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Abstract

Carbon nanotubes and graphene have many interesting properties. To exploit the
properties in applications their synthesis and incorporation in devices has to be un-
derstood and controlled. This thesis is based on experimental studies on synthesis
of carbon nanotubes and fabrication of nanoelectromechanical systems from carbon
nanotubes and graphene.

Vertically aligned nanotube arrays with heights over 800 pm have been grown
using acetylene with iron as catalyst on alumina support using thermal chemical
vapor deposition. By varying the partial pressure of acetylene it was found that the
addition-rate of carbon was proportional to the coverage of acetylene molecules on
the catalyst nanoparticle.

In certain conditions the macroscopic pattern of the catalyst areas influenced the
microscopic properties of the carbon nanotubes. It was shown that the initial carbon-
precursor flow conditions could determine the number of walls produced. The amount
of carbon incorporated into nanotubes was constant but regions that experienced less
carbon precursor gas flow due e.g. to depletion, produced longer but fewer-walled
nanotubes.

Arrays of vertically aligned nanotubes were shown to deflect as a single unit under
electrostatic actuation, making possible the fabrication of varactors. Measurements
of deflection were used to determine an effective Young’s modulus of 6 +4 MPa. The
capacitance of such a device could be reproducibly changed by more than 20 %.

Devices based on the nanoelectromechanical properties of few-layer graphene were
fabricated and characterized. Electrostatic actuation of buckled beams and mem-
branes led to a "snap-through” switching at a critical applied voltage. By character-
izing this behavior for different sizes and geometries of membranes, it was possible to
extract the bending rigidity of bilayered graphene, yielding a value of 35ﬁg eV.

CNTFETSs with suspended graphene gates were fabricated. It was shown that
a moveable graphene gate could control the conductance of the carbon nanotube
and improve the switching characteristics. Inverse sub-threshold slope down to 53
mV per decade were measured at 100 K. The experimental data were compared
with theoretical simulations and it was inferred that the subthreshold slope could
be improved beyond the thermal limit by improving the design of the device.

Keywords: Carbon nanotubes, Synthesis, Chemical vapor deposition, Graphene,
Bending Rigidity, Nanoelectromechanical systems
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Preface

Inevitably generations come and go. The day we leave it is perhaps not our
own experiences or knowledge that matter. Instead our accomplishment is the
knowledge we have transferred to coming generations.

Knowledge is preferably transferred spending time with each other, learn-
ing which details are of importance and which are not. Unfortunately that is
not always possible. Then writing a Ph.D. thesis might be the best option.

Graphene is a sheet of carbon atoms only one atomic layer in thickness.
A carbon nanotube can be thought of as a tube rolled up from graphene.
Advancements in nanoscience have enabled the discovery, followed by studies
of properties and development of applications, of those new materials during
the last two decades.

This thesis is based on my experimental work on carbon nanotubes and
graphene at Gothenburg University. It began in 2006, when carbon nanotubes
were expected to provide solutions to most problems in the world. Now, five
years later, graphene bears the same expectations. Even though I don’t expect
a revolution based on nano-carbon, there is a great chance that products based
on carbon nanotubes and graphene eventually will reach customers. If my work
to some extent contributes, I will be very pleased.

My work has involved synthesis of carbon nanotubes and fabrication and
characterization of nanoelectromechanical systems. I have learnt to expect
that experiments do not work out as expected. Most of the time my work has
resulted in failures in fabrication. When not, most of the time my work has
resulted in failures in measurements. When not, most of the time my work
has resulted in data not worth mentioning in this thesis or elsewhere.

But occasionally successful experiments work out as planned, resulting in
knowledge possible to publish and spread all over the world. Even more occa-
sionally successful experiments do not work out as planned, instead leading you
in new directions towards unexpected discoveries. The chance to encounter
the latter is a large part of the charm of being experimentalist.

The aim of this thesis is to transfer the selected parts of the knowledge
I have obtained in this scientific field. The main results are described in the
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second and most important part, the appended scientific papers referred to as
Paper I to V. The first part of the thesis is meant to introduce the subjects
described in the papers.

The thesis is intended for readers interested in experimental nanophysics
in general and nanoelectromechanical systems based on carbon nanotubes or
graphene in particular. The level of details of the text is intended to be suitable
for master students in physics, chemistry or electronics considering a Ph.D.
The main concepts hopefully are understandable for an interested reader.

Chapters 1 to 3 are intended to provide the reader with an introduction
to help understand the concepts presented in the scientific papers. All the
subjects presented are not discussed in full detail, but the interested reader is
encouraged to follow the references to other scientific papers. Also references
to recommended review-articles are found at the beginning of each chapter.

In Chapter 1 the reader is introduced to the structure and the proper-
ties of carbon nanotubes and graphene. Emphasis is put on the electrical
and mechanical properties, which enable the devices proposed in later chap-
ters. Fabrication and characterization of devices from carbon nanotubes and
graphene is described in Chapter 2. In Chapter 3 two devices, benefitting from
the special properties of carbon nanotubes and graphene, are described. The
two devices form the basis for Papers IV and V.

Chapters 4 to 7 selected results from the scientific papers are presented.
An introduction and complementary results and discussions are also given.
Chapter 4 describes the synthesis of carbon nanotubes, studied in Paper I and
I1. Based on Paper III, Chapter 5 presents electromechanical varactors based
on carbon nanotubes and their use in determining mechanical properties.

Chapter 6 treats fabrication of buckled beams of graphene and how their
actuation was used to determine the bending rigidity, also found in Paper IV.
Based on Paper V, Chapter 7 presents nanoelectromechanical devices incor-
porating both carbon nanotubes and graphene.

If the reader find parts of this thesis to be interesting and rewarding its
main objective is fulfilled. Hopefully a few readers can apply the methods or
results described. In the best case the thesis will inspire the reader to start
working on the subjects presented. I hope for the best.

Niklas Lindahl
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Chapter

Material properties

The process of finding and exploiting new materials has always been a key-
stone in the development of humanity. From the large step into the stone-
age, through the start of using metals and on until today’s age of silicon and
plastics, driven by need and curiosity people have discovered new materials
and investigated their properties. Discoveries of new forms of carbon have
attracted the interest of many material scientists.

In this chapter the structure and properties of those, graphene and carbon
nanotubes, will be described. Complementary reviews on those subjects by
Geim [1] and Avouris et al. [2] are recommended.

1.1 Carbon allotropes

Carbon is the building material of life and the basis of all organic chemistry.
Thanks to the flexibility of its bonds carbon can exist in many forms with
different properties. In carbon allotropes, crystalline structures made of only
carbon atoms, depending on the arrangement of the bonds carbon can form
diamond and graphite. Diamond is so hard due to the strong bonding between
atoms. In graphite, where strong bonds are found along the planes but weaker
bonds between planes, it is possible to peel off planes from each other.

In 1985 another structure made of carbon was discovered, namely the
spherical fullerene, consisting of carbon atoms arranged in a lattice similar to
the seams on a nanometer-sized soccer-ball [3], as seen in figure 1.1a. Nineteen
years later it was found to be possible to peel off a single sheet of graphite,
called graphene, consisting of carbon atoms in a two-dimensional hexagonal
honeycomb lattice [4]. The one-dimensional carbon nanotube is a structural in-
termediate, which could be thought of as a rolled up two-dimensional graphene
sheet with half a zero-dimensional fullerene at its ends as seen in figure 1.1b.
They were also discovered at an intermediate point of time in 1991 [5].



Figure 1.1: (a) Schematic structure of a fullerene. (b) Schematic structure of a
carbon nanotube. (c¢) A carbon nanotube can be thought of being rolled up from
a sheet of graphene. (d) Schematic image of the sp?-hybridization. Each carbon
atom has 3 sp?-orbitals and 1 p,-orbital. Overlapping sp?-orbitals form ¢ bonds and
p.-orbitals form 7 bonds.

Graphene can be considered to be made of benzene rings joined together
and stripped of their hydrogen atoms. Isolated carbon atoms have four valence
electrons. In graphene three atomic orbitals are hybridized into a trigonal
planar structure, forming the sp?>-hybridization with covalent o bonds between
the carbon atoms, see figure 1.1d. Those strong bonds are responsible for the
robustness of graphene. The remaining fourth valence electrons form covalent
7 bonds with neighboring carbon atoms and those are responsible for the
electronic properties [6].

A carbon nanotube (CNT) could be thought of as being rolled up either
from a single sheet of graphene making the wall of the tube consist of a single
layer of carbon atoms, thus called single-walled nanotube (SWNT), or many
sheets of graphene, called multi-walled nanotube (MWNT). The latter can be
compared to a Russian doll where the individual dolls of smaller and smaller
sizes are SWNTs, which are stacked into each other to form a MWNT. In re-
ality CNTs are not made by rolling up graphene, however the opposite process
of unzipping CNTs into graphene has been realized experimentally [7].

Thinking of a SWNT to be rolled up from a graphene sheet, the tube
can be specified by the chiral indices (n,m) defining the chiral vector C}, =
n-ay +m - az, where a; and ay are the unit vectors of the graphene lattice.
The chiral vector then describes the circumference of the SWNT, as seen in
figure 1.1c. From the chiral indices the diameter and chiral angle of a SWNT
can be determined.

Experimentally, diameters of SWNT are found to be less than a few nm
and in some cases as small as 4 A for freestanding SWNT [8] and 3 A for
CNT inside MWNT [9]. Carbon nanotubes can have very large aspect ratios.



For SWNTs of 1 nm diameter, lengths close to 20 cm have been reported
[10]. Since graphene is a single layer of atoms, the definition of thickness is
ambiguous. A common value to use is the inter-plane distance of 3.35 A in
graphite [11]. Single crystals of mono-layered graphene with dimensions up to
1 mm? have been obtained [12].

1.2 Mechanical properties

It has been discussed that two-dimensional crystals can not exist due to ther-
mally induced atomic vibrations resulting in melting at any finite temperature
[13]. However the discovery of graphene, a single layer of atoms truly being
a two-dimensional crystal, has shown that stability can be obtained for flat
graphene by support from the substrate [14] and for suspended graphene by
forming ripples in all three dimensions [15].

The strength of the sp?>-bonds between carbon atoms makes graphene very
stable. It has been measured that, assuming a thickness of the inter-plane
distance, graphene has an effective in-plane Young’s modulus of 1.0 TPa, a
tensile strength of 130 GPa and that elastic stretching up to 20 % is possible
[16]. The value of the tensile strength for MWNTs is 63 GPa [17], the lower
value being due to more defects. In comparison the tensile strength of standard
steel is less than 1 GPa.

This in combination with their low density, which is six times lower than
steel, make graphene and CNTs very promising materials for light-weight and
high-strength applications, used e.g. in composites for sport materials, space-
elevators and nanoelectromechanical systems. The latter are described in
Chapter 3 and examples are found in Paper III and IV.

1.3 Electronic properties

Where the conduction- and the valence band in graphene meet, the energy
dispersion is linear for low energies [6]. This gives the conical shape of the
energy levels depicted in figure 1.2. Thus the density of states approaches
zero at the Fermi point, making graphene a zero bandgap semiconductor. The
linear dispersion also implies that electrons propagate with zero effective mass,
resulting in quasi-particles described by a Dirac-like equation. In combination
with samples of high quality where electrons can travel relatively long dis-
tances without scattering this leads to robust quantum effects surviving even
at room temperature, hence turning graphene into a playground for funda-
mental physics [12].

It should be noted that the described electronic properties of graphene are
valid for monolayered graphene. For a stack of two layers of graphene on top of
each other, bilayered graphene, there is a small overlap between conduction-
and valence band. For 3 layers the overlap increases drastically and for 10



layers or more it is less than 10 % different from bulk graphite [18]. Hence
mono-, bi- and few-layered graphene should be distinguished as different types
of graphene. In this thesis graphene is mono-layered unless stated differently.
The unusual electronic structure of graphene is the origin of the remarkable
electrical properties of carbon nanotubes [2]. When folded into a nanotube,
the imposed periodic boundary conditions quantize the allowed values of elec-
tron momenta around the circumference, ky. Thus only a few slices of the
conical energy levels become available, see figure 1.2. Which slices that are
allowed depends on tube diameter and chirality. If the allowed slices include
the Fermi point the CNT will have metallic properties. Otherwise it will be
semiconducting, with a band-gap that is inversely proportional to diameter
[19]. Thus the chiral indices of the tube determine its electronic properties.

Figure 1.2: (a) Schematic band-structure of graphene, with a slice of allowed mo-
menta, ky, in metallic SWNTs. (b) Schematic band-diagram of a metallic SWNT.
(c) Schematic band-structure of graphene, with a slice of allowed momenta, ky, in
semiconducting SWNTs. (d) Schematic band-diagram of a semi-conducting SWNT.

As a zero-gap semiconductor, graphene behaves similar to a metal at finite
temperatures. A band gap is opened when narrow graphene nanoribbons are
formed due to quantum confinement, similar to CNTs [20]. Also for graphene
the energy spacing is inversely proportional to the width. However, the band
gap is doubled in a CNT, compared to a graphene nanoribbon of the same
width as the CNT circumference, due to different boundary conditions [2].

The excellent electrical properties in combination with the small physical
dimensions makes graphene and carbon nanotubes very promising materials
for electronic applications, as discussed more in Chapter 3 and used in Pa-
per V. Improvements of microprocessors over the last decades have mainly
been due to miniaturization of its most important component, the transistor.
For various reasons this development cannot continue forever using silicon as
building material. Instead graphene nanoribbons [1] and carbon nanotubes [2]
have been envisioned as being the building-block of future transistors. In order
to make that possible, better control of their synthesis and device fabrication
has to be achieved.



Chapter

Experimental methods

New materials enable new technology. But they also require new technology.
Development of methods for production and characterization often goes hand
in hand with development in material science. After synthesis of a material,
characterization of it has usually been desired. The gained knowledge has led
to improved methods both for fabrication and investigation of materials.

In this chapter synthesis and characterization of graphene and carbon nan-
otubes will be introduced. Also methods for fabrication of devices thereof will
be described. Synthesis of carbon nanotubes is described further in Chapter
4 and in a review by Nessim [21]. The review of characterization of CNTs by
Belin and Epron [22] and the introduction to micro- and nanofabrication by
Ziaie et al. [23] provide broader perspectives on the subjects.

2.1 Microfabrication

Advances in techniques for making small structures have been driven by the
demand for faster, cheaper and more efficient computers. This has led to
the development of microelectronics with increasing density of transistors in
microprocessors and memory chips.

Fabrication of the small structures in microelectronics is done by remov-
ing or adding material on a surface, usually silicon. The building blocks,
for example transistors and resistors, are sculptured down from existing bulk
material, which could be a metal; semiconductor or insulator. The building
blocks are then assembled on top of each other into the final structure, hence
these methods are called top-down fabrication.

Examples of a typical scheme of top-down processes, used to fabricate
suspended graphene beams e.g. in Paper IV, are shown in figure 2.1. Starting
from an oxidized silicon substrate, graphene is deposited on the surface, as
seen in figure 2.1a. Resist is patterned on top by electron-beam lithography
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Figure 2.1: (a-h) Schematic cross-sections during the fabrication-steps of suspended
beams from graphene. The schematic structures are seen from the side through a
cross-section during the steps of processing. (a) Deposition of graphene. (b) Resist
patterning. (c) Dry etching of graphene. (d) Removal of resist. (e) Patterning of
new resist. (f) Metal deposition. (g) Lift-off. (h) Wet etching of substrate underlying
graphene.

(EBL). In EBL parts of the resist are exposed by a focused electron-beam,
thus modifying the properties of the exposed areas. Typically only exposed
parts are selectively removed when put into a developer, figure 2.1b.

Patterning of resist can also be done by photolithography, where UV-light
is used instead of the electron beam. Electron-beam lithography gives better
resolution and the ability to tailor-make the pattern of exposure for each sam-
ple, making it suitable for patterning on carbon nanotubes and graphene where
the desired pattern typically differs from sample to sample. Photolithography
on the other hand enables mass-fabrication of patterns, making it the choice
for lithography in the semiconductor industry.

The pattern of the resist is transferred to graphene by dry etching. During
dry etching ions in a plasma are accelerated towards the substrate and remove
the surface atoms either by physical sputtering, chemical reactions or both.
Masks can be used to protect certain areas, such as in figure 2.1c where only
parts not covered by the patterned resist are removed. After removal of the
resist, patterned graphene beams remain on the substrate, figure 2.1d.

A new layer of resist is patterned, using EBL, in the shape of electrodes
contacting the graphene beams in figure 2.1e. Metal is deposited by electron-
beam evaporation. A metal-source is heated by an electron-beam until it
evaporates. Kept in vacuum the evaporated atoms travel in straight lines
towards the sample, landing on top of the resist or on top of the substrate
where resist is missing, figure 2.1f. Removal of the resist with metal on top
leaves electrodes on the substrates, figure 2.1g.

Wet etching of the substrate underneath is the final step to obtain sus-
pended graphene beams, figure 2.1h. The etchant reacts chemically with the
material to be removed. Material that does not react with the etchant is not



removed. Hence, wet etching can be used to remove hundreds of nanometer
thickness of silica while keeping an atomic layer of graphene unaffected.

Fabrication of advanced devices built up step by step is achievable us-
ing top-down methods. However the lithographic resolution has limits and it
becomes increasingly hard to carve out structures with smaller and smaller
dimensions. To continue to increase the performance of computers, it will
eventually be necessary to combine the existing methods with other methods
capable of producing structures with atomic perfection, which has been done
in Paper III, IV and V.

2.2 Synthesis of carbon nanotubes

In bottom-up fabrication the starting material is individual atoms or molecules,
which are put together to build up larger structures. Under certain conditions
atoms of the chosen material self-assemble into the preferred structure, usu-
ally a particle or wire. Using bottom-up methods, structures with dimensions
down to less than a nanometer can be formed spontaneously by the atoms
themselves.

Figure 2.2: (a) Carbon atoms on a catalyst nanoparticle bond with each other into
a cap. (b) Added carbon atoms bond to the edge of the cap. (c) Addition of carbon
atoms to the edge increases the length of the carbon nanotube.

An example of bottom-up fabrication is growth of carbon nanotubes. Car-
bon atoms are added to a catalyst nanoparticle, where they start to bond with
each other and form a half-sphere of atoms. As more atoms are added they are
incorporated into the edge of the carbon nanotube, where they are guided by
the existing atoms into their lattice position. The added atoms thus increase
the length of the formed carbon nanotube, as seen in figure 2.2.

The small size and the excellent electronic properties of CNT's are features
suggesting that they could be used as building blocks in future microchips. In
order to make this possible, better control of their growth must be achieved,
which was done in Paper I and II. In addition, the advantages of bottom-up



methods must be combined with the advantages of top-down methods.

Control of carbon nanotube synthesis requires understanding of the pro-
cesses involved. It has been seen that carbon nanotubes can be formed under
a range of different conditions. The methods of arc discharge, laser ablation
and chemical vapor deposition have been developed. The basic requirements
to form SWNTs have been found to be an active catalyst, a source of carbon
and sufficient energy.

In arc discharge synthesis a high-current power supply is used to produce
an arc across an mm-sized gap between two graphite electrodes, as seen in
figure 2.3a. Using an inert gas as reaction atmosphere MWNTs are formed on
the cathode [5]. By adding metal catalyst to the anode, formation of SWNTs
was possible [24]. The discovery of carbon nanotubes was made in material
made by this method.

Furnace C Furnace
| | —— .
—> Il Target I -i—» _sgss-Substrate
[ E— | E——
Carbon
- - feedstock ™ -

Figure 2.3: Schematic setup for synthesis of carbon nanotubes using arc-discharge
(a), laser ablation (b) and chemical vapor deposition (c).

