study of the influence of water vapor flow
rate, iron catalyst thickness and catalyst lifetime was conducted, in order to increase the yield
and density of CNT forest growth on Al substrates [183].

6.3. Experimental and methods

The deposition of the AlOyx buffer layer and Fe catalyst thin film were carried out using
the RF magnetron sputtering method, while the growth of CNTs was carried out using the
CVD method. Both methods are described in detail in chapters 3.2 and 3.3. Properties of
grown CNT forest were measured using an FE-SEM microscope and micro-Raman

spectroscopy, which are described in detail in chapters 3.4.1 and 3.4.4.

As mentioned previously, for future applications of CNTSs in electronic, photonics, and
metamaterials, a high conductivity of the substrate and the interface between the substrate
and the CNT forest may be required in some cases. For that reason, an Fe catalyst of various
thickness (0.8, 1, 1.2, 1.4, and 1.6 nm) was deposited either on the AlOx buffer layer or
directly on the Al foil substrate. The AlOx layer was aimed to support a higher stability and
yield of CNT forest, while direct growth was aimed to increase the conductivity of the
substrate/CNT forest interface.
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Figure 6.1. The schematic of modifications of CVD chamber for water-assisted CNT
growth [183].
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For the low-temperature growth of the CNT forest, a water-assisted CVD was used. For
that purpose, the modifications of the CVD system were applied (Fig. 6.1). A water bubbler
with two pipes introduced into the tank, one of which was long and the other is short, was
filled with deionized water to the level between the mouths of both pipes. During the process,
helium gas was introduced at a rate of 1 sccm by MFC controller to the water bubbler through
the longer pipe which exited below the water level in the tank. The second pipe was
connected to the vacuum chamber and a controlled flow of He/water vapor was introduced

to the vacuum chamber. The purity of the He gas was 99.999% (5N).

Before the experiment, the pressure in the water tank was increased by introducing He
gas, in order to avoid a high concentration of H>O vapor at the beginning of process. After
the annealing process was started, a further introduction of He to the water bubbler was
conducted. At the same time, a control valve responsible for precise control of He/H20
mixture flow, was opened, which allowed the introduction of water vapor into the vacuum
chamber. The control of the H2O amount in the mixture was performed by keeping constant
pressure in the tank. The pressure of water vapor at temperature of 35°C, was constant and
took a value of 5.63x10% Pa. By knowing the value of the pressure in water bubbler, the

water flow can be calculated.

In order to fulfill the requirements of low-temperature growth, the temperature during
all experiments was set to 600°C. Based on chapter 4, in which the influence of the
temperature and annealing time was studied, an investigation of suitable annealing time for

the growth of CNTs was carried out.
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6.4. Results and discussion
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Figure 6.2. Growth of CNT forest on Al foil in dependence of annealing atmosphere and
catalyst [183].

For the purpose of the investigation of growth parameters, the growth of the CNT forest
in a vacuum and hydrogen atmosphere was conducted, in which the deposition of the catalyst
was carried out on an AlOy buffer layer or directly on the Al substrate. As can be seen in Fig.
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6.2(a), annealing in a vacuum of AlOy/Fe catalyst resulted in a relatively high density,
randomly aligned and low uniformity CNT forest. For the same catalyst setup, the growth of
a CNT forest in the hydrogen atmosphere (Fig. 6.2(c)) resulted in more uniform growth of
very short, low-density CNT forest. On the other hand, the growth of CNTs using only on an
Fe catalyst deposited directly on the Al foil resulted in a low-uniformity and randomly
aligned CNT growth, which is shown in Figure 6.2(b). In contrast, in the case of hydrogen
annealing, in some areas, a high density CNT forest was observed. It was assumed that the
presence of an AlOx buffer layer would improve the uniformity of CNT forest growth;
however, the highest observed density was confirmed for samples without AlOx. Moreover,
it was concluded that the reason behind the low uniformity of grown CNTSs is related to the
contamination of the Al substrates, which occurs during the preparation of the catalyst. The
presence of 30 nm thick AIOx buffer layer resulted in the coverage and separation of
contaminations from the Fe catalyst that existed on the surface of Al foil, and allowed the
improvement of the uniformity and density of the growth of CNTs. During the annealing
process, the majority of the catalyst has no contact with the possibly contaminated surface of
the Al foil, so the formation of the catalyst can occur in relatively a stable environment. On
the other hand, the presence of the AlOyx layer may influence the total conductance on the
interface between Al substrate and CNT forest. For that reason, in order to fulfill
requirements for high conductivity of the system, the cleaning procedure needs to be applied.
The following part of the research focused on the improvement of the CNT forest growth
using an Fe catalyst deposited directly on the Al foil.

Pretreatment at
600°C of H, (65

scem) for 10 min

High aligned growth of CNTs.
Low uniformity High uniformity.

Figure 6.3. Hydrogen annealing time dependency on the growth of CNTs [183].
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For the purpose of cleaning the surface of the Al substrate, before the deposition of the
Fe catalyst, a pretreatment of samples in hydrogen atmosphere was carried out. The
pretreatment was conducted at a temperature of 600°C, under a hydrogen flow rate of 65
sccm, for 10 minutes. As can be seen in Figure 6.3, due to the hydrogen pretreatment of Al
substrates, the growth of CNTs was significantly improved. It was concluded, that at higher
temperatures, hydrogen molecules reduced the surface of the Al foil with the simultaneous
removal of organic contamination. During the process, the natural oxide layer is reduced by
hydrogen and removed from the surface, which results in a pure metallic surface of the
substrate. After the pretreatment process was finished, samples are removed from the vacuum
chamber and oxidation of the substrates in air occurs, resulting in new thin layer of aluminum
oxides. The pretreatment process described in this section was applied in the following part

of the research before each deposition of Fe catalyst in all conducted experiments.
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Figure 6.4. Observed improvement for CNT growth (a) without and (b) with hydrogen
pretreatment [183].

For the low-temperature growth, the annealing time is the most important parameter
[161] and for that reason the investigation of the influence of the annealing time on the growth
of the CNT forest was conducted. After the evacuation of the CVD chamber to the base

pressure of 5x10 Pa, hydrogen gas was introduced during the heating from 120°C to 600°C,

115



for various time of 10, 15, 20, 25, or 30 minutes, after which acetylene was introduced, in
the manner shown in Figure 6.4. It should be noted, that the total time required to obtain the

temperature of 600°C was about 10 min.

50 pm
o - —

Figure 6.5. Influence of the annealing time on the growth of CNT forest [183].

The influence of the annealing time on the growth of CNT forest was investigated and
results are presented in Figure 6.5. For the time growth of 10 min (Fig. 6.5(a)), relatively low
density and low uniformity CNT forest of 6 — 7.5 pm height was observed. With the increase
of the annealing time to 15 and 20 min (Fig. 6.5(b, c)), the height and uniformity of the CNT
forest were improved; however, the density was still relatively low and no significant
improvement was observed. For the annealing time of 25 min (Fig. 6.5(d)), the highest CNT
forest of 11 pum was observed. Furthermore the density and the uniformity were also
improved, as compared to the cases of shorter annealing time. A further increase of the
annealing time (Fig. 6.5(e)) resulted in the decrease of the height (9 um) and density. It was
assumed that the formation of catalyst particles depended on the temperature and time of
annealing. In the case of low-temperature growth, a shorter time did not allow the formation
of particles of sufficient size and density for uniform growth of CNT forest. On the contrary,
a longer annealing time resulted in the formation of relatively big particles, which were
directly responsible for the increase of the diameter and a slower growth of CNTs within the
forest. As can be noted, the time of 25 minutes seemed the most sufficient for the low-
temperature growth of CNT forest. A suitable combination of temperature and annealing
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allowed the growth of a relatively high quality CNT forest. For that reason, an additional
experiment was conducted, in which hydrogen was introduced for 15 min; however, after
about 10 min, when the temperature of 600°C was reached (Fig. 6.5(f)). The results of SEM
measurements showed the highest density and height of the CNT forest observed throughout
all the conducted experiments. It was assumed, that heating in a vacuum allowed the
maintenance of a relatively unchanged surface of the Fe catalyst film, which allowed a more
rapid annealing process after the introduction of hydrogen at 600°C. The introduction of
hydrogen at the beginning of the heating process, seemed to have a more significant impact
on the formation of catalyst particles during the heating, as compared to vacuum annealing.
The presence of hydrogen gas during the heating stage induced changes of catalyst much
faster and eventually affected the size of particles, and finally the density and height of grown

