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ABSTRACT

This thesis reports on the experimental investigations directed for production and
characterization of thin film carbon materials. The nano- and micro-structured
carbons were obtained in this study with use of plasma enhanced chemical vapor
deposition include: single and few-layered graphene; polycrystalline diamonds
films consisting of nano- and micrometer sized grain; composites of diamond and
graphitic carbons; textured polycrystalline diamond films, composed of needle-like
crystallites. The composition and structural properties were obtained with use of
Raman spectroscopy, electron microscopy and diffraction. The experimental
analysis was performed to establish interrelation between parameters of the
deposition process and characteristics of the obtained films. In-situ monitoring of
the plasma activated carbonaceous gas mixture has been performed with use of
optical emission spectroscopy. The empirical models and mechanism were
proposed to explain experimental observations and predict possible ways for
optimization process parameters and achieve pre-requested material properties.
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1 Introduction

Intensive researches in nanoscale materials have been inspired by discovery of
new forms of materials exhibiting unique properties that they may possess due to
their low dimensionality [1]. Special interest to carbon materials in view of the
nanoscience and nanotechnology is because of extraordinary ability of this chemical
element to combine with itself and other chemical elements in different ways
(chemical versatility), which is not only the basis of life and of organic chemistry,
but also gives rise to a rich diversity of structural forms of solid materials composed
only by carbon, including in micro- and nano-scale ranges.

Thin-film materials, consisted of covalently bonded carbon atoms, have been of
considerable interest from both fundamental and applied perspectives in the last 50
years since the chemical vapor deposition (CVD) of diamond was developed,
followed by discovery of fullerenes, carbon nanotubes, and graphene [2-6]. A large
majority of graphitic and other carbon products are now synthetic and these
products are continuously being improved and upgraded, although natural
graphite and diamond still remains the material of choice in a few cases [7]. Despite
carbon materials production by CVD are used since 80th of previous century, full
understanding of the physics and chemistry behind formation of the condensed
matter from activated gas environment is still challenging. It is caused by high
complexity of the phenomena occurring in the activated gaseous environment.
Nowadays, in order to get CVD insights, scientists and engineers invent different
experimental systems, develop theoretical frameworks, and start to increasingly use
computer simulations, which have been evolved as an essential part of scientific
research, complementing theory and experiment[8-10]. In this thesis, some
progress is brought to the experimental part of this field of research. This thesis
provides demonstrations of production of different carbon structures together with
the analysis of processes occurring in plasma environment during their formation
by chemical vapor deposition. We have studied the chemical vapor deposition in
wide range of process parameters and reveal some peculiarities in formation of
carbonaceous solids from methane-hydrogen gas mixture activated by a direct
current (DC) discharge.

The subsequent chapter 2 of this thesis briefly discusses the structure, molecule
peculiarities, fabrication, characterization, and potential application of carbon
materials. Chapter 3 dedicated to low-pressure plasma, which was used in all
experimental works. In chapter 3, original CVD equipment is introduced. This
chapter gives an overview of found CVD process parameters providing
reproducible deposition of different types of uniform thin film carbon materials.
Chapter 4 discusses the CVD of single and few-layered graphene on Ni and Si



substrates, while chapter 5 discusses the diamond films. In chapter 6 some
concluding remarks and outlooks are made.
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2 Carbon materials (short survey)

Carbon is a truly remarkable element which participates in very important and
very different chemicals. The condensed forms of elemental carbon exist in several
allotropes. Pure elemental carbon is found mainly in nature as coal or as natural
graphite, and much less abundantly as diamond [11]. Moreover, the solid carbons
may be readily obtained from the pyrolysis of various hydrocarbons from methane
and acetylene to such as resins and pitches, and can be deposited from the vapor
phase by cracking hydrocarbon rich gases[12]. In its various allotropic forms
carbon has quite remarkable properties [13-20]. Some of these allotropic forms and
their properties (mainly structural and morphological) are considered in this
chapter.

2.1 STRUCTURE AND BONDING IN CARBON MATERIALS

Carbon allotropes (or polymorphs) consist of the same single element, but their
atomic arrangements are quite different[12,7]. The atomic configurations
determined by interatomic bondings formed between the carbon atoms during
material formation process. In ground state electronic configuration of carbon
atoms is (Is?)(2s2px2py) which allows formation of sp? sp? and sp! orbitals as a
result of promotion and hybridization (fuller accounts can be found in many
standard chemistry textbook, e.g. [21]).