The first large-scale production of SWNTs was achieved using laser abla-
tion synthesis [25]. A graphitic target with cobolt and nickel incorporated was
placed in an inert atmosphere and heated to 1200 °C in a quartz-tube furnace,
figure 2.3b. The target was vaporized using a high-power laser pulse, forming
a plume of vaporized graphite and nanometer-sized metal particles. SWNTs
were grown in the plume and collected when cooled.

In chemical vapor deposition (CVD) a catalyst nanoparticle, typically
made of iron; cobolt or nickel, breaks down a gas containing carbon. The
catalyst is heated to typically between 700 and 900 °C, figure 2.3c. The car-
bon feedstock, e.g. acetylene; ethylene or methane, is added to the reaction
atmosphere and when its molecules are dissociated on the catalysts their car-
bon atoms go into growth of CNTs.

Decomposition of the carbon feedstock can be done either by thermal en-
ergy, used in thermal chemical vapor deposition (TCVD), or be assisted by
plasma creating reactive species facilitating growth at low temperatures, used
in plasma-enhanced chemical vapor deposition (PECVD). CVD-synthesis en-
ables synthesis of CNTs from individual SWNTs to industrial-scale bulk pro-
duction of MWNTs.



An advantage of CVD, compared to other methods for synthesis, is that
CNTs can be grown directly on a substrate. This enables control of the posi-
tion of CNTs by lithographically patterning areas with thin films of catalyst
material, as in figure 2.4a. The use of standard microfabrication on the sub-
strate both before and after synthesis of CNTs enables device fabrication on
the same substrate where they are grown.

Chemical vapor deposition can also be used for synthesis of graphene.
Similar to growth of nanotubes a carbon feedstock is used on a metallic film,
but its thickness is different. For nanotubes it is important that the film is
very thin, typically 1 nm, in order to form nanoparticles of the size needed
for growth of nanotubes. For two-dimensional graphene instead a continuous
metal film, e.g. Ni [26] or Cu [27], is used [26]. A drawback of graphene flakes
grown with CVD on metal film, is that they have to be transferred to another
substrate to enable electrical measurements.

An alternative method to obtain layers of graphene is to peel them from
graphite. When pressed onto a substrate flakes of different thickness are ex-
foliated. The flakes with the desired number of layers can be selected for
device fabrication and characterization. This method, known as the scotch-
tape method, was used when isolated monolayers of graphene were discovered
[4] and still gives the best quality of flakes.

Graphene flakes of high quality with sizes large enough for most scientific
studies are produced this way. However, the position where graphene is exfo-
liated cannot be controlled, although transferring it onto pre-defined locations
is possible afterwards [28]. Thus the scotch-tape method cannot be scaled up
for mass production. Other methods for fabrication of graphene, in addition to
CVD, are epitaxial growth on silicon carbide [29] and exfoliation by sonication
of graphite in liquid [30].

2.3 Characterization

After fabrication, characterization of the obtained graphene or carbon nan-
otubes is often desired. The nanometer dimensions makes full characteriza-
tion on an atomic level challenging. Still there are many possibilities and the
method of choice depends on which property is to be studied.

Optical microscopy has proved to be an excellent tool for selection of
graphene flakes after exfoliation on a substrate. Despite being only a single
layer of atoms thick, when put on oxidized silicon of carefully chosen thickness,
interference-like contrast makes graphene visible [31]. Hence finding flakes and
determining their shape and location for further processing is possible with an
optical microscope, facilitating the work in Paper IV and V.

Vertically aligned nanotube arrays, as shown in figure 2.4a, can be studied
in an optical microscope to measure height and position, which was utilized in
Paper II1. Using scanning electron-microscopy (SEM) it is possible to observe



smaller details in the sample, i.e. the individual CNTs in the array. Also
individual SWNTSs on a substrate are visible in SEM, as seen in figure 3.3a,
so that their position and length can be determined with a resolution of a few
nanometers.
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Figure 2.4: (a) SEM-image of vertically aligned nanotube arrays. Scale-bar is 100
pm. (b) Raman spectrum of CNTs. Inset shows a TEM-image of CNTs grown at
similar conditions. Scale-bar is 20 nm.

Transmission electron-microscopy (TEM) can be used to image the atomic
structure, such as defects and ripples in graphene [15] and diameter and num-
ber of walls in CNTs [5], as seen in the inset to figure 2.4b. Determination
of the microstructure in TEM of the carbon nanotubes after synthesis was
crucial for understanding the results in Paper I and II.

Since the carbon bonds are sensitive to electron irradiation, acceleration
voltage and electron dose should be kept as low as possible to avoid defects
created from knock-on effect [32]. By comparing images of CNTs obtained
by TEM with simulations it has been possible to determine chiral indices of
nanotubes with diameters down to 0.4 nm [33].

Imaging of the topography of a surface can be done using atomic force
microscopy (AFM), which is a form of scanning probe microscopy (SPM),
where a sharp tip attached on a cantilever is put in close proximity to the
surface. By measuring the forces between the surface and the tip, the cantilever
can image surface topography when scanned across the substrate. Vertical
resolution of less than a nanometer can be obtained whereas lateral resolution
is limited by the sharpness of the tip, typically on the order of 10 nanometers.

Imaging in AFM is time-consuming, due to the limits in speed of scanning,
and mostly requires the structure to be imaged and located in an optical
microscope or SEM first. However an AFM can be used not only to image
but also to measure properties of the surface. Examples are the possibility to
do force-deflection measurements to obtain the mechanical properties of the
imaged structures [16].
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Optical spectroscopy can be used as a complement to imaging of nanotubes.
In resonant Raman spectroscopy an electron is excited, by absorbing a photon,
from the valence band to the conduction band. The excited electron might
lose energy to lattice vibrations and is then relaxed back to the valence band.
The shift in energy, between absorbed and emitted photon, is measured and
used to probe the vibrational modes.

A Raman-spectrum, seen in figure 2.4b, shows the intensity of photons for
different shifts in energy. The intensity-peaks correspond to vibrations in the
carbon structure. The G band is due to vibrations along the hexagonal carbon
lattice and the the D band is due to presence of disorder [34]. Thus Raman
spectroscopy can be used to determine quality by comparing the area of the
D and G band.

Part of the spectrum obtained from a SWNT resonant with photons from
the excitation laser contains a peak from the radial breathing mode (RBM),
whose frequency depends on the diameter of the nanotube [35]. The 2D peak,
the second order of the D peak, can be used to determine the number of layers
[36] and to measure strain [37].

11



Chapter

Applications

New materials enable new applications. Development of applications has al-
ways been a driving force for material science and continues to be so when
entering the age of carbon.

Graphene and carbon nanotubes can be envisioned in many applications
[12] [38]. The high conductivity together with transparency enable transparent
electrodes for touchscreens [39] and solar cells [40]. The conductivity together
with large surface area could find use in electric batteries [41]. Applications
in optoelectronics have also been proposed [42].

This thesis focuses on the exceptional electronic and mechanical prop-
erties of graphene and carbon nanotubes. In combination with their small
dimensions and low mass density this makes them interesting materials for
fast transistors and high-frequency nanoelectromechanical resonators, the two
applications described in this chapter and later in the thesis.

Transistors are interesting both to learn more of the electronic characteris-
tics of the materials and as potential successors to silicon in future micropro-
cessors, and are used in Paper V. Resonators can be used both for fundamental
studies of nanomechanics and for applications such as mass sensing [43]. Sim-
ilar devices are studied in Paper III, IV and V.

3.1 Transistors

The transistor is the foundation of modern information technology. Faster
and cheaper electronics has changed the world by making computers and cell
phones available to the large masses. This development has been achieved
through improvements of silicon-based transistor designs, made possible by
improved methods for microfabrication. In the future however, further minia-
turization of silicon transistors will not improve their performance anymore
and the possibility to use other materials has to be investigated [44].
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The field effect transistor (FET) is a three terminal device where the cur-
rent between two of the terminals, the source- and drain-electrodes, is con-
trolled by the voltage on the third, the gate-electrode. In conventional tran-
sistors the channel between source and drain is made of doped, semiconducting
silicon and is separated from the gate by a thin insulating oxide. The gate-
voltage turns the drain-current on and off by controlling the position of the
Fermi level with respect to the band gap, hence the number of charge carriers
in the channel and its conductivity.

Figure 3.1: Schematic image of a carbon nanotube field effect transistor.

The material of the channel can be replaced with graphene or carbon
nanotubes. In both cases often metal is used for source- and drain-electrodes.
Typically the substrate is doped silicon with oxide on top to act as back
gate and gate-oxide, respectively. A carbon-based field effect transistor is
schematically shown in figure 3.1.

The performance of a transistor can be obtained by measuring its transfer
characteristics, which is done by measuring the drain current, Iy, at a con-
stant source-drain-voltage, Vg, while sweeping the gate-voltage, V. Transfer
characteristics using graphene or carbon nanotubes as channel material are
presented in figure 3.2.

For a transistor to be used in logic computation it should have a sufficiently
large difference between on and off states, measured as the ratio between I,y
and I,g. Another requirement is that a sufficiently small change in gate-
voltage is needed to switch the state from on to off, which is measured from
the slope in the transfer characteristics when going from on to off state and
called the inverse subthreshold slope, S.

Graphene, being a zero band-gap semiconductor, conducts well for all gate-
voltages as seen in figure 3.2a. Around the point of minimum conductance,
the Dirac point, the current can be slightly changed by the voltage on the gate.
This is due to a change in the number of charge carriers with applied potential.
The low on-off-ratio in graphene make it unusable in logic applications. Still
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Figure 3.2: Transfer characteristics of a graphene beam (a), a metallic SWNT (b)
and a semiconducting SWNT (c).

the high mobility of the charge carriers and low contact-resistance enable high-
frequency applications [1].

A band-gap can be opened up in graphene, e.g. by spatial confinement.
The band-gap of graphene nanoribbons can be engineered by controlling their
width [20]. To make logic operations possible at room-temperature widths be-
low 10 nm are needed, a length-scale presently impractical for mass-fabrication.

The transfer characteristics of a metallic SWNT, figure 3.2b, show a con-
stant Iq for all V;. A semiconducting SWNT, figure 3.2c, typically has a max-
imum Ig for negative Vg, a low I4 for intermediate V; and a slightly higher I4
for positive V. This makes metallic CNTs useful for metallic interconnects
[45] while semiconducting CNTs have potential for logic circuits.

In a carbon nanotube field effect transistor (CNTFET) the transport char-
acteristics are typically not dominated by the channel but by the potential
barriers between CNT and metal contacts. These barriers, called Schottky
barriers, are due to the mismatch in work-functions and are problematic since
they reduce I, and switching speed [46].

The work-function of the contacts, hence their material, determines the
carriers of current. If negative electrons dominate the conductance the tran-
sistor is said to be of n-type. If instead positive holes dominate conductance it
is of p-type. If palladium is used as contact metal, the work functions match
and the barriers can be removed for holes [47].

Properties that make carbon nanotubes suitable for use in transistors are
their long mean free path and high mobility [48]. Advantageous are also their
small dimensions and simple integration with suitable gate dielectrics [49],
which improves their electrostatic control and switching speed.

The use of graphene and carbon nanotubes in mass-produced transistors
is not possible today. The main obstacles are not the intrinsic electronic prop-
erties of the materials themselves but the requirement for control in material
synthesis and device fabrication on the atomic level to fully control the tran-
sistor characteristics. Although this may not be impossible to control in the
future, probably other electronic devices will find the use of these materials
before we have carbon-based transistors in our computers.
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3.2 Nanomechanical resonators

Nanoelectromechanical systems (NEMS) are promising to use for a number
of scientific and technological applications. Resonators, suspended beams vi-
brating similar to a guitar string, have been proposed for use in sensitive mass
detection [50] and for exploring quantum phenomena [51].

Suspended graphene has been obtained using exfoliation on top of pre-
defined trenches [52], by etching the substrate under exfoliated graphene [53]
or grown by chemical vapor deposition [54]. Similar to the first method, carbon
nanotubes can be grown first and suspended by removing the substrate or
grown directly across a trench, as seen in figure 3.3a. The latter methods are
similar to what is shown in figure 2.1, a resulting beam is shown in figure 3.3b.

Figure 3.3: (a) Image from SEM of a suspended carbon nanotube. (b) Image from
SEM of a suspended beam of bi-layered graphene. Scale-bars are 1 pm.

Both graphene and carbon nanotubes can be electrostatically actuated,
deflected, due to their conductive nature. A gate-voltage applied to the sub-
strate, thus acting as a back-gate, induces additional charge, ¢, on the beam.
The attraction between this charge and its mirror charge on the gate gives rise
to an electrostatic force
1dCy

Fa = 2 dz

V2, (3.1)
where % is the derivative of the capacitance with respect to the distance
between beam and gate. Thus by applying an alternating V, at a frequency
close to resonance the beam will vibrate.

The motion gives rise to a change in conductance proportional to the
change in added charge on the beam described by [55]

5 = 6(Cy Vi) = CsdVy + V3G, (3.2)
where the first term is the standard transistor gating effect and the second

term is non-zero due to the movement of the beam.
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The conductance of graphene and semiconductor SWNTs varies with the
added charge, i.e. with changed V; as shown in figure 3.2 or by motion of
the beam as described in equation 3.2. The change in source-drain-current
can then be used to electrically read-out the movement of the beam. By
measuring the conductance at different driving frequencies the frequency of
resonance can be found [55].

Static deflection can be imaged using scanning electron microscopy [56] or
atomic force microscopy for carbon nanotubes [57] and graphene [58]. Vibrat-
ing motion of both systems can be monitored using scanning probe microscopy
[59] [60]. For motion of graphene, detection can also be made optically by in-
terferometry [52].

Despite their atomic nature the motion of both CNT [61] and graphene
[62] resonators can be well described by classical continuum mechanics. Then
the frequency of resonance for the first mode, wyes, is given by [50]

1 |E
Wres ™ ﬁ ;, (33)

where L is the length of the beam, F is the Young’s modulus and p is the mass
density of the beam. Both graphene and carbon nanotubes are promising
for high-frequency applications due to their small lateral size, high Young’s
modulus and low mass density. NEMS resonators with resonance-frequencies
of hundreds of megahertz have been obtained using carbon nanotubes [55] and
graphene [43].

Carbon-based resonators are promising for direct studies of quantum me-
chanics, which require cooling into the quantum regime where kT < hwres
[63]. Hence a high wyes puts lower demands on cooling, making the quantum
limit within reach experimentally. Also detection is facilitated since the am-
plitude of the zero-point fluctuations is given by Azg = /h/(2mwres) [63],
thus the small masses of beams of CNTs and graphene are advantageous.

Carbon-based resonators not only operate at high frequencies, but due to
their small bending rigidity tension is important for the vibrations [64]. The
tension can be controlled, by applying a static electrostatic force on the beam.
Including tension adds a term to equation 3.3, hence wyes can be tuned and
due to their large elasticity increases of 200 % have been observed both for
SWNTs [55] and graphene [43]. Combined with high fundamental resonance
frequency this tunability enables applications in tunable RF-resonators.

The quality factor, ), is a measure of the damping in the resonator. To
obtain high quality factors it is important to have very clean beams. Since
lithography easily leaves resist residues on the substrate this has been obtained
for nanotubes by having synthesis as the last step in fabrication [65] and for
graphene by using lithography-free processing [66]. The quality factor has also
been shown to improve by reducing the amplitude of the driving voltage [67]
and by lowering the temperature [68].
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An application for resonators is mass sensing. The addition of extra mass,
for example adsorption of molecules, to the beam shifts its resonance fre-
quency. Thus the addition of a small extra mass, M, can be detected by
measuring the change in vibration amplitude or resonance-frequency. The
smallest measurable shift in mass follows the expression [50]

M
oM oo (3.4)
where M is the mass of the beam. For a mass sensing resonator to have a low
detection-limit the mass of the beam should be low while the quality factor
and resonance frequency should be high.

With its high Young’s modulus and low density, giving a high wyes accord-
ing to equation 3.3, together with atomic thickness giving low mass, carbon
nanotubes [69] and graphene [70] are very promising materials for mass sens-
ing with detection limits of single atoms. In order to realize these applications
with suspended beams of graphene or carbon nanotubes, optimization of fabri-
cation and measurement techniques is needed to improve resonance frequencies
and quality factors.
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Chapter

Synthesis of carbon nanotubes

The growth mechanisms of carbon nanotubes are not clearly understood due
to the complexity and interplay between the processes. It is still considered as
an art to select the right materials and process parameters to grow a specific
type of carbon nanotubes [21].

This chapter describe how the kinetics of synthesis is related to the micro-
scopic processes involved in growth of carbon nanotubes. The results are used
to obtain a deeper understanding of the mechanisms controlling synthesis of
carbon nanotubes.

4.1 CVD-synthesis

The basic requirements for growth of carbon nanotubes are a catalyst nanopar-
ticle, a source of carbon and excess energy. In thermal chemical vapor depo-
sition the catalyst can be located on a substrate, the sources of carbon are
the carbon-containing gas-molecules fed into the process atmosphere and the
excess energy comes from heating the catalysts and the process atmosphere.

The carbon feedstock is decomposed on the catalyst nanoparticle, thus
adding carbon atoms to the catalyst, while the rest-products from the feed-
stock are transported away in the gas-phase. The carbon atoms diffuse on
the catalyst and start to connect to each other into carbon chains and rings
forming a network bonded to the catalyst nanoparticle. When enough carbon
atoms are dissolved the catalyst nanoparticle becomes saturated.

Continued carbon addition to the catalyst makes it supersaturated and
due to the curvature of the nanoparticle it becomes energetically favorable
for the carbon network to be lifted from the surface, forming a cap on the
catalyst. The cap is at one end of the carbon nanotube and the other is at the
edge between nanotube and catalyst, which is kept open due to the binding
strength between catalyst and carbon atoms at the edge [71]. When more
carbon atoms are added they diffuse through the particle to the edge of the
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Figure 4.1: Schematic images of the initial stages of CNT-growth. (a) Molecules
of carbon feedstock impinge on the catalyst nanoparticle. (b) The feedstock is de-
composed and carbon atoms are dissolved into the nanoparticle. (c¢) Carbon atoms
aggregate and bond into a cap, that is lifted of the nanoparticle. (d) Continued addi-
tion of carbon atoms increases the length of the nanotube. The growth-rate depends
on the rate of feedstock decomposition. The poisoning-rate depends on the rates of
gas pyrolysis and change of catalyst state.

carbon nanotube, where they are incorporated and thus increase the length of
the carbon nanotube.

The growth model described above and shown in figure 4.1 is called the
vapor-liquid-solid model, since atoms come from gas phase and via a disor-
dered state form a solid structure, and was originally developed to explain the
formation of silicon wires [72] and later extended to apply to CNT formation
[73]. The model was thought to require molten catalyst to allow for bulk dif-
fusion of carbon atoms, but low-temperature growth of CNTs has shown that
surface diffusion could be sufficient [74].

4.1.1 Kinetics of carbon nanotube growth

A carbon nanotube will continue to grow until the supply of carbon is stopped.
The addition of carbon to the nanotube involves many processes, for exam-
ple decomposition of the carbon feedstock, diffusion of carbon atoms in the
nanoparticle and incorporation of carbon into the nanotube. The slowest pro-
cess involved will limit the growth-rate of the carbon nanotubes, p.
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Termination of growth could be due to either stopped addition of carbon
feedstock to the process atmosphere or poisoning of the catalyst nanoparticle.
In the last case, supply of carbon feedstock is prevented by a carbon-coating
formed on the nanoparticle or by carbide formation in the catalyst giving
much slower carbon diffusion, the processes are shown in figure 4.1d. It has
also been proposed that termination of growth is caused by restructuring of
the catalyst by Ostwald ripening [75].