CNT forest.
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Figure 6.6. (a) Water flow rate vs height of CNT forest, and (b) CNT forest grown for the
case without and with water flow of 0.07 sccm [183].
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Following the investigation of pretreatment process and optimization of annealing time,
water-assisted growth of CNTs was performed. Various water flows from 0.05 sccm H20 to
0.28 sccm H0, and various catalyst thicknesses of 0.8 — 1.6 nm, were used during the growth
of CNTs on Al substrates. At first, catalyst thickness of 0.8, 1.0, 1.2 nm were used for the
growth; however, due to the low height and density of CNTs grown using 0.8 nm, it was
replaced with an Fe catalyst thickness of 1.4 nm. Furthermore, an Fe catalyst thickness of 1.6
nm was added to the experiments, in order to study the influence of the catalyst thickness on
the growth. As can be seen in Figure 6.6, the initial growth of CNTs of 14.7 um for no water
vapor flow case, was improved to around 24 um for H>O flow of 0.07 sccm. The decrease of
the H20 flow during the process resulted in the improvement of CNT height as observed in
Fig. 6.6; however, after the peak of growth was reached, around 0.07 sccm H2O, a decrease
of the height of the CNT forest was noted. Based on the obtained results, it was concluded
that the optimal ratio of H>O and C>H> gases is about 7/1000 and for this value, the growth
rate of the CNT forest was improved in the highest degree. The observed peak of the water
flow rate indicated a close relation between acetylene and water vapor flows and was one of
the most critical factors in water-assisted CVD growth of CNTs. During the growth of CNTSs,
the water vapor acts like a weak oxidizer that removes amorphous carbons from the
nanotubes, without damaging them at the same time. Moreover, amorphous carbons create a
coating at the surface of the catalyst particles, which results in the reduction of their activity
their activity. It was concluded, that the H>O vapor preserved and stimulated catalyst activity,
allowing growth of higher yield CNT forest. As can be seen in Fig. 6.6, the catalyst thickness
of 1.0 and 1.2 nm seemed to be the most stable during the series of experiment. For more
detailed investigation, a dependency between the Fe catalyst thickness and height of CNT

forest was prepared and is presented in Figure 6.7.
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Figure 6.7. CNT height vs. Fe catalyst thickness [183].

As can be seen, the catalyst thickness of 0.8 nm resulted in the lowest height of CNT
forest, which was also lower than the height of CNT forest grown in the case of no water
flow. It was assumed that due to the relatively high roughness of the Al foil, the deposition
of homogenous thin catalyst film become more difficult. Due to non-homogenous film and
small amount of the catalyst material, the formation of catalyst particles during the annealing
process resulted in low density particles which were the direct cause of growth of low density
and non-uniform CNT forest. On the other hand, for the catalyst thickness of 1.4 and 1.6 nm,
the improvement of height was observed; however, not as big as for the Fe catalyst thickness
of 1.0 and 1.2 nm. It was concluded that during the annealing process, the formation of bigger
particles occurred and was related to the extensive amount of catalyst material, as compared
to the other cases. Due to the bigger size of the catalyst particles, the diameter of CNTs was
increased resulting in the slower growth of CNTs within the forest. Finally, it was assumed,
that catalyst thicknesses of 1.0 and 1.2 nm were the most suitable for the presented
combination of parameters, including surface roughness, temperature, and H>O flow rate.
The height of 14.7 um for no water flow case for 1.0 nm Fe catalyst was improved by almost
70%, to the height of 24.4 um.
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Figure 6.8. Fe catalyst activity in low-temperature water-assisted CNT growth [183].

In the typical case, the activity of the catalyst during the CNT growth is limited to 20 —
30 min and strongly depends on the temperature, time, height and water vapor presence in
the process [2,68,69]. Figure 6.8 shows the catalyst activity for the Fe catalyst thickness of
1.0 nm. As can be seen, for low-temperature water-assisted CVD growth, the catalyst activity
of 120 min was observed and resulted in an average height of CNT forest of 119+15 um. The
initial growth of CNT forest was improved in the first 10 min of growth and slightly
decreased in time, which resulted in overall growth rate of 1.1 um/min for 120 min growth
and 2.4 pum/min for 10 min growth. Furthermore, based on the linear shape of growth rate
curve, it was assumed that the activity of catalyst was larger and the height of CNT forest
could still be improved. Low temperature of the growth process was the main reason behind
low growth rate of CNT forest. On the other hand, the presence of water vapor in the process

improved the growth rate and allowed the achievement of much higher CNT forest yield.

6.5. Conclusions
Low-temperature growth of CNTs on Al foil substrates at 600°C required treatment of
the surface, in order to remove contaminations present on the samples. It was confirmed, that

both, the deposition of the AlOx buffer layer and hydrogen treatment of the surface before
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deposition of the Fe catalyst, had a positive effect on the growth of CNTs. The dependence
of hydrogen annealing time showed that 15 min of hydrogen annealing allowed growth of

relatively high density and uniform CNTSs on the surface of aluminum.

The usage of the water-assisted CVVD method resulted in the improvement of the overall
growth height of CNTs on Al substrate, from 14.7 um (w/o H20) to 24.4 pm (0.07 sccm
H20) for 10 min growth, at 600°C. Furthermore, the investigation of catalyst thickness
showed that Fe catalyst thicknesses of 1.0 and 1.2 nm are the most suitable for low
temperature growth. Catalyst thickness of 0.8 nm, due to high roughness of Al foil surface,
did not allow growth of a high-density CNT forest. Due to slower growth of thicker MWNTS,
a low height of CNT forest was observed for thicker catalyst films. Finally, due to the
introduction of water vapor during the CNT growth, the catalyst activity was improved to
120 min and allowed a growth of 119+15 um thick CNT forest.
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Chapter 7. Fabrication of fine CNT metamaterial nanostructures by
FIB

7.1. Introduction

Carbon nanotubes (CNTs) possess extraordinary electrical, chemical, physical and
optical properties [180], which are directly derived from their unique structure [184] such as
anisotropic electrical conductivity of horizontally aligned CNTs [185], and anisotropic
optical absorption of vertically aligned CNTs [186]. Highly controlled PVD/CVD processes,
including self-organization of the catalyst particles, are desired to achieve unique highly-

oriented and periodically positioned CNT forests for new electronic and optronic applications.

The extraordinary properties of CNT forest, were recently used for fabrication of
metamaterials and nonlinear photonic devices in the form of multi-walled CNT (MWNT)
arrays, [6,187,188] slits cut in the CNT films [38], or spray-coated CNT films on ceramic
metamaterials [39,189]; however, none of these examples employed the unique properties of
CNT forest. To fully utilize the properties of CNT forest, originated from high alignment,
density, and CNT forest structure, a different method of patterning is required. Patterned
growth of carbon nanotubes in the scale of tenths of micrometers has been successfully
reported on silica [190-192], silicon [193] substrates, and also on predeposited catalyst [194—
196]. On the other hand, the patterning of predeposited catalyst in nanoscale, which would
allow a uniform, vertically aligned single-walled CNT forest growth on various shape
nanosize structures, is still challenging and is yet to be achieved [195,197-199]. A high-
quality CNT structures of various shape and micrometer size were achieved by utilizing
various fabrication methods. Standard lithography methods, like photolithography [194,200],
electron beam lithography (EBL) [201], or soft-lithography [202] were utilized and allowed
growth of fine CNT patterns. A laser machining method was used for fabrication of one-
dimensional grating patterns [203], while laser etching method was utilized to obtain
microstructures of CNT brushes [199]. Moreover, a patterned growth of CNTs was also
achieved using anodic aluminum oxide (AAO) templates [204] and inkjet-printing of the

catalyst [196]. Finally, a focused ion beam (FIB) and electron beam (EB) were used for the
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patterning of catalyst nanodots and allowed fabrication of arrays of individual MWNTSs
[4,6,188].

For the patterning of nanostructures on the predeposited catalyst, high precision in
nanoscale is required. The ability of patterning of thin films by the FIB method was presented
before and allowed successful fabrication of metamaterial nanostructures from metals [205].
The FIB method is maskless and allows fabrication of nanoscale patterns of various shape
and size; however, due to sputtering, redeposited material is observed on the surface of the
out-of-patterned area [206]. In this study, in order to overcome the major disadvantage of the
redeposition of material, a FIB secondary etching method has been developed to clean the
patterned surface from the redeposited material by low depth ion beam irradiation [206] and

to improve the growth of CNTs in patterned areas.