There are four equivalent sp> hybrid orbitals that are tetrahedrally oriented
about the carbon atom and can form four equivalent tetrahedral o bonds by
overlapping of the orbitals of neighboring atoms. An example of such atomic
configuration is the molecule ethane, C2Hs, where a Csp3-Csp?® (or C-C) o bond is
formed between two C atoms by overlapping of sp? orbitals, and three Csp*-Hls o
bonds are formed on each C atom (see Fig.1a).

Another type of hybridization of the valence electrons in the carbon atom can
occur to form three sp? hybrid orbitals leaving one unhybridized 2p orbital. These
three sp? orbitals are equivalent, coplanar and oriented at 120° to each other and
form o bonds by overlapping with the orbitals of neighboring atoms, as, for
example, in the molecule ethene C2Hs (see Fig.1b). The remaining p orbital on each
C atom forms a  bond by overlapping of the p orbital from the neighboring C
atom; the bonds formed between two C atoms in this way are represented as
Csp?=Csp? (or C=C).

In the third type of hybridization of the valence electrons of carbon, two linear
2sp orbitals are formed leaving two unhybridized 2p orbitals. Linear o bonds are
formed by overlapping of the sp hybrid orbitals with orbitals of neighboring atoms,
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as, for example, in the molecule ethyne (acetylene) C:H: (see Fig.1c). The
unhybridized p orbitals of the carbon atoms overlap to form two 7 bonds; the
bonds formed between two C atoms in this way are represented as Csp=Csp (or
C=C). We shall limit our discussion to primarily the first two types of atomic
bonding and consider only graphite- and diamond-like structures, correspondingly.

a b ¢

o @0 o

Fig.1. Some molecules with different C-C bonds: (a) ethane; (b) ethene;
(c) ethyne.

The diamond as well as graphite crystals were the subjects for application of X-
ray diffraction at early stage of development of this technique (see, e.g. [22]).
Diamond is most frequently found in a cubic crystal lattice form in which each
carbon atom is linked to four other carbon atoms by sp® o bonds in a tetrahedral
array (Fig.2). The diamond crystal structure is Zinc-blende type and the C-C bond
length is 154 pm. Diamond also exists in hexagonal form (Lonsdaleite) with a
Waurtzite crystal structure and a C-C bond length of 152 pm. The crystal density of
both types of diamond is 3.52 g-cm?. Notably, the shearing action during cutting
might transform some of the cubic diamond to hexagonal diamond [23].

12



Fig.2. Diamond Cubic and Lonsdaleite structures. (a) diamond as face-centered
cubic crystal (fcc); (b) layered representation of fcc; (c) and (d) - layers
sequence for Cubic diamond and Lonsdaleite

Graphite also may exist in few forms from which the most frequently one is
hexagonal graphite. The basic element of the crystal structure of graphite is
graphene, i.e. carbon atoms, arranged into plane structure with one-atom thick
honeycomb lattice, joined together by strongly localized sp?> o bonding and
delocalized m bonding. The commonest crystal form of graphite is hexagonal and
consists of a stack of layer planes in the stacking sequence ABABAB ... (Fig.3).

13



Fig.3. Hexagonal and rhombohedral structures of graphite(top), Graphite,
nanotube and fullerene as derivatives of graphene (bottom)

The rhombohedral form of graphite with a stacking sequence ABCABC... is an
alternative component of well-crystallized graphites while other forms with more
complicated (rarely) or disordered stacking are also possible. The proportion of
rhombohedral graphite can be increased by deformation processes, such as
grinding [12]. Conversely, the proportion of rhombohedral graphite can be reduced
by high temperature heat-treatment, showing that the hexagonal form is more
thermodynamically stable. For both forms of graphite the in-plane C-C distance is
142 pm, i.e., intermediate between Csp3-Csp® and Csp?=Csp? bond lengths, 153 and
132 pm respectively. The density of both forms of graphite is 2.26 g-cm?3. [12]

It should be noted, that the monoatomic carbon layer - graphene is a structural
basic element also for carbon nanotubes [24,2,4], fullerenes [25,3,26,27] (see Fig.3.),
nanocones and many other nanostructured carbon materials[28,29]. Some
experimental results on carbon nanotube and nanoscrolls (see article 2, 4 listed
above) were obtained with use of the same CVD techniques. However nanotubes,
fullerenes and other similar derivatives from graphene carbon materials are out of
the scope of this thesis. A detailed description of these materials may be found in
e.g. [30-32].

14



2.2 FABRICATION OF CARBON MATERIALS

Many new carbon materials demonstrating unique characteristics have been
obtained in the last decades.