The time of growth, 7, is determined by the rate of the processes causing
poisoning. From catalyst poisoning of individual nanoparticles it is expected
that the growth-rate declines exponentially. For some conditions this has also
been observed [76]. Using acetylene to grow vertically aligned nanotube arrays
(VANTAS) it has been found that growth is well described by equation 4.1 with
constant rate of growth until sudden termination [77][78][79].

The termination length, A, can then be approximated by assuming that
the nanotubes have a constant growth-rate during the time of growth and then
suddenly stop growing. The length of the nanotubes grown will therefore be
given by

A=p-T, (4.1)

where A and 7 are known and p can be calculated or A and p are known and
T can be determined.

Studies of the kinetics, i.e. the rates, of nanotubes growth and poisoning
can not only be used to describe the macroscopic properties of the synthesis.
Since the growth- and poisoning-rates depend on atomic processes the kinetics
forms a link between macroscopic properties and microscopic processes. This
makes it possible to determine rate-limiting processes, not possible to observe
directly, through the study of kinetics.

4.1.2 Catalyst

The first requirement for growth of carbon nanotubes is an active catalyst
made of a material with sufficient binding-strength to carbon to prevent the
opposite end of the CNT to close itself [80]. Traditionally the materials consid-
ered have been the transition metals iron, cobolt and nickel. It has been shown
that also gold, silver and copper can be used as catalyst material, although
then conditions of growth are more limited [81]. For the cap to spontaneously
lift-off the catalyst nanoparticle has to have a curvature corresponding to a
diameter of roughly 10 nm or less to form SWNTs.

It has been found that CNT diameter is related to catalyst diameter [82].
The most energetically favorable cap formed is the largest possible, i.e. with
the same diameter as the nanoparticle, since then the largest number of the
strong carbon-catalyst bonds and lowest strain energy is achieved. During cap
formation it is not always the structure giving globally lowest energy that is
formed, instead lifting of a smaller cap at an earlier stage could form a local
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minimum in energy. Due to the fast addition of more carbon atoms prolonging
the tube the cap has usually not found the optimal structure [33]. Thus the
relation between CNT and catalyst nanoparticle diameters is not as simple as
them being equal but instead it is dependent on the thermodynamics of the
growth conditions used.

A layer of catalyst material can be deposited using thin-film evaporation
forming a thin and uniform layer. When heated up before growth the atoms
start to diffuse on the surface into larger agglomerates forming the catalyst
nanoparticles. In this process the nanoparticles have a broad distribution of
sizes [83].

The catalyst material on substrates can be patterned using lithography.
Catalyst areas are formed by patterning a layer of resist before catalyst depo-
sition and then removing the resist. Growth of CNTs will then occur only in
the areas of the substrate patterned with catalyst [84], as shown in figure 4.2.
Patterning of catalyst enables control of which areas CNTs are grown from
thus forming a step towards large-scale production of nanotube-based devices.

Figure 4.2: (a-b) Schematic images of synthesis from patterned catalyst areas. (a)
Catalyst material is patterned. (b) During synthesis carbon nanotubes are only grown
in areas with catalyst. (c) SEM-image of carbon nanotubes grown from patterned
catalyst areas. Scale-bar is 1 pym.

Instead of depositing the catalyst directly on the substrate a support layer
can be used. The role of the support could be to increase the surface area
and thus the yield of CNT for small samples [85]. The support can also be
used to control catalyst size distribution by reducing diffusion length when
nanoparticles are formed [86]. A supporting layer can also enable growth on
otherwise incompatible substrates such as silicon, where the catalyst material
forms silicide without a supporting layer acting as diffusion barrier [87].

Depending on the adhesion between catalyst and substrate base- or tip-
growth could occur. If interaction with the underlying substrate is strong the
catalyst will remain stuck to the substrate and the grown CNT extends out
from it, which is known as base-growth and shown in figure 4.1. In tip-growth
the catalyst nanoparticles are instead on top of the nanotubes while the other
ends are stuck to the substrate. Thus the material of substrate and catalyst
decide which growth-mechanism will occur. In some cases also the growth
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conditions used can influence the growth mechanism, for example fast-heating
has been seen to promote tip-growth of longer SWNTs while slower heating
gives base-growth of shorter SWNTs [88].

It can be noted that the catalyst during CNT synthesis often is transformed
into carbide, which is one of the mechanisms believed to stop growth. This
is in conflict with the standard definition of a catalyst, since then it should
facilitate a reaction without being consumed. It is also uncertain whether the
main role of the catalyst nanoparticle is to facilitate the cracking of carbon
feedstock or carbon incorporation into CNT. Instead, it could be to provide a
growth site for the CNT in the initial stage and enable continued growth.

4.1.3 Synthesis atmosphere

Carbon is added to the catalyst nanoparticles in the furnace through the pro-
cess atmosphere during synthesis of carbon nanotubes using chemical vapor
deposition. In order to achieve controlled conditions during growth, enabling
reproducible results, care has to be taken of which gases are used during heat-
ing of the furnace, synthesis and cooling of the furnace, respectively. The
pre-treatment stage should restructure the catalyst film into nanoparticles in
an active state. The growth stage should add carbon to the catalysts making
possible formation of CNTs with desired properties. During the last step of
cooling after synthesis the quality of the carbon nanotubes should be kept
unaffected or even improved.

In the pre-treatment step the atoms in the thin film of catalyst material
start diffusing due to the increasing thermal energy during heating. During
diffusion the atoms will assemble into nanoparticles to minimize surface energy
of the catalyst and substrate material. Larger nanoparticles will have a smaller
fraction of surface atoms, thus lower surface energy per atom. On the other
hand this leads to more of the substrate being exposed, increasing the surface
energy of the substrate. Thus the restructuring of the catalyst should minimize
surface energy of the whole system.

The diffusion of the catalyst atoms into clusters of a few atoms is fast since
individual atoms diffuse easily. Diffusion of clusters is slower and becomes
even slower as cluster size increases. The pre-treatment only lasts for a limited
amount of time so the diffusion into larger particles might not be given enough
time to reach equilibrium. In that case the size-distribution and density of
catalyst particles depends on time of pre-treatment [89).

The size-distribution of catalyst nanoparticles also depends on the process
atmosphere. Different gases give different surface energies of catalyst and sub-
strate, changing the structure that minimizes the energy. Also gas molecules
can absorb on the surfaces and change diffusion-rates. Hydrogen and ammo-
nia are common gases used during pre-treatment giving different structure of
catalyst [90]. Both gases are reducing in order to remove the native oxide
formed on the catalyst material.
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When the catalyst has reached the desired structure the carbon feedstock
is added to the process gases. The molecules of the inserted carbon source
should be broken down at the catalyst to provide carbon material for growth of
CNTs, shown schematically in left-hand side of figure 4.1d. Common examples
of carbon precursors are the hydrocarbons acetylene, ethylene and methane.
When broken down these form molecular hydrogen as the byproduct, which
re-enters the process atmosphere and is transported away.

Acetylene (C3Hz2) is a very reactive molecule which is easily broken down
and thus enables growth of carbon nanotubes at relatively low temperatures.
The high reactivity of the acetylene molecule also makes it suitable for fast and
dense growth of CNTs. When CNTs grow with a certain density and an initial
speed they will support each other and start growing in a vertically aligned
nanotube array where the CNTs grow vertically out from the substrate, as
shown in figure 4.2. Those nanotube structures can be grown by using for
example carbon-rich acetylene [91] or ethylene [92].

Methane (C'Hy) is less reactive and thus requires higher process temper-
ature to grow carbon nanotubes. It has theoretically been predicted that
the number of walls a carbon nanotube gets during synthesis depends on the
rate of carbon addition to the catalyst compared to the diffusion-rate into the
CNT-structure [93], which means that a higher rate of added carbon gives
more CNT-walls. That could be used to understand why synthesis using less-
reactive methane usually gives SWNTs [94] whereas more-reactive acetylene
gives MWNTs [91].

It has been shown that acetylene is much more efficient than other small-
molecule precursors and can be regarded as a direct building block for CNT
formation [95]. However it should be remembered that due to the high temper-
ature the carbon-containing gas molecules will not only react at the catalyst
but also in the gas-phase. Pyrolysis of the carbon precursors while they are
transported toward the catalyst could change the composition of gases from
the inserted gases to a mixture between many reactive species, shown schemat-
ically in right-hand side of figure 4.1d.

Some species formed in pyrolysis could be essential for growth of carbon
nanotubes. Other might instead be responsible for the termination of CNT
growth. The latter could be the result of larger molecules, formed by pyrolysis,
creating an amourphous carbon overcoating on the catalyst nanoparticle [91].
The overcoating reduces the available area of the active catalyst and eventually
covers it completely, thus terminating addition of carbon to the CNT.

An oxidizing gas can be added to the reaction to increase the time before
poisoning of catalyst. Since amorphous carbon that forms the overcoating
is more reactive than graphitic carbon that forms the carbon nanotubes, a
small amount of oxidizer might clean the catalysts without damaging the nan-
otubes [96]. It has also been proposed that addition of oxidizing water reduces
Ostwald ripening of the catalysts [75]. Both effects prolong the time of growth.
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4.2 Experimental setup

In the TCVD-system used at the University of Gothenburg, shown in image
4.3, heating is done by a furnace. The substrate, with catalyst material, is
positioned in the middle of the furnace inside a quartz-tube. The quartz-tube
is sealed from the ambient atmosphere and filled with gases that form the
process atmosphere. During processing, the furnace heats the substrate with
catalysts and the process atmosphere. Since the temperature of the furnace
is highest in the center and lower close to the edges it is important to put the
substrate at the same position to be able to compare results of synthesis from
run to run.
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Figure 4.3: (a) Schematic image of the furnace TCVD-system (b) Photograph of
the furnace TCVD-system.

Mass-flow-controllers (MFCs) are used to be able to control the proportions
of the gases in the process atmosphere. Each gas, for example argon, hydrogen
and methane, is fed into the tube from its gas line via an MFC set to control
the flow-rate of that gas to a certain value. Although synthesis always takes
place at atmospheric pressure in this setup the total flow-rate of the gases and
thus their partial-pressure can be controlled using the MFCs.

Even if the gas composition fed into the quartz-tube can be controlled it
will be changed when reaching the zone heated by the furnace. The thermal en-
ergy given to the gas-molecules will initiate pyrolysis, transforming them into
different species. The resulting species will depend on initial gas-composition,
process-temperature and -time. Thus the composition of process gases will
vary along the furnace, which is yet another reason to put the samples at the
same position to be able to compare different runs.

24



4.2.1 Laser absorption measurements

To be able to study the synthesis of CNT's in situ a 670 nm laser-diode illumi-
nates the sample during growth and the intensity of the transmitted light is
measured by a photodetector, as shown in figure 4.3a and 4.4a. If a transpar-
ent substrate, such as quartz or fused silica, is used synthesis of CNTs on it
can be monitored by measuring the intensity of the light transmitted through
it.
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Figure 4.4: (a) Schematic image of laser absorption by CNTs. (b) Measurements
during synthesis of the photovoltage, which is proportional to the intensity of the
transmitted light.

When vertically aligned nanotube arrays are grown on a substrate light shin-
ing upon the array is absorbed. The longer the tubes are the more will light
be absorbed according to

I=1I-e (4.2)

3

where I and Iy are the intensity of light transmitted through the substrate
after and before growth of the VANTA, « is the absorption coefficient in
the VANTA and h is the height of the grown VANTA. Thus the height of
the VANTA can be measured during synthesis by measuring the transmitted
intensity of light [97].

The absorption coefficient depends on the density of nanotubes and their
effective extinction cross-section has been used to probe in situ the density
of nanotubes [98]. Its value is obtained by stopping growth of VANTAs and
calculating o from the measured absorption and height.

Since carbon nanotubes absorb light very well, even better than any other
object yet found [99], the simple setup used in our system can only be used to
study the growth of VANTASs during initial synthesis when a sufficient amount
of light is transmitted. In our setup, when CNTs grow above heights of 40 pym

25



the laser absorption measurements are limited by the sensitivity of the pho-
todetector. Still they give important information on the initial growth-rates

of VANTAs.

4.2.2 Synthesis conditions

In a typical run of synthesis of carbon nanotubes in the TCVD-system at
University of Gothenburg, described step by step in appendix A, between 1
and 8 pieces of cm-sized samples are loaded into the quartz-tube in the center
of the furnace. The sample used for laser absorption measurements is checked
to be positioned in the beam-line and the intensity of the transmitted light is
measured. After sealing of the quartz-tube the ambient atmosphere is pumped
out and argon and hydrogen is inserted during heating of the furnace.

When the process temperature is reached the catalyst thin film has already
started to diffuse into clusters which in turn diffuse into larger particles. Usu-
ally iron is used as catalyst material and when stored in ambient atmosphere
native oxide is formed. The hydrogen-gas fed into the process chamber re-
duces the iron back into its elemental state. Hydrogen is also adsorbed on the
surface of the iron particles and reduces the diffusion-rate, thus increasing the
time needed to form particles of a certain size [89]. The pre-treatment step
typically lasts for 10 minutes after reaching the process temperature.

When the carbon feedstock is introduced to the process gases it still has to
be transported through half of the quartz-tube before reaching the substrate.
This can be seen in the laser absorption measurements by the time between
introduction, when measurements start, and the time carbon nanotubes start
reducing the transmitted light of the laser, see figure 4.4b.

To avoid back-flow of process gases the gas-lines are at over-pressure.
Opening of the gas-line thus results in a burst of carbon feedstock. The burst
lasts for a period of time, until the MFC has responded and closed its valve
enough to set the flow to the desired value. If the burst is introduced to
the process chamber the sample will experience a substantially higher partial
pressure initially before it reaches the nominal value.

An optional method of gas-introduction is to let the initial gas-burst bypass
the process chamber and be led directly into the exhaust and let the process
gases into the chamber only after the set flow-rates are reached. The latter
method will henceforth be referred to as flow synthesis whereas the former will
be called burst synthesis.

For growth of VANTASs the density and growth-rate of carbon nanotubes
should be large enough to enable them to support each other to grow verti-
cally. Thus carbon-rich and easily cracked acetylene is added to the process
gases as carbon feedstock, usually at a process temperature of 700 °C, while
the decrease of intensity of transmitted light is measured. The flow-rate of
acetylene is typically less than 1 % of the total gas-flow.
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For growth of SWNTs, the less carbon-rich feedstock of methane is used.
Methane also requires higher energy to be decomposed, thus the process tem-
perature of 900 °C is higher than in acetylene-synthesis. When starting
SWNT-synthesis the gas composition is changed from argon and hydrogen
to methane and hydrogen with 90 % of the total gas-flow being methane.

Synthesis is stopped when the supply of carbon feedstock is stopped.
While the furnace is cooling down gases are changed to be similar to the
pre-treatment step. During cooling the role of hydrogen is to react with amor-
phous carbon to make the surface of CNTs and substrates cleaner. As in
previous steps argon is used as a dilution gas to reduce the partial pressure of
the other gases in the composition. When the temperature is reduced enough
to allow for sealing of the tube to be broken, the samples with CNTs grown
on top can be taken out and are ready for ex situ characterization.

4.3 Vertically aligned nanotube arrays

Vertically aligned nanotube arrays are made up of carbon nanotubes aligned
vertically from the substrate during synthesis. Individual CNTs usually can
not stand vertically, due to their high aspect-ratio. However CN'T's can support
each other to collectively grow vertically, when their density and growth-rate
is sufficiently high.

A sample, fully covered by a VANTA after synthesis, appears totally black
as seen from the top with the naked eye. To be able to study the detailed
structure, electron microscopy has to be used. In the images below an as-
grown VANTA is studied from the side by SEM and a CNT from a VANTA
is studied in TEM.

In figure 4.5a a VANTA is seen from the side over its entire height. Between

the bottom and top, marked by black lines in the left of the image, vertical
bright and dark lines can be seen. These lines are the vertically grown carbon
nanotubes. It can be noted that the wall of the VANTA appears flat without
any CNTs growing out from it. Also the top of the VANTA seems flat and
no individual CNTs are sticking up, thus the VANTA naturally forms a well-
defined box with CNTs inside but not outside.
When looking closer on the wall of the VANTA, as in figure 4.5b, it can be
seen that the vertically aligned nanotubes are not perfectly aligned. Instead
the CNTs wiggle to the sides back and forth along their length, altogether
giving a net vertical alignment. The CNT's seems to cross each other and form
a network where the nanotubes are connected to their neighboring CNTs at
different parts.

During growth of a VANTA the CNTs are constricted by the other nan-
otubes. The tubes will bend until they come into contact with a neighbouring
tube and adhere to it via Van der Waals interactions. Continued growth of
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Figure 4.5: (a) SEM-image of a vertically aligned nanotube array. Scale-bar is 100
pm. (b) SEM-image at higher magnification of a vertically aligned nanotube array.
Scale-bar is 1 pm. (¢) TEM-image of the microstructure of a multi-walled carbon
nanotube. Scale-bar is 20 nm.

the CNTs will bend them in other directions and give them their wiggling
shape. A consequence of the non-ideal vertical alignment is that the lengths
of individual nanotubes are longer than the height of the VANTA [100].

The height of the VANTA is increased by the collective pushing of the
top from the growing CNTs until growth is terminated. However it is not
necessary for all nanotubes to have the same growth-rate, since faster growing
tubes will get a more wiggling shape than those with a slower growth rate in
the same VANTA [101].

Since the nanoparticles formed from a thin film have a distribution of sizes
[89] it can be expected that there is a distribution also in growth-rate and
-time for the nanotubes forming the VANTA. However it is not fully known
if the collective growth-rate of the VANTA is limited by the slowest growing
nanotubes or determined by the mean growth-rate, nor how the growth-time of
the individual nanotubes is influenced by the other nanotubes in the collective
[78].

The microstructure of individual carbon nanotubes is studied using TEM.
The images can be thought of as showing a cross-section of the nanotubes,
making it possible to measure the diameter and number of walls. The mi-
crostructure depends on the conditions used during synthesis. In our studies
of VANTASs grown using acetylene usually the diameter varies from 5 to 10
nm and the number of walls from 2 to 10.

Figure 4.5¢ is an image from transmission electron microscopy showing a
nanotube from a VANTA. The walls of the multi-walled nanotube are seen as
black fringes, which can be counted to be nine in this image. The distance
between the walls in a MWNT is 0.335 nm [93], giving a hint of the resolution
obtainable using TEM. However the CNT's in a VANTA have a distribution
of microstructures, raising the need for many images to study a single sample.

When growing from a patterned catalyst film, the VANTAs will preserve
the shape of the pattern. CNTs will grow only from areas with catalyst mate-
rial, thus the initial network forming the top of the VANTAs will be created
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only in those areas. The nanotubes pushing the top network will continue to
grow from catalyst areas. Hence a square-shaped catalyst pattern will give a
square-shaped pillar of vertically aligned nanotubes, which are kept together
by Van der Waals-forces.

An interesting aspect of pillars of vertically aligned nanotubes is that they,
to some extent, show properties similar to individual nanotubes. In resem-
blance to how a nanotube bends during growth a pillar of nanotubes also
bends when the mechanical stability can not maintain vertical alignment. Pil-
lars of nanotubes can support each other during synthesis to improve vertical
alignment, just as nanotubes during synthesis of the VANTAs forming the
pillars.

For pillars growing close to each other, the pillar spacing has an effect on
alignment. In figure 4.6 pillars with 4 pym width are grown in a quadratic
pattern with different distances between the pillars. Individual pillars of 4 pm
diameter have poor vertical alignment, but when grown in arrays the pillars
support each other. As their separation decreases the vertical alignment in-
creases and when it is 2 um the pattern looking down on the top of the pillars
resembles the catalyst pattern, indicating excellent vertical alignment, as seen
in figure 4.6c.

Figure 4.6: SEM-images of arrays of VANTAs. Pillars are 4 ym wide and are
separated by 10 pm (a), 5 um (b) respectively 2 pum (c). Scale-bars are 10 pm.

