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ABSTRACT

Nanoscience is a well-established research area, which concerns properties and
fabrication of objects with typical dimensions on the 1-100 nanometer length scale. A
central issue has been the development of techniques for fabrication and
characterization of nanometer sized objects, which have contributed considerably to
progress in both practical applications and fundamental research. Still, a standing
challenge in nanofabrication is to further decrease the size limit and increase the
precision in structure fabrication, with a simultaneous increase in reliability and cost-
efficiency. Other goals are to facilitate fabrication of nanostructures in a variety of
materials, with different geometries and spatial distributions. Examples of practical
applications of nanofabrication are, electronic devices, nanoparticle reinforced
composite materials, materials for extraction and storage of energy, sensors and
biomedical applications.

In this thesis, the development and application of a nanofabrication technique termed
hole-mask colloidal lithography (HCL) is described. The technique is based on self-
assembly of nanospheres in combination with spin coating and thin film evaporation
to produce supported nanostructured masks for etch and/or deposition processes. HCL
relies on a parallel process and uses relatively simple laboratory equipment. Therefore
it is fast and cost-effective and can be used to structure large surface areas in a
reasonable time. Furthermore, HCL is suited for fabrication of nanostructures with a
variety of different shapes, with well-defined sizes and in a large variety of different
materials. Demonstrated examples include discs, ellipses, bi-metallic particle pairs,
cones and inverted ring structures in Au, Ag, Cr. Specifically, the use of HCL to
fabricate nanostructures in three different carbon materials, highly oriented pyrolytic
graphite (HOPG), glassy carbon (GC) and amorphous carbon, is described. Such
nanostructured materials are relevant both in technical applications and in model
studies of e.g. soot particles. The manufactured nanostrucutres have been
characterized with respect to their geometrical, mechanical, and optical properties,
using microscopy and spectroscopy techniques, and their reactivity towards oxidation
has been explored.

From studies of such samples, it is concluded that the etch rate in oxygen plasma is
different for HOPG and GC, which influences the resulting size and shape of the
nanostructures after the applied oxidation treatment. It is also shown that the atomic
arrangement of the HOPG nanostructures is similar to that of the bulk material.
Investigations of the optical properties reveal resonant absorption and scattering of
light for nanostructures in all three materials, i.e. peak position, amplitude and width
of the measured optical spectra are shown to correlate with the nanostructure sizes.
This correlation is used to optically monitor oxidation, and the resulting decrease in
volume, of carbon nanostructures under high temperature oxidation conditions and is
proposed as a general sensing method to study oxidation/combustion of soot and other
carbon nanostructures.

Keywords: Nanofabrication, carbon, HOPG, GC amorphous carbon, oxidation,
optical resonance, optical spectrum, Raman spectrum.
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1 Introduction

1.1 Nanoscience

Since the dawn of time, by curiosity as well as for practical reasons, man has
been driven to explore and to look closer at nature. Especially the extremes have
always fascinated; the extremely large, distant, strong or small. An impressive
amount of creativity and thought have been invested into developing
instruments and aids to facilitate investigations beyond the capabilities of our
senses.

For the study of objects that are too small to apprehend, so small that the human
eye cannot resolve their position and shape, a multitude of tools have been
constructed. From simple magnifying glasses, via optical microscopes, to today’s
electron- and scanning probe microscopes, with which single atoms can be
observed. The access to such characterization tools has opened up for a research
field dedicated to study nature on an extremely small scale.

The study of objects with sizes conveniently expressed in nanometers (10-° m or
equivalently one millionth of a millimeter) is termed nanoscience. This size
regime concerns objects with sizes from 1 - 1000 nm (often the upper limit is
given as 100 nm). Objects with these characteristic sizes have always been
present in our environment. For example, biological nanoscale objects such as
viruses and proteins as well as inorganic aerosols have sizes in this regime and
already in the mid 19t century colloidal solutions containing nanospheres were
prepared intentionally for scientific purposes [1].

For esthetical and practical reasons as well as for amusement, miniaturization
has also been a long-standing fascination for mankind. From a practical point of
view it is obvious that scaling down size of useful gadgets can be very
convenient. An example from the past is manufacturing of portable wrist- or
pocket- watches, which are clearly more convenient to bring along than a
standard wall clock. A later and even more elucidating example is the
miniaturization of components used in computers, which in the beginning were
large enough to fill entire rooms (fig.1.1).



Figure 1.1 One of the first computers, ENIAC, weighing 30 tons and occupying a 15x9 m
large room, was built in the 1940s, before nanofabrication techniques were available.

Investigations of nanosized objects have been going on in parallel with the
efforts to design and manipulate matter on a similar scale. For the purpose of
fabrication, techniques developed to study nanoscale objects have been adjusted
to also facilitate manufacturing. With both characterization and fabrication tools
capable of handling the nanometer size regime, it is now possible to
systematically manufacture devices with desired nanoscale dimensions, examine
the result of the fabrication process and to carefully characterize the nanodevice
properties. In this manner, the influence of nanostructure size on the mechanical,
electrical, optical, magnetic and chemical properties (to name a few) for a
multitude of materials have been investigated[2, 3]. Such investigations provide
valuable information about fundamental physics and contribute to the general
understanding of nature, as well as laying the foundation for a variety of new
technological products.

1.2 Applied nanoscience

Nanoscience and fabrication is applied in a variety of contexts. Careful
investigations of functionality of catalysts, which are of enormous practical
importance, can be undertaken with a combination of nanofabrication and
characterization[4] techniques. Also in the challenge of meeting future demands
on sustainable energy, nanoscience is predicted to play an important role, e.g. in
the design of efficient and affordable solar cells and in photochemical devices for
splitting water to create hydrogen (fig.1.2)[5]. Another research field of current
interest, where nanoscience is of crucial importance, is climate modeling and
monitoring. The international panel on climate change (IPCC) has identified
aerosols (naturally occurring, airborne micro and nanostructures) as important
contributors to the thermal balance of earth’s atmosphere[6].
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Figure 1.2 The number of publications using nanoscience in three different research
fields, taken from [5].

Not only have nanostructures been fabricated and studied for the purpose of
investigating their physical properties, but fabrication and investigation of
nanosized objects are also of great interest in commercial applications. One of
the most highly developed commercial uses of nanotechnology is found in the
electronics industry. Fabrication of both semiconductor components and
magnetic storage devices relies on - and helps developing - nanofabrication
techniques. Therefore, computers and mobile electronics are examples of
applications where nanofabrication is the key requirement for the enormous
development that has occurred since the end of the 20t century. Other
commercial fields where nanotechnology is applied are medicine, composite
material engineering, security and crime investigations (fig.1.3) [7-11].

Figure 1.3 Thumbs up for nanoscience. A fingerprint detected using anti-body
functionalized nanoparticles, taken from [10].



1.3 Carbon nanostructures

It is not only the size, but also the material in a nanostructure, that determines its
physical properties. Therefore, different materials are more or less well suited
for specific applications. In this thesis, the material of choice has been carbon,
which is well motivated for a number of reasons. The importance of carbon is
indisputable, not only due to its abundance (by number density the fourth most
abundant element in the universe[12]), but also for its appearance in technical
applications as well as for forming the backbone of organic matter. In nature,
carbon appears in pure forms as graphite, diamond and in the amorphous phase,
all of which are important in technical applications such as metal alloys and
diamond for tools, composite materials, plastics, lubricants, protective coatings
and high temperature applications. It also appears in atmospheric gases and
pollutants (e.g. CO2 and soot) in fuels (hydrocarbons and coal) and in space
(interstellar dust). Furthermore, it is suggested that carbon will play an
important role in future electronics applications and synthetic materials[3, 9].
Therefore, the vast research efforts that have been and still are undertaken, in
order to characterize the properties of carbon-based matter, are well motivated.

In addition to the naturally occurring carbon materials (graphite and diamond)
discussed above, carbon also forms two nanostructure allotropes. One is the
Buckminster fullerene[13] and the other is carbon nanotubes[14]. Since the early
1990s the single most studied nanostructure is the carbon nanotube (CNT) and
much effort has been invested into characterizing this fascinating material as
well as into developing applications. Because of their exceptional mechanical
strength in combination with semi-conducting or metallic as well as optical
properties, CNT’s have been used to fabricate nanoelectronic components (like
transistors)[3, 15], composite materials with high strength and electrical
conductivity[9] and efficient light absorbers[16].

Multitudes of other carbon nanostructures prevail and are being investigated
with similar and other applications as for the CNT’s in mind. However, in
addition to the usefulness of carbon nanostructures in different applications,
their unintended presence can cause big problems. In many processes, especially
combustion of carbon-based fuels in power plants, diesel engines and open fires,
soot is generated. Soot consists predominantly of carbon, forming particles with
sizes in the nanometer regime. Because of their abundance and impact on the
environment and health it is important to know and understand their physical
and optical properties. Smog pollutes and decreases visibility in our everyday
environment. Soot in the atmosphere can also contribute to global warming via
the strong absorption of light (which eventually is turned into heat)[17-21].
However, the contribution from carbon-based aerosols to the atmospheres
energy balance is still under debate and there is currently no consensus on their
net effect on global warming[6]. Another aspect on airborne carbon
nanostructures is their toxicological properties. Investigations of these (as well
as for other nanpoparticles) have shown that negative health effects can be
expected[7, 8]. It is also believed that carbon nanostructures are responsible for
the optical absorption at ~220 nm observed in astrophysical studies[22, 23].



1.4 Scope and motivation of the thesis:

The work presented in this thesis is divided into two major parts; development
of a nanofabrication technique and application of this technique, in particular for
fabrication and investigations of carbon nanostructures.

1.4.1 Development of a nanofabrication technique

The first part treats nanofabrication in general and the further development of a
very useful self-assembly based technique, colloidal lithography (CL), into a new
and more versatile version named hole-mask colloidal lithography (HCL). CL is a
relatively simple and flexible nanofabrication technique, with modest demands
for advanced laboratory equipment, but with excellent control over fundamental
nanostructure properties. Since it uses self-assembling colloidal spheres to
define nanostructure size, shape and spatial distribution it is also well suited for
upscaling to patterning of surface areas of several tens of cmZ2. It is therefore well
suited both for fabrication of samples for various applied and fundamental
research projects and for commercially useful nanostructures. All these
advantages are shared between the conventional CL technique and the further
developed version HCL.

The objective of developing the HCL technique was to further expand the
applicability and versatility of CL. One of the numerous benefits with the HCL
technique is the plethora of nanostructure geometries that can be achieved,
using the same basic fabrication approach. Furthermore, it should be noted that
the fabrication technique is essentially independent of the used substrate- and
nanostructure- materials, which makes it robust and easy to adapt to different
requirements. Another advantage, which was also a direct goal with developing
the HCL technique, is that no reactive oxygen treatment of the nanostructured
samples is needed, which is often the case for the previous colloidal lithography
approaches. This is very useful for the fabrication of nanostructures of oxygen
sensitive materials such as carbon and ruthenium.



1.4.2 Fabrication of carbon nanostructures

The second part of the thesis concerns applications of the developed
nanofabrication technique for fabrication and investigation of various
nanostructures and their fundamental properties. The first objective here was to
demonstrate the versatility of the HCL-technique by fabrication of gold and silver
nanostructures with different geometries and their applications for
investigations of optical properties. Both gold and silver nanostructures are
known to exhibit extraordinary properties both for absorption and scattering of
visible light and as substrate in investigations of adsorbed molecules in surface
enhanced Raman spectroscopy (SERS). The optical properties of nanostructures
are very sensitive to their shape and size. Therefore, a set goal that has also been
achieved was to demonstrate that HCL facilitates control over these relevant
properties. A number of following publications also prove the usefulness of the
developed nanofabrication scheme for fabrication of nanostructures in other
materials and for other applications[24-30]. However, the bulk part of the
present thesis concerns fabrication and investigation of carbon nanostructures.

1.4.3 Investigation of carbon nanostructure properties

In this thesis, applications of HCL for fabrication of nanostructures in different
types of carbon materials are demonstrated. Only carbon of graphitic character
was used, including amorphous graphitic carbon, glassy carbon and synthetic
graphite. The other three carbon allotropes, diamond, fullerenes and carbon
nanotubes were not considered. It is demonstrated that HCL can be used to
fabricate anything from crystalline graphite to amorphous carbon
nanostructures with good control over distribution and size. Samples with
carbon nanostructures covering several cm? and with sizes ranging from a few
tens up to several hundreds of nanometers have been fabricated for applications
in different experiments. These experiments investigate and compare the
physical properties of nanostructures in the different types of carbon materials,
and correlate these with structure size and shape.

Two main properties of the fabricated carbon nanostructures have been
investigated; their optical properties and their reaction with oxygen. The optical
properties were studied in detail, to achieve fundamental knowledge and for the
use in specific applications. Especially the dependence of optical properties on
nanostructure size, shape and carbon quality has been investigated. Optical
techniques were also used to investigate the mechanical and thermal properties
of the fabricated nanostructures.



Oxidation of carbon nanostructures is the other central property that was
thoroughly studied. The response of different nanostructured carbon materials,
both to molecular oxygen and to oxygen plasma, was studied. These studies
provide information on the tendency of oxidation for different carbon materials
under different conditions. Conclusions from these experiments provide
information that is useful in many practical situations, e.g. durability of carbon
containing materials, combustion of coal, exhaust cleaning and climate modeling.
As a specific example, combinations of the results from the different studies have
been used to study combustion of lithographically prepared, nanosized carbon
structures, by means of their optical properties.






2 Nanofabrication

A multitude of different nanofabrication approaches have been developed
throughout the years based on different fundamental ideas. This chapter will
only provide a brief discussion of the different aspects of the major techniques,
but several excellent reviews and books are available for the interested
reader[31-34]. The nanofabrication methods presented here can be divided into
three major classes; pattern writing, pattern replicating and self-assembly
techniques. Each of these has individual advantages and limitations.

2.1 Pattern writing techniques

* Electron beam lithography (EBL)
* Focused ion beam patterning (FIB)
* Scanning probe microscopy based lithographies (SPML)

These techniques are characterized by flexibility of the structure shapes and
patterns that can be produced[33-36]. Virtually any two-dimensional pattern
within the resolution limits can be “written” onto the surface. Resolution limits
for EBL and FIB are on the order of ~10 nm whereas SPML techniques can
position individual atoms and thus can be said to have a resolution below 1 nm.
The processes are serial, i.e. one feature is written at a time, and the techniques
are thus relatively slow and therefore not compatible with large area patterning,
although various schemes for parallel writing are being developed to increase
the speed of these techniques. However, for research applications that do not
require samples with large surface areas and where the necessary (but often
expensive) machinery is available, these techniques are well suited.



2.2 Pattern replicating techniques

* Photo lithography (PL)
* Nano imprint lithography (NIL)
* Jon projection lithography (IPL)

These techniques are used to reproduce predefined patterns from templates or
masks. The methods are characterized by high throughput of structured surface
area[34, 35, 37]. Therefore, these techniques are ideal for large scale, serial
production. Limitations on resolution and throughput are steadily pushed
forward (resolution is currently well below 100 nm), especially by the semi-
conductor industry. On the other hand, the flexibility of these methods is
relatively low and new masks and templates need to be fabricated for every new
pattern configuration. For research applications where nanostructure size,
separation and shape are important variables these methods are not very well
suited. In addition, it is required that researchers have access to pattern defining
equipments, such as EBL.

2.3 Self-assembly techniques

* Polymer self assembly
* Colloidal Lithography (CL)

Patterns and structures are here determined by inherent properties of the
lithography mask constituents. By altering the process parameters, some control
over the produced patterns can be attained. Therefore these methods are
normally more flexible than the pattern replicating techniques but less flexible
than the pattern writing methods[38-40]. Simplicity of the required equipment
and large area compatibility are also trade-marks of the self-assembly based
methods. Therefore, these methods are very useful for studies where sample
surface areas from ~1 cm? are required, and where structural parameters of the
nanostructures are being investigated. These techniques are also useful for large-
scale fabrication processes, where exact distribution and/or shape of the
nanostructures are not of central importance.

CL is the category to which the fabrication method presented in this thesis
belongs and the subject will be treated in the following chapter[38, 40, 41].
Lithography using nanosize spheres to pattern surfaces can be seen as an
intermediate between the pattern writing nanofabrication methods such as EBL,
FIB and SPML and the pattern replicating methods PL and NIL. The method is
based on self-assembly of nanospheres on surfaces and either the gaps between
close packed spheres or the spheres themselves are then used as an etch- or
evaporation mask. By choosing the colloidal particle size, separation and
processing conditions, it is possible to control the size, separation, distribution
and even shape of the resulting structures with an astonishing flexibility.
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Colloidal lithography can routinely produce structures with sizes down to a
couple of tens of nanometers and has proven able to fabricate structures not
easily achievable with EBL like sharp edge particles and hollow cylinders[38,
42]. Furthermore, it is a relatively simple method with little demands for
advanced machinery and it is a parallel method, well suited for patterning large
surface areas, which distinguishes it from the previously described lithographic
methods (EBL, FIB, and STML). Contrary to the pattern replicating methods (PL,
NIL), CL requires no other lithographic technique to pre-define structure
characteristics but possesses intrinsic control over the pattern parameters.