A common characteristic of graphite- and diamond-like carbon materials,
whatever their origin or processing, is that they may be derived from organic
precursors: molded graphite from petroleum coke and coal-tar, pyrolytic graphite
from methane and other gaseous hydrocarbons, vitreous carbon and fibers from
polymers, carbon black from natural gas, charcoal from wood, coal from plants,
etc. [33]. These organic precursors must be carbonized and more often graphitized,
in order to form carbon and graphite materials. The carbonization process, also
known as pyrolysis, can be defined as the step in which the organic precursor is
transformed into a material that contains substantially only carbon atoms. The
precursor is heated slowly in a reducing or inert environment, over a range of
temperature that varies with the nature of the particular precursor and may extend
to 1300°C. The organic material is decomposed into a carbon residue and volatile
compounds diffuse out to the atmosphere. Another common step after
carbonization is graphitization, which implies heating treatment at temperatures
often in excess of 2500°C [34,35]. Graphitization can be defined as the
transformation of a disordered turbostratic graphitic material into a well-ordered
graphitic structure. The graphitization mechanism includes: (a) removal of most
defects within each graphite layer plane as well as between the planes, (b) gradual
shifting and growth of the crystallites, (c) removal of cross-linking bonds, (d)
evolution of the ABAB stacking sequence, and (e) shifting of carbon rings or single
atoms to fill vacancies and eliminate dislocations [7]. This fabrication technique
(carbonization and graphitization) allow obtaining parts of considerable size,
weighing several hundred kilograms, such as the industrial electrodes, which are
industrially manufactured in large quantities.

Graphitic products obtained from organic binder by subsequent carbonization
and graphitization usually divided to two distinctive groups of carbon materials:
the molded carbons and the vitreous carbons. The former are derived from
precursors that graphitize readily, while latter does not graphitize readily and has
characteristics and properties that are essentially isotropic. The difference between
materials of these two classes stems from different precursor materials.

Another emerging technique of carbon materials fabrication is chemical vapor
deposition (CVD) in which condensed carbon produced by the entirely different
processes. The main difference of CVD from usual carbonization and graphitization
is that the CVD based on a gaseous precursor instead of a solid or liquid. CVD is a
powerful and versatile technique that has been used for carbon thin-film deposition
and surface treatment since the early 1960s [36]. CVD-produced carbon materials
span a continuum in grain sizes, morphologies, defect structures and
concentrations, and properties, from high quality, nearly perfect single crystals to
polycrystalline materials where the grain size can vary continuously from barely
displaying evidence of crystallinity to mm-sized grains [37].
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Nowadays, CVD from a gas mixture containing the carbonaceous components
activated by the electrical discharges of different types become a usual way of
fabrication different kinds of carbon materials covering the substrates, including
various nanoscale particles and films (carbon nanotubes [38—42], nanocones [43,44],
few-layered graphene [45-48], nanodiamond [37,49,50] and other materials from
carbon “family” [28]). Despite CVD of carbon materials has been used since last
century, full understanding of physics and chemistry behind solid formation from
activated gas environment are still challenging. It caused by high complexity of the
phenomenon, which requires simultaneously consideration of several processes
including mass transport (flows of different reactive species), heat transport
(through radiations, convection, and conduction), activated gas and surface
chemistry (considering hundreds of reactions, see e.g. [51-54]), etc.

2.3 CHARACTERIZATION OF CVD CARBON

Since Raman spectroscopy is a fast, informative and non-destructive technique
for carbon material characterization [55,56], it was the first and main method
applied for sample identification in our work. Nowadays, Raman spectroscopy is
the most widely used characterization technique in analyzing carbon films, because
of its ability to distinguish the vibrational modes (phonons) of sp® and sp? bonding
configuration in carbon materials [57].

Ideal single-crystal graphite exhibits a Raman first-order spectrum of a single
line at 1580cm™ [58]. The “graphite” line (G line) shifts down to lower frequencies
and broadens [11] and another Raman line, the D line, begins to grow at a value
1350cm-!, when small microcrystallites form, or when bond-angle disorder is
introduced [59]. The G peak is assigned to photon scattering via interaction with
graphitic optic zone center phonons (which can be estimated to honeycomb
arrangement of carbon atoms with C-C bonding in sp? hybridization [17]). The D
peak arises from the scattering by disorder-activated optical zone edge phonons.
2D-peak in the second-order Raman scattering originates from double resonance
mechanism and its position is about 2700cm [60]. This peak is suited for
characterization of few-layered graphene. The intensity of 2D-peak in relation to G-
peak and its shape give direct evidence to the number of layers in examined few-
layered graphene [61]. For monolayer graphene 2D feature is a single Lorentzian
line with an intensity of about 2-4 times of G band [62].