7.2. Objectives

The purpose of this part of the research was to provide a reliable method of precise
fabrication of CNT patterns for metamaterial size ranged from around 150 nm to single
micrometers, for the optical and infrared regime, and future applications for superlenses,

antennas, and thermal metamaterials.

In the following chapter, the way of fabrication of CNT forest metamaterial
nanostructures using FIB was demonstrated. Primary FIB etching was used for patterning of
nanostructures and caused a redeposition of the sputtered material, while the secondary
etching method was developed to remove the redeposited material and clean the surface of
patterns. The influence of FIB fabrication parameters of metamaterial patterns on the catalyst
surface morphology and CNT forest internal structure (uniformity, alignment, etc.) was
investigated. By controlled FIB processing, the synergy between the top-down (shape of
CNT metamaterial nanostructures) and bottom-up (structure of CNT forest) approaches was
achieved [207].

7.3. Experimental and methods

A 30 nm thick AIOy support layer and a 0.9 nm thick Fe catalyst layer, were deposited
using the RF magnetron sputtering method described in chapter 3.2. The growth of CNTs
was conducted using thermal CCVD method described in detail in chapter 3.3. The
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morphology of CNTs was measured by FE-SEM, and the morphology of the catalyst surface
after the patterning was measured by AFM, described in chapters 3.4.1 and 3.4.2, respectively.
The TEM analysis was performed using JEOL JEM 2100M microscope, presented in chapter
3.4.3. The catalyst films were patterned using FEI QUANTA 3D 200i FIB system, described
in chapter 3.4.7.

(1) Catalyst deposition

(2) FIB patterning
| | ||

(3) FIB secondary etching

]

Figure 7.1. Schematic of fabrication process of CNT metamaterials. (1) Catalyst deposition,
(2) FIB patterning, (3) FIB secondary etching, and (4) CVD growth [207].

The experiments were conducted according to the following procedure: (1) deposition
of AlOy/Fe catalyst on Si substrates by the RF magnetron sputtering; (2) FIB patterning of
metamaterial patterns on the catalyst, followed by (3) FIB secondary etching process,
continuously, without breaking vacuum; (4) CVD growth of CNT on the prepared samples
(Fig. 7.1).
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Figure 7.2. (a) Schematic of metamaterial patterns used for fabrication, (b) map of FIB
milling with patterning and secondary etching depths [207].
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Figure 7.2(a) shows a design of CNT metamaterial patterns used in FIB fabrication. The
patterned area of 10x10 um? contained 9 SRR patterns of 2x2 um? size and a wall thickness
of 400 nm. It should be noted that the FIB etching was selectively applied to the surface
during the fabrication, to obtain non-etched SSR pattern areas which kept pristine deposited
catalyst, while the secondary etching was applied to the entire surface, including SRR
patterns. To study the effects of the patterning depth (10 — 1 nm) and the secondary etching
depth (0.2 — 0.5 nm), a map containing 25 SRR pattern arrays was prepared (Fig. 2(b)).

The fabrication of Split Ring Resonator (SRR) patterns using various patterning depth
was conducted using a prepared bitmap design and was followed by the FIB secondary
etching process, continuously, without breaking vacuum (Fig. 7.1). The FIB fabrication was
conducted with 30 pA, 30 kV Ga ion beam, which resulted in the diameter of the beam of 17
nm. The value of the current of 30 pA was determined based on the application and conducted
tests. For lower values of current (1.5 and 10 pA) very slow etching rate was observed, while

for the currents above 30 pA, an extensive etching of the edges of the patterns was noted.

For the presented FIB system the sputtering rate of Fe and stoichiometric Al,Os3, defined
by volume per dose of charge was defined as 0.29 and 0.08 um?®/nC, respectively. As can be
seen, the sputtering rate of Fe films is over 3 times higher than for the Al2Os. On the other
hand, during the experiments, non-stoichiometric AlOx was defined, so the sputtering rate

might be higher, due to lower density of the deposited film.
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7.4, Results and discussion

The results of FIB patterning depth and FIB secondary etching depth are shown in
Figure 7.3.

FIB patterning depth (nm)

w/o
etching

Secondary etching depth (nm)
] o
w 8]

o
=

0.5

Figure 7.3. SEM images of patterned surface after CNT forest growth. Arabic numerals
refer to depths in nm, while letters and Roman numeral were introduced for the purpose of
analysis [207].

The patterning depth of 10 nm allowed the growth of CNT SRR arrays (Fig. 7.3 — E (I-
V)). The quality and density of CNTSs in those patterns were improved by applying the
secondary etching of 0.2 — 0.5 nm. A similar trend was noticed for other patterning depths,
and was the most noticeable for the patterning depth of 2 nm (Fig. 7.3 — C (I-V)), in which,
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without the secondary etching, very low and random-aligned CNTs in the SRR patterns were
grown. After the introduction of the FIB secondary etching process, gradually the pattern
appeared, as the more vertically oriented growth of CNTs was observed. Interestingly, in the
area of the patterning depth of 1 nm and for secondary etching depths of 0.2 and 0.3 nm (Fig.
7.3 — A (1I-111)), the inverted SRR arrays were observed. The high-aligned growth of CNTs
in SRR arrays for the depths of 4 and 10 nm (Fig. 7.3 — D, E) was successfully obtained, and
a very small diameter of 2 - 3 nm scale was observed in a high-resolution SEM image (Fig.
7.4).

50 nm

Figure 7.4. High resolution SEM images of CNT arrays grown using patterning depth of 10
nm and FIB secondary etching depth of 0.5 nm. Magpnification of (a) x400 000, and (b)
x500 000 [207].

It was concluded that the entire catalyst of 0.9 nm thickness and part of AIOx support
layer, including diffused Fe catalyst, were completely removed for 4 and 10 nm patterning
depths, leaving only non-etched SRR areas with the preserved catalyst, allowing growth of
CNT forests. For a patterning depth of 2 nm (Fig. 7.3 — C), short and randomly oriented
CNTs were observed in SRR patterns and improved by the secondary etching process (C (l1-
V)). By reducing patterning depth to 1 and 1.5 nm (Fig. 7.3 - A (1), B (I)), without secondary
etching, the growth of CNTs was observed in the etched area, while the growth of CNTSs in
the patterns was suppressed. It was found that in those cases patterning depths were not
sufficient enough to completely remove catalyst film from the surface by the secondary
etching, resulting in the improvement of growth height on thinner catalyst [67], while the

redeposited material reduced the growth of CNTs in the designated SRR patterned areas.
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Applying the secondary etching removed the redeposited material from patterns, allowing
growth of randomly oriented CNTSs. As a result, it was concluded that the secondary etching
affected the catalyst surface morphology and was the primary reason for changes in CNT
growth.
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Figure 7.5. (a) AFM images of patterned catalyst, and (b) line profiles of pattern with
applied secondary etching (0 — 0.5 nm) [207].
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In order to investigate the secondary effect caused by the secondary etching, the AFM
analysis of the patterned area was conducted (Fig. 7.5) before CNT growth. The AFM image
of fabricated patterns of a depth of 10 nm and secondary etching of 0.5 nm are shown in Fig.
7.5(a). To examine the morphology of the patterned surface, line profiles of secondary
etching (0 — 0.5 nm) were prepared (Fig. 7.5(b)).

As shown in Fig. 7.5(b) (w/o secondary etching), on both sides of the profile, around 50
and 350 nm, the formation of ridges was noticed, as a result of resputtering during the FIB
patterning. Similar ridges were observed in [193,206] after the FIB patterning process. By
applying the secondary etching to the surface, the top layer of material was removed, and the
height of the ridges diminished to the point where it was no longer observable (for 0.4, 0.5
nm etching depths).
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Figure 7.6. Roughness analysis of the catalyst surface [207].