2.4 Challenges and limiting factors

There are several challenges to be met in the further development of
nanofabrication methods. From a commercial point of view increasing
fabrication speed and decreasing structure size and number density at
competitive costs, are the most central ones.

Since methods like STML can already reach the ultimate size limit for “atomic
materials”, the challenge there is rather to simplify the techniques and to make
them routinely available to a broader group of users. If commercial applications
shall be reached, they also need to be made both faster and cheaper.

FIB and EBL are already highly mature techniques capable of defining structures
with sizes down to 5 nm. However, the serial nature of these methods will
probably restrict their broader applications, for quite some time, to the
fabrication of masks to be used in pattern replicating techniques.

Developments in PL with the present techniques used commercially are
estimated to be able to reach down to ~45 nm in inter-particle distances.
Furthermore, other versions of photolithography utilizing extremely short
wavelength synchrotron radiation and interference gratings instead of
conventional photolithography masks have already been demonstrated and are
predicted to reach even better resolution[37].

Imprinting techniques are ultimately limited by the graininess of matter but can
theoretically fabricate structures down to the single nm regime. In practice
however differences in thermal expansion properties of the involved materials,
difficulties to align different stamps used in subsequent process steps and
extreme demands on surface flatness over large areas, limit its applicability on a
larger scale.

11



From a scientific point of view, requirements on nanofabrication methods are
often quite different, compared to those imposed by the semiconductor industry
or other present or future large scale applications. Flexibility of the method, i.e.
adjustability to different user needs, is often an important property since the
influence of different nanostructure properties such as shape, size, distribution
and material on physical properties is of obvious scientific interest. Examples are
quantum effects in small particles, optical scattering by sub wavelength
structures or biological functionality of nanostructures. In these contexts the
pattern replicating techniques are not very suitable since often only small series
of samples with identical properties need to be fabricated. The more flexible
techniques like EBL or STML meet the requirement that structure properties can
easily be changed but are on the other hand expensive and complex methods. For
patterning of surface areas of several cm? they are also slow.

Self-assembly methods, such as CL, are well fitted to meet the demands for a
flexible, affordable and large surface area compatible nanofabrication technique.
Important current limitations of the self-assembly based methods are that they
do not offer precise spatial positioning of structures, which hinders
synchronization of sequential process steps, and some lack of versatility
regarding shapes of the structures that can be fabricated.

Since each nanofabrication technique is associated with different advantages and
limitations it is often convenient to combine two or more techniques to achieve
the desired nanostructure patterns. For example, PL can be used to define
structures on larger length scales, such as electrodes, while CL is used to define
nanopatterns in the regions between the electrodes. CL can also conveniently be
used to make guiding studies to find relevant sample parameters, like
nanostructure size, shape and inter-particle spacing. Once the parameter
intervals, where the nanostructures exhibit the most interesting properties for a
certain application, are identified, more costly and time-consuming techniques,
like EBL, can be used to fine-tune the nanostructure geometries and
distributions within the relevant regimes.
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3 Hole-mask colloidal lithography (HCL)

The nanofabrication technique described in this thesis, hole-mask colloidal
lithography (HCL), is a variation of colloidal lithography and relies on techniques
that are already frequently used in other nanofabrication methods:

* Spin coating of polymer films

* Self-assembly of colloidal spheres (nanospheres)

* Thin film deposition

* Reactive lon Etching (RIE)
In this chapter the focus is entirely on the HCL technique, which is described and
discussed in detail.

3.1 Colloidal lithography

Colloidal lithography (CL) is currently used in many different versions, each with
its own specific advantages and limitations[38, 40]. A frequently used version,
developed by van Duyne et.al., has been named nanosphere lithography (NSL). It
uses nanospheres in hexagonally close packed monolayers as etch or
evaporation masks[43]. Since the nanospheres are arranged on the surface in a
close packed crystal pattern, structures fabricated with this method are also
arranged in long range ordered patterns, i.e. forming a lattice. Spherical particles,
even when packed as closely as possible leave gaps in between adjacent entities.
For the case of close packed spheres, these gaps have triangular shapes, with
each side constituted by a circle segment. In its simplest form, NSL uses the
nanosphere monolayer crystal as an evaporation mask, thus forming triangular
nanostructures replicating the gaps in between the spheres. Several simple
variations of the fabrication process, such as tilting and rotating the sample, have
been demonstrated to significantly alter the shape, separation and arrangement
of the nanostructures that can be fabricated using this method[44].

3.2 Sparse colloidal lithography

In an alternative method, which will be referred to here as sparse colloidal
lithography (SCL), nanospheres are dispersed on surfaces from colloidal
solutions, not in a close packed pattern but in a sparse monolayer, i.e. with
separation between the individual spheres. This method, previously described in
detail in several publications, has up to now mainly been used to define etch
masks for ion milling processing[41, 45]. Below, the SCL method in its simplest
form, producing supported nanodiscs with well-defined diameter, thickness and
average separation, will be reviewed.
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First a thin film of the material of choice for the nanostructures is deposited onto
a flat surface. Already here, the nanostructure thickness is determined. The thin
film is then covered with an adhesive layer of molecular thickness, consisting of a
polyelectrolyte film, onto which a sparse layer of nanospheres is adsorbed. The
polyelectrolyte film is used to provide the surface with a charge state opposite to
that of the colloidal particles, which in turn facilitates their adsorption on the
substrate. Ion milling, using high-energy ions, is then used to transfer the
nanosphere pattern into the thin film initially deposited on the surface. The
nanospheres act as a protective etch mask, so that only the material between
them is etched away. Residues of the spheres are finally removed using a
reactive oxygen treatment (UV-ozone, or oxygen RIE). By changing the order in
which the process steps are performed and by varying the process conditions
during film deposition and/or ion milling, e.g. the etch- or evaporation angle, this
method can easily be used to fabricate alternative structures such as nanorings,
crescent or extended films with nanoholes[42, 46, 47]. The development of hole-
mask colloidal lithography (HCL) described below, is based on the SCL technique
and can be seen as an extension of SCL to increase its versatility and
applicability.
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3.3 Hole-mask colloidal lithography

The HCL technique, described in Paper I, uses a sacrificial layer to separate the
nanosphere mask from the surface to be patterned, which gives rise to many
advantages and possibilities. The lithography can be thought of as composed of
three major process steps, i) fabrication of a supported, patterned mask, ii)
transfer of the mask pattern through etching and iii) transfer of the mask pattern
through material deposition.

3.3.1 Fabrication of a supported, patterned mask

S;cep Nanospheres a)O o O b) |||
PMMA

Substrate [ | A

2 Film deposition

Y,
V5 50- 5 55, 9a 00 9L

3 Tape stripping
or sonication Holliel (o)

4 Hole-mask on  g) b)
sacrificial film o — — -

Figure 3.1 Schematic description of mask fabrication: 1) PS nanospheres supported on a) a
polymer film or b) directly on the substrate surface are used as an evaporation mask. In b)
the sacrificial layer is deposited subsequent to the polystyrene spheres. 2) Depending on
deposition angle the resulting holes in the deposited mask are a & d) round and replicate
the sphere diameter, b) elliptical with the long axis larger than the sphere diameter or, c)
round or elliptical with diameter smaller than the nanospheres. 3) The nanospheres are
removed using tape stripping or ultrasonic cleaning. 4) The final result is a hole-mask
supported on a sacrificial layer.
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Figure 3.2 SEM images of a) Au-mask supported on a polymer film, deposited from an
angle 45° from the surface normal, before tape stripping away the 190 nm diameter
nanospheres. The holes in the mask, appearing black in the image, are partly covered by
the remaining (white) spheres. The shape of the holes is clearly elliptical. b) Au-mask
resulting from sequential deposition from two opposite angles 60° from the surface
normal, after tape stripping. The holes (black) are slightly elliptical and with roughly half
of the diameter of the used 110 nm nanospheres. The elliptical grey areas represent
regions where the mask is thinner than in the bright grey areas, due to shadowing of the
evaporation from one of the angles. Occasionally shadows deriving from evaporation from
opposite angles overlap, which shows up as darker grey areas (e.g. near the centre of the
image).

Fig.3.1, Step 1: a) The initial process step, is deposition of a sacrificial layer,
conveniently achieved by spincoating a thin polymer film onto the surface, a
process already well established and used for PL and EBL processing. The
polymer film is briefly treated in an oxygen plasma (5 s., 50 W, 250 mTorr),
which decreases the hydrophobicity of the polymer surface. This is important in
order to avoid spontaneous de-wetting of the surface during subsequent
deposition of polyelectrolyte and nanospheres, which in turn is important to get
a high quality, homogeneous surface distribution of the spheres. A water solution
containing a positively charged polyelectrolyte is pipetted or poured onto the
polymer film. The next process step is deposition of negatively charged
nanospheres onto the adhesive, electrolyte-covered polymer surface and
subsequent drying under an intense N;-gas jet. To increase the stability of the
adsorbed pattern of nanospheres, the samples can be dipped in a hot fluid, which
promotes adhesion between the colloids and the polyelectrolyte and polymer
film[48].

b) Alternatively, the nanospheres can be deposited directly onto the substrate
surface, in which case a thicker (triple) polyelectrolyte layer should be used[48].
The sacrificial layer is then evaporated onto the surface, prior to the mask layer
deposition. A convenient choice of sacrificial layer for many applications is Cr,
but other materials can of course also be useful. The main concern is that it
should be possible to selectively disolve the sacrificial layer, leaving the
substrate and the fabricated nanostructures unchanged.

Fig.3.1, Step 2: In the following step a thin film, resistant to oxygen plasma, is
deposited onto the surface. This layer is referred to as the hole-mask and
depending on deposition angle, it is possible to control the shape and size of the
holes in the mask as demonstrated in fig.3.2. A requirement on the deposited film
is that it is thinner than about half the nanosphere diameter and thick enough to
be continuous.
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Fig.3.1, Step 3-4: Subsequently, the nanospheres can be removed by simply
attaching a piece of tape to the surface. As the tape is removed the spheres,
sticking harder to the tape than to the polymer surface, are removed as well.
Alternatively the nanospheres can be removed by cleaning the sample in an
ultrasonic bath and iso-propanol. At this stage the polymer supported thin film
has holes in it where the spheres were covering the surface during the
deposition process. The number density and diameter of these holes correspond
to the shadows of the nanospheres on the polymer film. By the salt concentration
and size of the nanospheres in the deposited colloidal solution, the number
density and diameter of the holes in the mask can easily be tuned[48]. Changing
the angle from which the thin film is deposited can also alter the shape and size
of the holes (fig.3.2). Deposition from any angle other than the surface normal
results in stretched out shadows and thus elliptical holes in the mask. On the
other hand, if two or more opposite angles are applied, material is deposited in
under the nanospheres, resulting in holes in the mask, which are smaller than
the sphere diameters.

3.3.2 Transfer of the mask pattern through reactive ion etching

Step a)= — — = b)

etch

Figure 3.3 Pattern transfer into the sacrificial polymer layer using oxygen plasma. The
duration of the pattern-transferring plasma-etch determines the degree of undercut. 5) A
short oxygen plasma treatment gives a) little or no undercut and b) extended etching gives
a controlled undercut. c) For the example with a Cr sacrificial layer a wet-etch in Cr-etch is
required to achieve undercut and a good liftoff later on. 6) A second etch process can be
applied to further a) transfer the pattern into the substrate or b) to remove the hole-mask
prior to further processing.
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Figure 3.4 a) Size of the holes in an undercut polymer film as a function of applied oxygen
etch time starting with 190 nm holes in the mask. The SEM images display 80 nm thick
polymer films after oxygen RIE (50 W, 250 mTorr) and subsequent removal of the hole-
mask, corresponding to the longest b) (90 s) and the shortest c) (40 s) etch times
presented in the graph.

Fig.3.3, Step 5: The subsequent process steps aim at transferring the thin film
hole-pattern into the sacrificial layer. When a polymer film is used, this is easily
achieved using oxygen RIE. The plasma conditions can be chosen so that all of
the polymer exposed under the mask holes is removed while the polymer
covered by the film is unaffected. Due to the directionality of the RIE process the
polymer film is etched predominantly in the forward direction. Once the polymer
is completely etched through vertically, the etching will continue in the lateral
direction thus creating an undercut into the polymer film. The degree of
undercut varies linearly with applied etch time and can be controlled to within a
few nanometers. For the Cr-film sacrificial layer, on the other hand, the hole
pattern already extends all the way down to the substrate. However, a slight
undercut is always beneficial for subsequent material deposition and liftoff
processing. A suitable undercut can be achieved by wet-etching in a Cr-etchant
(e.g. 10 s. in Nickel-Chrome etch, 711.21 Sunchem electrograde products).
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Fig.3.3, Step 6: If the hole-mask is selectively removed prior to further
processing, the polymer film alone will constitute the lithographic mask and the
undercut can be used to continuously increase the structure diameter. This is
demonstrated in fig.3.4 where a 80 nm thick polymer film covered with a gold
hole-mask has been etched in an oxygen plasma at 50 W, 250 mTorr for different
times. After pattern transfer into the sacrificial layer, the hole-mask pattern can
be transferred further into the surface by choosing the proper etching conditions
for the surface at hand. An example, which has been demonstrated in Paper |, is
that of etching into a TiO2 surface using CF4 RIE. Care has to be taken so that the
thin film mask material is resistant to both of the etching processes applied to
penetrate the sacrificial layer and to extend the etching into the substrate.
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3.3.3 Transfer of the mask pattern through deposition
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Figure 3.5 Applying different deposition parameters, many different structure shapes and
distributions can be obtained. 7) a) Deposition of a thick layer of nanostructure material
results in cone shaped features. b) Using two different polar angles to deposit materials
yields particle pairs. ¢) Deposition of materials through a mask where the pattern has
already been transferred into the substrate surface (by etching) results in nanodiscs
buried into the etch pits. d) Evaporation through a mask where the top layer hole-mask
has been selectively removed (without significantly affecting the polymer mask) gives
structures with a diameter replicating the undercut in the polymer film. e) Deposition
through the Cr-supported hole-mask gives particles with similar diameters as the hole-
mask. 8) Liftoff is achieved by immersing the sample in a solution, suitable for the
particular sacrificial layer.
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Figure 3.6 SEM images illustrating some of the different structures fabricated with HCL. a)
and b) show particle pairs with different separations; just overlapping and separated by
~10 nm respectively. These structures were fabricated using identical deposition
conditions and hole-masks while different polymer film thicknesses were used to alter the
particle separation. c) Particle pairs made up of two different materials (Au and Ag). d)
Nanodiscs in holes etched into the surface. e) Elliptical, layered structures of Au on top of
Si0,. f) Nanocone array. g) Nanocones and mask after partial liftoff. h) Inverted ring
structure, Cr on Si.
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Fig.3.5, Step 7: The process steps described so far have resulted in a thin film
hole-mask, supported on a sacrificial layer with a similar pattern. This double
layer mask can then be conveniently used as an evaporation mask to yield a
variety of nanofeatures as demonstrated in fig.3.5 & fig.3.6. Collimated
deposition of materials from a source positioned along the surface normal
results in structures on the surface with a shape replicating the holes in the thin
film mask (fig.3.5e). If the hole-pattern has already been transferred into the
surface, the structures will end up at the bottom of these holes (fig.3.5¢c &
fig.3.6d). In this way nanostructures can be incorporated into a surface film
rather than just placed on top of it.

Deposition of materials from a source positioned anywhere off the surface
normal results in structures laterally displaced with respect to the centre of the
mask hole. Choosing two opposite polar angles to deposit materials from thus
results in a pair of structures (fig.3.5b). Both the thickness of the double layer
mask and the deposition angles can be used to control the separation between
the two structures in the pair. It is however preferable to alter the thickness of
the mask and keep deposition angles constant to avoid shape aberrations that
may be introduced by deposition from steep angles (>20° from the surface
normal). Using the same strategy it is also possible to fabricate three or more
structures from each hole in the mask.

If thick layers are deposited through the mask the structures growing on the
surface will gradually attain a noticeably smaller diameter. This is related to the
deposition of materials on top of and on the rims of the mask-holes, which tend
to gradually decrease the diameter of the holes. When depositing particle pairs,
this has the consequence that if the different particles corresponding to different
deposition angles are fabricated sequentially, the first structures will attain a
larger diameter than the second ones (fig.3.6c). This can be avoided by
frequently altering between the two chosen deposition angles (fig.3.6a & b).
Another consequence of the shrinking mask-holes is that extended deposition
through circular holes in the mask result in cone-shaped structures on the
surface (fig.3.6f & g). The rate at which the holes close is dependent on the
deposited material, which means that thick structures composed of different
materials, will have a different side-wall angle at different parts of the cone. This
can be used to place discs of different sizes on top of each other, separated by a
spacer layer[27].