The ratio of the Raman scattering efficiency for graphite and diamond is about
50:1 for “green” excitation lasers [23]. Raman spectroscopy, therefore, is a very
effective tool for characterization the quality of CVD diamond films and
identification of small amounts of graphite in diamond [11]. For diamond, the first-
order Raman band appears as a single sharp line at about 1332 cm! [23]. In case of
nanodiamond, the Raman spectrum contains also two peaks centered at 1140 and
1470 cm!, which assigned to transpolyacetylene segments at grain boundaries and
surfaces [63]. Besides identification of carbon materials, Raman spectroscopy
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allows estimation additional internal properties of carbon films (e.g. using pressure
dependence curve [64], it is possible to interpret the small wavenumber shifts as
internal stresses; temperature sensitivity of G peak allows extraction the value of
thermal conductivity [65]).

The interpretation of Raman spectra is fairly straightforward for characterization
of mono phases. It gets complicated when the system contains mixed phases (sp?
and sp?) due to the large difference in scattering cross-sections for visible excitation
wavelengths [66]. This problem somewhat rectified by using UV source since the
photon energy closer to the band gap of sp3-bonded carbon. However, quantitative
estimation of sp® bonding in mixed phases is still ambiguous. Thus, care should be
taken when using the Raman spectra for more than qualitative analysis in mixed-
phases of carbon materials [67].

The combination of analytical methods (e.g., Raman spectroscopy) and electron
microscopy allow getting detailed insights into the characteristics of crystalline
materials. A great advantage of the transmission electron microscopy is in the
capability to observe, by adjusting the electron lenses, both electron microscope
images (information in real space) and diffraction patterns (information in
reciprocal space) [68,69]. The transformation from the real space to the reciprocal
space is mathematically given by the Fourier transform. While interpretation of
images obtained by an electron microscope is intuitively simple, the understanding
of diffraction patterns usually requires additional skills [70].

If electron beam covers many disordered crystallites, the electron diffraction
pattern consists of characteristic rings. This situation arose in case of polycrystalline
and amorphous carbon materials (e.g. see electron diffraction patterns for
nanodiamonds in [71], bunch of nanotubes in [72]). If electron beam interact with a
single crystal, the electron diffraction pattern has characteristic array of spots (e.g.
see electron diffraction patterns for few-layered graphene in [73], a single crystal of
diamond in [74]). Notably, the recently developed microdiffraction methods,
where incident electrons are converged on a specimen, can now be used to get
diffraction pattern from an area only a few nm in diameter.

In present study the structure peculiarities of carbon materials was analyzed by
Raman spectroscopy and electron diffraction technique, while morphology was
investigated by optical and scanning electron microscopy. The usage of the
described techniques (Raman spectroscopy and electron microscopy) with
accompanying comments will be discussed in following chapters.

2.4 PROPERTIES AND POTENTIAL APPLICATIONS OF
CARBON MATERIALS

If one virtually chooses any characteristic property of a material (structural,
electrical or optical), the value associated with carbon materials will almost always
represent an extreme position among all materials considered for that properties.
Nowadays, carbon material deposition techniques enable the exploitation more and
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more properties combinations of single-phase and composite carbon materials (e.g.,
combination of optical activity and biocompatible of the diamond-like materials
extend the range of their usage in bio-applications [75]). Listing all of the possible
permutations of combinations would result in a small book itself [11,76]. Several
potential applications that can be applied to materials obtained in a scope of this
thesis work are listed below.

Exceptional mechanical, thermal, optical, and electronic properties make
diamond very attractive for numerous applications. The superlative hardness of
diamond renders it ideal for cutting applications[77], while its optical
transmissivity renders it ideal for an extremely broad spectrum of signals, which
might be useful, for example, for optical quantum computing [78-82]. The diamond,
possessing wide-bandgap (5,5eV), potentially enables devices that are beyond the
scope of current systems in terms of operating frequency, power handling capacity,
operating voltage, and operating environment [76]. Moreover, combination of
extremely low coefficient of friction with hardness of CVD diamond, render it ideal
for use in oilless bearings [83]. The desirable chemical, biological, and physical
properties of nanodiamond make them wholesome in biomedical applications,
including purification, sensing, imaging, and drug delivery [50].