A more detailed analysis of the average roughness of the Fe catalyst surface, after FIB
patterning and secondary etching, was conducted and presented in Fig. 7.6. For comparison,
the average roughness of as-prepared catalyst was also shown. The FIB patterning resulted
in the decrease of the average roughness. It was assumed that the sputtered material, which
was redeposited on the patterns, smoothed the surface by uniform redeposition. Furthermore,
by applying the FIB secondary etching process, the average roughness was further decreased,
from Ra = 0.45 nm for an as-prepared catalyst, to 0.15 nm for secondary etching depth of 0.5
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nm. Lower roughness supported the formation of uniform catalyst particles and resulted in
the growth of high-density CNT forests.
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Figure 7.7. SEM images and Raman spectra of CNT patterns: (a) without secondary
etching; (b) with secondary etching of 0.5 nm depth; (c) with secondary etching of 0.5 nm
depth — side view (A - edge, A - body). (d) TEM image of a CNT array grown under the
optimized condition of the FIB processing shown in (c) [207].
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The effects of removal of the redeposited material from SRR structures and the decrease
of the average roughness, after the secondary etching process, were revealed after CNT
growth (Fig. 7.7). In Fig. 7.7(a), for the case without applying secondary etching, based on
the numerous not grown areas in CNT forest, highly inhomogeneous, low density and low
alignment growth of CNT forest on the patterns was found. The growth of CNTs was mostly
observed on the edges of fabricated patterns in Fig. 7.7(a). Furthermore, despite the fact that
the as-prepared CNT forest was SWNT, the Raman spectra of the SRR pattern revealed the
mixture of multi-walled CNTs (MWNTSs) and SWNTSs. It could be observed by the G/D peak
intensity ratio of 1.45 and very low signal of radial breathing mode (RBM), originated from
the presence of SWNTS. In contrary, after the secondary etching of 0.5 nm depth, the growth
of CNT was greatly improved as shown in Fig. 7.7(b, c). Both, the density and alignment, as
well as the uniformity, were improved, allowing the growth of CNTs on the entire surface of
patterns. Raman measurements of CNTs, after the secondary etching, showed very big
improvement of CNT forest structure. For the relatively low height of the CNT metamaterial
structures, the overall intensity was significantly improved, for the same parameters of the
measurement. The analysis of spectra showed a very high intensity of RBM peaks, indicating
a very high number of SWNTSs in the structure, while significantly high G/D peak ratio of
10.47 indicated a very high crystallinity and a very low number of defects in the graphene
layers building CNTs. This conclusion was also confirmed by a very high intensity of 2D
band. Finally, the presence of additional M, iITOLA, and G™ bands [177] was also observed
in Raman spectra as a result of the enhanced quality of graphene in CNTs. The detection of
Raman peaks of SWNTSs was also confirmed by the TEM observation, which revealed that
patterned CNT forest arrays contained SWNTSs (Fig. 7.7(d)).

The reason behind the changes between the cases, with and without secondary etching,
was related to the annealing process at high temperature. For the case without secondary
etching, the surface diffusion of catalyst particles was limited by the layer of redeposited
material at the ridges. The catalyst particles agglomerated in the area before the ridges, which
became the barrier for the further catalyst surface diffusion to the area outside the ridges,
resulting in higher area density of the particles, and finally allowing growth of CNTs on the

edges.
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On the other hand, the effect of the secondary etching was determined by the amount of
removed material and the decrease of surface roughness. During the patterning of SRR arrays,
the sputtered material was mainly redeposited on the edges of patterns, forming ridges (Fig.
7.5(b)), and in the smaller degree in the middle of the walls. Furthermore, it was assumed,
that the mass density of the redeposited film was lower than the mass density of catalyst film,
and due to that, the sputtering rate was high, resulting in faster etching at the ridge area as
shown in Fig. 7.5(b). By applying secondary etching of 0.5 nm, the majority of resputtered
material and the top layer of Fe catalyst film, was removed. By additional ion irradiation
during the secondary etching process, the cleaning of the surface and decrease in the
thickness of the Fe catalyst, is to be expected, and results in the decrease of the roughness,
allowing the improvement of the growth height, uniformity, and quality of CNTs. Finally, as
a result of the etching, due to the thinner catalyst and significantly decreased roughness, the
growth of thin SWNTSs with higher growth rate was achieved [67], which was also observed
in Fig. 7.3 (A (I-11)).

In the presented study, the 30 kV of accelerating voltage of Ga ions, was the direct cause
of sputtering and redeposition of the material in the patterned areas; however, the other
possible effects should also be noted. High accelerating voltage may cause implantation and
diffusion of Ga ions caused by irradiation of ion beam. During the FIB patterning process,
the depth of patterning was sufficient to remove the catalyst from the designated area,
resulting in no growth of CNTs. On the other hand, the FIB secondary etching treatment of
the patterned catalyst was used to clean the surface from the redeposited material. During the
process, most of the deposited catalyst remained, and despite a relatively low ion energy, the
implantation of Ga ions was possible. However, due to significant improvement of CNT
forest observed after the secondary etching, the possible influence was insignificantly small
and could be omitted.

Finally, as can be seen in Fig. 7.2 and Fig. 7.7, the size of the patterns after the patterning
and the FIB secondary etching was significantly decreased. It was assumed that this shrinking
effect was related to the FIB patterning process. During the patterning, the ion beam was
oriented perpendicularly to the surface and the material of the surface was sputtered. Typical

patterns milled using FIB do not possess vertical walls and flat bottom, but are V-shaped,
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with a maximum depth in the middle [206,208,209]. Furthermore, the mouth width of V-
shaped patterns is usually much larger than the diameter of the ion beam. This effect can be
explained by high ion intensity of the ions outside the core region, which results in relatively
higher sputtering of the material on the sides of walls, resulting in the creation of slopes. For
that reason, with the increase of the etching depth, the increase of the time of ion beam
irradiation also increases, and more material from the walls is sputtered. During the spattering,
a part of the surface with the pristine catalyst is also removed from the edges of the walls,
causing overall shrinking of the patterns. This shrinking effect should be taken into
consideration during the design of fine patterning of CNT forest metamaterials in visible

region.

7.5. Conclusions

This chapter presents the combination of precise FIB patterning process with additional
newly developed secondary FIB etching steps in order to remove redeposited material from
the surface and improve the growth of CNT forest in the SRR array nanostructures. This
method allows fabrication of nanoscale metamaterial patterns and catalytic growth of high-
density CNT structures as small as about 150 nm on pre-deposited catalyst film in designated
areas, for the first time. The patterning depth of 10 nm and the secondary etching of 0.5 nm
allowed the growth of uniform, high-density, and high-aligned CNT forest metamaterials.
The FIB secondary etching method decreased the average roughness of the catalyst surface,
resulting in significant improvement of CNT forest quality. The top-down process of the FIB
patterning, allowed precise fabrication of SRR structures, while by influencing the catalyst
preparation, the control of CNT forest could be obtained, as a bottom-up approach for
fabrication of CNT forest metamaterials.

In the future, an investigation of the redeposited material, catalyst film and mutual
interactions between them, should be conducted to assist in the design of light wave-sized
CNT metamaterials for optical, thermal and optronic devices. The development of this
method opens a wide range of applications, as uniform and precise growth of aligned CNT
forest nanostructures has not been presented before. The further development of the FIB

secondary etching method will contribute to the fabrication of metamaterials using CNTs, in
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various spectrum of electromagnetic radiation, from optical range to far infrared, and

terahertz range and will proved the designed light wave-sized metamaterials.
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Chapter 8. IR properties of patterned CNT forest for metamaterials

8.1. Introduction

CNTs act as a nearly ideal one-dimensional nanorod antennas with a diameter of a few
nanometers and length from tenths of nanometers to many micrometers [6]. Furthermore, the
behavior of single-walled CNTs (SWNTSs) is similar to direct gap semiconductors with
absorption spectra dominated by exciton lines [7]. Based on experimental observations, the
nonlinear optical behavior of CNTs [8] is related to a high third-order susceptibility with sub-
picosecond recovery time [9,10], in which the source of the nonlinearities is an effect of the
saturation of the resonant excitation lines and allows many various applications like light
sources in nanoscale, photodetectors, photovoltaic devices and ultrafast lasers [11,12]. In
addition, those extraordinary properties of CNTs were also recently used for the design and
fabrication of metamaterials in form of metallic nanorods [4,6], SWNT films [38], and
composites [39]; however, the fabrication of CNT forest metamaterials has not been

presented before.

Properties of metamaterials are derived from a shape and size of designed structures of
an electromagnetic circuit, and also from the properties of the material that consist of those
structures. Currently, metamaterial development is limited by the design and fabrication
methods; however, by utilizing anisotropic materials, like CNTs, which can produce negative
refraction due to their chirality, those limitations may be overcome. A high shielding
effectiveness accompanied by a high dielectric constant of SWNTSs [36,37], can be tuned by
a control of growth parameters and post-processing operations, such as chemical treatment or
molecular functionalization [38], which is not possible with conventional materials like metals.
Due to that, unique structure and properties of CNT forest influence the performance of

metamaterials, and can be used for their design and fabrication.