If the mask material is properly chosen it can be selectively removed prior to
material deposition (using for example wet etching), leaving only the polymer
mask on the surface. This has the advantage that the under-etch of the polymer
then can be used to fine-tune the diameter of the structures that are produced
(fig.3.5d). Another example where the hole-mask rather than the sacrificial layer
is removed is demonstrated with the Cr sacrificial layers. Deposition of Cr
through a Au hole-mask, after a short under-etching into the Cr-layer and
removal of the hole-mask using a suitable wet etchant (Au-etch), results in an
inverted Cr ring structure (fig.3.6.h) (or equivalently, Cr discs in holes in a Cr-
film). This fabrication strategy can of course be altered to include two, between
themselves different materials, e.g. Pt discs in a Cr hole-film.
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Fig3.5, Step 8: In the last process step the sacrificial layer can be removed using
an appropriate solvent. Usually acetone works well for polymers and Cr-etch for
Cr- sacrificial layers. It should be pointed out that the thickness of the sacrificial
layer film should be chosen to be comparable to or thicker than the
nanostructures intended for fabrication. With a too thin sacrificial layer,
nanostructures deposited through the mask will stick up through and into the
hole-mask, which may result in partial removal of the structures due to
establishment of physical contact with the hole-mask.

3.3.4 Limitations and extensions

The above described method, with a polymer sacrificial layer works well for
fabrication of discs, ellipses, particle pairs or cones of any material that can be
deposited from a reasonably collimated source, on most surfaces flat enough to
spin coat and that are not very sensitive to oxygen RIE. A great advantage of
always using the same sacrificial layer material is that the deposition of
nanospheres onto the surface is standardized. Therefore, the deposition process
will not suffer from variations due to intrinsic properties of the surface and thus
will be substrate independent. Using patterned polymer masks also has the
advantage that it is a well-established technique, already used for a long time in
EBL and PL, which means that deposition and liftoff procedures can simply be
adopted from existing processes. In addition, polymer liftoff can be done in
acetone or similar mild solvents, which is compatible with most nanostructure
materials and surfaces. Another obvious advantage of the method is that, like
other self-assembly based techniques, it is a parallel process and thus suitable
for patterning of large surface areas.

Although polymer films are very versatile as sacrificial layers, certain situations
may benefit from the use of other materials. For example, fabricating
nanostructures on a surface that is oxidized and etched requires the use of a
sacrificial layer that can be etched without the aid of oxygen plasma. Another
situation where Cr-films are preferred over polymers is when the masks are
exposed to high temperature and/or intense irradiation prior to liftoff, since
such conditions can damage the polymer and prevent liftoff. As usual, the hole-
mask has to be chosen to resist the sacrificial layer etchant. For Cr-films, Au hole-
masks fulfils this criterion.

A limitation of the method, at present, is the lack of long-range order and the
limits in particle separation that can be achieved. Long-range ordering can be
achieved for example with templated deposition or printing methods, but the
lack of ordering can also be an advantage. Since the structures are not ordered in
crystal like patterns collective effects like optical interference tend to cancel out.
The typical nanosphere coverage that can be achieved with electrostatic self-
assembly has been shown to range between 12 and 52 % (projected surface
area)[48]. Although the upper limit is not easily overcome without causing
agglomeration of the particles, the lower limit can be pushed by some simple
tricks. Starting with larger spheres and shrinking the holes in the mask by
deposition from off-normal angles is one way to decrease surface coverage.
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Additional to this, the nanospheres can be treated in oxygen plasma, for a short
time, prior to hole-mask deposition, to further shrink the structure sizes. Mask
holes with diameters smaller than the nanospheres is also possible to achieve
from sputter deposition of the hole-mask[49].

The size dispersion of the fabricated nanostructures is largely determined by the
size dispersion of the masking nanosperes, which is generally in the 5 % range
for spheres with average diameters of 50 nm and larger. For colloidal solutions
containing smaller particles (commercially available), size dispersions are
considerably worse (10 % or more) and thus set a lower limit for the size of
structures that can be fabricated with reasonable conformity of the achieved
diameters. However, this applies to commercially available colloidal solutions,
and for applications where narrower size distribution are crucial, this can be
achieved e.g. by chromatographic methods.

Furthermore, it is worth mentioning that preparation of nanostructures via
evaporation of materials through a supported mask depends on the collimation
of the atomic beam. In deposition techniques as sputtering, chemical vapor
deposition or laser ablation, which operate at higher pressure, the deposited
atoms are frequently scattered by the process gases resulting in poor
collimation. This results in nanostructures with ill-defined, blurry edges. In
addition, due to the anisotropic deposition conditions, materials are deposit on
vertical walls as well as on the horizontal surfaces. Under such conditions, a
continuous film, connecting the mask and the nanostructures can be formed,
which in turn can result in poor liftoff performance.

3.4 Applications of HCL to fabricate carbon nanostructures

This section describes the specific application of HCL to the fabrication of
nanostructured carbon materials as demonstrated in Papers II-V. Two different
strategies where adopted, one for etching out carbon nanostuctures from bulk
carbon surfaces and another for fabrication of amorphous carbon
nanostructures on various surfaces. The former technique utilizes HCL to
prepare etch masks on carbon surfaces and subsequent oxygen RIE to define the
nanostructures, whereas the latter employs a sacrificial Cr-layer and subsequent
e-beam evaporation of carbon. Details and considerations related to the two
fabrication processes are discussed below.
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3.4.1 Carbon nanostructures from bulk materials

One of the benefits of using bulk materials and etch out the nanostructures from
these is that the structures inherit the physical properties of the original
material. Using this approach it is therefore possible to fabricate, e.g. crystalline
graphite nanostructures. To achieve this, the specific strategy employed in this
work (Paper II-IV) was to first fabricate gold nanodiscs on the carbon surface
using HCL, and then to use the gold discs as etch masks in an extended oxygen
RIE process to transfer the pattern onto the underlying surface. The
manufacturing of gold discs on the carbon surface can be performed according to
the processes described in the previous sections, with some minor differences in
some of the process steps.

After spin coating, deposition of nanospheres and deposition of the hole-mask
film as usual (fig.3.1, stepl & 2). the nanospheres needs to be removed. This is
preferably done using a mild ultrasonic cleaning in IPA. Particularly for graphite
this method is preferred over tape stripping since the bonds between adjacent
planes of a graphite crystal are very weak. Tape stripping, exerting forces
perpendicular to the surface, risks to break the bonds between the graphite
sheets, rather than between the nanospheres and the polymer surface, thus
lifting off the uppermost surface layers together with the mask instead of just the
spheres.

Another step that requires extra attention is pattern transfer into the polymer
film (fig.3.3, step 5) since the underlying carbon surface is also sensitive to
oxygen plasma, although much less so than the polymer. Prolonged oxygen RIE
after complete penetration of the polymer film might lead to damage of the
carbon surface although such effects can be minimized by choosing a proper
plasma etch duration. After gold deposition and liftoff, leaving gold discs on the
surface, the pattern can be transferred into the carbon surface via oxygen RIE.
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The response of carbon materials to oxygen plasmas is in itself an interesting
and complex topic that has been thoroughly investigated in the past and will be
discussed further in Chapter 4[50-54]. As demonstrated in Paper II, the response
to oxygen RIE varies for different carbon materials. To exemplify, the etch rates
in a 50 W, 250 mTorr plasma (generated in the system described in Chapter 6)
are given for the three carbon based materials PMMA, GC and HOPG. The etch
rate in the lateral direction, causing etching under a mask supported on a 80 nm
PMMA film is 1.25 nm/s (derived from the graph in fig.3.4). In GC and HOPG the
corresponding values are 0.15 and less than 0.015 nm/s respectively. It has to be
noted that the comparison between etch rates in the polymer film and the pure
carbon materials is somewhat unfair since the former value is derived from a
situation where the etching has already reached the inert substrate surface and
thus there is no forward etching. Under these conditions more oxygen is
available for etching in the lateral direction and the value of the etch rate in the
lateral direction is overestimated. The relations between the etch rates in the
forward direction for the considered materials are similar to the lateral rates,
although significantly higher in absolute numbers due to the more efficient
supply of oxygen. For the PMMA film the forward etch rate is more than 2 nm/s
whereas corresponding values for GC and HOPG are 0.65 and 0.19 nm/s
respectively.

3.4.2 Evaporated carbon nanostructures

In many situations it is desirable to be able to choose different materials to
support the nanostructures. Measurements of optical properties, for example,
are simplified by the use of transparent substrates. For such purposes, carbon
nanostructures can be fabricated using the standard HCL technique, described in
the previous section, on any substrate. However, since deposition of carbon
through evaporation requires very high temperatures of the carbon target
material, some problems may be experienced using polymer films as liftoff
layers. High temperatures, accompanied with emission of UV radiation is known
to change the properties of polymers, inducing cross-linking, which in turn can
influence the possibility to dissolve the sacrificial layer. Even for cases where
liftoff is successful, unwanted residues can be observed on the surface (fig.3.7).
An alternative explanation for the observed residues is that carbon from the
evaporation process deposits on the polymer film side-walls thus creating the
observed residues.
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Figure 3.7 Amorphous carbon nanostructures on a fused silica substrate. The sample was
prepared by evaporation of carbon through a polymer sacrificial layer. Slow liftoff is
observed as well as residue material around several of the nanostructures.

Even though the effect with residue halos around the nanostructures can
potentially be exploited, it is necessary to be able to avoid it. Using the Cr-
sacrificial layer instead of polymers circumvents this problem. Cr has the benefit
of not being as sensitive to high temperatures and UV-irradiation as polymers. As
demonstrated in Paper V, this approach can be used to achieve large surface
areas covered with amorphous carbon nanostructures on fused silica.

3.5 Other applications of HCL

As demonstrated in this thesis, HCL is useful for fabrication of nanostructures in
several different types of applications. In addition to these, many other examples
can be found in a large variety of research fields. Optical properties of cylindrical
nanostructures in Pt, Pd, Ag, Au, Al have been prepared for studies of their
optical properties both with near- and far- field techniques[24, 26, 28, 55, 56].
Tri-layer sandwich structures in Au-SiO2-Au have been prepared for
investigations of their optical and magnetic properties[27]. Furthermore, Au, Pd
and Pt nanostructures have been fabricated for research targeting applications in
optical sensing, hydrogen storage and electrochemistry[25, 29, 30, 57]. These
applications further demonstrate the usefulness of the developed HCL technique
and many opportunities still remain unexploited.
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4 Carbon

This chapter will give an overview over the properties of solid state carbon,
focusing on graphitic materials. Starting from the properties of a single carbon
atom the general physical and structural properties of graphite will be described.
More detailed discussions on the properties of three types of material follows;
crystalline graphite, glassy carbon and amorphous carbon. In particular, optical
properties, Raman scattering and oxidation in molecular and atomic oxygen for
each of these carbon materials will be described and discussed in some detail.

4.1 Atomistic origin of different phases

A carbon atom has a nucleus containing six protons and consequently six
electrons. In the ground state configuration these six electrons are described by
the quantum numbers 1s?2s?Zp? where the numbers 1 and 2 denote principal
quantum number, the letters s and p denote angular momentum quantum
number and the superscripts denote the number of electrons with these
quantum numbers. The Zs electrons, by necessity, have opposite spins while the
2p electrons have parallel spins. In the ground state configuration the carbon
atom has only two valence electrons that can participate in binding, contrary to
what is commonly seen in nature, where carbon atoms frequently form
tetravalent molecules (e.g CF4, CHs or diamond). However, upon bonding to
other atoms, the ground state orbitals can be mixed to form hybridized states. By
lifting one of the 2s electrons to a Zp orbital the s-orbital is hybridized with one,
two or three of the p-orbitals resulting in sp, sp? and sp3-hybridization
respectively.

The sp-hybridization, where the Zs-orbital hybridizes with one of the Zp-orbitals,
is found in linear or diagonal molecules like C2H: (acetylene). In graphite and
aromatic compounds the carbon atom orbitals hybridize into the sp?-
configuration where the Zs orbital is hybridized with two of the Z2p-orbitals. sp?-
hybridization result in three identical electron orbitals forming a plane. The
angle between the sp?-orbitals is 120° (fig.4.1) and an unhybridized p-orbital,
perpendicular to the plane, gives a total of four valance electrons. Strong,
covalent C-C bonds can then be formed via overlap of sp?-orbitals, as for example
in the six member carbon rings of aromatic molecules. In sp3-hybridized carbon
atoms the angles between the four orbitals are such that a regular tetrahedron is
formed. In this configuration, found in e.g. diamond and CF4, the Zs-orbital has
hybridized with all three Zp-orbitals to form four identical states, resulting in the
cubic crystal structure (or, much less common, hexagonal) of diamond.
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Figure 4.1 In-plane view of sp?-hybridized orbital in a carbon atom, taken from [12]

The hybridized states are energetically less favorable than the ground state.
However, both the sp? and sp3-hybridized orbitals are asymmetric thus
facilitating the formation of strong bonds with other atoms, which compensates
the hybridization energy cost. As a consequence the cohesive energy of a carbon
atom in a graphite or (especially) in a diamond lattice is very high.

Only two carbon allotropes are found in nature, as minerals; diamond and
graphite. In addition, there are the synthetic allotropes; carbon nanotubes and
the Buckminster fullerene, which will be discussed in Chapter 5. In the form of
diamond, carbon is extremely hard and dense, with high melting point, thermal
conductivity and specific heat. Furthermore, diamond is an electrical insulator,
chemically inert and transparent to visible light. Due to all these properties,
diamond is frequently used in tools and machinery where extreme mechanical,
thermal and/or optical transparency is needed. However, the focus of the rest of
this chapter will be on graphite and graphitic materials.

30



4.2 Crystalline graphite

4.2.1 Crystal structure

Graphite is the more common, naturally occurring carbon allotrope. It consists of
sp?-hybridized carbon atoms, each atom forming a bond with three other atoms
in the sp? bond plane. This binding results in hexagonal carbon rings linked
together into atomically flat layers, referred to as graphene sheets (fig.4.2). The
sheets are terminated, either by zig-zag or arm chair edges. The lattice vectors
parallel to the bond-planes are termed a and b and this plane is therefore usually
referred to as the ab- or basal- plane. It is also convenient to define the c-
direction, perpendicular to the ab-plane. Several graphene layers, stacked upon
each other and linked together by weak van der Waals forces, induced by the Zp
electrons, form a graphite crystal with a hexagonal structure. The strong bonds
between atoms in the ab-plane and the weak bonds in the c-direction make it
easy to cleave crystals along the ab-planes, yielding large areas of very flat
surface. This simplicity, with which large, atomically flat surfaces can be
obtained, is one of the main reasons for graphite’s popularity as experimental
model systems.

Several different types of natural graphite exist, distinguished mainly by the
purity and stacking properties. The thermodynamically most favorable stacking
sequence is the so-called “ABAB”. The letters A and B denote single, identical
graphene sheets in a graphite crystal with different orientation relative to the c-
axis. The successive graphene sheets are stacked with their surfaces in parallel,
but with an lateral offset such that half of the atoms in one plane (A) have a
neighboring atom along the c-direction in the adjacent plane (B) while the other
half are neighbors to the center of the hexagonal rings in the neighboring layer
(fig.4.2). Every second plane (A) then has identical orientation, with respect to
the c-axis, thus motivating the term ABAB-stacking.
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Figure 4.2 Three stacked graphene layers in the ABAB-sequence characteristic for
hexagonal graphite. The nearest neighbor distance, ao is 0.141 nm and the distance
between two adjacent layers along, ¢/2 is 0.335 nm. Arm-chair edges runs from left to
right in the picture, perpendicular to the zig-zag edges. Picture taken from[12]

Apart from the thermodynamically most stable “ABAB” stacking, where every
second graphene layer has the same orientation relative to the c-axis, there are
the rhombohedral and turbostratic stacking sequences. The former is also
referred to as ABC-stacking, where the nearest (B) and second nearest plane (C)
is offset in opposite directions relative to the c-axis and the latter is
characterized by the lack of stacking order.

Because only three of the electrons participate in strong bonds, and because
these are arranged in long-range ordered planes, the crystal properties are
strongly anisotropic. In the direction of the ab-planes, graphite is mechanically
strong and a good electrical and thermal conductor, whereas in the direction
perpendicular to the graphene layers, it is weakly held together and a poor
electrical and thermal conductor. Some of the physical properties of graphite and
graphitic materials will be treated in greater detail in the following chapters.