Graphene, few-layered graphene, flaky nanographite posses a unique
combination of extraordinary mechanical, electrical, thermal and optical
properties [84,16,5,85]. The giant optical rectification in such materials renders
them ideal for fast-response photodetector and THz generator applications [86,87].
The canvas-like structure and impenetrability makes few-layered graphene to be
ideal for many applications where nanoscale materials should be isolated from the
environment or biological tissue [88]. The chemical inertness, sustainability to ion
bombardment, high electrical conductivity make carbon materials suitable for
application in field (cold) electron emission to create intense beams of electrons in
the vacuum electronic devices [89]. Notably, besides applied interest, carbon
materials are in focus of several fundamental studies. Few-layered graphene, for
example, is an unique laboratory for investigations of nature phenomenon caused
by lowering material dimensionality (see e.g. the probable mechanisms behind the
drastic alteration of a material's intrinsic ability to conduct heat as its
dimensionality changes from two to three dimensions in [90]).

18



3 Physics and chemistry of plasma

This chapter dedicated to the current research in the field of chemically reactive
plasmas. The following discussion of papers dealing with low-temperature plasma-
enhanced chemical vapor deposition of carbon materials is not meant to be
exhaustive, but it is believed to be representative of current work in this field. The
structure of chapter is composed in such a way in order to “point” the place of
author’s contributions (articles I, VI) in a “big picture” of this research field.

3.1 INTRODUCTION

Low temperature plasma is an ionized gas with free electrons and free positive
and negative ions showing collective behavior. As whole, it exhibits quasi-neutral
behavior with the same number of positive ions and negative ions and electrons.
Plasma is usually formed by applying constant or alternating electric or
electromagnetic fields to a low pressure gas mixture. Plasma properties (electron
and ion densities, electron energy distribution function, plasma composition,
electron and gas temperature, etc) result from the equilibrium between power
dissipation in heating of electrons, generation of plasma species in electron
collisions and the losses due to recombination in the gas phase or at the wall [91].
The electrons with high average energy of several electron volts control ionization,
dissociation and excitation of molecules and atoms, hence, extend the role of their
temperature, which become the driving force in chemical vapor deposition
processes. Heavy particles (atoms, radicals, ions) can stay at moderate temperatures
slightly above room temperature (room temperature to a few hundreds of
Kelvins) [92]. The high kinetic energy of electrons makes plasmas nonselective with
a high fragmentation degree, which makes it difficult to predict the results of
plasma-chemical processes. [91]

In low-temperature plasmas, a precursor gas is ionized and dissociated, and
radicals as well as ions impinging onto the substrate lead to carbon film growth.
This enables the preparation of films with superior material properties and allows
access to a wide range of carbon nano- and microstructures. However, despite this
great importance in many applications, the underlying growth mechanisms during
chemical vapor deposition process are poorly understood. This is due to the
complexity of the growth process: the spectrum of species arriving at the surface
can be very diverse, consisting of ions, radicals and neutrals as well as electrons and
high-energy photons. All these species can participate in film formation and
promote mutual strengthening or weakening of their contributions in the growth
process [93].
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The existence of the variety species arriving at the surface, their chemical and
physical properties (concentration, transport energies, the excitation rate of inner
states and etc.) usually determined through complementary experimental and
theoretical =~ investigations, = conducted for sufficiently large plasma
area [94,51,52,54,95]. The difficulties in theoretical, compute-based investigation
usually strengthen because of luck or inaccessibility special tabulated data (e.g. the
scattering cross sections) for exotic species at abnormal conditions (e.g. see [96]),
because of mathematical difficulties due to the solving of system of coupled non-
linear partial differential equations, a large number of coexisting reaction channels
(see e.g. [52,97], where considered 81 reactions in methane/hydrogen plasma).

An additional factor contributing to plasma physics and chemistry complexity is
the number of system variables used for processes optimization, including
equipment variables (reactor size and configuration, materials of construction,
method and amount of power applied); gas variables (pressure, flow, gas
composition and ratios); and substrate variables (substrate temperature, material,
crystallinity, and location in reactor). Often, small changes in a single parameter can
result in large changes in the overall process chemistry. In some systems, the
balance between etching and deposition is so sensitive to these parameters that
controlling the outcome is challenging and miscalculations can result in significant
waste. [98]