There seems to be a close resemblance between vertical alignment of nan-
otubes and pillars of nanotubes during synthesis. The bending of pillars can
be reduced by decreasing the spacing between pillars. Thus the wiggling of
nanotubes in a VANTA may be reduced if the density of catalyst nanoparticles
nucleating the growth of CNTs can be increased.

4.4 Kinetics of synthesis of VANTASs

A VANTA appears to be a black box on top of the substrate. The kinetics
of the synthesis of a VANTA, i.e. the rate at which the nanotubes grow, is a
consequence of the rate of the fundamental reactions that eventually produce
the final product. Important information can be obtained by determining the
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dependence of the growth rate on process parameters such as temperature and
pressure. Thus studies of the kinetics provide a tool to link the microscopic
world of reacting molecules to the macroscopic world of synthesis conditions.
Hence a VANTA can be used as the black box of synthesis, which provides
information about how it proceeded and why it stopped.

4.4.1 Temperature of growth

The incorporation of carbon atoms into a carbon nanotube involves the pro-
cesses of molecules of the carbon feedstock being adsorbed and cracked on the
catalyst nanoparticle. The carbon atoms are transported by diffusion to the
edge between nanoparticle and nanotube, where they are incorporated into
and increase the length of the CNT.

The completion of each event of the reaction requires an energy barrier to
be surmounted, which has a probability that depends on the thermal energy
available in the process. How often a carbon atom is added also depends on
how often carbon atoms attempt to be incorporated, for example the rate of
molecules impinging on the catalyst. The number of carbon atoms per unit
length of the CNT, varying with diameter and number of walls, relates the
addition-rate of carbon atoms to the growth-rate of the carbon nanotube.

Mathematically this can be described by an Arrhenius expression. The
growth rate, p, can be described by the expression

Ea
p=Cy-A-e T, (4.3)

where C, is the increase in length per added carbon atom, A is the attempt
frequency of surmounting the energy barrier, F,, to add a carbon atom and
kpT is the thermal energy available.
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Figure 4.7: (a) Laser absorption measurements at different temperatures in flow-
synthesis. (b) Measurements of the terminal length of CNTs at different temperatures
in burst-synthesis.
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Measurements of the initial stage of growth using laser absorption, shown
in figure 4.7a, qualitatively support equation 4.3. For the different synthesis
conditions, an increase of growth-temperature gives an increase in growth-rate.
Thus it is possible to anticipate that there exists a certain temperature needed
to enable growth of VANTASs, which require a certain growth-rate to form.

Even though the growth-rate of CNTs increases with increasing tempera-
ture that is not always the case for their terminal length since then also the
time of growth decreases due to increased rate of catalyst poisining. In fig-
ure 4.7b the terminal lengths of VANTAs grown at different temperatures are
shown. There exists an optimal temperature for growth of VANTAs, where
the ratio between growth-rate and rate of poisoning is maximized.

4.4.2 Acetylene flow-rate

The temperature during synthesis has been shown to have a great impact
on the resulting carbon nanotubes. In the rate equations the dependence
on process temperature is well defined, although that is not always the case
with the activation energies [102]. The variation of the flow-rate of the carbon
precursor, in this case acetylene, is another possibility to experimentally adjust
conditions of synthesis.

The partial pressure of acetylene has an influence on the growth-rate of
CNTs. The pre-factor A in equation 4.3 increases with increasing partial
pressure, since there are more molecules of acetylene impinging on the catalyst
nanoparticle.

It has been suggested that by varying the flow-rate of the carbon precursor
the addition rate of carbon can be varied, and this can, in turn, influence the
number of walls in the formed CNTs [93]. In CVD using gas pulses it has been
shown that higher acetylene partial pressures shift the distribution of SWNTs
to larger diameters [103].

Studies of kinetics of synthesis at different partial pressure of acetylene
could provide further insight into the processes involved in the synthesis of
carbon nanotubes. Such a study is made in Paper I. A description of the
methods and results follow below, for a more thorough discussion the reader
is referred to Paper 1.

Experimental methods

Catalyst areas of 1 nm iron on 10 nm alumina were patterned, in the shape
of 70 um squares separated by 30 pm in an array of 5 mm width, on oxidized
silicon. Catalyst material fully covering the substrate with the same thick-
nesses was also deposited simultaneously on transparent fused silica. Carbon
nanotubes were grown at different flow-rates of acetylene, from 0.5 sccm to
60 sccm, in standard flow-synthesis. Details of the synthesis are found in
appendix A.
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Different flow-rates of the carbon precursor give different partial pressure
of acetylene during synthesis. The process atmosphere consists of argon and
hydrogen, with a flow-rate of 500 sccm each, and acetylene. During synthesis
at atmospheric pressure, i.e. slightly above 1000 mBar, a flow-rate of 10 sccm
gives a partial pressure of roughly 10 mBar acetylene.

Samples were grown for 30 minutes for all conditions. For flow-rates lower
than 6 sccm it was found necessary to increase the time of synthesis to 60
minutes in order to reach the height of self-termination.

The growth-rates were studied in situ using laser absorption measurements
on the fused silica-substrates. The heights of the VANTASs were measured by
optical microscope and SEM on the silicon-substrates. The microstructures
of the CNTs were studied in TEM by transferring CNTs from the silicon-
substrates onto standard TEM-grids.

Figure 4.8: (a) SEM-image of VANTASs grown at 60 sccm in flow-synthesis. Scale-
bar is 100 gm. (b and ¢) TEM-images of CNTs grown at 0.5 sccm (b) and 60 sccm
(c) in flow synthesis. Scale-bars are 20 nm.

Results and Discussion

Vertically aligned pillars were grown at all conditions of synthesis, an example
seen in figure 4.8a. The pillars consisted of multi-walled carbon nanotubes, as
can be seen in figure 4.8b and c. Laser absorption measurements have been
carried out during synthesis of VANTAs at different flow-rates of acetylene.
The results are shown in figure 4.9a. The growth-rate increases with increasing
flow-rate.

The curves in figure 4.9a were numerically derivated with respect to time
to determine the initial growth-rates, shown as circles in figure 4.9b. It can be
seen that the growth-rate increases with the flow-rate of acetylene. At high
flow-rates the growth-rates keep increasing, but seem to approach a saturation
value.

The terminal lengths of VANTAs are measured using an optical microscope,
results shown as diamonds in figure 4.9b. Although the growth-rates of the
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Figure 4.9: (a) Laser absorption measurements at different flow-rates. (b) Terminal
lengths (diamonds) and initial growth-rates (circles) at different flow-rates of acetylene
in flow-synthesis.

CNTs increase with flow-rate, their terminal lengths decrease. The only ex-
ception is for the very lowest flow-rate used in this experiment, 0.5 sccm.

Pyrolysis of the carbon feedstock is partly responsible for poisoning of the
catalyst by forming a coating of amorphous carbon. Thus the time of growth
is shortened for increasing partial pressure of acetylene. Thirty minutes of
synthesis was sufficient for VANTAs to reach their terminal length at flow-
rates of 6 sccm or more whereas sixty minutes of synthesis was necessary for
flow-rates below 6 sccm.
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Figure 4.10: (a) The average number of walls of the CNTs grown at different flow-
rates of acetylene. Circles represent measurements from TEM-images and solid line
represents modelled data. (b) Average inner (diamonds) and outer (circles) diameter
of the CNTs grown at different flow-rates. The mean inner and outer diameter are
marked by striped lines.

The microstructure of the CNT's grown was studied using transmission electron
microscopy, examples seen in figure 4.8b and c¢. The number of walls and
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diameters were measured, with results shown in figure 4.10. With increasing
flow-rates of acetylene the number of walls in the formed carbon nanotubes
increases. The diameter of the CNTs is on the other hand relatively constant
in the interval of flow-rates used in this experiment.

The addition-rate of carbon atoms to the CNTs has been calculated from
measurements by using the growth-rate, the number of walls and the number
of carbon atoms per um-length of a single wall of the CNT, given by

m-d
Nesw =
V3/2-dc—c-(3/2) -dc—c
where d is the average diameter of 5.3 nm and dc_c is the length of the bonds

between the carbon atoms of 0.14 nm. The addition-rate of carbon-atoms,
NC,CNTa is given by

= 6.5-10° atoms/um, (4.4)

Nc,ont = p- Nw - Nosw, (4.5)

where N¢ cont is the addition-rate of carbon atoms into the CNT, p is the
growth-rate of CNTs and Ny is the number of walls. The results are repre-
sented by circles in figure 4.11.

The number of carbon atoms added to the catalyst nanoparticle via ad-
sorption and dissolution of acetylene molecules can also be calculated. When
the partial pressure of acetylene is increased more molecules impinge on the
surface of the catalyst nanoparticle. However the sites on the nanoparticle
where acetylene molecules can be absorbed are limited, and at higher partial
pressure more of them will be occupied. This is described by the Langmuir
adsorption isotherm

K-p
14+ K-p
where © is the fraction of occupied adsorption sites, K is the equilibrium
constant between adsorption and desorption and p is the partial pressure of
acetylene. Obviously the fraction of occupied sites is between zero and one.
At high partial pressures the fraction of available sites is low and an increase in
flow-rate of acetylene only gives a low increase in adsorbed acetylene molecules.
The inverse of the equilibrium constant gives the partial pressure where half
of the adsorption sites are occupied.

Since the coverage describes the availability of carbon feedstock on the
surface of the nanoparticle the rate of carbon atoms dissolving into the catalyst
nanoparticle, Nc np, is thus related to the coverage of acetylene molecules and
is given by

0 (4.6)

K-p
1+K-p
where F' is proportional to the number of reaction sites at zero coverage and
the dissolution-rate. Ngnp is plotted in figure 4.11 as a solid line, assuming
F=7.7-10%s"! and K = 0.05 mBar~'. Synthesis of CNTs can be considered
to be a steady-state process, i.e. at conditions giving a constant growth-rate,

Nenp=F-©=F- (4.7)
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Figure 4.11: The addition-rate of carbon to the CNTs grown at different flow-rates
of acetylene. Circles represent calculated data from measurements of p and Ny while
solid line represents modelled data.

the rate of carbon atoms added to the catalyst nanoparticle equals the rate of
carbon atoms added to the CNT. From figure 4.11 it can be seen that Nc np
can be fitted well to the value of N¢ cnt from measurements.

Based on this it seems that Ngnp is the limiting factor for the carbon
addition-rate to the nanotube. Hence the addition-rate of carbon to the nan-
otubes is not limited by diffusion through the nanoparticle, at least not at
the conditions of synthesis used in this experiment, but instead by carbon
dissolution into the catalyst nanoparticle from the carbon feedstock.

Previously it has been observed that the growth-rate of CNTs increased
linearly with acetylene partial pressure both in atmospheric CVD [104] and
in low pressure CVD up to 6 mBar [105]. It was noted that the rate-limiting
reaction seemed to depend linearly on partial pressure of acetylene [104]. This
is similar to our findings for the same range of partial pressures.

It has been proposed that the number of walls, Ny, depends linearly on
Ne,ont [93]. This trend is supported by our experimental data in figure 4.10a
where Nw increases with increasing flow-rate of acetylene, thus increasing
carbon addition-rate. However the relation does not seem to be linear.

In figure 4.10a the solid line represents a model with the number of walls
being proportional to ¢/Nc np. However the physical understanding behind
that model is not complete, but could possibly be related to the molten layer on
the surface of the catalyst suggested to control the number of walls [91]. When
the concentration of carbon in iron increases the melting temperature decreases
[106], thus the thickness of the layer of molten surface atoms increases.

Even though there is no complete understanding behind the results pre-
sented in figure 4.10a they can still be used to control the average number
of walls of the grown nanotubes by controlling the partial pressure of acety-
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lene. This can be useful for applications since for example the electrical and
mechanical properties of CNTs vary with the number of walls [107].

4.4.3 Area of catalyst

Laser absorption measurements during flow synthesis, shown in figure 4.12a,
reveal that initially the growth-rate gradually increases relatively slowly. Due
to fluid dynamics and diffusion the gas front is smeared out and the partial
pressure of acetylene will gradually increase to the nominal value, which causes
the gradual increase in growth-rate. Within 60 seconds the height of the
VANTA increases at a constant rate and is expected to continue at that rate
until growth ceases.

In burst synthesis the growth-rate increases faster to a higher rate due to
the initial burst of acetylene. The higher growth-rate is explained by the higher
partial pressure experienced by the substrate while the burst lasts. Although
the MFC reacts to the burst and adjusts the flow to the set value in less than
10 seconds the period of faster growth-rate lasts for more than 30 seconds,
probably due to fluid dynamics and diffusion smearing out the burst.

Eventually the partial pressure will be reduced to the nominal value, which
can be seen as the growth-rate being reduced. Since the process conditions
remain constant during the continued synthesis it is expected that growth
continues at the reduced rate until it is terminated by catalyst poisoning.
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Figure 4.12: Flow- respectively burst-synthesis at 700 °C and set flow-rates of 6
sccm acetylene. (a) Laser absorption measurements of initial kinetics. (b-e) SEM
images of VANTASs grown using burst-synthesis (b and ¢) respectively flow-synthesis
(d and e). The patterns of the catalyst are 5.0 mm arrays with scale-bars 1 mm (b
and d) and 0.5 mm arrays with scale-bars 100 um (c and e).

In images of VANTASs formed in burst- respectively flow synthesis, shown
in figure 4.12b-d, the differences are seen. In burst synthesis the terminal
lengths of the pillars depend on where in the pattern the pillar is situated.
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At the edge the length of the CNTs is shorter than in the middle, as seen in
figure 4.12b and c¢. VANTAs formed by flow synthesis have a relatively equal
height of pillars across the sample, figure 4.12d and e.

In burst synthesis for samples with small areas of catalyst, the height of
a pillar in the middle is shorter than for samples with large areas of catalyst,
since they are closer to the edge. In flow synthesis only the outermost pillars
reveal an edge effect, causing bending of the pillars due to shorter CNTs closest
to the edge, while the height of a pillar is similar for patterns of different size.

Burst synthesis of carbon nanotubes shows a dependence between length
of the nanotubes and the area of patterned catalyst. Systematic experiments
on different areas have been carried out in Paper II. The observations that
catalyst areas on the millimeter-scale affect the structure of nanotubes on
the nanometer-scale was explained and a model to describing the process was
discussed.

Experimental methods

Catalyst areas of 1 nm iron on 10 nm alumina were patterned on oxidized
silicon. The catalyst pattern consisted of 70 ym wide squares separated by
30 pm which were repeated for different number of times. 5 repetitions in
each direction gave an array of squares with a 0.5 mm array side-length, 10
repetitions gave an array with 1.0 mm side-length and so on. Arrays with 5.0
respectively 0.5 mm side-length are shown in figure 4.12b and c.

Vertically aligned nanotubes were grown simultaneously, i.e. in the same
growth-run, on the substrates. Burst synthesis was executed at different tem-
peratures at a set flow-rate of 3 sccm acetylene for a growth-time of 15 minutes,
details can be found in appendix A.

The heights of the vertically aligned nanotube arrays were measured by
SEM on the silicon-substrates. The nanotubes were transferred to standard
TEM-grids to study the microstructure of the CNTs by transmission electron
microscopy.

Results and Discussion

The lengths of the CNTs in pillars situated close to the center of the pattern
at different temperatures and for different pattern side-lengths were measured
and plotted in figure 4.13a. The temperature dependencies of the CNT lengths
show an optimal temperature of 725 °C. The optimal temperature was, within
the experimental resolution, the same for the different catalyst areas.

At the same temperature, the length of the CNTs increased with increasing
area of catalyst pattern. This was seen for all temperatures, although VANTAs
were not grown on substrates with smaller area of catalyst in some cases. For
3.0 mm array side-length or longer, VANTAs were grown at temperatures
down to 625 °C. As the side-length decreases the interval of temperatures
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Figure 4.13: (a) Terminal length of CNTs grown in burst-synthesis at different
temperatures and on substrates with arrays of catalyst with different width. (b)
Height of VANTAs grown at 725 °C as a function of growth-time for samples with
catalyst pattern of 5.0 (gray) and 1.0 mm (dark-gray) width respectively.

where VANTASs can be formed was reduced.

Kinetics of the synthesis was studied by stopping the synthesis-step, by
closing the gas valve, at different times. The heights of VANTAs formed
are plotted in figure 4.13b together with solid lines fitted to measurements
according to the assumption that growth occurs at a constant rate until it is
terminated by poisoning. The actual time of growth is lower than the time of
the synthesis-step, thus the lengths presented in figure 4.13a can be considered
to be the terminal length of the CNTs.

By comparing kinetics it can first be noted again that the terminal length
is smaller for smaller areas of catalyst. It is also seen that the growth-rate is
slower, approximately 0.3 pm/s for a 1.0 mm array side-length compared to
0.6 pm/s for 5.0 mm.

The microstructures of the CNTs grown under different conditions were
examined using TEM. Micrographs, examples shown in figure 4.14a and b,
revealed that the average number of walls varied with area of catalyst. It
was found that the number of walls in the carbon nanotubes increased with
decreasing area of catalyst. The temperature dependence was weak, showing
a slightly decrease in the number of walls with increasing temperature. The
latter is in contrast with results previously presented where the number of
walls had a stronger dependence on temperature of synthesis [91].

At the same temperature the terminal length increases and number of walls
decreases as the side-length of the catalyst array increases, which is shown
for samples grown at 725 °C in figure 4.14c. However the average amount of
carbon atoms deposited in the carbon nanotubes, proportional to the length
multiplied by the number of walls, is within the experimental error-bars the
same at each temperature. The amount of carbon deposited is different at
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Figure 4.14: (a and b) TEM-images of CNTs grown on substrates with arrays of
catalyst with 0.5 mm width (a) respectively 5 mm width (b). (¢) Measurements
of average number of walls (circles) and terminal lengths (diamonds) for catalyst
patterns with different width. Samples were grown at 725 °C

different temperatures of synthesis though.

The main difference in process conditions between burst synthesis and flow
synthesis is that, in the former, initially the partial pressure of acetylene has
a peak. In flow synthesis, where no peak in partial pressure is observed, the
terminal length is not strongly dependent on patterned area of catalyst. Thus
the key to understand the dependence on catalyst pattern might be found in
the initial burst of acetylene.

During etching of a material by gaseous species the etching-rate might vary
with the pattern of the material to be etched. This is called micro-loading and
is due to the transport of the reacting species to and from the reaction site
being limited by diffusion. In the semiconductor industry micro-loading during
dry etching is well known [108]. Similar effects have also been seen earlier in
synthesis of carbon nanotubes [92].

In the process of carbon nanotube growth, acetylene molecules are con-
sumed at the catalysts, leading to lower partial pressure locally in a volume
close to catalyst areas. Acetylene molecules will then diffuse from nearby
volumes with higher partial pressure to the depleted volume. Depletion con-
tinues at a steady rate, due to acetylene being decomposed into CNTs. Thus
the local partial pressure will be lower than, and determined by, the rate of
diffusion from neighboring, non-depleted volumes, as schematically shown in
figure 4.15a.

The rate of diffusion depends on the area between the depleted volume and
nearby non-depleted regions. Consider the two-dimensional model, shown in
figure 4.15b, where a 5 by 5 array of regions has a 3 by 3 array of regions with
catalyst in the middle. There are 3 types of regions with catalyst. Region
A is situated in the middle of the array, region B on the edge and region C
on the corner. During synthesis acetylene is equally depleted in all regions
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Figure 4.15: (a) Schematic image on acetylene depletion at areas of catalyst and

diffusion from nelghborlng areas. (b) Model of a substrate with 5 by 5 areas, of which
the middle 3 by 3 array are areas of catalyst.

with catalyst, which leads to diffusion of acetylene from nearby non-depleted
regions.