4.2.2 Band structure

Electron orbitals of individual molecules are split into energetically broad energy
bands when many molecules are brought together to form a solid. The quantum
mechanically allowed energies for electrons with a certain momentum
(corresponding to different positions in the Brillouin zone) are described in band
structure diagrams. At absolute zero temperature, electrons occupy the
electronic states with the lowest energy, the ground state. The energy of the
most energetic of these electrons is termed the Fermi energy, which can be taken
as the zero-energy of the system. The difference in energy between two electron
states (in the same or in two different bands) corresponds to the energy required
to excite an electron from the lower energy state to the higher. Excitations from
electron states in the same band are called intra-band transitions while
transitions between different bands are termed inter-band. In the former case,
the energy required for an electron excitation can be arbitrarily small while in
the latter the smallest energy is determined by the energy difference between
the top of the lower band and the bottom of the upper band. From the
information contained in a band structure diagram, it is possible to predict
electrical and optical properties of a solid material.

The band structure of graphite, shown in fig.4.3 [58], displays bonding and anti-
bonding o- and m- bands corresponding to the p and sp? electrons respectively.
For physical events involving energies below ~5 eV (such as absorption of visible
light), the electron bands closest to the Fermi energy are the most interesting
ones. As can be seen in the band structure diagram, these are the bonding m- and
the anti-boning m*- bands. These bands approach and even intercept the Fermi
energy near the K-point in the Brillouin zone. Therefore, at room temperature
the m-band is almost, but not completely, filled and the m* band has a fraction of
filled states. Electrons in partly filled bands, with energies close to the Fermi
energy, can undergo transitions with arbitrarily small energy changes within the
band (intra-band transitions). These electrons are essentially free to move
around in the crystal and are the reason for the semi-metallic character of
graphite. The fact that there are much fewer electrons available for intra-band
transitions in graphite as compared to a metal gives it semi-metallic, rather than
metallic properties.
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Figure 4.3 Band structure of graphite from reference [58]. The different bands are marked
in the figure.

Following the  and 1* bands along the Brillouine zone from the K-point towards
the M-point, it can be seen that the energy of the m-band decreases, whereas the
m*-band energy increases. Transitions between two different bands (like the
and 1* bands) are termed inter-band transitions. Since the separation of these
two bands starts from zero separation and increases continuously, inter-band
transitions between the m-bands are allowed for all energies. This results in the
strong optical absorption observed for graphite.

Since the o-bands are far from the Fermi energy level and since the energy
separation between the bonding and anti-bonding bands are large, only inter-
band transitions are possible between these. Because of the large separation of
these bands, they become important only for higher energy processes. There are
some discrepancies between the literature values of the o-band separation and
values from 5 up to 12 eV can be found[58-60].

4.3 Graphitic carbon materials

There are a multitude of synthetic carbon materials available in addition to the
naturally occurring minerals. Examples are high-pressure synthesized diamond,
diamond like carbon (DLC), soft amorphous carbon, highly oriented pyrolytic
graphite (HOPG), glassy carbon, fullerenes and carbon nanotubes (CNT’s). Out of
these, all but the first two are mainly graphitic. In general they are synthesized
from carbon rich precursors such as carbo-hydrides or polymers and heated to
high temperatures. This work concerns carbon materials dominated by sp?-
hybridized carbon, referred to as graphitic carbon. Therefore a more detailed
description of the relevant materials follows below.
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4.3.1 Crystalline graphite, synthetic and natural

In addition to the natural graphite crystals discussed above, several types of
synthetic graphite are available. The carbon material coming closest to the ideal
graphite crystal is highly oriented pyrolytic graphite (HOPG). Therefore the two
materials share physical properties and a discussion of the physical properties of
the former material naturally also concerns the latter. HOPG is synthesized from
carbon rich gases, decomposed and adsorbed onto a surface (pyrolysis),
subsequently heated to high temperatures (~3000 K) under high pressure
(several atmospheres). The fabricated material consists of large graphitic
domains (several um) with an angular variation of the c-axis direction of less
than one degree, hence the term highly oriented. Because of its properties being
close to the ideal graphite crystal, with a low defect density and highly
anisotropic properties, HOPG is frequently used as a model system in research.
To name a few application contexts, it is being used as calibration references in
scanning probe microscopy (SPM) and X-ray diffraction measurements, as
substrate in temperature programmed desorption (TPD) experiments or as a
source of graphene devices [12, 61, 62].

4.3.2 Glassy carbon

Glassy carbon (GC) is fabricated from precursors consisting of long polymer
chains, which are treated at high temperatures (typically 1300 K up to 3000 K),
thereby being relieved of non-carbon materials and graphitized. The fabrication
process leads to a material structure composed of entangled, micro-sized strips,
with a graphite structure[12, 63-65]. The main constituents of GC materials are
sp?-hybridized carbon atoms although in between the graphitic domains there
are domains of amorphous carbon. The entangled graphite domains are
randomly orientated and therefore, GC is essentially isotropic. However, since
the graphitic domains are very small (a couple of nanometers) and since
amorphous domains are also present, GC generally has a higher content of edge
and defect located carbon atoms than crystalline graphite.

The term “defect” refers to a collective set of carbon atom arrangements that are
not in the ordered graphitic structure, i.e. where the atomic surrounding deviates
from that in a perfect graphite crystal. Such defects can be edge sites of several
kinds, missing atoms in the graphite lattice or just arrangement of carbon atoms
that do not have the same local or semi-long range arrangement as in crystalline
graphite.

Many of the spectacular properties exhibited by GC are attributed to the random
ordering of the graphitic strips. First of all, because GC is completely isotropic the
physical properties of the material are not different for different directions in the
solid. The density is significantly lower than for graphite yet the permeability to
gases is very low and the material is chemically inert. This is often ascribed to
the pores in the material being closed and thus impermeable to gases[12].
Another consequence of the porous structure is poor thermal conductivity and a
low thermal expansion coefficient. Like graphite GC is very durable to high
temperatures and is mechanically stable at temperatures as high as 3000 K.
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4.3.3 Graphitic amorphous carbon

Amorphous carbon films can be fabricated in several different ways, resulting in
fundamentally different compositions and properties of the materials depending
on the hybridization state of the constituting carbon atoms. Much attention has
been devoted to the fabrication of diamond-like thin films due to their useful
properties, such as extraordinary hardness and chemical inertness. These films
can conveniently be prepared by chemical vapor deposition (CVD) techniques
and are characterized by a significant concentration of sp3 bonds.

By altering the process conditions in the CVD-process or using a graphite source
to evaporate carbon by e.g. laser ablation or electron beam irradiation in high
vacuum (~10-6 Torr), thin films with preferentially sp?-hybridized carbon can be
prepared. Under these conditions a graphitic, amorphous carbon film is grown
on the surface. At very similar process conditions, the properties of the carbon
film can vary slightly, but the main properties are those of a material dominated
by sp?-bonds as confirmed by electrical conductivity, XPS, and Raman
measurements[66, 67]. These films are also desirable in many practical contexts,
e.g. where strong optical absorption is wanted, or in high-temperature
applications. In addition, deposition of thin films has been used to prepare
graphene layers on surfaces, with the ambition to facilitate large-scale
production of this scientifically and technically interesting material.

4.4 Optical properties of crystalline graphite

Due to the anisotropy of graphite crystals, the optical properties vary strongly
depending on the polarization of the irradiating light. Selection rules apply
differently for light polarized along the ab-planes and the c-axis, allowing
different electronic transitions. Several theoretical and experimental studies
have been devoted to map out the optical properties for both crystal
directions[58, 60, 68-76] and reasonable consensus has been reached for the ab-
direction. For light polarized parallel to the c-axis, on the other hand,
observations are more scattered. This is related to the quality of the surfaces that
can be prepared for the two crystal directions. Perfect ab-plane surfaces are easy
to prepare due to the strong bonds in the ab-direction and the weak inter-planar
bonds, whereas perfect surfaces parallel to the c-axis are difficult to prepare, for
the same reasons.

4.4.1 Parallel to the ab-plane

Fig.4.4.a shows an optical reflectance spectrum from a pristine HOPG surface in
the wavelength interval 2500 - 200 nm (~0.5 - 6.2 eV). The measurement is
done with a spectrophotometer, equipped with an integrating sphere detector
and with the light polarized parallel to the basal plane surface (ordinary
polarization). This spectrum agrees, qualitatively, well with previously published
results[71, 72] and the main features that can be observed are a continuous
decay in reflectance from the longest wavelengths and a sharp peak at ~250 nm
(~5eV).
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Figure 4.4 a) Reflectance, b) refractive index and c) dielectric function for light
polarization parallel to the graphite basal plane (taken from Paper III).

For light polarized parallel to the ab-plane, selection rules are in favor of optical
transitions between states with similar symmetry (m-m* or o- o*). Since o-0*
transitions have a large band gap, optical properties for wavelengths longer than
~200 nm are believed to derive predominantly from transitions within or
between the m-bands[60, 72]. At very low energies (below ~1 eV) both intra-
band (free electrons) and inter-band transitions play important roles for the
optical properties. Hence, the reflectance of graphite drops sharply from close to
100% at very long wavelengths (due to the free electrons) to significantly lower
values in the near-IR and visible part of the spectra.

Since m-m* inter-band transitions are allowed already at very low energies,
graphite absorbs and reflects light all the way from the near IR, through the
visible and into the UV-region. A saddle point in the (m-m*) band structure, close
to the M-point, then gives rise to stronger optical transitions for light with ~300-
250 nm wavelength (~4.1 - 5 eV). This is the reason for the observed reflectance
maximum at ~250 nm in fig.4.4a.
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The complex refractive index, n-=n+ik, and the dielectric function, e=¢;+i¢z, can be
calculated from the reflectance spectrum. In fig.4.4.b and c, experimental and
theoretical values for these constants for graphite are displayed (taken from
Paper III). The imaginary parts of the dielectric function and the refractive index,
k and the &2 respectively, exhibit high values throughout the whole spectral
region, which is characteristic for strong inter-band transitions and consequently
strong optical absorption. Both values also exhibit peaks for slightly longer
wavelengths (263 and 277 nm, or ~4.5 and 4,7 eV respectively) than the
reflectance, as expected from the presence of the strong optical transition at
these wavelengths[58, 68, 70, 77].

In addition to the intra- and inter-band transitions in graphite, three different
plasmons are observed; one at very long wavelengths >6.2 um (~0.2 eV) and two
in the UV at ~177 and 50 nm (~7 and 25 eV)[68, 69, 72, 73, 78]. These plasmons
correspond to collective oscillations of the free m-electrons, all m-electrons and
all the valance electrons (m and o), respectively, and coincide with zero values in
the €1 parameter. The presence of the m-plasmon (all m-electrons) can be
anticipated in fig.4.4.c, where ¢; attains negative values at ~273 nm (~4.5 eV),
traverses a minimum and increases again towards the plasmon wavelength.

4.4.2 Perpendicular to the ab-plane

The optical properties of graphite irradiated by light polarized parallel to the c-
axis (extraordinary polarization) are not as well established as those for the ab-
plane. However, most researchers report a fairly constant and weaker optical
activity in the 2500 - 200 nm wavelength region for the former polarization[58,
68, 70, 71]. Although peaks are observed at similar positions as for the ab-
polarized light, these are much less pronounced than for ordinary polarization.

For extraordinarily polarized light, selection rules are in favor of transitions
between bands with different symmetry. Therefore the most important features
of the optical properties for this crystal direction derives from m-o* transitions.
However, the m-mt* transitions are believed not to be strictly forbidden, only less
probable, and it has been suggested that the structure observed in the near-UV
are due to the same m-m* saddle point transition as that responsible for the peak
in the basal plane spectra[58, 68].

The optical properties, as described by the refractive index and dielectric
functions for the extraordinary polarization, are similar to those of the ordinary
polarization direction. The difference is that both the real and imaginary parts of
both functions are much smaller. In addition, all four parameters are positive for
the wavelength interval 2500 - 200 nm. In summary, the optical properties of
graphite irradiated by light polarized parallel to the c-axis are those of a
transparent material, or at least much less absorbing than the basal plane
graphite.
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4.5 Optical properties of glassy carbon

There is considerably less work addressing the optical properties of GC as
compared to crystalline graphite. However, since this material predominantly
consist of graphitic domains, without preferential orientation, it is not surprising
that the optical properties of the two materials are similar. GC also exhibits high
reflectance for wavelengths in the IR-part of the electromagnetic spectrum,
somewhat lower reflectance for visible wavelengths and a peak followed by a
sharp drop in the near-UV. Overall, the reflectance of GC is weaker than that of
basal plane graphite. In addition, the reflectance peak is shifted to slightly longer
wavelengths for the isotropic carbon material[72, 79, 80]. These observations
agree well with what would be expected from a material with intermediate, or
mixed, optical properties between those of basal plane- and c-axis graphite.

4.6 Optical properties of amorphous carbon

Optical properties of amorphous carbon films, like most other properties, vary
with the composition of the films[81-83]. However, for graphite-like amorphous
carbon films, optical properties are reminiscent of those of GC. The main features
are strong reflectivity (dropping from ~100%) for long wavelength light (IR),
weaker reflectance (less than 20%) in the visible regime followed by a sharp
drop for UV wavelengths (~200 nm).

4.7 Raman spectrum of crystalline graphite

Several different vibrational spectroscopy techniques that facilitate
characterization of the bond strength and type in graphite materials are at hand,
each with its own pros and cons. A technique, with the benefit of being non-
destructive, versatile and with an excellent lateral resolution (~ 1 um) is Raman
spectroscopy. In a Raman scattering event a photon is in-elastically scattered,
either creating or annihilating a phonon (quantized lattice vibration). The two
scattering events are termed Stokes and anti-Stokes scattering, respectively. The
requirement for Raman scattering to occur is that a dipole moment is induced in
the material during irradiation. Subject to this selection criterion, there are two
fundamental modes that are Raman active in graphite, which give rise to peaks
termed G (for graphite) and D (for defect). These two modes correspond to
Raman scattering with phonons of Ezgand A’1 symmetry respectively (fig.4.5)[84,
85]. In the molecular picture, these correspond to the stretch- and breathing-
modes in the carbon rings.
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In a perfect graphite crystal, the only fundamental mode that is excited is the G-
mode. The elementary steps behind this Raman mode consists of the excitation
of an electron-hole pair and subsequent excitation of an optical phonon at the I'-
point in the Brillouin zone (corresponding to low momentum) before re-
emission of the photon [84, 87]. This scattering event fulfils the fundamental
Raman selection rule, given by the momentum conservation condition, q=0,
where q denotes the phonon momentum. The wavenumber of the Raman shift is
1582 cm! (196 meV), which is a comparatively high value, reflecting the
strength of inter-atomic bonds in graphite. Due to the high energy associated
with the in-plane vibrations, there are few phonons excited at ambient
temperatures. This is the reason for the excellent thermal conductivity of
graphite in direction of the basal planes. The G-peak in graphite, under normal
conditions has the shape of a narrow single Lorentzian function (see fig.4.6).

HOPG217

HOPGr

Normalized Raman-scattering

600 - 2500 2600 2700 2800
Wavenumber [1/cm]

1300 1400 1500

Figure 4.6 Raman spectrum from pristine (HOPGp), defect (HOPGr) and nanostructured
graphite (HOPG217) from Paper IV. Single lorentzian G-peak at 1582 cm-1, and the split D,
D’ and G’-peaks at ~1350, 1620 and 2700 cm- respectively.
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The D-peak is only observed for defect graphite (fig.4.6). The reason is that it
stems from a double resonance process[84, 85, 87] schematically described in
fig.4.7. Initial excitation of an electron hole-pair constitutes the first of the two
resonances. Secondly an optical phonon, around the K-point in the Brillouin
zone, scatters the excited electron to another allowed electronic state around the
K-point or the K'-point. Since the phonon scatters the electron to another
allowed state, this process is also resonant, hence a double resonance process.
The electron is finally scattered back to the original state and re-emits a photon.
Depending on the inelastic electron phonon scattering event, the wavenumber
for the D-peak is ~1350 cm™ or ~1620 cm™. In the former case the electron is
scattered to the K’ vicinity and the corresponding peak is termed D and in the
latter case, for scattering to the K-point vicinity, it is termed D’. However, due to
the double resonance character, both the D- and the D’-peaks are linearly
dispersive with the energy of the exciting laser. This means that, depending on
what laser wavelength is used to cause the initial excitation, phonons with
different energies are excited. For the D-peak this is manifested as a gradual shift
of phonon energy from ~1300 cm? to 1400 cm'! when the wavelength of the
laser light is changed from 825 to 350 nm (1.5 - 3.5 eV)[84].

Figure 4.7 Schematic representation of the double resonance mechanism behind the (a)
D’- and (b) D-peaks in Raman scattering [87]
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The third major Raman peak observed for graphite is the G’-peak (alternatively
referred to as the 2D-peak) at around 2700 cml. This peak is attributed to a
similar process as the D-peak, with the exception that two phonons, with
opposite momentum, are involved in the electron scattering process. Therefore,
this second order mode does not require the presence of defects and is observed
also for pristine graphite, with a wavenumber twice that of the fundamental D-
mode. Because the mechanisms behind the G’- and D-peak are similar, the G’-
peak is also linearly dispersive with the laser energy although with a two times
bigger shift, since two phonons are involved.