Experimentally, bulk plasma processes usually investigated using optical
technique applied to different plasma areas [98], while the interaction of active
species with surfaces can be studied in particle beam experiments. In the latter case,
with the exact knowledge of the surface structure and of the angular and energy
distribution for the incoming and outgoing species, very detailed conclusions on
the interaction mechanisms can be drawn. One example is the interaction of
fluorine with silicon as the elementary step in silicon etching [99]. However, in
many growth plasmas the dominant precursors for film growth are larger radicals
such as CHs, C, etc. The preparation of a well defined particle beam of these
species, which is essential for this type of study, can be difficult. Therefore, only
little is known on the microscopic surface mechanisms of these precursors [93]. It
should be noted, there are exist several works related to the investigation of the
surface interaction with an effusive molecular beam consisting of virtually all
species present in the plasma, including the species of interest (see e.g. [100]). In the
former case, an array of techniques can be applied to the examination of plasma
processes, including optical emission spectroscopy (OES), optical absorption
spectroscopy, laser-induced fluorescence, cavity ringdown absorption spectroscopy,
Fourier transform infrared spectroscopy [98]. In works I, VI OES technique has
been used to reveal some plasma features during carbon deposition. Generally, this
technique is based on collection and investigation photons emitted by plasma, by
activated gas-phase species. Gas-phase species are promoted to excited electronic
states by collisions with energetic electrons and relaxation is accompanied by
emission of a photon. Information about these photons can be gathered by OES
technique. OES is usually used for a qualitative determination of the composition
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via monitoring the presence or absence of the particular spectral lines. Particularly,
OES measures the emission from excited states of species, which are normally
formed by electron impact excitation of the corresponding ground state species (the
spatial distribution of particularly excited atoms proportional to the atoms at
ground state, electron density, and electron temperature distributions) [51]. The
emission intensities are thus closely linked with the properties of electrons in the
plasma. As a result, OES measurements can provide valuable information about
electron energy distribution function, electron temperature and concentration, and
their variation with changes in process condition [101,102]. OES is recognized as a
valuable technique for monitoring and optimizing plasma processes because of its
high sensitivity and flexibility in operation.

In order to rationalize bewildering array of plasma observations the sequence of
main growth species and chemical reactions is usually postulated [103]. Special
attention in the field of carbon material deposition is paid to different active species,
including C, C;, CH, CHz, CHs, C:H, C2Hz, H, H2 [104-111]. We limit discussion as
well as our description of experimental observations with reactive dicarbon C:
species. It is widely accepted that graphite or amorphous carbon is closely linked to
the presence of carbon dimers C2 in the plasma, due to frequent observations of
correlation of deposits structure with the species in the plasma [15]. Moreover,
these correlation strengthened by the fact that C2 is one of the carbon species
resulting from the sublimation of graphite. While the influence of C2 on deposition
of graphite-like materials seems to be clear, understanding the impact of carbon
dimers on the growth of nano- or diamond-like carbon (DLC) is blurred. There is
no common view on the Cz influence during DLC growth. It is widely accepted that
C2 is a dominant growth species during the (110) surface formation of
diamond [15,112]. However, several works suggest that C2 does not play a major
role in the growth of nanocrystalline diamond [115,111].

There is an extensive scientific and industrial interest in hydrocarbon plasma
chemistry and physics since it plays an important role in creation of fascinating
materials for many applications. However, despite this interest, the hydrocarbon
physic-chemistry and carbon-based film growth mechanisms are still not well
understood. The primary reason is the ability of carbon to form double and triple
bonds leading to a large family of radicals, molecules and ions coexisting together
in the gas phase. Almost any combination of hydrogen and carbon atoms can exist
in the form of several isomers, which can make very stable organic compounds. The
densities of these species have to be measured, spatially and temporally resolved in
the best case, to be able to understand the plasma physic-chemistry involved. This
is putting high demands on the diagnostic tools and requires combined
experimental and theoretical modeling efforts. The articles I, VI represent an
experimental contribution to the “body of knowledge” of plasma deposition science.
Experimental investigation’s details of plasma-enhanced CVD system and OES are
described below.
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3.2 EXPERIMENTAL

The methane-hydrogen gas mixture activated by a DC discharge has been the
main investigated plasma object in this work. Moreover, this plasma was used for
production different types of carbon materials (see also chapters 4, 5). Fig.4. shows
a schema of the deposition setup with anode (bottom electrode) and cathode (upper
electrode) connected with a current source power supply. The electrodes situated
inside a reactor chamber are cooled by chilling water. The total gas pressure,
methane concentration and substrate temperature, as well as the discharge voltage
and current, were varied to obtain the film-like materials with different carbon
phase compositions. A special attention was paid to provide the discharge
stabilization by using control circuits preventing the discharge arcing. The structure
and composition of the obtained carbon film materials were characterized
qualitatively by a Raman spectroscopy and an electron microscopy. The Raman
measurements were performed using Jobin-Yvon U 1000 instrument with the
excitation by Ar-ion laser at 514.5 nm in a backscattering geometry.