8.2. Obijectives

In the following chapter, an investigation of a bulk behavior of CNT forest and an
influence of geometrical parameters (shape, height, etc.) of CNT forest metamaterials on a
total reflectance in the infrared (IR) regime was investigated. Due to a successful fabrication
of CNT forest metamaterials, presented in chapter 7, the infrared behavior of metamaterial
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patterns on a predeposited catalyst could be examined. The work is focused on the
investigation of the infrared behavior of metamaterial patterns in various shapes, sizes,
alignment, and pitch. Furthermore, the influence of CNT forest structure on the absorption of
IR radiation was discussed. The fast prototyping of metamaterial patterns of CNT forest on
the predeposited catalyst was carried out using Focused lon Beam (FIB) and a secondary
etching process, described in detail in chapter 7. The FIB processing for the first time allowed
the fabrication of CNT forest metamaterials in the shape of SRRs. In the presented
experiments, the shape dependence of metamaterial structures composed of uniform high-
quality SWNT forest on the IR spectra, was presented. The influence of the size of the gap in
the SRR patterns, the dip size of metamaterial structures, the spacing between individual
structures, and the height of metamaterials on the reflectance spectra was studied. The study
of the coupling effects originated from the structure of metamaterial patterns, not CNT forest,

was conducted [210].

8.3. Experimental and methods

The preparation of CNT forest metamaterials was conducted as follows: (1) a deposition
of the AlO,/Fe catalyst, (2) a FIB patterning, followed by (3) FIB secondary etching process,
continuously, without breaking the vacuum, and finally (4) the growth of CNTs on the
patterned samples by CVD method.

The deposition of the catalyst film for carbon nanotube forest growth was carried out
using optimized conditions described in chapter 5, and the RF magnetron sputtering method
described in chapter 3.2. The growth of carbon nanotubes was conducted using a thermal
CCVD method introduced in chapter 3.3.

After the catalyst deposition, but before the CNT forest growth, the sample was
introduced into the FIB chamber in order to perform a patterning of metamaterial structures
on the surface. For the preparation of CNT forest patterns, a FIB system described in chapter
3.4.7 was used. The total size of patterns was 30x30 um and contained structures of various
sizes and shapes (SRR, asymmetric split resonators (ASR), L-shape, squares, etc.). The
fabrication of patterns was conducted utilizing prepared bitmap designs and was followed by

a FIB secondary etching process, applied to the entire patterned area, including the prepared
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structures. During the fabrication, the FIB patterning depth of 10 nm was used, and was
followed by the FIB secondary etching depth of 0.7 nm. After the patterning, samples were
moved into the CVD chamber for growth of high-aligned, high absorbance CNT forest. The
time of growth was precisely controlled and limited to a few seconds, in order to decrease the

total height of CNT forest to a single micrometers.

The quality of FIB patterns was confirmed by FE-SEM (chapter 3.4.1). The structural and
quality analysis of CNT was performed using Raman spectroscopy (chapter 3.4.4), while for
the measurements of the total IR reflectance, FT-IR spectrometers described in chapter 3.4.6
were used. For FT-IR microscope, a 28 um diameter circular measurement area was defined

by an aperture in the light path of the IR microscope.
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8.4. Results and discussion
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Figure 8.1. Raman spectra of (a) as-prepared CNT forest area and (b) patterned CNT forest,
for growth time of 2, 3, 4, and 5 s [submitted to Nanoscience and Nanotechnology Letters].

The quality of as-grown CNT forest and CNT forest patterns of various height after the
fabrication was investigated by Raman spectroscopy, and is presented in Figure 8.1. As can
be seen, for 3 and 5 s growth, due to low G/D peaks intensity ratio (Ic/lpo = 1.23 and 1.28,
respectively) and no peaks indicating the existence of SWNTs, MWNT forests were observed.
On the other hand for the growth of 2 and 4 s, the growth of SWNT forest was confirmed.
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Raman spectra showed higher intensity ratio lc/Ip of 3.5 and 1.92, respectively, and a Radial
Breathing Mode (RBM) peaks. The RBM is a mode originated from bond-stretching phonons
for which all the carbon atoms move coherently in the radial direction, with typical frequency
about 100-500 cm™. The RBM is an indicator of the existence of SWNTs [145,176] and
scales inversely proportional to the diameter of CNTs [211]. For the diameter of CNTs above
2 nm, the RBM peaks are no longer recognizable [212].

The difference in Raman spectra observed between individual samples in Fig. 8.1(a), was
originated from a preparation method, starting from the deposition of the catalyst system and
finishing on the growth of CNT forests. In the case of short time growth of CNTs, a precise
control of the process is required and even the smallest changes can affect the structure of
CNT forest. For that reason, the growth of MWNTSs, SWNTSs, and mixture of those two, was

observed in various samples.

Figure 8.1(b) demonstrates Raman spectra of the same samples; however, measured in
the patterned area. As compared to Fig. 8.1(a), for each growth time, a very high improvement
of the overall intensity of spectra could be observed. Furthermore, a very high intensity of the
RBM peaks indicated a presence of SWNTSs, while a very high peak intensity ratio Is/lp of
8.03, 9.6, 10.87 and 9.24 for 2, 3, 4, and 5 s, respectively, indicated a very high crystallinity
and a high order of graphene sheets of CNTs in the patterns, which was also confirmed by
high intensity of the 2D peak. A shape of a G peak can be used to distinguish the type of
nanotubes, between metallic and semiconducting CNTs [213]. Due to the presence of a G
peak around 1560 cm™ it was possible to confirm that SWNTs in the patterns were
semiconducting. The presence of the M peak and the iTOLA peak was also confirmed in each
Raman spectra. The M band is composed of M+ and M- bands and is related to overtones of
the out-of-plane infrared-active mode in graphene. The M-band modes were enhanced by
various effects related to the curvature of SWNTSs. The high-frequency iTOLA peak is a
combination of two phonons, one from the in-plane transverse optical branch (iTO), while the
second phonon is related to the longitudinal acoustic branch (LA). The iTOLA peak
observation was related to the dispersion of phonon branches in a low defective graphite
[212,214].
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As compared to Fig. 8.1(a), the changes of an overall intensity of spectra and intensities
of individual peaks were observed. The FIB processing (patterning and secondary etching)
stimulated changes of the catalyst surface resulting in the variation of CNT structure. The FIB
patterning allowed fabrication of nanoscale metamaterial structures with high precision;
however, the redeposition of the sputtered material was observed. It was assumed that the
redeposited material covers the surface of patterns and hinders the growth of nanotubes. The
deposition was non-uniform, stronger in areas close to the edges of the patterns and weaker in
the middle, while the density of the deposited layer was relatively low. The secondary etching
process, was designed for the purpose of cleaning of the surface from the redeposited material,
and to allow the growth of uniform CNT forest structures. The effects of the secondary etching
include the cleaning of the surface of the redeposited material, the decrease of the catalyst
thickness, and the decrease of the surface roughness, and were described in detail in chapter
7. By cleaning the surface, the obstacle in the form of the redeposited material was removed
and mechanisms (Ostwald ripening, diffusion) responsible for the formation of the catalyst
particles could easily occur. Moreover, the decrease of the roughness and thickness of the
catalyst layer supported the formation of small, high-density, and uniform in size catalyst

particles, which reinforced the growth of high-quality SWNTSs within the forest.
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Figure 8.2. The IR absorbance spectra of CNT forests (thickness of 4 um), with IR-active
peaks at 1200 cm™ (D band) and peaks at ~ 3000 cm range, attributed to CHx groups
[submitted to Nanoscience and Nanotechnology Letters].

The IR reflectance of bulk CNT forest, measured for 3 um high-aligned and high-density
forest is shown in Figure 8.2. As can be seen, the IR reflectance spectra of CNT forest showed
periodic oscillations with peaks around 1264, 2966 and 4748 cm™. Such oscillations could
be experimentally observed for the first time for CNT in the IR regime. Obtained oscillations
of the reflectance spectra could be explained by the Fabry-Perot effect and are commonly
observed for the thin film materials. Visible oscillations were originated from an interference
of a reflected wave at the top and the bottom interfaces, and for thin films with a light beam

of incident angle 0°, the positions of the peaks could be easily obtained from the equation:
2nd = mA (eg. 8.1)

where n is a refractive index of the thin film, d is the thickness of the film, 4 is a wavelength
of light in vacuum, and m is an integer. In the case of short CNT forest, the oscillations were
originated from multiple reflections between the bottom and the top of CNT forest. The

reflection from the bottom of CNT forest was related to the interface between CNT forest
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and polished Si substrate, while the reflection from the top was connected to the high-density,

carpet-like structure at the top of the CNT forest.