In addition to the peak shift with shifting laser energy, the G’-peak is also split
into several overlapping Lorentzian peaks. This is attributed to the split of the -
bands and the phonon bands, due to interaction between adjacent layers.
Therefore, the shape of the G’-peak contains valuable information about the
stacking of a graphite material. A distinctly split peak is the signature of a well-
ordered stacking sequence as demonstrated in fig.4.6. In turbostratic graphite
and in single layer graphene, on the other hand, a single G’-peak is observed. A
similar behavior can be observed for the D-peak.

Since defect scattering is required in order to conserve momentum in the
scattering process responsible for the D-peak, this peak is only observed for
graphite with a substantial amount of disorder. This requirement can be used to
determine the degree of disorder in a graphitic material[84, 88, 89]. An
increasing amount of impurities or lattice defects shows up as an increasing
intensity of the D-peak relative to the G-peak. This has been used to estimate the
size of crystallites in graphite materials via the equation:

-1
260 I—D) Eq. 4.1
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where, L, is the lateral size of the crystallites (in nm) Ej is the energy of the
exciting laser light (in eV) and Ip and Is are the integrated area of the D- and G-
peaks respectively[88]. Such an analysis provides an estimate of the average
crystallite sizes of the entire volume being probed by the laser and assume that
the material have a uniform morphology.

In addition to the shifts of the Raman peaks due to the rather exotic double
resonances discussed above, other more general shifts are frequently observed
in Raman spectroscopy. Reasons for such shifts can be changes in the chemical
environment close to the probed bond[90]. In addition, Raman peaks can shift
substantially due to application of external forces (e.g. electric or mechanical) or
temperature changes in the material [85, 91, 92]. The latter effect is reversible
and attributed to softening of the phonons due to population of higher energy
phonon-modes in combination with decreasing bond strength upon thermal
lattice expansion.
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These peak shifts are described by the equation
Aw =y, + x;) AT Eq.4.2

where, Aw is the shift in phonon wavenumber, v and yr are the temperature
coefficients and AT is the change in temperature. The two temperature
coefficients are attributed to the temperature-driven volume expansion and to
the pure temperature change, without volume expansion but with population of
higher order phonon states, respectively.

For graphite, temperature changes have been shown to affect Raman spectra,
giving rise to substantial shifts in the positions of all Raman peaks[93-96].
However, the Raman active phonon-modes are associated with in-plane lattice
vibrations, but thermal expansion along this crystal direction is very small.
Therefore temperature shifts of the peaks are attributed, predominantly, to the
pure thermal effect described by the yr-parameter while the yy-coefficient for
graphite is practically zero. Although somewhat different values of the yr-
coefficent have been reported, calibrations done with a well-controlled external
heat source indicates that yr=-0.031 cm-1/K for the G-peak shift in graphite[96].

Thermal peak shifts in Raman spectroscopy are useful, not only for
determination of the material’s global temperature, but also for the local
temperature. Since intense laser light is used in Raman spectroscopy, there is
always a concern that the laser beam might locally heat up the material during
measurements. Temperature sensitive materials can undergo unwanted
structural and chemical changes due to the laser induced heating. For pristine
graphite this is considered to be a minor problem though, both because graphite
is a relatively inert and temperature-stable material and because the thermal
conductivity is high along the basal plane directions. Therefore, laser induced
heat can easily be dissipated to material outside of the irradiated region, giving
rise only to a modest temperature change in a larger part of the crystal.
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4.8 Raman spectrum of glassy carbon

The main features of the Raman spectra for GC-materials are the same as those of
defective graphite; the G-peak at 1582 cm and the D-peak at ~1350 cml.
However, the exact peak positions and widths vary considerably between
different GC samples depending on the fabrication process, particularly on the
annealing temperature. A general observation for amorphous, graphitic carbons
however, is that the peaks are much broader than in pristine graphite. For GC,
the D- and G-peaks are still clearly resolved but the D’-peak appearing at ~1620
cm?! is merged with the G-peak, which thus appears shifted to higher
wavenumbers (~1590 cm1)[97, 98]. The width of all the Raman peaks in GC
decreases significantly as a result of annealing temperatures, as does the
intensity ratio Ip/I¢. Both of these changes derive from the increasing order and
growing size of the graphitic domains in the material[98].

In addition to the fundamental Raman modes, GC also displays the overtones,
observed for graphite above 2300 cml. However, since there is no ordered
stacking of the graphitic domains in this material, there is no well-defined inter-
planar coupling giving rise to splitting of the Raman D- and G’ modes as in
crystalline graphite. Therefore these appear as single, broad peaks as in
turbostratic graphite.

4.9 Raman spectrum of amorphous carbon

For graphitic amorphous carbons the two main Raman peaks, G and D are always
present. In similarity with GC, the observed Raman peaks for other amorphous
carbons also have significantly broadened peaks as compared to graphite. This
peak broadening is a signature of the disorder in the material, especially the D-
peak width. For highly disordered amorphous carbon, the peak broadening is
large enough so that the two main peaks merge together.

In addition to the broadening, shifts in the positions of both G- and D-peak are
observed for amorphous carbons. The position of these peaks also depends on
the wavelength of the exciting laser. This is in contrast to the observations for
graphite and glassy carbon, where only the D-peak is dispersive[84, 99]. The
reason is that for very small graphitic clusters, the electronic and vibrational
properties are influenced because the de-localized m-electron gets a more
localized character[99]. Graphitic clusters of different size therefore have
different electronic and vibrational properties, and therefore different size
clusters are selectively excited by different wavelength light. Both G- and D-
peaks shift to lower wavenumbers for longer wavelengths.
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The intensity ratio Ip/Is is another characteristic feature of amorphous
carbons[66, 84, 99]. For carbons that consist essentially of crystalline graphite,
the ratio increases with increasing number of defects since Ip derives from
Raman scattering with the breathing mode of carbon rings, allowed due to the
double resonance process involving scattering with lattice defects. However, at a
point where the defect density becomes so high that many of the carbon rings
are destroyed, the D-peak intensity starts to decrease again. Hence, for
crystalline graphite with few defects, the G-peak is more intense than the D-peak.
In GC, which has relatively large crystalline graphite domains but a high
concentration of defects, the D-peak dominates. For amorphous carbons on the
other hand, where the graphitic clusters are very small and defects are common,
the G-peak can again dominate over the D-peak. Therefore, the Ip/Is-ratio has to
be interpreted carefully and with some basic knowledge of the microstructure of
the investigated material.

Graphitic amorphous carbon materials are composed of sp? -hybridized atoms
with some contributions of sp3-carbon. Therefore, one would expect to get a
contribution to the Raman spectra from vibrational modes attributed to these
bonds, at ~1060 cm™ and ~1332 cm!. However, the cross section for excitation
of these modes with visible light is about 55 times lower than the modes
attributed to sp?-hybridized carbon and therefore they are not easily
distinguished unless the material has a significant amount of diamond-like
carbon[84]. In addition to these sp3-attributed peaks, frequently a peak at around
~1500 cm! is observed for amorphous carbons[66, 100]. However, the origin of
this peak is somewhat unclear.

4.10 Oxidation of crystalline graphite

Crystalline graphite is a chemically inert material, resistant to most acids,
alkalies and corrosive gases. However, at defects and step edges, surface
compounds can be formed and reactions may occur. In addition, foreign species
can be intercalated in between the atomic layers of graphite[12, 59]. The main
exception to the chemical resistance of graphite is its reactivity towards the
column VI elements. Of these, the by far most important reaction is that with
oxygen and oxygen containing species. A major part of today’s energy production
derives from the combustion of coal, which in essence is oxidation of graphite.
Therefore, the oxidation of carbon with gaseous species is one of the most
important chemical reactions for modern (and ancient) society and a detailed
understanding of the mechanism very valuable. Consequently an extensive
amount of research has been conducted, aiming at clarifying the mechanism
behind oxidation of graphitic carbon by gaseous species [51, 53, 101-109].
Although consensus has not been reached regarding the exact microscopic
details of this reaction there are fundamental properties that are well known.
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4.10.1 Experimental observations

Experimental observations show that graphite is oxidized preferentially at step
edges or near lattice defects, where higher electronic densities are available and
the atoms are more weekly bound to the surrounding lattice. Under the proper
conditions (gas pressure, temperature etc.) the oxidized carbon atoms near steps
and edges can desorb into the gas phase as CO or CO: causing etching or
combustion of the graphite material. The preferential attack of edge- and defect-
located carbon atoms is manifested as higher etch rates in directions parallel to
the basal plane surface than in the perpendicular direction. This leads to lateral
motion of defect lines from point defects, to form circular or hexagonal pits and
migration of step edges over the surface[53, 103, 110]. In general, the pits are
wider than they are deep, as a result of the anisotropic etch rates, and their
detailed shapes depend on the gas used in the oxidation process. Hydrogen-
containing gases tend to form hexagonal pits while etching in hydrogen-free
gases result in circular shapes. This difference is believed to derive from the
preferential adsorption of hydrogen atoms to the zig-zag edges of the graphite
planes, which passivate these sites. Consequently arm chair edges are
preferentially etched leading to the hexagonal shape of the pits[102].

In addition to the different shapes of surface defects observed for different gases,
it has also been observed that reaction rates are different for different gases.
Comparison between etch rates in H20 and COz and the etch rate for pure O:
exhibits significantly higher rates for the latter gas[102]. There is also a distinct
difference between etching in molecular oxygen-containing gases and in atomic
oxygen (e.g in RF or microwave oxygen plasma). For oxygen plasmas, etching is
observed already at temperatures around ~400 K, whereas etching in molecular
oxygen occurs at appreciable rates at temperatures above ~900 K [51, 53, 101,
111]. In addition, etching in molecular gases is more anisotropic than the
corresponding process with atomic oxygen. In the latter case, the number of pits
and the overall surface disorder increases steadily with the applied etch time,
whereas molecular oxygen preserves the number of pits and the ordered surface
structure[53]. Only at elevated temperatures (above ~1150 K), where molecular
oxygen can decompose to atomic oxygen at a significant rate, are new defects in
the basal plane graphite induced in molecular oxygen[103].

4.10.2 Theoretical considerations

Several detailed theoretical studies have been devoted to explaining the
oxidation of graphite theoretically[102, 104, 105, 112-118]. Although not
presenting complete agreement on the various details, some general conclusions
can be drawn from these studies. The fundamental steps of the reaction are: i)
Adsorption of oxygen, ii) formation and re-arrangement of surface carbon-
oxygen complexes and iii) desorption of the reaction products CO or CO-.
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It is commonly agreed that oxidation of graphite is favored at step edges and
defects in the lattice. At these sites, adsorption of both molecular and atomic
oxygen is an exothermic process, with low or no activation barriers. Adsorbed
molecular oxygen can then, depending on the adsorption site and temperature,
either stay in molecular form, or dissociate due to charge transfer from the
graphite. Therefore, oxygen complexes are preferentially formed at or near these
edge sites. However, while molecular oxygen requires a defect or step edge to
adsorb and dissociate, the more reactive atomic species adsorbs readily even on
the defect-free basal-plane surface. Because carbon atoms at step edges and
defects bind oxygen more strongly than basal plane carbon, these sites are
oxidized first. For the oxidation process to continue, the oxygen complexes need
to be desorbed, as CO or CO2, to create new active sites for further adsorption
and dissociation of oxygen.

While oxygen adsorption and dissociation are reported to be exothermic and
with low or no activation energy at defect sites, desorption of the reaction
products is a highly endothermic process. Therefore, many authors claim the
rate-determining step in graphite oxidation to be desorption of the reaction
products as CO or CO2[102, 104, 105, 112, 114, 116, 119]. There are many
contributing components to this process. Firstly, the temperature of the sample
plays an important role. At higher temperatures, thermal energy is available,
which facilitate desorption of the species. A similar contribution comes from the
exothermic energy associated with oxygen adsorption onto the surface. This
energy is of course substantially higher when atomic oxygen is adsorbed, since
the energy-cost associated with oxygen-dissociation is then paid by an external
source. Another contributing component, to the rate of liberation of reaction
products, is the local environment close to the desorbing species at edges or
defects. Oxygen atoms adsorbed on adjacent edge or basal-plane surface sites
can significantly lower the binding energy of the oxygen complexes and thereby
lower the activation energy for oxidation[102, 104, 114, 120]. Since atomic
oxygen readily binds to basal-plane sites, the latter argument also helps to
explain why atomic oxygen etches graphite more easily than molecular species.

A mechanism for graphite oxidation in molecular oxygen, suggested by [114] is
presented in fig.4.8
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In addition to the ability to bind reactive species to basal plane graphite, oxygen
plasma contains ionic species, which are accelerated towards the graphite
surface by electric fields. These ions have a higher kinetic energy than those
associated with the average thermal velocities, which adds an extra mechanism
to the graphite oxidation in plasma, namely sputtering. Such effects can induce
new point defects by the removal of basal plane atoms, or assist in desorption of
the reaction products. Consequently, etch rates of graphite in an oxygen plasma
depend both on the impingement rate and energy of the ions and on the
presence of surface bound oxygen species.

4.11 Oxidation of glassy carbon

Glassy carbon, like graphite, is well known for being chemically inert. Similarly to
crystalline graphite, it is not attacked by acids or halogens under ambient
conditions. However, like graphite, GC is sensitive to molecular oxygen at
elevated temperatures and atomic oxygen near room temperature. In molecular
oxygen the two materials exhibit very similar etch rates, GC being slightly more
inert than HOPG[51]. It should be noted though, that GC etch rates are very
sensitive to the presence of impurities, which in turn is a sensitive function of the
preparation conditions. Therefore, oxidation rates can vary significantly between
different quality samples[12, 121]. In atomic oxygen, on the other hand, GC is
etched 1.4 times faster than HOPG[51]. Naturally, this value also depends on the
quality of the materials.

Since, GC-materials are isotropic, etch rates are equal for the different directions
in the material. Different sub-domains, on the other hand, may exhibit
differences on a microscopic level[63]. However, this mostly affects surface
properties on the local, atomic scale whereas on the nano- and micro-meter scale
the etching is still isotropic, as observed in Paper Il and by others[122].

4.12 Oxidation of amorphous carbon

Chemical properties of amorphous carbons can vary significantly between
different types of samples. Observations are that most sp? dominated amorphous
carbons are oxidized more easily than both HOPG and GC when subject to
molecular oxygen. In atomic oxygen, on the other hand, results are more
scattered[51]. As discussed earlier in this chapter, lattice defects and edge sites
are the most important sites for oxidation of graphite-like materials. However,
new reaction pathways open up when atomic oxygen is present in the oxidizing
gas. These rely on binding of oxygen to basal plane sites of the graphitic domains
and on a larger exothermic energy being released in the adsorption of atomic
oxygen, since the energy for dissociating the oxygen molecule is provided by an
external source[106].
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In addition to the different etch mechanisms for atomic and molecular oxygen,
different types of carbon hybridization in amorphous materials are present. It is
known that sp?-carbon is preferentially etched over the sp3-species[52].
Oxidation with molecular oxygen requires elevated temperatures and at
temperatures where oxidation rates become appreciable a significant
restructuring also sets in. This process converts amorphous carbon to more
crystalline graphite and reduces the fraction of sp3-hybridized carbons[123,
124]. Oxidation with atomic oxygen, on the other hand, can be performed already
at room temperature and the sp?-carbons are selectively etched. Therefore, the
composition of the carbon materials influences the oxidation in molecular and
atomic oxygen differently.

Another important factor for the oxidation rate of carbon materials is the
porosity. A compact material tends to allow oxygen to penetrate only into the
surface layer while porous materials can be oxidized deeper in from the surface.
This effectively increases the active area and the number of defects accessible to
oxygen and thus facilitate higher etch rates. On the other hand, pores may
impose diffusion limitations to the etch process. This is actually a concern for all
graphitic materials where pores are created during the oxidation process.