When comparing the different regions the numbers of nearby non-depleted
regions, and thus the rate of acetylene diffusion, are different. Region C has 5
non-depleted neighboring regions without catalyst, region B has 3 and region
A has none. This leads to region A having a lower partial pressure of acetylene
than region B, which has a lower partial pressure than region C.

This model can be used to understand the effects of patterned catalyst
area on grown carbon nanotubes. For substrates with smaller area of catalyst
the non-depleted regions are closer to the middle of the pattern, thus the
local partial pressure of acetylene is higher. For substrates with larger area
of catalyst the non-depleted regions are more distant to the middle of the
pattern, thus the local partial pressure of acetylene is lower.

The reason for observing this in burst synthesis but not in flow synthesis
must be that the length-scale, where diffusion is the dominating mechanism for
acetylene transport to the catalyst, is increased. This is due to the diffusion-
rate being proportional to differences in concentrations, which are very large
during the burst since the high partial pressure gives a high rate of depletion.
Possibly pattern dependence could be obtained also in flow synthesis if partial
pressures as high as during the burst were used.

From the results of synthesis at different flow-rates of acetylene it was
known that higher partial pressure gave carbon nanotubes growing at a faster
rate but for a shorter time and with more walls, compared to a lower partial
pressure. Hence this could be expected also for substrates with smaller catalyst
area, compared to larger.

However the burst of acetylene, giving the pattern dependence on local
partial pressure, only lasted for a few seconds and then process conditions
became similar to flow synthesis. Still those initial conditions influenced the
structure of the carbon nanotubes formed during the continued synthesis.
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The number of walls of the carbon nanotubes formed in the initial burst was
expected to be larger for smaller catalyst area, due to the higher local partial
pressure. This was also seen experimentally in figure 4.14c. The experimental
values though were obtained at random positions along the CNTs, i.e. not
only at the part of CNTs formed during initial burst. Thus the initially formed
microstructure of CNTs was kept during the continued synthesis although the
process conditions changed.

After the nominal partial pressure of flow synthesis has been reached, after
the initial peak, the addition-rate of carbon to the CNTs was the same regard-
less of pattern size. However the growth-rate varied since carbon nanotubes
with larger number of walls required more carbon atoms per um of CNT, thus
had a slower growth-rate at the same rate of carbon addition as seen in figure
4.13b.

Still the total amount of deposited carbon was found to be similar for
different patterns at the same temperature which could also be expected since
both carbon addition-rate and poisoning-rate were similar during the main
part of the synthesis. Thus all observed trends can be explained by the initial
difference in local partial pressure followed by conditions of flow synthesis.

An interesting implication of the observation that the initial microstructure
of carbon nanotubes is kept during continued growth is that the synthesis-step
could be divided into two parts. In the first part conditions are chosen to ob-
tain the desired number of walls. During the second part, conditions are chosen
to give the optimal length of the carbon nanotubes. Thus the microstructure
and length of carbon nanotubes could be independently selected.

4.5 Conclusions

It has been described how the kinetics of synthesis is related to the microscopic
processes involved in growth of carbon nanotubes. The results can be used to
obtain a deeper understanding of the processes involved in synthesis of carbon
nanotubes.

The partial pressure of acetylene has an effect on the synthesis of carbon
nanotubes. In flow-synthesis it has been shown that the coverage of acetylene
on the nanoparticle, and thus the rate of carbon dissolution, follows a Lang-
muir adsorption isotherm. It has also been shown that the average number of
walls increases and that the time of growth decreases with increasing partial
pressure of acetylene.

In burst-synthesis the macroscopic pattern of the catalyst areas influenced
the microscopic properties of the carbon nanotubes. Carbon nanotubes grown
on substrates with larger areas of catalyst have a larger terminal length, but
with a similar amount of carbon atoms since they had fewer number of walls.
The differences have been explained by depletion of the carbon feedstock dur-
ing the initial burst.
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Chapter

Varactors based on CNT's

An important motivation for studies on synthesis is the possibility to use
the results in applications. The mechanical properties of graphene and car-
bon nanotubes have been suggested to have applications in high-strength and
light-weight materials [109]. The electrical properties are useful in electronic
circuits, where the tunable range of electrical properties enable many different
applications [110].

In nano electro-mechanical systems (NEMS) both the mechanical and the
electrical properties are used [111]. The high stiffness and low density com-
bined with high electrical conductivity, makes carbon nanotubes and graphene
promising materials e.g. for tunable radio-frequency resonators [112].

5.1 Introduction

Another example of a NEMS is a varactor based on carbon nanotubes. A
varactor is a capacitor with a variable value of its capacitance. The value of
the capacitance can be varied either mechanically or electrically. Varactors can
be found in LC-circuits, where they are used to tune the resonance frequency
of the circuit. An example of where varactors are found is in radio receivers,
which can be tuned in to radio-stations broadcasting at different frequencies.

Previously a varactor based on electrostatic deflection of carbon nanotubes
was proposed [113]. The idea was to use two free-standing vertically aligned
metallic carbon nanotubes positioned next to each other, as shown in figure
5.1a. Since the nanotubes are conducting, a difference in voltage will lead to
accumulation of positive respectively negative charges in the tubes.
The charges of different sign will attract each other, giving rise to an elec-
trostatic force that deflect the carbon nanotubes, as seen in figure 5.1b. The
amount of deflection will depend on the strength of the electrostatic force and
the mechanical stability of the nanotubes.

The capacitance between the nanotubes depends on the distance between
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Figure 5.1: (a) Vertically aligned nanotubes on two electrodes on a substrate with
no voltage difference applied between the electrodes. (b) Deflected nanotubes due to
the applied voltage difference giving rise to electrostatical forces.

them. The capacitance between two parallel plates is given by

A
C=e vk (5.1)
where ¢ is the dielectric constant of the medium between the plates, A is the
area of the plates and d is the distance between the plates. Thus, deflection of
the nanotubes towards each other will increase the capacitance. The value of
the capacitance between the CNTs can therefore be changed by varying their
deflection, which is controlled by the difference in applied voltage.

Theoretical and experimental studies of electrostatic deflection have been
carried out on similar structures [114]. The results show that the deflection
not only increases with increasing voltage difference, but also the change in
deflection per change in voltage increases with increasing voltage difference.
The nanotubes can be deflected to % of the initial distance before they suddenly
collapse into each other at the pull-in voltage.

This collapse has been used to form electromechanical switches from in-
dividual vertically-aligned carbon nanofibers [115]. By coating the nanofibers
with an insulating material, similar devices have been shown to act as a mem-
ory cell [116]. In order to have reversible switching nanotubes have to be
short [115], making it difficult to characterize the electrical properties of the
individual devices due to their low value of capacitance.

Single carbon nanotubes can be actuate, i.e. deflected, by applying elec-
trostatic forces [117]. For vertically aligned nanotube arrays the situation is
more complicated since the electrostatic forces act not on a uniform object
but on a wall of nanotubes held together by Van der Waals-forces. It is not
obvious if the electrostatic forces will lead to deflection of the nanotube arrays
as a whole or if individual nanotubes will be pulled out of the arrays.

Here we suggest that the two individual nanotubes, discussed above, are
replaced by two walls of vertically aligned nanotubes arrays. The same prin-
ciples for changing the capacitance between the arrays of CNTs would still
apply. The advantages of the proposed device are that optical and electric
characterization is facilitated and that the absolute value of the capacitance
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Figure 5.2: (a) Schematic layout of the two T-shaped electrodes surrounded by
shield electrodes (light-gray), with catalyst material (black), on the substrate (dark-
gray). (b) SEM-image of the fabricated device. Scale-bar is 100 pm.

can be made larger. A potential drawback is that the size of the device be-
comes larger. For a more thorough description the reader is referred to Paper
I11.

5.2 Experimental methods

The fabrication of a varactor based on VANTASs requires patterning of con-
ducting electrodes, patterning of catalyst area on top on the electrodes and
synthesis of vertically aligned nanotubes from the areas of catalyst. In fabri-
cation, where many processing-steps are needed, it is important to have steps
that are compatible with each other.

Sputtered molybdenum was chosen as the electrode material. Molybde-
num is a refractory metal with a melting temperature above 2600 °C, making
it compatible with conditions of synthesis. The compatibility with synthesis is
important both for the possibility to grow carbon nanotubes on the electrodes
and for having low-resistivity electrodes that can endure the harsh conditions
of synthesis. The latter led to the choice of sputtered molybdenum, mea-
sured to have 8 times lower resistivity than evaporated molybdenum after the
nanotube synthesis step.

The electrodes were T-shaped and surrounded by shield electrodes, as seen
in figure 5.2a, to improve electrical measurements. The width of the array of
nanotubes should be wide enough to give a detectable value of capacitance
that is larger than the parasitic capacitances. To reduce the latter a high-
resistivity substrate material was selected. In addition, the T-electrodes were
made relatively long and thin before ending at the contact pads to reduce
parasitic capacitances.

The pattern of catalyst material, 5 nm alumina and 1 nm iron, was aligned
to the electrodes. Thin nanotube walls are desired to ensure low actuation
voltages. However, as seen in Paper II, the stability can be too low for the
VANTASs to support themselves. Hence the catalyst pattern was given a U-
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shape to increase mechanical stability. Flow synthesis was done at 700 °C
having a flow-rate of 5 sccm acetylene for 150 seconds, i.e. the synthesis was
stopped before the catalyst was poisoned.

5.3 Results and discussion

The vertically aligned nanotubes, grown in this study, had a height of 135 pm
+ 5 pm. In general, the two walls of nanotubes leant away from each other,
which can be seen in figure 5.2b. The reason for arrays not being perfectly
vertical could be that the process conditions varied slightly across the area of
catalyst during synthesis, as discussed in Paper II. However, nanotubes leaning
away from each other are more preferable than nanotubes leaning towards each
other and thus short-circuiting the device.

5.3.1 Electrostatical actuation

Experiments performed in an optical microscope show in situ that the walls of
vertically aligned nanotube arrays are deflected as a whole during electrostatic
actuation. When an actuation voltage is applied the distance between the walls
decreases, as shown in figure 5.3. Apparently the Van der Waals-forces holding
the nanotubes together in the array are stronger than the electrostatic forces
acting on the individual carbon nanotubes.
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Figure 5.3: (a-d) Images from optical microscope of CNT-walls at an applied actu-
ation voltage of 0 V, 30 V, 40 V and 42.9 V. Scale-bar is 20 um and striped lines are
added to aid the eye. (e) Separation of the top of the CNT-walls at different actuation
voltages at different times.

The amount of deflection depended on the applied actuation voltage, since
higher voltage differences give larger electrostatical forces. The distance be-
tween the walls of nanotubes could be controlled reproducibly when cycling
the actuation voltage back and forth, as seen in figure 5.3e. Reproducibility
is an important requirement to enable applications.

45



In situ actuation of walls of nanotubes was performed in a scanning elec-
tron microscope to study the process with better resolution and depth of focus.
The series of images in figure 5.4a-d show the decrease in separation between
the walls with increasing actuation voltage. It can also be noted that the
brightness of the walls changes with applied voltage. The lower wall, to which
a positive voltage was applied, becomes darker since it is harder for the neg-
ative secondary electrons studied in SEM to escape from the nanotubes at a
positive potential [118].

The separation between the walls shows a similar dependence on actuation
voltage for devices studied in the optical microscope and in the SEM, as seen
in figure 5.4e. The change in deflection increases faster per voltage increase
at higher actuation voltages. When the separation is reduced by roughly 30
% of the initial value the pull-in voltage is reached and the walls collapse into
each other, similar to results from individual nanotubes [114].
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Figure 5.4: (a~-d) SEM-images of CNT-walls at an applied actuation voltage of 0
V (a), 30 V (b), 45 (V) and 48.5 V (d). (e) Separation between CNT-walls versus
applied actuation voltages for devices studied in optical microscope and SEM.

The device characterized in SEM required a higher actuation voltage to de-
crease the separation. This observation is explained by the larger initial sepa-
ration, requiring a larger voltage difference to give the same electrostatic force
acting on the walls. However the relative change in separation is similar just
before reaching the pull-in voltage.

The walls of carbon nanotubes are very porous. An areal density of 10'°
nanotubes per cm? was determined by weighing a substrate covered with VAN-
TAs grown under similar conditions before and after removal of the nanotubes.
This corresponds to a density of 10 kg per m™> and a porosity of >95 %. Even
for such high porosities, each wall moves as a single cohesive unit.

The effective Young’s modulus of the VANTASs was found to be 6 +4 MPa
by comparing the observed deflection with simulations based on conducting
walls with the same geometry. The uncertainty comes from the difficulty of
accurately defining the initial geometry due to the outwards bending of the
walls. For a comparison, that is ten times lower than the typical Young’s
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modulus for rubber.

Although individual MWNTs have been found to have tensile strengths of
900 GPa [119] the obtained effective Young’s modulus is in the same range as
what has been measured for compression of VANTAs [120]. It therefore seems
reasonable that the collective bending observed here is not due to stretching
along the length of the tubes but compression of the wiggly tubes, similar to
spring-coils.

5.3.2 Electrical measurements

The ability to control the distance between two walls of vertically aligned
nanotubes by the actuation voltage makes for experimental realization of a
varactor based on carbon nanotubes. To measure the capacitance between
the walls, a parameter analyzer coupled to a probe-station enabling electrical
characterization at radio frequencies was used.

During electrical measurements the shield-electrodes were grounded, actu-
ation was done by applying a DC-bias voltage and a small AC-signal was used
to measure the scatter parameters of the device. A model of an equivalent
circuit was set up to obtain the capacitance between the nanotube walls. The
measured values were compared to simulated values at different frequencies,
see figure 5.5a. The value of the capacitance between the walls of carbon nan-
otubes was 22 fF, for the device in figure 5.5b, at zero actuation voltage.
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Figure 5.5: (a) Values of S12-parameter at different frequencies. Measured and
simulated values for two different actuation voltages are shown. (b) The change in
capacitance from its initial value when the actuation voltage vas cycled back and
forth. The inset show a SEM-image of the device after measurements. Scale-bar is
20 pm.

The actuation voltage could be used to control the value of capacitance be-
tween CNT-walls. Increasing the actuation voltage decreased the distance
between the walls and thus increased Cont. As expected from the deflection
seen in optical characterization, the value of ConT could be reproducibly con-
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trolled when the actuation voltage was cycled back and forth, as seen in figure
5.5b. The change in capacitance was more than 20 %.

From equation 5.1 it could be expected that a change of 30 % in wall
separation, as detected in the microscope, would give a change of 50 % in
capacitance. However the deflection is measured at the middle point of the
top of the wall, which is deflected most. The capacitance on the other hand
is measured for the complete structure, which explains a value lower than
obtained by directly using the change in deflection in the equation.

The change in capacitance was only reproducible as long as the actuation
voltage was kept below a certain limit, in this case 27.5 V. When the limit
was surpassed, the capacitance decreased and when the actuation voltage was
reduced back to 0 V the capacitance between the walls was lower than its
initial value.

This observation can be understood after studying the device in an SEM.
The carbon nanotubes at the top of the middle region of one of the walls were
missing after measurements, as seen in the inset of figure 5.5. It is expected
that when the actuation voltage reaches the pull-in voltage, slightly above 27.5
V, the walls come into contact. Most of the MWNTs are highly conducting
and thus the voltage difference will give rise to a large current, which will burn
off the nanotubes that come into contact with the other wall.

5.4 Conclusions

A varactor based on vertically aligned nanotubes was proposed, fabricated and
characterized. It was shown that VANTAs could be deflected as a whole by
electrostatic forces. Devices characterized in situ by optical microscopy and
SEM, have shown that the separation between CNT-walls could be reduced
by more than 30 %. Comparison with simulations was used to determine an
effective Young’s modulus of 6 +4 MPa. Electrical characterization has shown
that the capacitance of the device could be reproducibly changed by more
than 20 %.

Improvements of this type of device have since been made by another group
by refining the geometry of the walls and modifying synthesis to form walls
with better vertical alignment [121]. In their studies, the current flow was
limited to a low enough value to avoid burning of CNTs upon pull-in. It can
be expected that further improvements in design will lead to varactors with
lower actuation voltages and increased reproducibility from device to device.

By coating the VANTAs with an insulating material, similar to what has
been done for the individual nanofiber devices [116], it should be possible to
avoid burning upon pull-in and also increase the effective Young’s modulus.
This could also be achieved by filling the VANTAs with polymer after syn-
thesis. Then insulating polymer could be used for varactors and conducting
polymers could be used for switches.
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Chapter

Bending rigidity of graphene

Being only a single layer of atoms thick, graphene seems to behave very dif-
ferently from objects we are used to. However, continuum mechanics has been
shown to describe its motion well [62]. This implies that the same models that
describe deformations in e.g. plates of steel can also be used for graphene, but
also requires the material parameters such as the Young’s modulus and the
bending rigidity, to be known.

6.1 Introduction

As described earlier in this thesis, the discovery of graphene seems to defy
previous theories about the instability of two-dimensional crystals. However,
graphene was shown to be stabilized by the support from the substrate or by
forming ripples when suspended. Experimentally, corrugation lengths on the
order of 10 nm and heights on the order of 1 nm at room temperature have
been found [15].

The possibility to form ripples is due to fluctuations in electron density
in graphene [122]. In the ground state all bonds are conjugated, then the
preferred topography of graphene is flat. However at finite temperatures there
is a large probability of having asymmetric distribution of electron density,
which leads to longer and shorter bonds, creating ripples.

Changes of bond length with temperature are also the reason for the neg-
ative thermal expansion coefficient (TEC) in graphene [122]. Experimentally
graphene has been found to have a negative thermal expansion coefficient,
Qgra, in a broad range of temperatures [123][124].

The length-scale of ripples depends on the temperature and the value of
the bending rigidity, x, since formation of corrugation requires thermal energy
to overcome the energy cost to add curvature to the graphene [122]. However,
reliable experimental measurements of the bending rigidity of graphene are
lacking.

49



The classical expression for a homogenous and isotropic thin plate gives the
relationship x ~ Eh3, where E is the Young’s modulus and A is the thickness of
the plate. The linear dependance with E comes from the Kirchhoff hypothesis
that assumes linear variation in strain and stress along the thickness of the
plate. Nano-indentation in AFM has been used to show that this relation is
valid for flakes of graphene with 8 or more layers [125].

For a single atomic plane of graphene it is not reasonable to define thick-
ness, and even less to assume the Kirchhoff hypothesis to be valid. Instead,
the proposed origin of the bending rigidity in graphene is due to the effects on
bond angles and dihedral angles, i.e. the angles between second respectively
third nearest neighbor atoms, upon bending [126]. Calculations then give a
bending rigidity of 1.4 eV, which is close to x = 1.5 eV obtained from ab
initio calculations [127] and k = 1.2 eV derived from the phonon spectrum of
graphite [128].

The bending rigidity of bilayered graphene, ki, depends on the interaction
between the layers. Assuming that the layers are completely free to slide
against each other, then xp; = 2k &~ 3 eV [129]. Instead, assuming that the
layers can not slip on each other at all, i.e. using Kirchhoff’s hypothesis,
calculations give kp; = 180 eV [130]. The large spread in values motivates
the need for experimental determination of the bending rigidity in bilayered
graphene.

During thermal cycling it has been observed that the mismatch in TECs be-
tween graphene and the substrate can lead to buckling in suspended graphene
[123] and compressive strain in graphene supported on oxidized silicon [131].
Graphene with compressive strain has been observed to form buckled res-
onators when suspended, which was thought to change their mechanical prop-
erties [132].

Since the formed strain is due to a forced change in atomic positions from
equilibrium it will influence the crystal vibrations. Hence Raman spectroscopy
can be used to measure strain in graphene. Strain has been shown to shift the
position of the G- and 2D-peaks [37].