Figure 8.3. Catalyst and CNT SRR metamaterial patterns: (a) pattern surface of AlOyx/Fe
catalyst; (b) top view of patterned surface with grown CNTSs; (c) high magnification image
of CNT metamaterial structures. (d) Investigated geometrical parameters of CNT forest
metamaterials [submitted to Nanoscience and Nanotechnology Letters].

Figure 8.3 shows an example of the catalyst SRR patterns and CNT forest SRR patterns
fabricated on Si substrates. Fig. 8.3(a) shows the surface of the catalyst after the patterning,

although before the growth of CNT forest. As can be seen, high-quality patterns of size 1x1
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pm are visible in the catalyst, before the growth of CNTSs. It was confirmed that by using the
FIB method with the secondary etching process, the patterning of catalyst surface resulting in
the growth of high-density CNT patterns (Fig. 8.3(b, ¢)), as small as 200 nm, was possible.
The size and the shape of electromagnetic structures were precisely designed (Fig. 8.3(d)), in

order to interact with the electromagnetic radiation in the infrared region.
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Figure 8.4. (a) CNT forest patterns of simplified SRRs in dependence of growth time. (b)
FT-IR reflectance spectra of simplified SRR patterns. (c) Height of CNT patterns vs. total
IR reflectance [submitted to Nanoscience and Nanotechnology Letters].

The influence of the height of CNT forest, originated from the growth time of 2, 3, 4, and
5, on the FT-IR spectra of simplified SRRs patterns, is shown in Figure 8.4. The calculated
heights of SRRs were 190, 340, 750, and 2000 nm, for the growth time of 2, 3, 4, and 5 s,
respectively. As shown in Fig. 8.4(a), the increase of the height of CNTSs in the patterned areas
with growth time was observed. For the growth time of 5 s, small defects of patterns,
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correlated to the extended height of CNT forest were observed and were related to a smaller
self-supporting effect of neighbor CNTSs. Fig. 8.4(b) shows the FT-IR spectra of the patterned
area for the simplified SRR patterns. The intensity of the total IR reflectance decreased
exponentially with the increase of the CNT height. The dependence of the CNT height and
the absorption of light is well known [125,169,215,216]. For the same shape, spacing, and
type of CNTSs, the height of the CNT forest metamaterials was the main reason behind changes
of the total reflectance. Typically, for small angles of incident light, the interaction of light
with the CNT structure results in the reflection, absorption, and transmission of the light beam.
For higher CNT forest, a possible distance of propagation of light in the structure was larger
than for short CNTSs, resulting in a higher number of absorption points, before the reflection
of light from the bottom interface of CNT-Si occurred. In theory, the height of CNT forest
metamaterials could be increased in order to increase the total absorption of IR radiation;
however, due to the fact, that the self-supporting effect of neighbor CNTs is also related to the
surface area of the structures, the increase in the size of the individual structures would also
be required. Furthermore, for the growth time of 5 s, the oscillations in the IR reflectance
spectra appear were observed, while for the growth time of 4 s, changes of the reflectance in
the higher wavenumber region appear. It was assumed that due to the improvements of the
growth uniformity, at the top of the structures, high-density carpet like structures appeared
and allowed the reflection of IR radiation, which was observed in the IR spectra. Additionally,
it can be noted that despite the same height of the as-prepared CNT forest and patterned
structures, the frequency of the observed oscillations was different for the growth time of 5 s.
This minor change in growth height or low orientation of CNTs could be attributed to the
additional influence of the metamaterial patterns shapes, which could affect the shape of the

obtained IR spectra.
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Figure 8.5. (a) CNT patterns shapes dependency on the IR reflectance, (b) infrared
reflectance spectra of fabricated patterns. (c) Gap size vs. total IR reflectance [submitted to
Nanoscience and Nanotechnology Letters].

Figure 8.5 shows the influence of the shape of patterned CNT forest on the total IR
reflectance. For the analysis, three different shapes of structures were chosen and tested: a
SRR, a simplified SRR, and a closed ring. Due to the small overall size of the patterned area,
all the presented arrays were fabricated on the same sample, which allowed to obtain uniform
height of SWNTSs in all patterns. As can be seen in Fig. 8.5(b), the highest value of the total
IR reflectance was observed for closed ring patterns, while the lowest reflectance was
observed for the SRR patterns. Measurements of the IR reflectance of the simplified SRR
array (Fig. 8.5(a) - B) showed a lower reflectance than for the closed rings; however, higher
than the SRR pattern. Interestingly, as compared to SRR and simplified SRR patterns, the
reflectance of closed ring patterns, which possessed the highest absorption area did not result

in the lowest reflectance. It was assumed that despite the variation of the total absorption area,
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the absorbance was directly correlated with the shape of the CNT metamaterial structures in
the arrays. The lowest reflectance was demonstrated by SRR patterns, which are well known

from their high interaction with electromagnetic radiation.

A typical electromagnetic resonators require splits (gaps) in the ring in order to support
the resonant wavelengths larger than the diameter of the structure. If the resonator ring
possesses the split, a large capacitance is generated, and the decrease of the resonant frequency
is observed, while the degree of changes depends on the design of the individual structures.
One of the important parameters is the size of the gap (g). The increase of the size of gap
results in the decrease of the resonance intensity and the total absorption is reduced, while the
decrease of the size results in the increase of the effective capacitance, and the redshift of the
resonant frequency is observed. The frequency of electric resonance can be tuned by the
change of the gap size. In the case of the closed rings, due to the natural absence of the gap,
such a resonance does not occur and the absorption is related only to the area covered with
CNTs.

In Fig. 8.5(b), the high reflectance of closed ring patterns is related to the absence of the
split in their structure and for that reason, the value of the reflectance is related only to the
absorption of IR radiation in the body of CNT forest. On the contrary, apart from the
absorption in the CNT body, the IR reflectance of SRRs is also reduced by the resonance
which occurred, due to the presence of the splits. The measurements of the total size of the
gaps showed 1 um for simplified SRRs and 0.5 um for SRR. By introducing splits in the CNT
SRR metamaterials, the generation of the capacitance could occur and the variation of the
reflectance was observed. The decrease of the size of the gap allowed the generation of a
larger capacitance and due to that, a stronger resonance related to the electric part of the IR
radiation occurred, resulting in the bigger decrease of the IR reflectance. This typical for the
metamaterial arrays behavior was observed for the first time in CNT SRR metamaterials. By
precise control of the size of the gap size, a generation of larger capacitance is expected, which
could result in the further decrease of the reflectance.

The observations of the reflectance between the 1650 and 3800 cm™ showed the variation

in the IR spectra of much higher scale than in the other regions. Though the resonance peak
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was not clearly observed for the investigated CNT metamaterials, the broadband absorption
of the patterns seemed to occur. CNT forest is well known for his absorption properties in a
very wide range of frequencies, allowing the broadband absorption of the IR radiation.

However; this phenomenon was not clearly confirmed and require further investigation.

(@)
d
(b)
100
—CNT forest
—SRR_1 (d= 750nm) r
—SRR_2 (d= 500, i
90 SRR_3 Ed=2seﬂg 250 90 |
S uare d=0 =
80 LB = - 30 [
s 12008 &
—~ o -
3 70 ‘é §?0 -
£ 150 § §
= 3]
é 60 ;g = 60 <§A C
é 100 = é OBO OD
50 < 50 F
40 o 40
30 1|r:lt1|:1||||l||||l|0 30-k|lh|llll
650 1650 2650 3650 4650 0 500 1000
Wavenumber (cm™) Dip size (nm)

Figure 8.6. (a) SEM images of the simplified SRR patterns with different value of d
parameter (0, 250, 500, and 750 nm) used for tuning the magnetic resonance; (b) FT-IR
reflectance spectra of the designed patterns for magnetic resonance tuning. (c) Dip size vs.
total IR reflectance [submitted to Nanoscience and Nanotechnology Letters].
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The resonance of metamaterial arrays, composed entirely from the high-quality
semiconducting SWNTSs was proven and allowed the decrease of the total IR reflectance.