The rate of oxidation is observed to depend on oxygen pressure for many types
of carbon[107, 108]. This is expressed as the reaction order in oxygen pressure,
which is zero when there is no oxygen dependence and one when reaction rates
scale linearly with oxygen pressure. Reaction orders ranging from zero to one
are observed during different temperatures and oxygen pressure and for
different types of carbon. For a reaction that is limited by oxygen adsorption, a
reaction order of one is expected, while for a reaction that is entirely limited by
desorption of reactants zero order oxygen dependence is expected. Therefore,
different reaction orders point towards different reaction mechanism for various
carbon materials and oxidation conditions and also towards different rate
limiting steps. However, under circumstances where diffusion of oxygen to the
surface or into the interior of the material is limiting the speed of the reaction,
this can give a contribution to the observed oxygen pressure dependence, which
is then termed apparent reaction order (as opposed to the true reaction order
where no diffusion limitations are present). This is thus not a kinetics effect but a
transport (of oxygen)effect.
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5 Carbon Nanostructures

Carbon nanostructures appear in the universe in many different forms. Examples
include interstellar dust, soot particles from different combustion processes, and
lately synthetic carbon nanostructures used in different composite materials.
Among the carbon nanoparticles, there are various degrees of crystallinity and
varying relative concentrations of the different hybridization states of carbon
atoms. Here the focus will be on nanostructures mainly consisting of sp?-
hybridized carbon, characteristic for graphitic materials.

5.1 Different types of carbon nanostructures

In amorphous carbon nanostructures, graphitic domains called basic structural
units (BSU), with dimensions of a few nanometers are the main building blocks.
Between the BSU domains there are regions with carbon atoms with different
hybridization states and no preferential crystalline order. Similar to bulk
amorphous carbon, the nanosized equivalents can have different relative
abundance of disordered versus graphitic material. Most of the naturally
occurring carbon nanostructures consist of amorphous carbon.

An important class of carbon nanostructures are soot particles, which are formed
as unwanted by-products during combustion of carbon based fuels. The chemical
composition and morphology of soot particles vary widely and depend on the
details of the combustion process such as temperature and the type of fuel, but
can generally be regarded to consist mostly of spherical amorphous carbon
nanostructures with diameters in the 10-50 nm range[18, 19]. These amorphous
carbon spherules, termed primary particles, are invisible to the naked eye but
can agglomerate to form larger particles, which makes the soot visible as smoke.

Since graphite is the thermodynamically most favorable phase for carbon,
sufficiently high combustion temperatures tend to drive the morphology of soot
particles towards a state dominated by graphitic carbon. In addition to
amorphous carbon, different amounts of other elements and compounds, such as
hydrogen, sulfates, phosphates, and metal oxides can also be present in soot
particles. The sources of these residues are either the original fuel or various
additives or lubricants. Due to the large variation in morphology and chemical
composition, these nanocarbons exhibit a large variation in physical properties.
In particular, the electronic, optical, vibrational and chemical properties are
affected by the difference in particle morphology and chemistry.
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Another context in which amorphous carbon structures appear is astro -physics
and -chemistry. Interstellar dust particles are for practical reasons not as well
investigated as soot, other than with far-field optical techniques. However, based
on the spectroscopic data, these are generally assumed to be pure carbon
structures with a relatively high fraction of graphitic carbon and with diameters
typically below 100 nm[22, 23].

In addition to the naturally occurring, or unintentionally generated nanocarbons
discussed above, several different synthetic types are manufactured. One of these
carbon nanomaterials is the Buckminster fullerene, which form a spherical
structure of a graphite sheet, the most famous one consisting of 60 carbon
atoms[13]. These structures can be considered as large molecule, rather than
nanostructures and will not be considered further here. Closely related to the
fullerenes are the carbon nanotubes, which have been subject to extensive
research since their discovery (CNT’s)[14]. These can be thought of as graphene
layers, rolled up to form a tube. They consist of one or several layer walls and
have different physical properties (metallic or semi-conducting) depending on
the detailed morphology. CNT’s are almost entirely graphitic, although some sp?
hybridized carbons are suggested to participate, due to the shape curvature.
Diameters of the tubes are typically one to a few nm, while lengths can extend for
several pm.

Various schemes to fabricate nanostructures via nanofabrication strategies, such
as EBL, PL and FIB have been demonstrated[125-128]. Conventional
nanofabrication techniques have been used to prepare etch masks for reactive
ion etching processes. Using this approach, nanostructures have been etched out
of graphite, glassy carbon or amorphous carbon surfaces, thus forming
structures with similar atomic arrangement as in the solid precursor
material[122, 127, 129]. Other approaches that have been demonstrated are
deposition of nanostructures from carbon-rich materials on a surface, and
subsequent high temperature treatments to convert the precursor material to
the desired carbon phase[126, 130]. CNT’s are normally fabricated via
decomposition of a carbon rich gas on supported catalyst particles. In many
studies nanolithography is used to prepare these nanoparticles on which the
CNT’s grow. A similar technique has been utilized to fabricate carbon
nanocones[131-133]. As a consequence of the different fabrication techniques
and precursors used, nanofabricated carbon structures with many kinds of
different morphologies have been demonstrated. In addition to all graphite-like
nanocarbons, different types of diamond like structures are common. However,
these will not be discussed here.
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5.2 Optical properties of nanostructures

Several approaches to solve Maxwell’s equations for nanosized objects have been
demonstrated in the literature. A particularly important example is Mie-theory,
which provides an analytical solution to the equations for homogeneous,
spherical particles. These solutions provide a mathematical description of the
extinction (absorption and scattering) of light by nanospheres[77]. For
nanostructures with other than spherical shapes, simplifying approximations has
to be done to find useful solutions to the equations. Alternatively the problem
can be solved numerically, e.g. using finite difference time domain calculation
(FDTD)[134] or the quasi-static dipole approximation[77]. In any of these
methods, the dielectric properties of the nanostructures are an important
parameter. Usually, it is assumed that these can be represented by the complex
dielectric function derived from macroscopic samples.

Regardless of the applied theoretical approach, solutions to Maxwell’s equations,
with the proper boundary conditions, reveal optical resonances in
nanostructures. These resonances result in different extinction probabilities at
different wavelengths. The spectral position for the maximum of extinction
depend on the size and shape, as well as on the dielectric properties of both the
nanostructure itself and the surrounding material. For nanostructures that are
small in comparison with the wavelength of the irradiating light, only the lowest
order optical modes (dipole) are excited and the optical spectrum is fairly
simple. For larger structures, higher order modes (quadropole, octupole et.c.) are
also allowed and the spectrum become richer in details. In particular, it is
observed that the spectral position of the optical peaks, shift to longer
wavelengths for larger nanostructures. It is therefore possible to determine the
size of a nanostructure of a known material by measuring its optical properties.
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Figure 5.1. a) Mie-theory calculations of the absorption for nanospheres with different
size. A constant refractive index corresponding to that for graphite at 640 nm was used
(supplementary calculation for Paper III, by T. Pakizeh). b) Mie-theory calculations for
nanospheres with diameter d=200 nm, real refractive index n= 2.7 and different values of
the imaginary refractive index k. Taken from Paper III.
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Fig.5.1.a demonstrates the pure size dependence in the optical spectrum for
nanospheres. Calculations performed using a constant refractive index
(corresponding to that of graphite at 640 nm[135]) shows that the absorption
peaks shift to longer wavelengths for larger nanospheres. In addition to the main
peaks, shoulders appear for shorter wavelengths corresponding to higher order
modes.

In fig.5.1.b, the Mie-resonances dependence on the imaginary part of the
refractive index, k, is demonstrated. Calculations for 200 nm diameter
nanospheres, with a constant, real refractive index, corresponding to that of
carbon at 640 nm, are shown. In Paper II], it is demonstrated that for a high k-
value, corresponding to strong absorption of electromagnetic radiation, the
peaks are wide and the different order modes overlap, being difficult to resolve.
For the same nanostructures, but with a low k-value, on the other hand, each
resonance mode is very sharp and can be clearly resolved[77, 136, 137].
Increasing k-values also result in an increase of the average amplitude of the
absorption curve.

Another important nanostructure property that influences its optical properties
is the shape. In general, spherical particles exhibit only a single peak per allowed
optical mode, regardless of the polarization and direction of the irradiating light.
For structures with a lower symmetry, on the other hand, the optical properties
depend on the polarization of the light. For example, an elliptical particle exhibit
different optical properties for light polarized along the long and the short axes
respectively. Therefore, the optical properties of a nanostructure also contain
information about its shape and orientation with respect to the incoming light.

5.3 Optical properties of carbon nanostructures

Because of the large variety of nanocarbon compositions, their optical properties
also exhibit great diversity. However, a common observation for a large number
of different carbon nanostructures is strong optical extinction of UV and visible
light[19, 22]. Calculations and measurements regarding structures of different
size and shape, and in different types of carbon, exhibit some variations in
position and shape of the extinction peak. For spherical structures with
diameters around 50 nm and that consist mainly of graphite, the peak maximum
is observed for wavelengths between 200 and 300 nm[22, 138]. For other sizes
and symmetries of the nanostructures, shifts and splitting of the extinction peaks
are observed. There is also a strong influence on the extinction from the type of
carbon material constituting the nanostructures. A less graphitic and more
amorphous character of the carbon results in a significant broadening of the
peak and a shift towards visible light wavelengths.
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As seen from the spectroscopic measurements and calculations presented in
Papers III and V, our nanofabricated carbon structures exhibit similar optical
properties. Fig.5.2 displays measured and calculated spectra of absorption in
disc-like graphite nanostructures (published and supplementary data for Paper
[II). It can be seen that the nanostructures with diameters below 100 nm (the
rough surface in fig.5.2.a can be regarded as agglomerations of nanostructures
with diameters < 10nm) absorb some light in the visible but with the maximum
value between 200 and 300 nm in similarity with what is observed for spherical
graphite nanostructures. Larger structures, on the other hand, absorb light more
efficiently for wavelengths in the visible and near-IR part of the spectrum.
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Figure 5.2 Optical absorption of supported graphite nanostructures, a) spectrophotometer
measurements and b) FDTD calculations (supplementary data to Paper III).

The observed absorption peaks for carbon nanostructures are often attributed to
the intrinsic electronic properties of the material. Indeed, graphite exhibits a
reflectance peak at around ~250 nm due to the strong optical activity associated
with the m-m* transitions. Therefore, the intensity of the optical resonances
observed for carbon nanostructures depend on the relative content of graphite
to amorphous carbon constituting the structures. A pure graphite nanostructure
would show a stronger and sharper optical activity than a more disordered
analog, containing a smaller fraction of hexagonal carbon rings.
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Although the electronic properties are influenced by the size of nanostructures,
especially for structures with diameters below ~10 nm, the optical properties
governed by the electronic structure of the carbon material do not provide the
whole explanation of positions and shapes of the extinction peaks. As discussed
in the previous section, the optical properties are modulated by the finite size
and shape of nanostructures, described by the geometrical resonances in the
nanostructures (for spheres, Mie-resonances). In calculations of the geometrical
resonances, the material dependence, and hence the strong activity of the m-m*
transition, is included via the dielectric function of the material. In such
calculations it is assumed that the material properties correspond to those of the
bulk material. The calculations shown in fig.5.2.b, predict substantial shifts of the
absorption peak maximum and amplitude, as a function of size, in agreement
with the experimentally observed trends. Several papers report estimations of
the particle size distribution, derived from measurements of scattered or
absorbed light in combination with Mie-theory calculations[137, 139, 140].

An additional complication in the analysis of optical properties of graphitic
nanostructures is the inherent anisotropy of the material and the accompanying
anisotropy of the dielectric functions. For graphite nanostructures with a well-
defined orientation and the irradiating light polarized parallel to the graphite
basal plane, the anisotropy can be disregarded. The comparatively well-
established dielectric function for light polarized parallel to the basal plane
surfaces can then be used. If, on the other hand, light is polarized perpendicular
to the basal plane, or an amorphous material is considered, the optical properties
for the perpendicular direction has to be included. These are not as well
established and some variations are found in the reported literature values. For
amorphous nanaostructures an average over the lattice directions can be used.
Alternatively, dielectric properties derived directly from an amorphous carbon
material can be used. However, since the optical properties of carbon materials
are closely related to the microscopic properties of the material, care has to be
taken to choose an amorphous carbon reference material with a microscopic
structure representative for the actual material under study.

5.4 Raman scattering by nanostructures

Electronic and vibrational surface states play an increasingly important role for
small nanostructures since the surface to volume ratio increases with decreasing
size. In addition, due to confinement of the phonons to a small volume, the
fundamental Raman selection rule, q = 0, where q denote the phonon
momentum, is relaxed. This allows for excitation of other phonons than those
close to the Brillouin zone centre, I', that are excited for samples with
macroscopic dimensions. These effects become important for particles with
diameters of ~25 nm or smaller and result in shifts of the resonance
frequencies[141, 142]. All of these properties are of fundamental importance for
the Raman scattering process and therefore Raman spectra for nanostructures
can differ significantly from that of a bulk sample of the same material.
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In addition to the static changes of physical properties in nanostructures, the
limited size of a nanostructure also imposes different transient Raman scattering
properties. As discussed in Chapter 4, it is well known that the temperature of a
material influences the frequencies and intensities of Raman modes. Both
positive and negative frequency shifts can be observed, depending on the
mechanism dominating the process in the studied material (volume expansion or
pure thermal effect).

Depending on how a supported nanostructure system is heated, significantly
different temperature gradients can be observed from the structure to the
support material. For the case where the nanostructures are heated via direct
absorption of light, the thermal properties of both the nanostructures and their
surrounding become important. A nanostructure, suspended in a host material
or supported on a surface, exchanges heat with its surrounding effectively via
conduction. Therefore, a nanostructure that readily absorbs the laser light used
in a Raman measurement, and which is supported on a poor heat conductor, can
attain a higher temperature than the support under irradiation. This can be seen
as a larger shift of the Raman peaks for nanostructures supported on poor
thermal conductors than for identical structures on good conductors[143]. It
should be mentioned that the exchange of heat can go the other way as well,
from a strongly absorbing matrix material to the nanostructures. In this case the
opposite trends for Raman shifts, for nanoparticles supported on substrates with
different thermal conductivities, are observed.

In addition, because the surface atoms constitute a significant fraction of the
total number of atoms in a nanostructure, the surface properties become
increasingly important for decreasing size. The elastic constant for surfaces
generally differs from those of the bulk and therefore, thermal expansion
properties of nanostructures are different from those of bulk matter[144].
Depending on the elastic constants of the surface bonds, thermal expansion may
increase or decrease with nanostructures size. Consequently Raman shifts for
nanostructures as a result of temperature changes may differ from that of bulk
matter.

As mentioned earlier in this chapter, the cross section for light absorption is
drastically different for nanostructures compared to extended samples of the
same material. Sharp resonances in the optical absorption spectrum can lead to
selective excitation of Raman active modes. The Raman intensity is enhanced if
the optical resonance matches the irradiating laser wavelength and/or the
wavelength of the scattered light[136, 145]. Therefore, different modes can be
enhanced with different strengths depending on how well the energy of the
Raman scattered light matches the nanostructure resonance. In addition, if the
rate at which the excited vibrations exchange energy with other modes is slower
than the rate of excitation, the occupation of phonon modes during irradiation
may not correspond to thermal equilibrium. Under such circumstances, material
properties derived from relative intensities of different Raman modes (e.g.
temperature derived from anti-Stokes/Stokes-ratios), may not be accurate[146].
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5.5 Raman scattering by carbon nanostructures

Raman spectra of graphitic carbon nanostructures resemble those of bulk carbon
materials[91, 132, 147], the main features being the G- and D-peaks at ~1582
and ~1360 cm-! and their overtones (fig.5.3). However, due to their limited size,
the D-peak is present even for nanostructures with nearly perfect graphite order.
The exact positions and relative intensities of the different peaks vary with the
type of carbon, from mainly amorphous to crystalline graphite, constituting the
nanostructures. In addition to the main peaks, several other, less intense peaks
are observed for lower wavenumbers, corresponding to modes that are either
specific for the nanostructure geometry[148] or Raman active as a consequence
of relaxation of symmetry related selection rules [132].
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Figure 5.3 Raman spectra for several different carbon structures taken from[91]. Three
types of multi-wall carbon nanotubes (names ending with MWCNT), catalytically grown (C-
) graphitized (G-) and arc-grown (A-). The other three spectra come from a carbon fiber
(P100), vapor grown nanofibers (VGCNF) and crystalline graphite.

Furthermore, Raman spectroscopy has been used to provide information about
reversible processes, specific to various nanocarbons. Thermally induced peak
shifts have been demonstrated for graphite ribbons, CNT’s and carbon fibers and
are generally larger than for bulk carbons[93, 96]. At high laser intensities
during Raman measurements, peak shifts of several tens of cm! have been
observed. For nanocarbons supported on carbon substrates, preferential heating
of the structures by the irradiating laser can be induced. In addition to poor
thermal contact with the supporting medium and different thermal expansion
properties this can then result in a split of the observed Raman peaks, one
corresponding to the temperature of the nanostructure and one corresponding
to the support material [149, 150]. Similarly, it has been shown that CNT’s
suspended over trenches exhibits large peak shifts upon increasing laser power,
whereas identical tubes in contact with the support exhibit no shifts under
similar irradiation conditions. This is attributed to less effective heat transfer to
the support from the free hanging tubes, as compared to the supported
ones[151]
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Since the population of different phonon modes is related to the temperature of a
material, the anti-Stokes/Stokes-ratios (aS/S) can be used to evaluate its
temperature. However, for nanocarbons with sharp optical resonances, like
CNT’s, it is well known that this relation cannot easily be used to determine
absolute temperatures[148]. For a given laser power, it has been shown that the
maximum intensity of the anti-Stokes scattered light occurs for lower laser
energies than for the Stokes light[145]. Therefore, the aS/S-ratio changes with
excitation energy and the simplest theory for converting the measured ratios to
absolute temperatures will predict different temperatures for different laser
energies. Hence, for optically heated, resonant systems, more advanced models
are required to deduce the correct temperature taking into account the different
cross sections for anti-Stokes and Stokes scattering[146].