In Paper IV the formation of compressive strain in graphene on silicon
oxide after thermal cycling, as measured by Raman spectroscopy, is reported.
The formed strain was used control the buckling of suspended beams. It was
predicted that buckled beams should experience snap-through under electro-
static pressure.

Atomic force microscopy was performed during electrostatic actuation to
study the deflection of suspended graphene. Curved beams were found to
experience buckling instability during actuation. Measurements of the crit-
ical actuation voltage were carried out to determine the bending rigidity of
bilayered graphene to 35J_r%g eV.
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6.2 Experimental methods

The steps involved in the fabrication of the suspended samples are described in
figure 6.1a-h. Figure 6.1i shows an image from atomic force microscopy of two
suspended beams while figure 6.1j shows a scanning electron microscopy image
of a double-clamped beam. In short these devices were made by first patterning
the graphene beams, followed by deposition of electrodes and etching of the
substrate [43].

Graphene was deposited on silicon substrates with 300 nm oxide using
mechanical exfoliation, the scotch-tape method. The thickness of the oxide
was chosen to optimize the contrast of few-layered graphene in an optical
microscope, which was used for finding the location of flakes with respect to
pre-fabricated alignment marks, figure 6.1a.

The substrates were annealed at 300 °C in argon and hydrogen before
exfoliation to remove possible contamination. Flakes with suitable shapes and
number of layers were selected for further processing. The number of layers
was determined by the optical contrast using a LabView-program for image-
processing and confirmed by Raman spectroscopy on selected samples.

Mono- and bilayered graphene flakes were shaped into beams using electron-
beam lithography. Positive resist PMMA was used. After spin-coating, the
resist was baked at 160 °C to remove solvents. To obtain beams of graphene
covered by resist mask every part of a 100 pum square was exposed, with the
exception of the area where beams were to be patterned, figure 6.1b.

An oxygen-plasma, nominally removing 10 nm of resist, was used to etch
non-masked graphene, figure 6.1c. The resist mask was removed in acetone
leaving the patterned beams of graphene on top of the substrate, figure 6.1d.

A bilayer resist composed of bottom-layer copolymer MMA-MAA and
top-layer PMMA was used to pattern the electrodes used to contact the
graphene beams, figure 6.1e. Development of both layers of resist was done
in MIBK:IPA. Bi-layer resist was used to ensure under-cut, facilitating lift-off
after evaporation.

Deposition of 3 nm Cr and 150 nm Au was done using e-gun evaporation,
figure 6.1f. Cr was used as adhesion layer since it withstands HF-etching.
The relatively thick layer of Au was used to give mechanical stability in order
to avoid deflection of the suspended part of the electrodes during electrostatic
actuation. Lift-off was done with ultra-sonic agitation in hot acetone, removing
deposited metal on top of the resist, figure 6.1g.

The silicon oxide was wet-etched using HF-based buffered oxide etchant
(BOE) to suspend the graphene beams. During etching the electrodes act
as an etch-mask. The etchant penetrates freely under the graphene beam,
making it suspended by a constant distance to the substrate (225 nm) under
the entire beam, also under the electrodes [53]. Rinsing was done in milli-Q
and IPA. Critical point drying was used after etching to avoid surface tensions
during drying, figure 6.1h.
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Figure 6.1: (a-h) Schematic images and images from optical microscope (scale-bars
are 10 pm) of fabrication of suspended beams from graphene. (a) Deposition of
graphene. (b) Resist patterning. (c) Dry etching of graphene. (d) Removal of resist.
(e) Patterning of new resist. (f) Metal deposition. (g) Lift-off. (h) Wet etching of
substrate underlying graphene. (i) Image from AFM of suspended bilayered graphene
beams. (j) SEM-image of bilayered double-clamped beam. Scale-bar is 1 um.

Figure 6.2: (a) Schematic image of a fully-clamped beam. (b) and (¢) Height- respec-
tively and phase-image from AFM of a suspended, bilayered fully-clamped membrane.
Scale-bars are 1 pm.
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To avoid excessive under-etching of electrodes, causing electrostatic actu-
ation of them, graphene beams are formed first and the electrodes overlap
with a controlled distance. For samples where electrodes were patterned first
and graphene beams later the undercut of the electrode was as large as the
graphene flake, leading to sagging of the electrode.

The fast under-etching of graphene was used to fabricate fully clamped
membranes. The flake was patterned into beams with the shape of a frying
pan. A square electrode with hole in the middle is patterned on top on the
graphene, light-grey in figure 6.2a. The graphene is clamped by the electrode
in the grey areas and left exposed in the dark-grey areas.

When the substrate is etched the bottom-side of the handle of the frying
pan will be exposed to the etchant outside the electrode. The etchant will
be able to freely penetrate under the graphene all the way underneath it and
continue to under-etch the electrode, thus suspending the whole area inside
striped lines in figure 6.2a. A cross-section along the dotted line looks similar
to the cross-section in figure 6.1h. AFM-images of a fully clamped membrane
after etching is shown in figure 6.2b and c.

Raman spectra are obtained using a Renishaw micro-Raman spectrometer
with a 514 nm excitation laser and spectral resolution better than 1 cm™!.
Spectra are measured in-situ on the same position of an unsuspended graphene
flake during heating from room-temperature to 200 °C followed by cooling to
room-temperature.

Electrostatic actuation of the suspended graphene was done by applying
a voltage, Vi, to the silicon back-gate while keeping the graphene grounded.
The depth of etching was chosen to have some remaining insulating SiOs to
avoid short-circuiting between graphene and electrodes even if one or more
of the graphene beams come into physical contacting with the underlying
substrate.

Similar to previous studies of multi-walled carbon nanotubes [57] and
multi-layered graphene [133], electrostatic deflection was imaged in-situ us-
ing AFM. The AFM was setup in non-contact mode and measurements were
done in ambient atmosphere at 22 °C. Both the graphene and AFM cantilever
were grounded to reduce interaction between them.

6.3 Results and discussion

6.3.1 Strained graphene

Raman spectra of the 2D peak during thermal cycling from room-temperature
to 200 °C and back are shown in figure 6.3a. The shape of the 2D peak can be
fitted well by a single Lorentzian, which shows that it is monolayered graphene
[134], confirming the optical contrast determination.

The position of the 2D peak is monitored during thermal cycling in figure
6.3b. During heating the peak is red-shifted and during cooling it is blue-
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Figure 6.3: (a) Raman-spectra around the 2D-peak at different stages of thermal
cycling. (b) Position of 2D-peak during thermal cycling.

shifted. The shift in frequency when cooled is 14 cm™!. It can be noted

that there is an initial compressive strain in the flake, probably formed during
exfoliation, which is reduced when the sample is heated.

The blue-shift in frequency of the 2D peak, Aw, can be attributed to a
formation of compressive biaxial strain, €, of the graphene given by [37]

Aw
e 1
T N (6.1)

where w is the peak-position with no stress and A is the Griineisen parameter,
with values of 2684 cm™! and 2.7 respectively [135]. Thus the shift in the
position of the 2D-line corresponds to £=0.10 %.

The formation of compressive strain in graphene after thermal cycling can
be understood using a simple model [123]. When heated, the substrate will
expand due to the positive thermal expansion coefficient of silicon, ag;, while
the graphene with its negative g, will contract. Thus tensile strain will be
created in graphene.

If the energy required for stretching the graphene, by stretching its carbon
bonds, is larger than the pinning energy to the substrate graphene will slide
on the substrate to reduce strain. This is why the 2D peak of graphene is not
red-shifted further after reaching 7'~ 100 °C during heating.

When cooled, the substrate contracts while graphene expands. Then com-
pressive strain will be created in graphene, if the pinning energy is larger than
the energy required for contracting graphene by reducing its bond-length. This
is causing the blue-shift during cooling.

If it is assumed that there is no strain in the graphene at the maximum
temperature and that the TEC of the substrate is equal to ag; then the com-
pressive strain after cooling is given by

e = ATAa = AT (agi — Qgra), (6.2)

54



where AT is the difference in temperature. In this interval of temperature
agi = 31070 K1 [136] and agm = —6- 1075 K1 [124], thus AT = 180 K
giving a compressive strain of ¢ = 0.16 %.

The formed strain observed in Raman measurements is slightly lower than
the value calculated from the mismatch in thermal expansion coefficients. Dur-
ing cooling it was observed, figure 6.3b, that the 2D peak was blue-shifted at
a constant rate down to 60 °C.

When further cooled the rate of blue-shift is lower. The reason could be
that at large enough strain the pinning energy might be lower than the energy
required for contracting the graphene, and then small ripples might be formed
locally during contraction instead of increasing compressive strain [137].

6.3.2 Buckled beams

To study the effect of thermal cycling during fabrication on buckling, sample A
was prepared as described above, including baking of resist at 160 °C to remove
solvents. Sample B was made using conditions where the temperature of the
sample was kept as close as possible to room-temperature during fabrication.

In the latter case solvents in the resist are evaporated by keeping the
sample in low pressure (200 mBar) for 12 hours instead of baking at elevated
temperatures. During metal-evaporation the sample is mounted on a water-
cooled chuck using thermally conducting tape to improve cooling and the rate
of evaporation was kept low (1 A/s).

Before etching of the substrate the beams of graphene are imaged using
AFM. In both sample A and B graphene is lying in close proximity to the flat
substrate with a height of approximately 2 nm. For sample A small ripples
could also be noticed before etching, possibly formed at high compressive
strain. The ripples were clearly seen as bright lines in the phase-image, figure
6.4b, and found to correspond to heights on the order of one nm in the height-
image, figure 6.4a. The flakes that the beams were made of were determined
by optical contrast to be bi-layer graphene. This is in agreement with the
measured height, although resist residues could influence step-heights obtained
by AFM.

After etching, the suspended beams of graphene were imaged by AFM,
figure 6.5a and c. The graphene was suspended between the electrodes above
the substrate. Profiles along the beams show that in sample A they are pre-
dominantly curved away from the substrate, figure 6.5b, while in sample B
they are parallel to it, figure 6.5d.

We believe that the buckling is caused by the compressive strain in the
graphene. When suspended from the substrate the strain is released, leading
to expansion of the graphene beam. The expansion of the beam with fixed
position of the clamped edges causes it to curve. This leads to buckling in
two orthogonal directions not only for fully clamped membranes but also for
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Figure 6.4: (a) and (b) Height- respectively and phase-image from AFM of a bilay-
ered double-clamped beam before etching of silicon oxide. Scale-bars are 1 pm.
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Figure 6.5: (a) and (b) AFM-image of suspended bilayered graphene beams in
sample A and their profiles. Scale-bar is 2 pm. (c) and (d) AFM-image of suspended
bilayered graphene beam in sample A and its profile. Scale-bar is 2 pm.
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doubly-clamped beams. In the latter case, buckling perpendicular to the beam
is obtained since the clamped part of the graphene can not expand [138].

The adhesion to the clamping points causes the preference of the samples
to curve away from the substrate. The adhesion is however not strong enough
to completely suppress the buckling. This is similar to what has been observed
for graphene on top of trenches [16].

It was obtained from the profiles that the length along the beam in sample
A is on average 0.12 % longer than its horizontal end-to-end-distance while
for sample B it is 0.01 % longer. For sample A this is corresponds to a AT of
133 K according to equation 6.2, in agreement with the baking temperature
of 160 °C. For sample B the elongation could be due to strain formed during
exfoliation or due to a calculated AT of 12 K, which might have been reached
on the substrate during plasma-etching of the graphene or evaporation of the
electrodes.

Although the calculated compressive strain from mismatch in thermal ex-
pansion was larger than measured in Raman, possibly due to formation of
ripples, it fits well with the extended length of the curved beams. This also
can be understood from formation of ripples, which reduce the increase in
compressive strain but still contribute to an increase in length when the beam
is suspended.

During fabrication of devices contamination can be formed on the graphene.
The use of polymer-based resists for patterning leave residues if not removed
properly. Contamination from resist has been shown to influence the perfor-
mance of devices from carbon nanotubes [65] and graphene [43].

Residues from PMMA-resist typically appear as particles tens of nanome-
ters in diameter on the surface of the substrate [139]. Despite removal of
resist in hot acetone, particles are left on top of graphene and silicon oxide
before etching. The contamination is clearly visible in the phase-image, figure
6.4b, as dark spots. The spots have their counterpart in the height-image,
figure 6.4a, although the topography of the sample makes the height-image
less suitable for monitoring resist residues.

After etching of the silicon oxide no dark spots are seen in phase-images
of doubly-clamped beams. In fully clamped membranes bands of residues can
be seen close to the edge, figure 6.2c. We believe that similar to the way
the etchant penetrates between graphene and silicon oxide, it also penetrates
between graphene and residue-particles, making it possible to rinse away the
latter. Due to the geometry, rinsing is less efficient for fully-clamped mem-
branes than for doubly-clamped beams.

Removal of contamination on fully-clamped membranes after etching was
possible by annealing in argon and hydrogen at 300 °C, showing that the
observed structure is indeed due to resist residue. However, the annealing not
only removed contamination but also changed the buckling of the beams, due
to thermal mismatch at the elevated temperature. Hence annealing was not
used for the samples presented here. But their snap-through deflection was
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measured and the results were consistent, within experimental error, with the
values determined from the non-annealed membranes.

The curvature of the graphene beams and their deflection is suitable for
studying in AFM, owing to its vertical resolution. However, the forces between
tip and surface can be large enough to influence the geometry of a suspended
single layer of atoms such as graphene, even in semi-contact mode [140].

The typical resonance frequencies for graphene beams are on the order
of MHz [52], while the resonance frequency of the cantilever is on the order
of hundred KHz. The graphene beam will thus have time to move back to
minimum energy geometry before the cantilever returns during the next period
of oscillation. Hence the graphene beam will always be in a stable position
when the tip comes close to contact with it, and that is the position seen in
AFM-images.

6.3.3 Electrostatical actuation

By applying a voltage, Vi4, to the back-gate while keeping the graphene
grounded, an electrostatic pressure was applied to the beams. In-situ AFM
studies during electrostatic actuation were done on initially curved devices
fabricated under similar conditions to sample A.

Imaging of the beams was done at different V},; and profiles along the beams
were obtained from such images. Also measurements of deflection of the beams
were obtained by placing the tip on a fixed position in the center of the beam
and sweeping Vi, while measuring the deflection from initial position.

In figure 6.6 measurements from one particular bilayer device are shown.
From the profiles it can be seen that during electrostatic actuation the initial
upwards buckling of the graphene beam was changed to downwards buckling
for Vpg higher than 3 V.

The deflection curve shows that for V44 lower than V. the beam is hardly
deflected at all. At the critical voltage there is a sharp snap-through from
upwards to downwards buckling where the beam deflects a large distance for
a small change in V4. For this device, a deflection of 89 nm between V;);=2.5
V and W,=2.7 V was observed. Similar snap-through buckling is observed for
several beams and membranes.

To investigate hysteresis, imaging was done of the bilayered beams of figure
6.6 when the applied voltage on the back-gate was first increased beyond the
critical snap-through voltage, V. and then decreased again. The images are
shown in figure 6.7. It was observed that the beams returned to the initial
structure of upwards buckling when the applied voltage was removed, showing
the reversibility of the switching-process. At Vi,; =3 V, close to snap-through,
the structure of the beams was similar irrespective of being approached from
lower or higher Vj.

As these results show, no or only very low hysteresis was observed. This is
also confirmed in deflection measurements where no large shift in V; is found
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Figure 6.6: AFM-image of eleactrostatic actuation of suspended bilayered graphene
beams at Vi,z=0 V (a) and at V;,z=12 V. Scale-bars are 1 ym. (c) Profiles along the
striped line in (a) at different Vie. (d) Measurement of deflection at the position of

the cross in (a).
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Figure 6.7: AFM-images of eleactrostatic actuation of suspended bilayered graphene
beams. Lateral scales are in um and vertical scales are in nm. Starting at V},;=0 V
(a) the voltage on the back-gate is increased in steps to 3 V (b) and 6 V (c) before

being decreased to 3 V (d) and 0 V (e).

59



when the direction of sweep in V;,z was changed.

It can be noted that hysteresis would be expected from the bistable system
of a buckled beam due to the energy barrier between local minimum and global
minimum. Probably this barrier is overcome by the adhesion to the AFM-tip
to the graphene. When the tip comes close to the graphene there might be an
adhesive force strong enough to pull the beam from a metastable state. Thus
the tip could be able to lift the beam from downwards to upwards buckling
when the former is a local minimum and the latter is a global minimum.

6.3.4 Bending rigidity

Despite the atomic nature of graphene it has been shown that continuum me-
chanics can be used to accurately describe its motion [62]. Since the graphene
membranes described here are buckled in two orthogonal directions they are
expected to have similar properties of deformation as convex shells. Convex
shells display buckling instability under external pressure, which is observed
as snap-through from locally convex to concave buckling [141].

Then it is found that under moderate external pressure, the shell will
remain unaffected. This is because the energy cost of initiating a deformation
is larger than the work done by the external pressure upon such a deformation.

When the external pressure is increased beyond the critical value an in-
wards bulge is formed at the structurally weakest point. It is assumed that
the bulge forms a mirror reflection of the original surface in a plane perpen-
dicular to the symmetry axis [141]. This means that inside the bulge the free
energy remains unchanged since the curvature is identical but concave instead
of convex.

As a consequence, the major part of the change in free energy will occur
in a narrow region around the edge of the bulge. By minimizing the free
energy in this narrow region, one finds that at a critical pressure, p., the edge
of the bulge will propagate outward [141]. This will continue until further
propagation is hindered by the clamping edges or defects in the sample, at
which point the shell is said to have snapped through.

Using this model the critical pressure can be found to be [141]

_Ay/En( N+ 2p) 63)

Pc = RiRy

where R; and Ry are the principal radii of curvature at the point where the in-
stability starts and n is the number of graphene layers. The Lamé coefficients,
A and p, are related to the mechanical properties of graphene.

Since deflection is measured in the center of the beams contamination at
the edges will not influence the value of p.. The curvature of the beam was
obtained from AFM height-images at the position where the instability starts,
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i.e. at the point of lowest curvature which typically is found in the center of
the beam.

It can be noted that not all designs of beams were found to have the
simple structure of the first bending mode repeatedly found in pym-long beams
of bilayered graphene. More complex geometries were also observed, especially
for monolayered graphene beams of longer length.

Possibly this could be due to wrinkles formed around defects in or on
graphene, having higher probability to occur on larger beams and more im-
pact on monolayered graphene with its low bending rigidity. For monolayered
graphene 2 out of 11 fabricated suspended beams and membranes have shown
snapthrough. For bilayered graphene that number is 17 out of 28.

The electrostatic pressure applied in our experiments can be calculated
from the parallel plate model. From equation 6.3, the bending rigidity is
given by

k= (R1R2)2 o’V (6.4)
d? 64n (A + 2p0)
where d is the effective distance to the gate, g is the vacuum permittivity.
Results for fully clamped beams of bilayered graphene are plotted on a
log-log scale in figure 6.8. According to the model the points should fall along
a straight line with unit slope. The bending rigidity can then be determined
from the value of the y-axis intercept.
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Figure 6.8: Log-log plot of measured values on critical voltage and curvature for
fully-clamped bilayered beams. The full line is the modelled values according to
equation 6.4 for k = 35.5 eV. Striped lines are modeled values for k according to
upper and lower error-bar.

61



The measurements follow a straight line with unit slope for the whole range
of curvatures. Thus the snap-through buckling in fully-clamped membranes
of bilayered graphene is well described by our model, if a correct value of the
bending rigidity is used. From our measurements we find ky,; = 351‘% eV.

The obtained value of xy; is an order of magnitude larger than calculated
assuming free sliding and 5 times smaller than calculated assuming no slid-
ing at all between the two layers. This indicates that the assumptions on
interaction between the sheets of graphene should be refined in the models for
calculating Kp;.