Figure 8.6 shows results of the tuning of the dip size of simplified SRR CNT patterns by
changing the d parameter from 0 to 750 nm (illustrated in Fig. 8.6(a)). The height of the
structures is similar (~190 nm) while the size of each structure is 1x1 pum. As shown in Fig.
8.6(b), similar to the previous example of the closed rings (Fig. 8.5), the square-shaped CNT
arrays exhibited the lowest absorbance, despite the highest absorption area, as compared to
the other three simplified SRR patterns. The absence of the gap in the structure forbade the
generation of the capacitance and the existence of electromagnetic resonances, so the
absorption was governed only by the body of CNT forest. On the other hand, the total IR
reflectance of simplified SRR patterns with a value of parameter d between 750 and 250 nm
showed a significant decrease in the intensity of the IR spectra. Due to the existence of splits,
the resonance could occur in the CNT SRR arrays. The dip formation in simplified SRR shape
clearly reduced the reflectance (increased absorption), which corresponded to the wave shift
of reflectance in reference [205] by Enkrich for the dip size dependence of reflectance on
metal SRR pattern. For the CNT SRR patterns, CNT forests might enhance the reduction of
reflectance in the case of highly resonant SRR shapes. Interestingly, the IR reflectance spectra
showed very similar values of intensity for all 3 values of parameter d. Typically, the variation
of the dip size of metamaterials results in the shift of the position of the peaks related to the
magnetic resonance which occurs in the metamaterials, while the position of the peaks
assigned to electric resonance does not change [205]. In the presented research, due to the
absence of clearly visible resonant peaks, the influence of the variation of the d parameter
could not be clearly explained. Moreover, in the case of the tuning of the magnetic resonance,
changes of the intensity of the total reflectance spectra were negligible, due to small
interaction with CNTSs [4]. For that reason, changes between intensities of the IR reflectance
in observed samples were insignificantly small. On the other hand, the decrease of the total
absorption area of CNT arrays, due to the change of parameter d, did not result in significant
changes of the IR reflectance. It was assumed that a relatively small magnetic resonance
appeared, and was enough to compensate losses of reflectance due to decrease of the

absorption area.
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Figure 8.7. (a) SEM photos of SRR and simplified SRR patterns with different spacing of
1.2, 0.8, and 0.4 um, (b) IR reflectance spectra of simplified SRR CNT patterns and (d)
SRR patterns for various spacing. (c) Valley position vs. the spacing size between SRRs.
[submitted to Nanoscience and Nanotechnology Letters].
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In comparison, a Si normalized total IR reflectance of a simplified Au SRR patterns of
1x1 um size and height of 100, nm was measured (Fig. 8.6(b)). As can be seen, for the dip
size of 750 nm and same spacing, the intensity of total reflectance has been increased about
4-5 times. The reflectance of Au film was much higher than the reflectance of CNT forest,
and for that reason, the application of CNTSs in the metamaterials seemed justified. Finally, on
the contrary to the CNT metamaterial patterns, the Au metamaterials resulted in the resonance
peak, observed around 1694 cm™ (Fig. 8.6(b)).

The investigation of spacing (lattice constant) between the individual structures in SRR
and simplified SRR arrays, is presented in Figure 8.7. All the arrays were prepared during the
same experiment on the same substrate, in order to reduce the variation of height and density
of CNTSs within the forest. For both cases, the distance between structures was modulated
between 1.2, 0.8, and 0.4 um (Fig. 8.7(a)). The decrease of the distance between patterns
caused the overall decrease of the intensity of the total IR reflectance. Moreover, a redshift of
the oscillations in measured spectra was observed. In Fig. 8.7(b, d), the decrease of the total
reflectance can be explained in two ways. Firstly, the decrease of the spacing between
individual structures in both arrays resulted in a larger number of structures in the same
measurement area. Higher number of patterns resulted in the increase of the absorption area
covered with CNT forest, and finally reduced the reflectance by improved absorption in the
body of CNTs. On the other hand, by the increase of the total number of SRRs in the arrays,
the number of the possible areas which could interact with the electromagnetic radiation was
also increased. As a result, the decrease of the total reflectance was observed and was noted
in Fig. 8.6. The introduction of higher number of SRR nanostructures capable of the resonance
resulted in a higher number of coupling areas and was responsible for the decrease of the total

reflectance.

As mentioned above, the height of the structures was kept on a very similar level, in order
to avoid the influence of multiple reflections between the top and bottom interface of CNT
forest of various height on the shift of oscillations. Due to the reduction of the spacing and the
increase of the area-filling, the propagation of the electromagnetic wave through the patterned

area was changed and resulted in the observed shift of oscillations in SRR and simplified SRR
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arrays (Fig. 8.7(b, d)). The calculated position of valleys in the IR spectra of the SRR patterns
showed nearly an ideal linear dependency to the variation of spacing between individual SRRs
(Fig. 8.7(c)). The reduction of the spacing resulted in the enhanced interactions between

SRRs; however, the spectral position resonances remained unchanged [217].

Interactions between individual SRRs could be explained by dipole-dipole interaction
model proposed for pairs of SRRs [218]. The coupling of SRRs depends on the presence of
additional SRRs in the area. Each SRR acts as an antenna and transfers the electromagnetic
field through the metamaterial. The transfer of the electromagnetic near-field to the far-field
causes the increase of the width of the resonant lines. Moreover, in the case of the decrease of
the spacing between individual SRRs, the antenna behavior results in the changes of the
resonant frequency. Despite the fact, that the resonance was not clearly observed, some of

those effects could be observed during the analysis of the phase shift of oscillations.

In the case of the side-to-side position of the SRRs, typically the redshift of the resonant
peak can be observed, and is related to the strong electric dipole-dipole coupling. In the SRR
arrays, the parallel orientation of the electric dipoles and perpendicular orientation of the
magnetic dipoles, can be observed. The interaction in the longitudinal direction, responsible
for the redshift, is related to strong electric resonance, while the magnetic resonance tends to
have opposite effect. On the other hand, in the on-top position of the SRR, the decrease of the
spacing between individual structures results in the small increase in the resonant frequency,
due to the transverse coupling of the electric and the magnetic dipoles, and the blue shift is

usually observed.

In the case of side-to-side and the on-top configurations of uniformly arranged structures
in the arrays, the interaction between each SRR is dominated by the side-to-side effect. The
redshift originated from the side-by-side interactions between SRRs is much stronger than the
blue shift originated from the on-top configuration. For that reason, the resultant redshift of

the oscillations in the IR spectra was observed (Fig. 8.7(b, d)).

For simplified SRR arrays with the spacing of 0.4 um (Fig. 8.7(a)), a much higher shift
of oscillations towards lower wavenumbers, was observed and was related to a horizontally

aligned CNTSs found in the patterned area. As a result, direction of CNTs in relation to the E-
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field of IR beam was changed from perpendicular to parallel. Due to the horizontal alignment
of CNTSs, the interaction of electromagnetic wave changed the coupling effect, and the
propagation of the wave through the patterned area. Moreover, the variation of alignment
resulted in the small increase of the total reflectance. In the case of similar height and density
of CNT forest, the variation of alignment resulted in the changes of reflectance. For incident
beam perpendicular to the substrate, a high vertical alignment of CNT forest resulted in low
reflectance, while a horizontal alignment increased the overall intensity of the total reflectance
[28, 29]. The influence of the alignment of CNTs within the forest was investigated and is

presented below in Figure 8.8.
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Figure 8.8. (a) SEM images of the low- and high-aligned CNT ASR L-shape patterns; (b)
FT-IR spectra of reflectance in dependence of the alignment of CNTs [submitted to
Nanoscience and Nanotechnology Letters].
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Figure 8.9. (a) SEM images of horizontally and vertically (random) aligned CNT patterns;
(b) FT-IR reflectance spectra in dependence of the direction of CNT growth [submitted to
Nanoscience and Nanotechnology Letters].