Fig.4. Photo and scheme of CVD equipment
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Fig.5a shows a schematic diagram of the OES experimental setup. Two
viewports with the fused quartz windows in the walls of the plasma-enhanced
CVD reactor chamber (see Fig.5) provide in-situ optical observation of the plasma
with a necked eye or with a CCD camera. An optical pyrometer was used for
measurements of the substrate temperature during the deposition process. Imaging
of the plasma ball on a screen (1:1 scale) located outside the reactor chamber was
made using a quartz objective. The screen was fixed on a table movable in two
directions (vertical and horizontal) with micrometer accuracy. A throughout hole in
the screen allows collecting the portion of the light generated by plasma onto an
entrance of an optical fibre connected with a spectrometer (HR4000-UV-NIR,
Ocean). The acquisition and analysis of the digital information from the CCD
camera and spectrometer was made on a personal computer (PC in Fig.5a). Fig.5b
shows an example of a typical rectangular area of the DC plasma where the spatial
distributions of the gas discharge plasma parameters were determined by using a
scanning movement of the screen with the optical fiber. Additionally to that, an
estimation of the time evolution of the spatial distribution of Cz dimers was
performed using the CCD camera with an optical interference filter (a maximum
filter transmission was at 514.5 nm, FWHH 10 nm) in front of the entrance objective.
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Fig.5. (a) A schematic top view of the OES and the temperature measurement

apparatus attached to PECVD chamber. (b) A photograph of the DC discharge
and the rectangle area being interesting for OES pointed with an arrow

3.3 RESULT AND DISCUSSION

A comparative analysis of the plasma parameters along with the results of
Raman and electron microscopy measurements allow us to reveal the regimes at

which the polycrystalline diamond, nanocrystalline diamond, graphite-like
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nanostructured carbon films can be deposited on flat substrates due to interaction
with the methane-hydrogen gas mixture activated by the DC discharge.

Fig. 6. The SEM images of typical CVD films: (A) Nanocrystalline graphite; (B)
poly-crystalline diamond; (C) nanocrystalline diamond

Fig.6 shows the scanning electron micrographs (SEM) of the most typical carbon
film materials. Raman spectra of the films are presented in Fig.7. These SEM images
and Raman spectra correspond to a nanocrystalline graphite material (A), a
polycrystalline diamond film (B), a nanocrystalline diamond film (C). Raman lines
meaning was described earlier (see paragraph 2.3).
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Fig. 7. The Raman spectra of typical CVD films: (A) nano-crystalline graphite;
(B) poly-crystalline diamond,; (C) nano-crystalline diamond
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The CVD process parameters being the most appropriate for a reproducible
deposition of different carbon films are summarized in Table I. These correlations
represents small part of optimization results, which also include relation
characteristics of the deposits with substrate material and temperature, flow rates,
DC voltage, configuration of plasma area and etc. Generally all results consistent
and complement the common condensation tendency of carbon materials from gas
phase (see e.g. [116]). Some of particularly interesting findings will be discussed
below (see next chapters).

Table 1. The experimental parameters for carbon films deposition in DC-
discharge plasma

Type of CVD Methane Total gas

film material concentration (%) pressure (Torr)
Diamond 0.5-2 60 - 90
Nanocrystalline diamond 2-5 60 - 100
Graphite-like 5-10 60 - 100

Soot Over 15 50 - 100

The range of conducted OES investigation of plasma was limited by plasmas
which achieve the non-equilibrium but stationary state and keep it for a long time.
Moreover, additional limitation of the conducted number of OES experiments was
caused by time consuming spatial scanning procedure, which implies the manual
movement of screen and analyzing data from single spatial point (manual
scanning).

As an example, a typical optical emission spectrum obtained for the plasma
glowing in the hydrogen-methane gas mixture with 3.7% methane at a scanning
point near 2.5 mm above the substrate surface in its central region is presented in
Fig.8. The Swan system with the Q(0, 0) band head at 516.5 nm as the most intense
emission band attributed to Cz2 and two atomic hydrogen emission lines at 656 nm
(Ha) and at 486 nm (Hg) of the Balmer transition series are clearly seen. During OES
inspection the main attention was paid to these revealed emission lines.
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Fig. 8. The optical emission spectrum for a hydrogen-methane gas mixture with
3.7% methane, near 2.5 mm above the substrate surface in its central region

The Balmer transition series were used for electron temperature estimation,
while tracing emission C: lines were used for evaluation the relative spatial
distribution of Cz active plasma species in plasma.