Modeling using measurements from doubly-clamped beam was also done.
It was found that k ~ R -V} where R is the radius of curvature along the
beam. Assuming kp; to be 35 eV, it was estimated for monolayered graphene
that k = 71‘% eV and for trilayered graphene that kg = 126fg§ eV.

Measurements of kp; were done on pm-sized samples at room temperature.
At finite temperatures ripples of tens of nanometers length are formed and
stabilize graphene. Hence the measured value is the effective bending rigidity
at room temperature on length-scales larger than the corrugation length, which
is the value to be used in simulations of deformation for devices operating in
the same range of temperatures.

6.4 Conclusions

Fabrication of buckled beams of graphene has been described. The mechanism
causing buckling is the compressive strain formed during thermal cycling. Dur-
ing electrostatic actuation the beams have shown snap-through buckling. The
snap-through of buckled beams has been possible to model using continuum
mechanics. The bending rigidity of bilayered graphene has been found to be
35770 eV.

The experimentally obtained value of kp; can be used as a guideline when
developing better models of the mechanical interaction between the layers in
few-layered graphene. Also a more precise value of the bending rigidity enables
more precise simulations of the mechanical properties of devices from bilayered
graphene.

The buckled beams themselves also have interesting properties for use in
devices. Compared to initially straight beams curved beams have been shown
to have larger displacement [142], greater tunability of resonance-frequency
[143] and could be used for memory applications [144].
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Chapter

CNTFETSs with moveable gates

Carbon nanotubes have been described to have excellent electrical properties
with their high on/off ratio and mobility. Graphene has outstanding mechan-
ical properties with high strength, low mass and tunable frequency of reso-
nance. Each of those properties on their own have many possible applications
and combining them enables completely novel nanoelectromechanical systems.

7.1 Introduction

For a field-effect transistor (FET) an important figure of merit is the inverse
subthreshold slope, S, which is the change in gate-voltage, V, needed to
change the current through the channel, I3, by one order of magnitude. A low
S is desirable since it allow the use of low supply voltage, hence low power
dissipation, while keeping a high ratio between I, and Ig.

The inverse subthreshold slope is determined by the electrostatic coupling
to the gate and given by

(7.1)

where Ciot is is the sum of all capacitances to the channel. For an ideal FET,
where the total capacitance is dominated by Cg, S is restricted by the thermal
limit of 2.3 k,T/q equal to 60 mV /decade at room temperature.

However the thermal limit on S can be overcome by using a moveable gate.
Then the coupling between gate and channel can be made more effective by
reducing their interdistance. If Cy is allowed to change, i.e. by varying the
separation to the gate, equation 7.1 is modified to

kT Ctot
q Cg+ AVz0Cs/0Vy’

S = In(10) (7.2)
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implying that S will always be smaller for a non-static gate since both elec-
trostatic and mechanical gating is combined.

An FET made of silicon with moveable gate has been shown to have an
S lower than the thermal limit [145]. However the device relied on physi-
cal contact between the gate electrode and the gate dielectric, leading to a
large hysteresis. Also relatively high voltages were required to move the gate
electrode due to its thickness, which is difficult to decrease when using top-
down-fabrication.

7.2 Carbon nanotube gate

Thin gate electrodes can be made of low-dimensional conducting structures.
For example a metallic CNT can be suspended between electrodes above a
semiconducting CNT, as shown in figure 7.1. When a voltage is applied to the
suspended gate-CNT it will be actuated towards the semiconducting CNT-
channel, thus electrostatic and mechanical gating are combined. Simulations
of such device have shown that S lower than the thermal limit can be obtained
using a carbon nanotube as a moveable gate for a CNTFET [146].

Similar devices with non-suspended, static CNT-gates have been success-
fully fabricated [46]. Then a fixed negative V4, was applied to electrostatically
dope the semiconducting CNT with holes. A voltage applied to the metallic
CNT locally induced a potential barrier in the channel, thus making it possible
to control its conductance.

:

Figure 7.1: (a) Schematic image of a CNTFET with suspended CNT-gate. (b)
SEM-image of a CNTFET with suspended CNT-gate.

For a CNTFET with moveable CNT-gate of pum-length the suspended
height should be low, on the order of tens of nm, to have S below the ther-
mal limit [146]. Then the scheme of fabrication used for suspending graphene,
figure 6.1, where the gate-material is clamped followed by etching of the sub-
strate does not work. Even though critical point drying is used, slack in the
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CNT will make it fall down if the aspect-ratio between electrode height and
separation is not sufficient [61].

An alternative is to make the suspending electrodes first, pattern catalyst
on top and grow CNTs as the final step. Previously it has been shown that
CNTs grown at the end of fabrication are very clean, thus having excellent
electrical and mechanical properties, and can be suspended across trenches
[65]. However the lack of control in length, direction and number of SWNTs
during synthesis make successful fabrication very difficult and reproducibility
even harder.

Attempts to fabricate a CNTFET with a suspended CNT-gate have been
made. First SWNTs are grown and a suitable tube is located in SEM. Contact
electrodes are patterned on the SWNT and suspending electrodes are made on
both sides of it. Mo is used as electrode-material since it is compatible with
conditions of synthesis. Catalyst material, alumina and iron, was patterned
on top of the suspending electrodes and finally a second step of synthesis of
SWNT's was done.

The sample shown in figure 7.1b displays both the possibilities and the
limitations of the process. Suspending electrodes are formed with a semicon-
ducting CNT remaining on the substrate in between. SWNTSs, suspended from
electrode to electrode, of pm-length can be grown. However there might also
be other SWNT's grown which are not suspended but instead fall down onto
the semiconducting CNT, thus short-circuiting the device.

Hence the method of fabrication works in principle. But it is time-consuming,
with many steps and individual design around each semiconducting CNT, in
addition to having very low yield. Despite optimization of electrode separation
and area of catalyst no working device has been made yet.

7.3 Graphene gate

Graphene can be used as a moveable gate instead of metallic CNTs. Then the
excellent mechanical properties are kept while the electronic properties are
less sensitive to atomic structure. From a fabrication point-of-view graphene
has the advantage of being easier to locate, due to its visibility in an optical
microscope. Hence flakes of graphene can be located on one sample and then
transferred onto another sample [147].

In Paper V fabrication and characterization of CNTFETs with moveable
gates of graphene is described. Devices are made by transferring graphene
onto a sample with semiconducting CNT and suspending electrodes. Electrical
characterization was done and numerical simulations show that it is possible to
improve the switching characteristics compared to a static gate. Here selected
parts are presented. For a more complete description the reader is referred to
Paper V.
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7.3.1 Experimental methods

The device, which is pictured schematically in figure 7.2f, consists of a carbon
nanotube-transistor gated by a silicon back-gate and a top-gate of suspended
graphene. The graphene sheet is suspended by the height of its support elec-
trodes and can be electrostatically actuated by applying a voltage difference
between the graphene and the back-gate. A step-by-step-recipe is presented
in appendix B for the interested reader.

microscope

Figure 7.2: Schematic process for fabrication of CNTFET with suspended graphene
gate. (a) Exfoliation of graphene. (b) Spin-coating of transfer resist-film on graphene.
(c) CVD-synthesis of SWNT. (d) Patterning of electrodes without adding coating of
SiN. (e) Transferring of graphene-film and alignment onto CNT-sample using optical
microscope. (f) Clamping of graphene into final device.

The CNT-transistor is based on an individual single-walled nanotube. The
SWNT, figure 7.2c, was synthesized by chemical vapor deposition at 900 °C
and atmospheric pressure using methane as carbon precursor and a patterned
thin film catalyst of 1 nm iron on 5 nm alumina deposited by electron-beam
evaporation.

The SWNT was grown directly on a highly-doped silicon substrate oxidized
in low-pressure-CVD to obtain a 300 nm thick thermal oxide, a thickness cho-
sen to enhance contrast of the graphene sheet. The silicon substrate was used
as back-gate both to modulate the conductance of the parts of the semicon-
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ducting CNT close to the contacts and to actuate the suspended graphene.
The high level of doping made possible electrical measurements also at low
temperatures.

The position of the SWNT was determined by scanning-electron microscopy,
figure 7.3a. The design of the electrodes was made individually based on the
position of each suitable SWNT, figure 7.3b. Suspending and side-electrodes
were placed around a relatively straight segment of the CNT. Contact-electrodes
were patterned a few microns away from support-electrodes.

N —

Figure 7.3: (a) SEM-image of SWNT overlaid with grid, which is aligned to Mo-
marks, used for assistance when drawing position of CNT i CAD-file. (b) Design of
electrodes in CAD-file. The fabricated device is shown in figure 7.4.

The side-electrodes could also be used for actuation of the suspended gate.
By applying voltages of opposite polarity on them actuation, which is propor-
tional to AV?2, can be achieved with a minimum change in potential in the
CNT due to the symmetry of the design. However, in electrical measurements
described below side-electrodes were not used.

Contact- and side-electrodes to the SWNT were defined by electron-beam
lithography and lift-off after electron-beam deposition of 0.5 nm Ti and 25 nm
Pd. A protective layer of 15 nm silicon nitride was deposited on top of the
entire substrate using plasma-enhanced-CVD. To enable electrical measure-
ments, openings in the layer of SiN were made on top of the contact pads by
etching in a CF4-plasma using a resist mask defined by EBL.

The pattern of the two electrodes that the sheet of graphene will be sus-
pended between was defined by EBL with the SWNT in the middle of a 2 ym
gap between the electrodes. After electron-beam evaporation of 5 nm Ti, 95
nm Au and 20 nm Pd, lift-off was used to transfer the pattern into the support
electrodes, figure 7.2d.

On a typical chip around 4 devices were fabricated. Electrical characteriza-
tion was made of the CNTFETSs in a probe-station at room-temperature. On
each chip the semiconducting CNT with lowest resistivity and highest on/off
ratio was selected for further processing. It was also made sure that gating of
the CNT from support electrodes was not efficient.
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Graphene was transfer-printed onto a sample with CNTFET. From highly
oriented pyrolytic graphite, graphene was exfoliated onto a bare silicon sub-
strate with 300 nm oxide layer. A flake of graphene with suitable shape to be
used as a suspended gate was selected in an optical microscope, figure 7.2a.

A thin film, 500 nm, of PMMA was spin-coated on the substrate, em-
bedding the graphene-sheet from the top. The resist was baked at 180 °C.
Immersion of the substrate into KOH released the resist film together with
the embedded graphene, figure 7.2b.

The released thin film was transferred onto the substrate with the CNT-
FET, figure 7.2e. During transfer the selected sheet of graphene embedded in
the resist film was aligned in an optical microscope to be positioned between
the support electrodes. Then the resist film was brought into contact with the
CNTFET-sample.

The transferred resist film could be used to pattern metal-clamps onto the
part of graphene on top of the electrodes. The pattern of the clamps was
defined by EBL and electron-beam evaporation of 0.5 nm Ti and 30 nm Pd.
To keep the graphene suspended, critical-point-drying was used after lift-off,
figure 7.2f.

The resulting device of a sheet of graphene suspended between electrodes
above a CNT-transistor was inspected using an optical microscope, figure 7.4a,
and atomic force microscope, figure 7.4b and c. Raman spectroscopy was made
on selected samples to ensure that graphene was single-layered.

Electrical characterization of the devices was made in vacuum (5 - 1076
mBar) in a cryogenic probe station at 100 K. A source-drain bias, Vg, was
applied and either the voltage applied to the graphene gate, Vg, or to the
back-gate, Vs, was swept while keeping the other gate at a fixed voltage.

7.3.2 Results and discussion

The results from fabrication of the CNTFETSs show that the carbon nanotube
and electrodes can be aligned to each other with less than 100 nm error using
EBL. The error could probably be reduced further by automating the process
of transferring the location of the nanotube from the SEM-image to the CAD-
file used for designing the pattern and position of the electrodes.

Electrical characterization of the CNTFETSs at room temperature shows
that it is common to find devices with an on/off ratio of 10% or more and a
minimum resistance of a few Ms or less. Usually carbon nanotubes contacted
by Pd electrodes display p-type behavior. After SiN-coating they are changed
into n-type, either due to changes in contact work function or doping of the
nanotubes [148].

The transfer printing method was shown to be able to suspend graphene
between electrodes on top of a sample. In combination with critical point
drying graphene could be suspended between electrodes of 2.5 pm separation
and 120 nm height, hence an aspect-ratio of more than 20.
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Figure 7.4: (a) Image from optical microscope of the device designed in figure 7.3b.
(b) AFM-image of the same device. (¢) AFM-image of the area inside black box in
(b) where the CNT is seen.

The use of a CNTFET-substrate with 300 nm silicon oxide made it possible
to study the transferred graphene in an optical microscope, figure 7.4a. It
was observed that the color of suspended graphene was different from that of
graphene lying on the substrate, hence the optical microscope could be used
to study if graphene was suspended after the final step of fabrication.
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Figure 7.5: Profiles from AFM-images at different AV (a) and measurements of
deflection (b) of test sample with fewlayered graphene suspended between electrodes
of 240 nm height. (b) AFM-image of CNTFET with graphene gate collapsed into the
substrate after electrical characterization.

Test samples having only suspending electrodes but no CNTFETSs were
made to study electrostatic actuation of transferred graphene. The profiles
obtained in AFM along the beam of few-layered graphene, figure 7.5a, show
that the graphene adheres to the edges of the electrodes and thus becomes
U-shaped. This is similar to the observations in Chapter 6 that adhesion to
electrodes gave upwards buckling. In that case the electrodes were on top of
the graphene, here they are below.

Measurements of deflection, figure 7.5b, reveal that for 14, lower than
roughly 20 V the deflection is proportional to ngz7 as expected from equation
3.1. For higher voltages, non-linearities become significant, hence the weaker
dependance on Vi, [149].

It can be noted that the deflection observed here is relatively small com-
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pared to the distance between the graphene gate and the CNT. However deflec-
tion scales with the cube of the beam length. The suspended part of the beam
in figure 7.5a was less than 1 pum and the beams used in this work for gating
CNTFETs are typically 2 um long. In addition the larger height of the elec-
trode also reduce deflection at a given Vjz compared to the CNTFET-devices
used in this work.

An example of sufficient deflection for graphene gates on the CNTFET-
devices is shown in figure 7.5c. During electrical characterization a notable
difference was observed between sweeps being done at maximum AV = |V, —
Vog| = 21 V and AV = 22 V. Studying the device afterwards it was found
that the graphene gate had been pulled in to the surface of the substrate.

Similar to singly-clamped beams being pulled in when deflected more than
30 % of the initial distance, as observed for varactors in Chapter 4, also doubly-
clamped beams are expected to pull-in at roughly the same amount of relative
deflection [149]. For the device shown in figure 7.5¢ graphene was pulled
in around AV = 21 V, indicating that relatively low voltages are required
for deflecting the graphene gate a substantial distance. Note that pull-in is
expected when the beam is deflected by 30 % of the effective initial distance
to the back-gate. Having 300 nm gate-oxide, this means that graphene can be
deflected 70 % of the air-gap for a suspended height of 120 nm.

The graphene in the device shown in figure 7.5¢ remained stuck also after
reducing the actuation voltage. This irreversibility indicates that care has to
be taken during electrical characterization not to exceed the critical AV where
the suspended gate gets pulled into the surface.

The contour map of I when sweeping Ve and V¢ respectively for a SiN-
coated device is shown in figure 7.6a. When both Vg, and W, were kept at
sufficiently high positive voltages the entire CNT was n-doped and showed
high conductance.

However, if Vjz is too low, conductance is suppressed in the parts of the
CNT close to the contacts. Similarly, if Vg is too low, a potential barrier is
induced for the electrons in the CNT segment below the suspended graphene,
hence giving a low I3. It can be noted that both gates can be used to turn
the device into the off-state, irrespective of the other gate.

Single sweeps of Ve and Vj,, while keeping the other gate at 10 V, fig-
ure 7.6b, show an inverse subthreshold slope of 286 mV/decade and 317
mV /decade respectively.

For a device without coating and with a few-layered graphene gate the
contour map, figure 7.7a, shows ambipolar behaviour. When both gates are
sufficiently positive electrons can pass through the CNT. If Vg is lowered
enough a potential barrier is formed beneath the gate and limits the current.

However, if V4, is sufficiently low, the Schottky barriers are lowered and
holes can pass into the CNT. From this setting, increasing V. will again
induce a potential barrier in the middle segment of the CNT, thus limiting
the current.
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Figure 7.6: Electrical characterization of CNTFET with SiN-coating. (a) Contour
map of Iy for Vg =100 mV at 100 K. (b) Single sweeps of Vg (red) and Vi (black)
for V3 =500 mV at 100 K while keeping the other gate at 10 V.
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Figure 7.7: Electrical characterization of CNTFET without SiN-coating. (a) Con-
tour map of Iq for Vg = 100 mV at 100 K. (b) Single sweeps of Vg (red) and Vig
(black) for V4 = 500 mV at 100 K while keeping the gate not being swept at either 5
V (solid lines) or -4 V (dashed lines).

Single sweeps of Vg and Vj,g in the n-type branch give S of 53 mV /decade
respectively 130 mV/decade. In the p-type branch both sweeps exhibit S of
66 mV /decade.

Comparing the devices, the SiN-coated CNTFET exhibits higher S. Pos-
sibly this could be due to charge traps present in the deposited nitride [150],
contributing to parasitic capacitances included in Cjy in equation 7.2.

The non-coated device too has higher S than the ideal value of 20 mV/decade
at 100 K. This is partly due to the relatively large air gap to the graphene
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gate, since the two gates placed on opposite sides of the CNT compete for
control of the potential in the channel. But also charge traps on the substrate
or at the interface between silicon and oxide could increase S.

Unfortunately it is not straightforward to confirm the improvement in the
subthreshold slope due to actuation of the suspended gate in our measure-
ments. It can be argued for an effect due to movement of graphene that S is
lower when sweeping Vg despite the effective distance, taking the dielectric
medium into account, being larger. However Vg only gates the middle part
of the CNT while ;¢ gates the whole CNT and the Schottky barriers at the
contacts, making direct comparisons difficult.

In addition, the higher than ideal values of S indicate that charge traps
have a large impact on switching behaviour in our devices. Also here differ-
ences can be expected between back-gate with oxide and graphene gate with
deposited nitride and adsorbents in the gate dielectric.

To quantify the effect on S from deflection of graphene, numerical simu-
lations of a p-type device at a temperature of 300 K were carried out. The
deflection of graphene used in the simulations was obtained from measure-
ments of deflection on a single-layered beam of 2 pm length fabricated in a
way similar to the doubly-clamped beams in Chapter 6. The beam exhibited
deflection similar to 7.5b, i.e. without snap-through buckling, with 37 nm
deflection for AV =10 V.

Ignoring the effects from parasitic capacitances, for the design of the device
used in measurements in figure 7.6 it was found that a deflection of 20 nm gave
an improvement in S of 22 %, compared to a static device with graphene gate
positioned at that maximum deflection. To reduce S below the thermal limit
a deflection of 80 % was needed. However, such a large deflection can not be
achieved since graphene is pulled-in at 70 % deflection.

Simulations show further that in order to be able to reduce S below
the thermal limit while avoiding pull-in, the initial suspended height of the
graphene gate has to be reduced to 20 nm. If the parasitic capacitances are
taken into account the initial height must be reduced to 3 nm to beat the
thermal limit. Even if parasitic capacitances can be lowered, e.g. by remov-
ing charge traps, it is experimentally very challenging to realize suspended
graphene gates of the needed heights.

7.4 Curved graphene gate

To obtain a low inverse subthreshold slope for a CNTFET with suspended
gate it is desirable to have a gate with large deflection for a small shift in
AV. In Chapter 6 it was shown that curved beams have that property close
to the critical voltage. Possibly a CNTFET with a moveable curved gate,
schematically shown in figure 7.8a, could improve S beyond the thermal limit.