In Figure 8.8(a, b), the dependency between the low and high alignment of CNT forest in
the patterned area is presented. As can be seen, for the same shape of the ASR L-shaped
patterns with the same height, the reflectance of high alignment forest was much lower than
for the low alignment one. The absorption of the CNT forest in the case of similar height was
related to the density and the alignment of the forest, in which higher density and higher
alignment for CNT axis parallel to incident light, was the direct cause of the lower reflectance.
For the presented patterns, the density was similar, as all patterns were prepared on the same
sample, under the same conditions, indicating that the change of the reflectance was originated
from the alignment of the fabricated structures. In Figure 8.9(a, b), the influence of horizontal
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and vertical alignment of CNTSs in the patterns was studied. VValues of the total IR reflectance
for horizontally and vertically aligned CNT forest were similar and in the range of 55 - 70%;
however, due to the change of the alignment, the phase of the oscillations was strongly
inverted. For the vertically aligned CNT patterns, as compared with horizontally aligned
CNTs, the peak of oscillations (~2600 cm™) was in the position, in which for horizontally
aligned CNT patterns the valley is observed. It should be noted that the height of horizontally
aligned CNTs was 1.1-1.3 um, while the height of vertically aligned patterns was 1.3-1.5 pm,
which showed that the change of the oscillations was not related to the interference of top and

bottom surface of the CNT structures.

8.5. Conclusions

In this chapter, the investigation of the IR reflectance of patterned CNT forest in the
infrared regime was presented. The method of patterning of small size (~200 nm) CNT
patterns on predeposited Fe catalyst by applying FIB secondary etching was shown for the
first time and allowed the fabrication of high density and high alignment SWNT patterns.

The influence of geometrical parameters of SWNT forest metamaterial patterns on the
total IR reflectance was investigated. The dependency of the SRR gap (split) size, the dip
size, the spacing between individual SRRs, and the height of metamaterial structures were
studied and showed considerable influence on the IR spectra. The decrease of the gap size
resulted in the decrease of the total reflectance, due to the increase of capacitance and stronger
coupling effect. The change of the dip size caused the decrease of the IR reflectance, as
compared to the square patterns. It was confirmed that the absorption of infrared radiation
was increased by the formation of a dip shape, which acted as a resonator in SRR patterns,
and was not related to the total absorption area ratio covered by CNTs. Observed reflectance
of CNT SRR metamaterial patterns was about 4-5 times lower than the total reflectance of
the Au sample. Furthermore, the decrease in the value of the spacing s between the patterns
caused the reduction of reflectance, and the red shift of the phase of oscillations was observed.
Apart from that, the control of the alignment from the horizontal to vertical resulted in the
change of the absorbance, and significantly shifted the phase of oscillations, due to the

changes in the propagation of the electromagnetic wave, through the designed CNT structures
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composed of horizontally aligned CNTs. Finally, the increase of height of patterned CNT
forest reduced the reflectance, due to the increase of the volume of CNTs.

During the experiments, the electromagnetic resonance, typical for metamaterial
structures was not clearly observed. It was assumed, that the high absorption in CNT body,

and also the transverse direction of IR radiation to the CNT axis, could be potential reasons.

In future, further investigation of the design of CNT patterns is expected for the highly
controlled metamaterials with anisotropic refractive index material. In this paper,
metamaterial patterns composed of semiconducting SWNTs were demonstrated; however,
due to possible challenging applications, the performance of metallic MWNTSs should also

be investigated and open a new research of functional metamaterials.
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Chapter 9. Summary

The aim of this research was the successful fabrication of the CNT metamaterials, by
precise control of highly oriented vertically aligned CNT forest. Several problems were
recognized during the research. First of all, in order to precisely control the growth of SWNTS,
the Taguchi method of design of the experiment was applied to the CNT growth process. The
Taguchi approach was used for the first time in the analysis of the catalyst particles formation
conditions in CNT growth processes. Based on the analyzed results, the influence of the
growth parameters on the formation of the catalyst was investigated, showing the highest
impact of temperature and annealing time on the process. Moreover, based on the statistical
analysis of SN ratios and interactions, the model of the formation of catalyst particles was
proposed, explaining the Ostwald ripening and subsurface diffusion process as the main
mechanism behind the catalyst formation.

Secondly, the study over the growth control of the low total reflectance CNT forest was
conducted. For that reason, the Taguchi method was applied for the first time to the optical
reflectance optimizations process. Throughout the experiments, the lowest ever reported
value of the total reflectance (0.077%) for thin SWNT forest film of 21 pum in height was
recorded. The effect of the intrinsic structure of the CNTs was studied by Raman
spectroscopy of the grown CNT forest. It was found that for a homogeneous, vertically
aligned CNT forest, the effect of the type of CNT (SWCNTs, DWCNTs, or MWCNTS) was
insignificantly small and could be neglected. There was no observable relationship between
the CNT type and values of total reflectance, unexpectedly. On the other hand, the influence
of the filling factor (density) and alignment of CNTs on the total optical reflectance were
investigated, showing the highest impact of density and alignment of the CNT forest. The
significantly low-reflectance SWNT forest was successfully obtained as a base material for
the fabrication of CNT metamaterials.

For the fabrication of CNT forest on the Al substrates, the low-temperature water-
assisted growth of CNTs was developed. The investigation of the presence of support layer
for catalysts was performed and was followed by the investigation of the hydrogen
pretreatment method applied before the growth of CNTs. The Taguchi analysis of the catalyst

157



formation condition, allowed to define that for the low-temperature growth, the second most
important growth parameter is annealing time. For that reason, in the case of the constant
low-temperature, the investigation of annealing time was conducted and resulted with
optimized time. Furthermore, for the first time, water-assisted CVD method was applied for
low-temperature growth on the Al foil, at the low temperature of 600 °C, allowing successful
growth of a high-density CNT forest. The application of water-assisted CVD method
increased the density, uniformity, yield and height of CNT forest. The possibility of growth
of CNT directly on the parts of real devices was shown and could contribute to future

development of CNT metamaterials.

Fabrication of metamaterial required a method which would allow the growth of fine
nanostructures in the range of hundreds of nanometers. For that reason, a focused ion beam
method was chosen. A novel FIB secondary etching method, applied after the FIB patterning,
was developed for the fabrication of uniform and fine CNT metamaterial nanostructures. The
combination of precise FIB patterning process with additional secondary FIB etching steps
to remove redeposited material from the surface and improve the growth of CNT forest in
the SRR array nanostructures, was achieved. Applying secondary etching after the FIB
patterning, for the first time allowed the growth of fine, high—density, and high-aligned CNT
patterns in designated areas and the fabrication of fine metamaterial patterns of various size
and shapes (SRRs, ASRs, etc.).

The successful development of precise fabrication method of CNT metamaterial
nanostructures, for the first time, allowed the investigation of exceptional properties of CNT
metamaterials. The IR properties of various SWNT forest patterns for metamaterials,
prepared on the pre-deposited catalyst, were presented for the first time. The bulk properties
of patterned self-standing uniform thin CNT forest in the IR region were investigated and
showed interesting oscillating spectra for the first time in IR region. The dependency of
patterned SWNT forest height, shape, pitch, alignment and magnetic resonance control was
investigated. The increase of height of patterned CNT forest reduced the reflectance. It was
confirmed that the absorption of infrared radiation was increased by the formation of dip

shape as resonator role in SRR patterns and was not related to the total absorption area ratio
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covered by CNTs. The tuning of magnetic resonance showed insignificant changes in the FT-
IR reflectance spectra. Furthermore, the decrease in the value of the spacing S between the
patterns caused the reduction of reflectance and the shift of the phase of oscillations was
observed. The control of the alignment from the horizontal to vertical resulted in the change
of the absorbance and significantly changed the phase of oscillations, due to the changes in
the propagation of an electromagnetic wave through the designed CNT structures composed
of horizontally aligned CNTs. For the first time, the investigation of the properties of

metamaterial originated from the CNT forest were successfully demonstrated.

Finally, the optimization process allowed a growth of a high-density and high-aligned
SWNT forest with very low reflectance, which was required for the successful fabrication of
metamaterials. The low-temperature growth was achieved on metals allowing growth of
CNTs directly on the parts of real electronics devices. By applying a FIB patterning process
followed by newly developed FIB secondary etching method, the uniform and fine
fabrication of CNT metamaterial nanostructures in various sizes, shapes, and diversity was
possible. Finally, the investigation of IR properties of patterned SWNT forest for
metamaterials showed the influence of shape, height, alignment, spacing, magnetic resonance
tuning on the electromagnetic response in the IR regime, proving that a fabrication of CNT
forest metamaterials is possible. The successful fabrication of the CNT metamaterials opened
a new path in the carbon nanotube and metamaterial research, and will allow successful
development of future electronic and optical applications, like antennas, superlenses, and
many others. In order to fully utilize the properties of CNT metamaterials, the further

investigation of the CNT physical phenomena and mechanisms is required.
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