5.6 Oxidation of carbon nanostructures

Apart from being interesting from a purely scientific point of view, the stability of
carbon nanostructures towards oxidation is relevant in practical applications.
For composite materials, containing carbon nanostructures, resistance to
oxidation is often desired. Another important topic where nanocarbon oxidation
is of outmost importance is in exhaust gas cleaning. Creation and oxidation of
soot particles is an important topic and has long been subject to massive
research[18, 152, 153]. The main objective is to reduce the content of polluting
soot particles in exhaust gases. This is conveniently achieved using particle
filters[18]. However, after extensive use, filters are filled with soot particles and
start to significantly influence the performance of the combustion process.
Therefore, particle filters needs to be emptied on a regular basis. This can be
achieved by temporarily switching the conditions in the filter (temperature, gas
composition etc.), such that the soot is rapidly combusted to CO and CO; (and
H>0, since soot usually also contains hydrogen), leaving the filters themselves
intact.

5.6.1 Experimental observations

As for macroscopic carbon materials, the microscopic structure of carbon
nanomaterials plays a dominating role for the materials oxidation-resistance.
Therefore, activation energies for oxidation of carbon nanostructures are similar
to those of bulk carbons. Typical activation energies for combustion of solid
carbon materials (chars and graphites) in molecular oxygen are 180 kJ/mol
while for nanocarbon materials, values between 140 and 170 kJ/mol are
frequently reported[107, 152]. However, as for macroscopic carbons, large
variations of microscopic composition in different carbon nanostructures exist
and therefore large variations in oxygen resistance are also observed. An
illustrative example of this is provided by experiments aiming at purifying
samples of CNT’s.
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Depending on the fabrication method different amounts of carbon by-products
are generated. The by-product carbons are amorphous, while the CNT’s are
mainly graphitic. Therefore, the former carbon nanostructures are more easily
oxidized than the latter. As a consequence amorphous carbons can be removed
from mixtures with CNT’s by oxidation at suitable temperatures. At
temperatures up to ~1000 K, amorphous carbons are combusted while it is
possible for CNT’s to remain essentially intact[131]. However, only a small
fraction of the tubes remain, since defects in the samples and presence of
catalyzing agents facilitate oxidation. Nevertheless, this example nicely
demonstrates that crystalline nanocarbons are more resistant to decomposition
in oxygen than amorphous structures. In addition, it can be noted that the tips
and sidewalls of CNT’s with small diameters are more easily oxidized than the
walls of tubes with large diameters. The higher curvature of the former surfaces
is responsible for their enhanced sensitivity towards oxidation, which further
emphasizes the importance of morphology for oxidation of carbon structures.

Oxidation of soot particles is another topic where a vast amount of information is
available[18, 152]. Since the morphology of soot particles depend strongly on the
combustion conditions during which they are created (type of fuel, mixing with
oxygen, exhaust temperature), particles that are generated under realistic
conditions exhibit large variations in oxidation rates. In addition, the presence of
other species than oxygen, e.g. OH-groups, NO or a catalyst such as V;0s5 can
influence the reactivity of soot particles. Here, the focus will be on non-catalyzed
oxidation in oxygen at temperatures below 1100 K, which is the temperature
range that is relevant for oxidation of soot in diesel exhaust systems.

5.6.2 Theoretical considerations

Models describing the mechanisms behind oxidation of nanosized graphitic
carbon structures usually consider small sections of a single sheet of graphite, a
BSU. This is in complete analogy with the theoretical modeling for oxidation of
graphite, discussed in Chapter 4, and it is therefore not surprising that the
mechanisms proposed for oxidation of carbon nanostructures resemble those of
macroscopic carbon samples. Oxygen molecules and atoms bind exothermically
and dissociatively to edge and defect sites of the BSU and desorb as CO or CO..
The energy required to desorb reaction products from the edge sites is lowered
by oxygen bound to adjacent edge and out-of-plane basal-plane sites[104, 114].
Since both adsorption of oxygen and desorption of the reaction products take
place at edge and defect sites, a high density of these sites lead to a high
reactivity. It is commonly agreed that the most important property for the
oxidation rate of soot particles is the number of active sites available for
oxidation[18]. However, the active sites also have to be accessible to the oxygen
molecules, which is true also for porous macroscopic carbon material, as
discussed in Chapter 4.
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Nanostructures, because of the large surface to volume ratio, naturally expose a
larger fraction of surface area to the surrounding gas than bulk materials. It is
well known that oxidation of soot particles take place not only on the surface of
the structures, but also in the interior of the particle[18, 152, 153]. The interior
of the particle is reached by oxygen via diffusion into the nanostructure pores.
These pores open up and expand during oxidation and frequently the active
surface area increases with prolonged oxidation. In competition with this effect,
at elevated temperatures, amorphous carbon tends to graphitize, thus
decreasing the number of active sites. In summary, all these factors influence the
reactivity of soot particles and direct correlations between microscopic
properties and oxidation rates are not easily deduced.

In view of the discussion above, models describing the reaction rates of soot
particles should include the number of active sites as well as the partial pressure
of the oxidant. For soot oxidation in oxygen, the temperature dependent reaction
rate can be written as

EA
R.

r(T)=N -k, e®T-p" Eq.5.1

where N is the number of active sites, ko is the pre-exponential factor, E, is the
activation energy, p is the oxygen pressure and n is the reaction order[18].
Experiments at different temperatures can give accurate values for the activation
energy of the reactions, under the condition that the other terms, n, N and p in
eq.5.1 remain constant during the reactions. The activation energy is
conveniently achieved by taking the logarithm of eq.5.1 and plot In(r) as a
function of 1/T. Such a plot represents the familiar Arrhenius plot and the slope
of the curve corresponds to the activation energy of the reaction. However, due
to the complicated behavior during soot oxidation, with pore opening and gas
diffusion possibly limiting the reaction kinetics, the N and n values are not easily
determined. During many oxidation experiments, the number of active sites
changes over time due to opening of pores or decrease of size of the
nanostructures. In addition, different reaction orders, ranging from close to zero
up to one, have been observed for carbon structures with different morphology
and size and under different process conditions[107, 152, 154]. This illustrates
how complicated the processes of carbon nanostructure oxidation is and how
important it is to have good control over the different parameters involved, for
proper interpretation of experimental results. Therefore, fabrication of
supported arrays of nearly identical nanostructures, whose properties can be
precisely controlled and systematically varied, is an advantageous approach.
This has been demonstrated in Paper V.
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6 Experimental

The focus of this thesis is on fabrication, oxidation and optical characterization of
carbon nanostructures. Since the fabrication technique, hole-mask colloidal
lithography (HCL) constitutes a large part of the experimental work, it has been
described separately, in Chapter 3. In this chapter, additional techniques and
experimental equipment of central importance are described. These include, two
different systems used for carbon oxidation; an oxygen reactive ion etcher (RIE)
and a quartz tube flow reactor. Optical properties have been characterized with
spectrophotometry and Raman spectroscopy.

6.1 Oxidation systems

6.1.1 Reactive lon Etching, RF glow discharges

A plasma is an atomic or (partly) dissociated molecular gas, where a fraction of
the electrons are separated from their nuclei. More specifically it is comprised of
a mix of atomic, molecular, radical, ionic, excited and neutral species and free
electrons. Although locally polarized a plasma is electrically neutral on the
macroscopic scale[155]. In lab environments they are frequently applied in
etching and deposition processes. An example is the etching of carbon materials,
which was discussed in Chapter 4 & 5. Here we will give a short technical
description of the used system.

The plasma assisted etching processes presented in this thesis were performed
using a commercially available system (Plasma Therm RIE 95m) schematically
described in fig.6.1. This is a RIE system operating at RF (13.56 MHz) with the
top electrode (the anode) and chamber walls connected to ground and the water
cooled bottom electrode (cathode), serving as substrate stage, coupled to the RF
generator via a capacitor. Plasma powers up to 500 W and pressures up to 500
mTorr can be applied. The main chamber can be evacuated using a turbopump.
Process gases (02, Ar or CF4) are continuously supplied to the system through
several small holes in the top electrode to achieve a homogeneous plasma and
thus homogeneous etching conditions. There is no explicit temperature control
on the system, but temperatures reached in similar systems are typically below
400K. The system is biased only by the natural charge build-up on the cathode,
which is due to the higher velocity of free electrons as compared to ions. Self-
induced potentials are typically around 160 V under the process conditions
applied in this work.
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Figure 6.1 Schematic description of the oxygen RIE system used to oxidize the carbon
samples.

6.1.2 Gas-flow reactor

The system used to oxidize carbon samples in molecular oxygen at elevated
temperatures is a conventional gas-flow reactor (fig.6.2). It consists of a quartz
tube (25 mm diameter), which can be heated via a kanthal coil, wrapped around
it. Temperatures inside the quartz tube is monitored with two thermocouples
and temperatures up to 1000 K can easily be reached. The process gases are
introduced into the reactor using gas-flow regulators, and various combinations
of gases can be applied. In our experiments we have used 10 % oxygen in Argon.
Gas compositions can be analyzed using a mass spectrometer coupled to the gas
outlet via a capillary leak. Inside the quartz tube, nanostructured samples are
mounted in a vertical position on an oxidized aluminium holder.

6.2 Optical characterization

6.2.1 On-line optical extinction spectroscopy

In addition to the conventional gas flow reactor components, a fiber
spectrometer is attached to the gas-flow reactor system shown in fig.6.2. White
light spanning the spectral interval between 1100 and 276 nm (Avantes,
AvaLight-DH-S-BAL) is brought to the sample through an optical fiber (Avantes,
FC-UV400-2), which is terminated with a collimating lens. The fiber is positioned
in front of an opening in the heater coil that surrounds the reactor. Since the
reactor consists of quartz glass it is transparent to all wavelengths delivered by
the lamp and light is readily transmitted.
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On the backside of the quartz tube, light transmitted through the reactor and
sample is collected using another optical fiber. The fiber is coupled to an array
detector (Avantes, AVA-spec 2048) covering the wavelength interval 276-1100
nm. For accurate determination of the optical properties deriving from the
nanostructures, reference spectra are taken through the quartz tube with a
pristine substrate, identical to that supporting the nanostructures, inserted into
the optical path.

Detector Quartz tube

Gas outlet \
(to mass-spec)

Nanostructured ' e
sample

Figure 6.2 Quartz tube gas-flow reactor with online optical spectroscopy.

For the optical characterization with the fiber spectrometer, a white light source
is used to irradiate the sample. After passing through the nanostructured sample,
the different wavelengths of the transmitted light are dispersed onto separate
pixels on an array detector. Any change in intensity, as compared to the
reference measurement reflects the extinction caused by the nanostructures.
Extinction is, by definition, the sum of light absorption (A) and scattering (S).
From a single measurement, it is not possible to separate the two contributions
to the measured extinction. However, extinction measurements of
nanostructures exhibit similar spectral characteristics as the absorption
spectrum and can therefore conveniently be used to characterize the supported
nanostructures during oxidation conditions.
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6.2.2 Off-line optical extinction spectroscopy

Similar measurements have been performed ex situ, in a commercial system
(Varian, Cary 500). This system covers a broader spectral range (2500-200 nm)
and in contrast to the fiber spectrometer setup, spectral resolution is achieved
using a grating to spectrally separate the irradiating white light. Therefore, the
sample is irradiated with monochromatic light in this kind of spectrophotometer.
As with the fiber spectrometer described above, reference measurements of bare
samples are taken and extinction data can be extracted.

For the case where the nanostructures are supported on non-transparent
substrates, as is the case for all samples etched out of bulk carbon, extinction
measurements using the transmission geometry is not feasible since even quite
thin carbon films completely absorb light in the wavelength interval of interest.
Therefore, these samples have been characterized in reflectance mode. The basic
working principle is the same as in the transmission mode but instead of
detecting the transmitted beam all reflected light is collected. This can be done
using an integrating sphere detector. The detector consists of a spherical cavity,
whose inside surface is coated with a highly reflective, non-absorbing material.
The sample is positioned at the exit slit and any light reflected (back scattered)
from the surface will be redirected into the sphere where it scatters from the
reflecting walls and onto a detector positioned inside the sphere. The integrating
sphere detector can also be operated with the sample positioned at the entrance
aperture in order to measure the magnitude of light scattered in the forward
direction. Reference measurements are taken from a surface covered with the
same high reflecting material as the inner wall of the sphere and from flat carbon
surfaces without nanostructures.

6.2.3 Raman spectroscopy

Raman scattering is the inelastic scattering of a photon by a molecule or solid
through exchange of rotational or vibrational energy. While the majority of
photons are scattered elastically (Rayleigh scattering), i.e. without change of
frequency, a fraction of them will generate or annihilate a rotational and/or
vibrational quanta. The former case is termed Stokes scattering and the latter
anti-Stokes (fig.6.3). By analyzing the shift in photon frequency, and the relative
intensities of the scattering events, information about the transition energies
between the involved states and the population of these can be deduced. Relative
intensities of the anti-Stokes and corresponding Stokes lines carry information
about the temperature of the sample, since anti-Stokes lines derive from excited
states, which are populated to a larger extent at high temperatures.

The systems used in this work are commercially available Raman spectrometers
consisting of a laser light source and a microscope through which the samples
are irradiated. The microscope is also used to collect the light to a detector,
equipped with a grating, for analysis of the spectral distribution of the Raman
scattered light.
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Figure 6.3 Schematic description of resonant Raman scattering.

Raman scattering cross sections are in general small (less than 1% of the
scattered light) and observation of the process requires irradiation with
relatively intense laser light. However, the cross sections are dramatically
enhanced if the laser light matches a resonance in the irradiated system. It can be
either an electronic transition in a Raman scattering molecule or solid (resonant
Raman scattering, fig.6.3) or an optical resonance in the support, onto which the
scattering molecule is adsorbed (surface enhanced Raman scattering (SERS). In
the former case, the enhancement is a result of the increased cross section for
light scattering for real- as compared to virtual- transitions. In the latter case,
SERS is observed for molecules adsorbed onto any surface sustaining optical
resonances, but is strongest for rough metal surfaces[136]. In this case, the
reason for the enhanced scattering cross section is a combination of electro-
magnetic field enhancement and chemical enhancement[156]. The
electromagnetic field impinging on a metallic surface can, under specific
conditions, excite the electrons collectively, an excitation termed surface
plasmon. If the frequency of the exciting light is matched to the plasmon
resonance, molecules adsorbed on the metal surface experience a significantly
stronger field than they would in the gas phase thus significantly increasing the
probability of a scattering event. The other, much weaker, chemical
enhancement mechanism is due to creation of electronic states upon adsorption.
If these states facilitate resonant electronic excitations this induces an increased
probability for Raman scattering. SERS is frequently used to characterize
vibrational states in adsorbed molecules.
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7 Results and discussion

This chapter provides a compact summary of all the work presented in this
thesis. It consists of an overview, which elucidates the “red thread” of the work
and describes the relation between the different parts of the work, followed by a
short summary of the content of the appended papers. Finally it contains a
discussion of the achieved results and an inventory of possible interesting
extensions and further applications of this work. Since the previous chapters are
based on relevant literature studies as well as the results presented in the
appended papers, this chapter will, by necessity, repeat some of the observations
and discussions already presented.