A proposed scheme for fabrication of such a device could be to make the
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CNTFET on a silicon substrate, to be used as back-gate. The gate insulator
could be 250 nm thermal oxide with 20 nm silicon nitride deposited by low-
pressure CVD (LPCVD) on top. Fabrication of the CNTFET is made as
described previously, except for patterning of the suspending electrodes.

In this case, the separation between CNT and graphene is determined by
the thickness of a SiN-coating, which is deposited in plasma-enhanced CVD
(PECVD). Graphene is transferred on top of the CNT and SiN-coating. The
flake of graphene and the clamping electrodes are patterned similar to de-
scribed in Chapter 6, including thermal cycling.

Silicon nitride deposited in PECVD is of lower quality than SiN deposited
by LPCVD. As a consequence, etching in BOE will remove PECVD-SiN while
leaving LPCVD-SiN unaffected, thus suspending the graphene gate while leav-
ing CNTFET and its insulator to the back-gate. Being clamped by electrodes
from the top, the thermal cycling will cause graphene to curve away from the
CNTFET.

The back-gate actuates the curved graphene gate and controls the con-
ductivity of the parts of the CNT close to the source- and drain-contacts.
The graphene gate is used to control the conductivity of the middle part of
the CNT. When deflected, the curved graphene gate will snap-through from
upwards to downwards buckling, shown by full respectively striped line in fig-
ure 7.8a, at the critical AV. Hence separation, thus also coupling, between
the CNT and the graphene will change significantly for a small shift in gate-
voltage.
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Figure 7.8: (a) Schematic image of a cross-section of a CNTFET with curved
graphene gate. (b) Numerical simulations of S for a CNTFET with curved graphene
gate. Top curve assumes parasitic capacitances of similar value to the CNTFET in fig-
ure 7.7, middle curve assumes half that value and bottom curve assumes no parasitic
capacitance.
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Numerical simulations of a p-type device with curved gate at a temperature
of 300 K have been done. The thickness the PECVD-SiN was set to 40 nm.
Having thinner nitride would improve coupling to the graphene gate, but also
make it more difficult to fabricate suspended graphene.

Similar to the buckled beam in figure 6.6, the height of the central part of
the curved graphene gate was considered to be 65 nm above the bottom of the
clamping electrodes at AV =0 V. The deflection was approximated by being
zero up to AV = 2.5 V, then increasing linearly to 89 nm at AV = 2.7 V and
in a static position of downwards buckling for higher AV,

The inverse subthreshold slope when sweeping Vg, was calculated at differ-
ent AV. For each value of AV it was assumed that CNTFET was operating
at the optimal working point, i.e. the point of largest subthreshold slope.
Since both Ve and Vig can be varied individually, that should in principle be
possible to achieve.

Simulations, shown in figure 7.8b, were done with parasitic capacitances,
Cp, of the same value as observed for the CNTFET in figure 7.7, with C}, being
half that value and with C,=0. The inverse subthreshold slopes are normalized
to the thermal limit of 60 mV/decade at room temperature, striped line in
figure 7.8b.

For AV < 2.5 V the device is static and S is significantly higher than
unity, in agreement with equation 7.1 when C, is much lower than Cie. For
2.5 V< AV < 2.7 V the graphene gate is deflected. S is then lowered, since
movement makes the second term in the denominator in equation 7.2 non-
zero. For AV > 2.7 V the device is again static. S is lower than for upwards
buckling, since the reduced separation to the CNT improves coupling to the
graphene gate.

During deflection, not only movement but also the reduction in gate dis-
tance improve S. The lowest value of S is found close to completion of the
buckling snapthrough. Including parasitic capacitances similar to experimen-
tal observations, S down to 80 % of the thermal limit could be obtained. If
parasitic capacitances are disregarded, inverse subthreshold slopes as low as
20 % of the thermal limit are predicted.

The simulations show the possibility to improve S by including a moving
gate. By combining electrostatic and mechanical gating, a value of S lower
than the thermal limit can be obtained. Such CNTFETSs are within reach for
experimental realization if a curved graphene gate is used.

7.5 Conclusions

Fabrication of CNTFETs with suspended graphene gates has been accom-
plished. Electrical characterization has confirmed that the graphene gate can
control the conductance of the carbon nanotube channel. Inverse subthreshold
slopes down to 53 mV per decade have been measured at 100 K.
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Simulations have shown that deflection of the graphene improves the trans-
fer characteristics of the CNTFET, compared to using a static gate. However
an improved design has to be found to improve S beyond the thermal limit. It
is not sufficient to just reduce the height of the suspended graphene in order
to fabricate such a device, due to the large parasitic capacitances that are
present and the fabrication challenges. Instead, the use of a curved graphene
gate has been proposed.

Although the influence on the inverse subthreshold slope from deflection of
the graphene gate could not be inferred directly from electrical measurements
the devices proposed here could in principle be used for monitoring movement
of the suspended graphene. Since a CNTFET switches by moving only a small
amount of charge [46], it is suitable for use in electrical read-out of the motion
of a graphene resonator.
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Chapter

Conclusions

Carbon nanotubes and graphene are known to have remarkable properties,
motivating fundamental research on the materials. Due to those properties,
many applications from carbon nanotubes and graphene have been envisioned.
In this work the synthesis of carbon nanotubes was studied to improve control
of their structure, which influences their properties. The partial pressure of
acetylene was shown to limit the addition rate of carbon to carbon nanotubes.
This observation was used to explain their growth-rate, time of growth and
number of walls.

Studies of the kinetics of synthesis of VANTAs on macroscopic scale is
an important method to understand the basic mechanisms and microscopic
processes of CNT growth. The observations in this thesis implies that the
microstructure of the nanotubes could be determined during the initial part
of the synthesis. Future studies with varying conditions during synthesis would
be interesting. Initially, for example, high partial pressure of acetylene and
temperature can be used to nucleate CNTs with many walls. Thereafter,
gas composition or temperature could be changed to optimize conditions for
growth of long CNTs.

It was shown that the alignment of pillars of arrays of nanotubes was
improved by increasing their density. In future studies, it would be interesting
to lithographically pattern each catalyst nanoparticle individually. Then their
density and size-distribution could be controlled and varied systematically.
Synthesis of carbon nanotubes from such arrays of nanoparticles might provide
further insights into the collective effects on alignment, growth-rate and sudden
termination.

In addition, such a designed array of nanoparticles possibly can be used to
tailor properties of VANTAS for different applications. For electrical intercon-
nects, high density of nanotubes could be achieved to have high conductivity.
For electromechanical devices with low actuation voltage, low-density arrays
of nanotubes can be made to have low effective Young’s modulus.
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The exceptional electrical and mechanical properties of carbon nanotubes
and graphene was utilized in different nanoelectromechanical systems. Mea-
surements from fabricated devices were compared to models and numerical
simulations, to determine the electrical and mechanical properties of the de-
vices and the materials themselves.

VANTASs were observed to move as single units during electrostatical ac-
tuated and used that to fabricate a varactor. Deflection of the VANTAs was
measured and compared to simulation to determine an effective Young’s mod-
ulus of 6£4 MPa. The low value implies that VANTASs could be used in future
applications where large deflections at low voltages are desired.

In this work controllably fabricated curved beams of graphene were made.
They were shown to give snapthrough buckling upon electrostatic actuation.
The bending rigidity of 351‘% eV for bilayered graphene was determined, by
comparing measurements of the snapthrough deflection to an existing model.

The experimentally obtained value of the bending rigidity will be useful in
simulations of the mechanical properties of devices from bilayered graphene.
Further it puts limit when developing models for the mechanical interaction
between the layers in few-layered graphene. In addition, the buckled beams
of graphene are interesting for devices requiring beams with large and sudden
deflection.

The electrical properties of carbon nanotubes were combined with the
mechanical properties of graphene, by fabricating CNTFETs with moveable
graphene gates. The suspended graphene gate could control the conductivity
of the CNTFET. Results from our simulations describe how a subthreshold
slope beyond the thermal limit can be obtained by improving the geometry of
the device, for example by including a curved graphene gate.

In this work, materials with partly unknown properties, such as the effec-
tive Young’s modulus of VANTAs and the bending rigidity of graphene, have
been used. Hence experimental measurements were carried out first. After-
wards, simulations were used to determine those properties, which could not
be obtained directly from experiments.

Fabrication of NEMS has been found to give some deviations from the
ideal systems typically simulated, e.g. the non-perfect vertical alignment of
nanotube arrays in varactors, the contamination on beams of graphene and
parasitic capacitances in CNTFETs. Future experiments should be aimed to
understand and reduce those effects.

In general, the interplay between experiments and simulations will con-
tinue to be important in development of NEMS. Experimentalists need to be
aware of the limits of simulations and simulations need to include the limits
of experiments. However, results from experiments can be expected to be un-
expected. Occasionally, keeping eyes and minds open, the unexpected results
lead to new discoveries.
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Appendix A

The standard recipe for flow-synthesis of vertically aligned carbon nanotube
arrays using furnace TCVD-system at University of Gothenburg:

Load the substrates with catalyst into the quartz-tube on the quartz-
plate. Place the substrates in the middle of the furnace, with the beam
of the laser in the middle of the quartz-substrate. Align the beam of the
laser to the holes in furnace by measuring and maximizing the intensity
of the beam.

Seal the tube and pump it down to roughly 0.1 mBar using rotary vane
pump. Open the gas-valve to insert argon to a pressure of 100 mBar
to dilute the residual gases. Pump down the tube to roughly 0.1 mBar
again. Insert 900 sccm argon and 100 sccm hydrogen. When atmospheric
pressure is reached open the exhaust-valve.

Start heating the furnace to the process-temperature of 700 °C, which
is reached in roughly 25 min. Anneal at 700 °C for 9 min. After 45 s
further, while the gas-composition is changed to 500 sccm argon and 500
scem hydrogen, the gas-inlet to the quartz-tube is closed and gas-inlet
directly to exhaust is opened. The gas-valve to the acetylene is opened
and is allowed to stabilize at the set flow-rate for 15 s.

Close the gas-valve directly to the exhaust and open the valve to the
quartz-tube. At the same time start measuring the intensity of the
transmitted laser-light using the computer with LabView. Monitor the
synthesis on the screen of the computer until the intensity of the trans-
mitted light is below the sensitivity of the photodetector. Allow the
synthesis to continue for the desired time of processing, 60 min to reach
the terminal length even for flow-rates as low as 1 sccm.

Close the gas-valve to the acetylene and change gas-composition back to
900 sccm argon and 100 sccm. Turn off the furnace and allow the furnace
to cool down. When the temperature is below 150 °C the samples, with
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CNTs grown, can be removed from the quartz-tube and are ready for
characterization or further processing.

In burst synthesis annealing is done for 15 min. Then gas-line to acety-
lene is opened with a set flow-rate of 3 sccm, resulting in an initial burst
of acetylene before the flow-rate is stabilized, and both argon and hy-
drogen is changed to a flow-rate of 500 sccm each. The standard time of
synthesis is 15 min.

In synthesis of single-walled nanotubes the same processing-steps as in
burst-synthesis are used. The differences are that the process-gases are
methane 900 sccm and hydrogen 100 sccm during synthesis and the
temperature of the furnace is 900 °C during annealing and synthesis.
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Appendix B

Described below is the recipe used for fabrication of devices of CNTFETSs
with suspended graphene gates, which are described in Chapter 7 and Paper
V. The recipe was used in the cleanroom-facilities at MC2 in Chalmers. Hence
some of the steps refer to the use of equipment and processes specific to that
cleanroom. However I believe that all processes could be transferred to any
cleanroom with similar equipment.

Mo-marks
Start with a highly doped silicon wafer.
Etch oxide in BOE and rinse with DI and spin-drier
Clean wafer in RCA1 and RCA2.
Oxidize 28 min at 1050 °C in Centrotherm Furnace using program ”woxvari”
Wollam ellipsometer gives an oxide thickness of 304 nm
Spin UV5-0.8 5000 rpm 1 min, bake on hotplate 130 °C for 3 min
Etch back-side, to contact back-gate, in BOE for 6 min and rinse with DI and
spin-drier
Remove resist in warm Remover 1165. Rinse with acetone, DI and spin-drier.
Run program ”Strip0lminA” in Batchtop
Spin LOR3A 4000 rpm 1 min, bake on hotplate 180 °C for 5 min
Spin UV5-0.8 4000 rpm 1 min, bake on hotplate 130 °C for 1 min 30 s
Expose magazine-file at 10 nA in 30 min
Post-exposure bake on hotplate 130 °C for 1 min 30 s
Develop in MF24-A for 50 s, rinse in milli-Q and in quick-dump rinser
Inspect pattern and its undercut in optical microscopy
Run program ”Ash30s” in Batchtop
Deposit 10 nm Ti (1.5 A/s) and 90 nm Mo (1.5 A/s) using AVAC evaporator
Lift-off in Remover 1165, rinse in Remover 1165, acetone and TPA

Dicing
Spin UV5-0.8 5000 rpm 1 min, bake on hotplate 130 °C for 1 min 30 s
Dice from frontside on the position of the dicing-marks
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Half-cut from back-side into 9¥9 mm2 chips
Remove blue-tape and resist in acetone, rinse in acetone and IPA.

Catalyst
Run program ”Strip0lminA” in Batchtop
Spin LOR3A 5000 rpm 1 min, bake on hotplate 180 °C for 5 min
Spin UV5-0.8 5000 rpm 1 min, bake on hotplate 130 °C for 1 min 30 s
Expose magazine-file at 10 nA in 20 min
Post-exposure bake on hotplate 130 °C for 1 min 30 s
Develop in MF24-A for 50 s, rinse in milli-Q and in quick-dump rinser
Inspect pattern and its undercut in optical microscopy
Run program ” Ash30s” in Batchtop
Deposit 10 nm Al1203 (1.2 A/s) and 1 nm Fe (0.6 A/s) using AVAC
Lift-off in Remover 1165, rinse in Remover 1165, acetone and IPA

SWNT synthesis
Load wafer into CVD-system, pump out CVD-tube and purge gas-lines twice
Heat to 900 °C in 500 sccm Ar and 300 sccm H2 at atmospheric pressure
Anneal at 900 °C in 500 sccm Ar and 300 sccm H2 for 5 min
Grow at 900 °C in 500 sccm CH4 and 300 sccm H2 for 5 min
Let cool in 500 sccm Ar and 300 scem H2

Pattern design
Obtain SEM-images of CNTs at 1 kV
Combine SEM-images and image of grid into overlaid images
Use overlaid images to draw position of CNT in L-Edit
Design the electrodes around the CNT by using standard design and moving
it into the right position for each device

Side-electrodes
Spin Copolymer EL4 3000 rpm 1 min, bake in oven at 170 °C for 20 min
(possibly oven is needed due to stress-induced curvature in wafer)
Spin ZEP A2 3000 rpm 1 min, bake in oven at 170 °C for 20 min
Expose magazine-file at 1 nA in 30 min
Develop in hexylacetate 1 min, develop in MIBK:IPA 1:2, rinse in IPA
Inspect pattern and its undercut in optical microscopy
Deposit 0.5 nm Ti (1.0 A/s) and 25 nm Pd (2.0 A/s) in Balzer evaporator
Lift-off in Remover 1165, rinse in Remover 1165, acetone and TPA

SiN-deposition and etching
Deposit SiN using program ”JS HFSIN” for 1 min and 33 s, nominally giving
15 nm SiN
Spin UV5-0.8 5000 rpm 1 min, bake on hot-plate at 130 °C for 12 min
Expose magazine-file ”CSG3SIN.mgn” at 10 nA in 15 min
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Post-exposure bake in oven 130 °C for 12 min

Develop in MF24-A for 50 s, rinse in milli-Q and in quick-dump rinser
Inspect pattern in optical microscopy

Run program ”ash30s” in Batchtop

Etch SiN for 45 s in Batchtop using program "NOARCF4”

Run program "STR02B” in Batchtop, removes all resist.

Strip in Remover 1165, rinse in Remover 1165, acetone and IPA
Etch-depth in SiN and SiO was measured to be 30 nm

Graphene-electrodes
Spin LOR3A 5000 rpm 1 min, bake on hotplate 180 °C for 5 min
Spin UV5-0.8 5000 rpm 1 min, bake on hotplate 130 °C for 1 min 30 s
Expose magazine-file at 10 nA in 1 h
Post-exposure bake on hotplate 130 °C for 1 min 30 s
Develop in MF24-A for 50 s, rinse in milli-Q and in quick-dump rinser
Inspect pattern and its undercut in optical microscopy
Deposit 5 nm Ti (1.0 A/s), 95 nm Au (6.0 A/s) and 20 Pd (2.0 A/s) in Balzer
evaporator
Lift-off in Remover 1165, rinse in Remover 1165, acetone and TPA
Electrical characterization of the CNTFETSs at room temperature

Graphene exfoliation
Take piece of tape with HOPG-sample on top
Apply tape on HOPG, press gently and remove to get sample T1
Inspect visually with backlight. Look for large and light-grey flakes.
If no well-shaped flakes are found then throw away sample T1 and restart.
If sample looks good then keep it for further processing.
If graphene looks too dark, apply tape and press gently. Remove to get T2.
Inspect T1 and T2 visually and continue.
Take a good tape-sample, TX, with grapheme facing up and put the Si-
substrate with 300 nm oxide on TX with frontside facing down towards TX.
Put tape on the back-side of the Si-substrate and press/scratch with taped
glass-slide from back-side 15 times
Look for green areas on front-side of substrate and note their position.
Remove the substrate from the tape.
Inspect substrate in optical microscope and find a suitable flake to transfer.

Graphene-film preparation
Spin PMMA 950k C4 at 4500 rpm 45s giving roughly 500 nm thickness.
Bake on hotplate 180 °C for 2 min (to keep film flexible enough).
Find position of the good flake in microscope and note rough position.
Cut film-holder from 2*2 cm? thermal tape into T-shape with hole.
Place film-holder on right position on substrate with film, press holder into
good contact.
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Mix KOH 4M (11.2g KOH+50 ml DI) in Teflon beakers

Heat KOH with hot-plate set at 240 °C (in practice giving 60 to 80 °C)

Put substrate with film-holder into KOH for 7 min or until film is removed
from substrate (sometimes mechanical assistance).

Rinse film thoroughly in DI and remove excess DI using paper-tissue and care-
fully blow dry in nitrogen.

Graphene transfer
Fasten film-holder in transfer-translator (rebuilt probe-holder) and find posi-
tion and orientation of the flake to transfer.
Raise film-holder and put CNTFET-sample on microscopy-stage into focus (at
50X magnification-lens).
Find the electrode-gap to be bridged by graphene. Rotate the sample to align
the gap to the flake and avoid short-circuiting of other flakes.
Lower sample and put film-holder into focus.
Add small drop of DI onto sample (5 pL) to improve contact.
Raise sample to put it into contact with film-holder.
Adjust flake-position using transfer-translator and confirm correct position.
Remove transfer-translator while keeping film-holder stuck to sample.
Confirm maintained correct positioning of the flake in optical microscope.
Let sample and film-holder dry completely for 15-30 min.
Remove film-holder from sample while keeping the desired part of film left on
sample.
Confirm maintained correct positioning of the flake in optical microscope.

Clamping-electrodes
Expose magazine-file at 1000 xC/cm?
Develop in MIBK:IPA 1:2 for 60 s, rinse in IPA
Inspect pattern in optical microscopy
Deposit 0.5 nm Ti (0.7 A/s) and 30 Pd (2.0 A/s) in AVAC evaporator, cover
edges with foil in order to not connect Pd-area with back-side.
Lift-off in acetone and CPD from acetone to get suspended graphene.
Inspect device optically and in AFM for suspended graphene
Electrical characterization at 100 K
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