Paper [, describes the development of and possibilities with, the
nanolithographic technique, hole-mask colloidal lithography (HCL) that is used
throughout the work presented in the subsequent papers. Paper Il demonstrates
how this fabrication technique can be applied to fabricate nanostructures out of
bulk carbon materials and that these nanostructures exhibit optical properties,
which depend on their size. In Paper III, these optical properties are investigated
in detail, both experimentally and theoretically and the correlation between
nanostructure size and optical absorption is further established. Paper IV, then
uses Raman spectroscopy to investigate the vibrational properties of the
nanostructured samples. The previously observed enhancement of optical
absorption, induced by the nanostructures, is exploited in the Raman studies. In
addition to a slight enhancement of the Raman scattered light intensity,
substantial heating of the nanostructures is observed, as an effect of the applied
laser irradiation. The subsequent manuscript, Paper V, exploits the knowledge
collected during the work with all the four previous papers. HCL is further
developed and utilized to prepare amorphous carbon nanostructures on fused
quartz. The optical properties of these nanostructures are then investigated and
a correlation between these and the structure size is established. This
correlation is then used to monitor the oxidation of the carbon nanostructures
in-situ, providing an excellent approach to investigate the combustion of carbon
nanostructures, with relevance for many practical applications.
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7.1 Summary of papers

7.1.1 Paper I. Hole-mask colloidal lithography

This first paper presents a detailed description of the development of a novel
nanolithography technique, demonstrations of its usefulness for fabrication in
general and in two practical applications. The detailed fabrication scheme
presented is thoroughly described and discussed in Chapter 3, Hole-mask
colloidal lithography, and will not be repeated here. Briefly, self-assembley of
colloidal spheres and oxygen reactive ion etching (RIE) is utilized to prepare
double layer polymer/metal masks. These can then be used for nanostructure
fabrication, either as etch- or evaporation masks or both. Using the same
fundamental fabrication procedure, nanostructures in most materials and with a
variety of different shapes can be fabricated. The distribution and size of these
nanostructures are controlled by the self-assembly and RIE processes, while
shapes are controlled by the different evaporation steps. In the publication,
different types of nanostructures that can be produced are realized,
experimentally (fig.7.1).

a) 200 nm = b) 100 nm = e)

c) 100 Nm = d) 100 Nm =

Figure 7.1 Examples on experimentally demonstrated fabrication of nanostructures using
HCL: a) Elliptical and b) conical Au nanostructures. c) Pairs of Au and Ag structures and d)
Au discs embedded in a TiO; film. e) Precise control over nanostructure diameter,
achieved through etching of the supporting polymer film.

Furthermore, the paper illustrates the applicability of the developed
nanofabrication technique with two practical examples. The first application
takes advantage of the opportunity to design nanostructures with sharp edges
and well-defined size. Ag nanocones in close packed and well-separated patterns
are produced. These samples are then used as substrates in surface enhanced
Raman spectroscopy (SERS) measurements. To get a substantial enhancement of
the Raman scattered light, the size of the fabricated nanocones is chosen so that
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the localized surface plasmon resonance (LSPR) matches the wavelength of the
laser used in the SERS-experiments. Fig.7.2.a shows that a significant
enhancement is achieved, both from the nanocone array and from single
structures.
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Figure 7.2 a) SERS spectra (average of five individual measurements) of benzotriazole dye
adsorbed on close packed arrays as well as on well-separated single Ag nanocones. The
background signal was measured from a spot in between the well-separated structures.

b) Optical extinction spectra from an array of Au nanodiscs supported on a TiO: film (solid
circles), gold nanodiscs embedded in nanoholes (dashed) and same with SiO; capping
layer (dotted). The spectra from TiO; film patterned with nanoholes (diameter 110 nm,
solid line) and a flat unpatterned TiO; film (squares) are shown for comparison.

The other application demonstrates the advantage of having a mask suitable for
both etch and evaporation processes. A polymer/Cr hole-mask is prepared on
top of a thin TiOz-film. An initial CF4 etch-process is first applied to achieve
cylindrical indentations in the TiO: film. Subsequent evaporation of Au, or Au
and SiO2, results in the deposition of discs at the bottom of the indentations. The
optical properties of these nanostructured TiO2-films are investigated using
spectrophotometry and it is found that the LSPR of the Au discs significantly
influences the optical extinction of the samples (fig.7.2.b).

71



7.1.2 Paper Il. Patterning of highly oriented pyrolytic graphite and
glassy carbon surfaces by nanolithography and oxygen plasma
etching.

In Paper II, HCL is used to fabricate Au nanodiscs on two types of carbon
surfaces, highly oriented pyrolytic graphite, (HOPG) and glassy carbon (GC). The
nanodiscs are used as etch masks in an oxygen RIE process, where the oxygen
plasma effectively removes carbon from the part of the surfaces that are not
protected by the gold discs. In this way, nanopillars are etched out of the carbon
surfaces (fig.7.3). It is also shown that the same HCL-technique can equally well
be used to etch out pits in a HOPG surface. Significant differences are observed
for the nanostructures etched out of the two different materials. From the sizes
achieved by the nanostructures, the response to oxygen plasma of the two
materials is determined, showing that GC is etched faster than HOPG, both in the
direction parallel and perpendicular to the surface. Based on these differences,
the oxidation mechanisms for the two materials are discussed.

HOPG3

Figure 7.3 SEM images of HOPG (top row) and GC (bottom row) nanostructures fabricated
with three different etch mask dimensions. Each pair of nanostructured samples
(vertically) was fabricated with identical process conditions.

Furthermore, this paper crudely demonstrates that the carbon nanostructures
can be transferred to another surfaces by pressing the nanostructured surface
against a Si wafer. Some of the nanostructures then sticks to the Si surface and it
is observed that the nanostructures have the same, layered micro structure as
the original graphite sample. An initial investigation of the optical properties of
the fabricated HOPG nanostructures is also undertaken. This study shows that
the reflectivity of the surfaces decrease as the height of the nanostructures grows
and hence establishes a relation between nanostructure size and optical
properties.
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7.1.3 Paper lll. Resonant optical absorption in graphite
nanostructures

In this paper, the optical properties of HOPG nanostructures are studied in detail.
Nanostructures with different sizes are fabricated using the technique described
in the previous publications and the optical properties are investigated using
spectrophotometry. In addition to the experimental investigations, calculations
are performed using the finite difference time domain (FDTD) method.

Both the experimental and theoretical results obtained reveal resonant optical
absorption, correlating with the nanostructure sizes. The amplitude and spectral
position of the optical resonances depend on the heights and diameters of the
nanostructures and the same trends are observed, in both measurements and
calculations (fig.7.4, a-d). Furthermore, the origin of the observed optical
resonances and the size dependent trends are discussed in the context of Mie-
theory and geometrical resonances. In addition, observed similarities and
differences between theory and experiments are quantified and compared and
possible reasons for the observed differences are elucidated.
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Figure 7.4 Optical absorption of HOPG nanostructures with constant height and various
diameters a) experiment and b) calculations. Corresponding data for nanostructures with
constant diameter and various heights for c) experimental data and d) calculations.
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7.1.4 Paper IV. Raman spectroscopy of nanostructured graphite

The by now well-established procedure for fabrication of HOPG nanostructures
on HOPG surfaces is used to prepare similar nanostructures as those already
investigated in Paper II & III. This study continues the exploration of the physical
and optical properties of the graphite nanostructures. Raman spectroscopy is
used for the investigation of the mechanical and thermal properties of the
samples.

The observation of sharp Raman peaks at 1580 (G-peak) and 1350 cm! (D-peak)
confirms that the graphitic character of the samples is maintained during the
nanofabrication process, but also that a significant disordering of the surfaces in
between the nanostructures is introduced. These observations are in accordance
with observations from scanning electron microscope (SEM) and atomic force
microscope (AFM) measurements.

Comparing nanostructured samples with pristine HOPG, it is clear that the
intensity of the Raman scattered light is different for the different samples. It is
demonstrated that the nanostructures exhibiting the strongest optical
absorption, at the wavelength of the irradiating laser, also exhibit the strongest
Raman scattering signals (fig.7.5.a). Furthermore, for increasing laser power
density, the Raman peaks are observed to shift. The G-peak of the
nanostructured samples splits up into two convoluted components, whereas the
other peaks maintain their original shape. Observed peak shifts for different
peaks naturally divide into two categories, with two different magnitudes of the
shifts (fig.7.5.b). These peak shifts are attributed to laser induced heating of the
nanostructured samples, where higher temperatures induces larger shifts. The
two different magnitudes of the shifts are suggested to derive from different
temperatures in the selectively heated nanostructures and in the supporting
substrate.
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Figure 7.5 a) Intensity of the main Raman peak for two nanostructured HOPG samples and
one pristine reference, for different intensities of the irradiating laser light. b) Shifts of
peak positions corresponding to different Raman modes in the nanostructured HOPG and
the reference samples. The main peak is split into two convoluted peaks, G1 & G2, which
shifts differently with increasing laser power.
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7.1.5 Paper V. Oxidation of lithographically prepared amorphous
carbon soot-models, monitored by optical spectroscopy

The fifth paper exploits the techniques and knowledge obtained in all of the
previous studies. HCL is adapted and utilized for the fabrication of amorphous
carbon nanostructures, supported on fused quartz. Cr is used as an alternative to
the commonly applied polymer sacrificial layer with the benefit of better
temperature and UV-resistance of the evaporation masks. Six identical samples
with carbon nanostructures, intended as model samples for the study of soot
oxidation, are prepared by evaporation of amorphous carbon through the masks.

In similarity with the results in Paper III, amorphous carbon nanostructures are
also shown to support optical resonances. Spectrophotometer measurements
reveal a strong correlation between nanostructure size on one hand and position
and intensity of the extinction peaks on the other hand. Oxidation in molecular
oxygen at elevated temperatures is used to shrink the nanostructures, and
intermediate measurements of the optical extinction spectra and nanostructure
sizes are conducted. From these measurements, an empirical relation between
nanostructure size and optical properties is established. The nanostructure
volumes are observed to vary linearly with both intensity and position of the
extinction peak.
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Figure 7.6 a) Volume decrease of lithographically prepared amorphous carbon
nanostructures determined from optical extinction measurements. b) Arrhenius plot of
the temperature dependent reaction rates. An activation energy for combustion of the
nanostructures of 124 kJ/mol was determined.

A quartz tube gas-flow reactor is used for the oxidation of the nanostructures.
Since this reactor is transparent in the wavelength interval where the carbon
nanostructures exhibit optical resonances, these can be monitored in-situ. With
the relation between extinction amplitude and nanostructure volume
established, the combustions of carbon nanostructures is followed at five
different temperatures (fig.7.6.a). The oxidation rates are calculated from the
optically determined volume change and increasing reaction rates with
increasing temperature is observed as expected. From the temperature
dependent reaction rates, an Arrhenius plot is constructed (fig.7.6.b) and the
activation energy for combustion of the amorphous carbon nanostructures is
determined to be124 k] /mol.

75



7.2 Discussion

There are several aspects of HCL, which makes it practicable in different
situations. Two of the main advantages are the speed and simplicity of the
technique. With relatively simple equipment, it can be used to nanofabricate
large area samples. Therefore it is useful, both for experiments where large
samples are may be required to yield measurable results and for fabrication of
commercial products. Another of the advantages is that it facilitates fabrication
of nanostructures with geometries that are difficult to achieve with other
fabrication techniques. Pairs of discs with very small gaps between the individual
particles and inverted ring structures are two such examples. Other interesting
nanofeatures that can easily be prepared are cones and ellipses with very sharp
edges. A final advantage to be mentioned is that the evaporation masks can be
made entirely in metal or other materials that are durable to high temperatures.
This can be useful for applications where the nanostructures are defined under
very hostile conditions. Evaporation of materials often generates high
temperatures and intense UV-irradiation, which can damage masks made from
polymeric materials. Furthermore, many etch processes used to define
nanopatterns, generate heat and/or chemical cross-linking of polymers, which
further emphasizes the usefulness of non-polymeric masks.

The systematic nanofabrication approach to investigate the physical properties
of carbon nanostructures has proven to be a good example of the usefulness of
HCL. From the investigations of well-defined carbon nanostructures much useful
information has been retrieved. The optical properties and their correlation with
structure size is one of the central pieces of information gained in this work.
Relying on the optical properties, Raman spectroscopy could be used to
investigate the atomic arrangement and thermal properties of the
nanostructures. Again, the systematic approach with nanofabrication of
structures with well-defined size and separation proved useful to relate
nanostructure properties to the structure geometries. Furthermore, using the
same fabrication approach for different carbon materials has contributed to
knowledge about the oxidation of carbon and how nanostructures decrease in
size during combustion. Putting all these pieces together, it was possible to
develop a versatile and useful new approach for deeper studies of combustion of
carbon nanostructures. In conclusion, the bottom line of all the work presented
in this thesis is the systematic approach, using nanofabrication to yield samples
with well-defined properties and associated analytical work.

In addition to the applications demonstrating fabrication of carbon
nanostructures, the HCL technique has been proven useful in a number of other
applications. Examples of such applications are studies where HCL has been used
to fabricate nanostructures for the study of optical, magnetic and chemical
properties[24-30, 55-57]. Complementary to the already demonstrated uses of
the technique, further studies are in progress. However, several of the more
unusual nanostructures that can be fabricated still remain un-exploited.
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7.3 Outlook

The preparation of elliptical nanostructures is an example of demonstrated
applications where HCL has proven useful. Patterning large areas with
asymmetric nanostructures is interesting both for fabrication of nanostructures
in magnetic materials and for optical studies. An elliptical particle shape, with a
common orientation of the individual structures, offers an opportunity to select
different optical properties by using a polarized electromagnetic field when
irradiating the nanostructures. By simply rotating the polarization direction (or
the sample) different optical responses are achieved while all other conditions
are kept constant[25, 157].

Other interesting nanostructures that have been demonstrated, but not yet fully
exploited, are the nanocones. Both metallic nanocones and the sharp features in
glassy carbon could be interesting in practical applications. Sharp edges are in
general associated with concentration of electric and magnetic fields. Properly
optimized nanocones could therefore be interesting as field emitters and for
enhancement of optical spectroscopies such as SERS. Along the same line of
reasoning, the fabrication procedure demonstrated in Paper II, for the
fabrication of HOPG and GC pillars could potentially be useful for fabrication of
probes for AFM measurements, although some other technique than HCL would
have to be used to define the nanodisc etch mask. However, the fabricated GC-
pillars possess many of the properties desirable for tips; mechanical strength,
chemical inertness and sharpness.

Another, yet largely unexplored possibility with the HCL technique is the
fabrication of multiple structures from each hole in the mask. Single and bi-
metallic pairs have already been demonstrated, but this fabrication could easily
be extended to include fabrication of chains of particles or to place
nanostructures in the small gap between adjacent discs in a pair. The prospect of
precisely controlling the gap size and the relative orientation of the
nanostructures may find interest in sensing applications as well as in light
harvesting and photocatalysis.

Concerning the carbon nanostructures, several interesting opportunities are
currently being considered. The successful transfer of graphite nanostructures
from the HOPG sample to a Si-wafer demonstrates that this approach can be
used to fabricate single crystal carbon nanostructures on many surfaces. With
some refinement of the transfer process, this could be used to prepare valuable
samples for the study of the mechanisms of carbon oxidation. A graphite
nanostructure supported on an inert substrate would provide a nanocarbon
model where the number of edge sites could be very precisely estimated. Using
the optical resonances of the nanostructures, the oxidation of a single well-
defined structure could be followed, thus eliminating many of the uncertainties
related with macroscopic samples and measurements. Furthermore, decreasing
the thickness of the nanostructures, before or after transfer to another surface,
offers a route towards preparation of large arrays of graphene structures.
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From the Raman study, it is suggested that carbon nanostructures can be
brought to high temperatures during irradiation, while the surrounding material
remains at a much lower temperature. At the same time, the microstructure of
the carbon nanostructures is constantly monitored. Therefore, applying intense
laser irradiation to an amorphous carbon nanostructures in an inert
environment could probably induce structural changes to the carbon, without
damaging the surrounding material. This may be another route towards the
fabrication of graphite nanostructures on, e.g., transparent supports.

The investigation of oxidation of amorphous carbon nanostructures provides a
good start for further systematic studies of soot oxidation. Experiments similar
to those already undertaken can easily be performed to investigate the influence
of different gas compositions, catalysts or temperatures. The applied
nanofabrication method can easily be used to prepare nanostructures in carbon
materials with properties closer to real soot. Since the evaporation masks can
endure high temperatures and hostile chemical environments, thin soot films
could be deposited instead of the amorphous carbon films and the same
approach as already demonstrated applied to investigate the oxidation process.
This would represent a very well controlled experiment, yet with a model with
properties resembling real soot. The weakness of the current experimental setup
used in the oxidation experiments is probably the temperature measurements.

A final, more technical comment, on the HCL technique concerns the system used
for deposition of materials. Since the conditions during deposition of both the
mask and the structure materials can be used to vary the geometries and
positions of the fabricated nanostructures, the evaporation system is clearly a
key instrument in the fabrication process. A more flexible sample holder, than
the ones used hitherto, would facilitate fabrication of many structures that have
not yet been realized. For example, if the azimuth and polar angles (with the
evaporation source and the sample on the z-axis and the angles measured
between the sample surface normal and the z-axis) could both be varied
arbitrarily, each hole in the mask could be used to deposit small arrays of
nanostructures, in any desired pattern. For example linear chains in one or more
directions, with the nanostructures in one and the same or different materials
could be fabricated. Furthermore, by continuously changing the angle of the
sample holder during the evaporation, each single hole could be used to draw the
nanostructure of choice. An example is a geometry where the sample is held at a
small constant polar angle, while the azimuth is continuously changed, which
would result in concentric rings with the diameter determined by the applied
constant angle.
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