We have used the relative intensities of the lines emitted by excited hydrogen
atoms in order to determine the excitation temperature (Tex) which can give a first
estimation of the electron temperature in low pressure CHs/H: plasma under
investigation. In obtaining the values of Tex , we have assumed that the upper
energy levels of the selected atomic transitions are in local thermodynamic
equilibrium (LTE), that is, the population density of such levels follows the
Boltzmann law. The latter allows us to use the conventional Boltzmann plot
technique to determine Texc by using the expression [102]

Ay E.
In (#) =———+C (1)
giAij kTexc

where lj is the relative intensity of the emission line between the energy levels i
and j, Aj its wavelength, gi is the degeneracy or statistical weight of the emitting
upper level i of the studied transition, and Aj is the transition probability for
spontaneous radiative emission from the level i to the lower level j. Finally, Ei is the
excitation energy of level i, k is the Boltzmann constant and C is constant. It is
important to stress, that determined temperature Tex [by using (1)] equals to
electron temperature of plasma in case of the LTE condition. This case is realized if
the population of the upper excited levels is determined by collisions with electron
only. A necessary condition for the existence of the LTE is that the electron density
Ne has to be more than ~10" cm? (the lower limit of electron density obtained
supposing the electron temperature kT. is equal to ca. 1 eV). In our experiments (as
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it was done in work [117]) the electron density could be estimated from the
equation Ne=j/(eve), where j is the electric current density, e is the electron charge, ve
is the drift electron velocity. The value of these parameters (j, e, ve) were taken
from [118]. The estimation of the electron density for conditions corresponding to
used CVD process gives Ne=1.5x102 cm? Hence, in our case, a local
thermodynamic equilibrium does not really exist, and for this reason the electron
temperature value shown below may be considered only as a rough estimation.
However, it makes sense as an illustration of a general regularity in the temperature
distribution in a plasma volume and its dependence on the conditions of the gas
discharge.

The absolute densities of the active species in plasma environment are usually
estimated by using different absorption techniques [119-122]. However in some
cases the rough concentration estimation can be obtained via OES measurements.
The absolute concentration and distribution of Cz species in our plasma is not known
but it is possible to estimate a relative density regularity, supposing that the
emission intensity of the d*[1-> a3[1(0, 0) vibrational band of the C2 Swan system in
methane hydrogen plasma correlates linearly with the absolute C2 concentration.
This assumption can be supported by inspections conducted for similar plasma. E.g.
in [123,124] revealed linear concentration correlation of Cz dimers obtained via
absorption measurements with the emission intensity of the main the d*[1->
a’[1(0, 0) vibrational band of the C2 Swan system. However, it should be noted, that
it is desirable to conduct additional absorption experiments and time consuming
computer simulations to verify OES results. Such experiments are planned and
their preliminary results are not included to this thesis.

By performing the spectral measurements at different points inside the
rectangular plasma area of interest we estimate the spatial distributions of the
electron temperature and emission intensity of the line corresponding to Cz species.
As a rule, the electron temperature profile appeared to be alike the profile of the
emission intensity spatial distribution of the line corresponding to Cz species (Fig.9).
The spatial distribution maximum is near the surfaces of the electrodes and other
maximum is localized around the central axis at the distances ranging from about 5
to 25 mm from the substrate (anode). As expected, the relative emission intensity of
the line corresponding to C2 species much higher in case of graphite-like material
deposition than diamond-like materials growth (see VI). The appearance of this
carbonaceous species in the gas mixture near a substrate surface correlates with the
formation of graphite-like films. This correlation of the nature of the deposits with
the species in the plasma led to conclusion that graphite-like carbon is closely
linked to the presence of carbon dimers Cz in the plasma. Moreover, in some
deposition conditions dust particles have been found in the plasma volume (see I).
Such experimental results impose additional requirements for theoretical modeling
of plasma, which should include physics and chemistry of dust particles too.
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Fig. 9. (a) - A spatial distribution of the electron temperature during the CVD;
(b) - A spatial distribution of the emission intensity of the spectral line
corresponding to C, species for typical deposition process; (c) - A CCD camera
photograph of the substrate surrounded by DC discharge plasma captured at
wavelength 514.5 nm with the optical interference filter (a scale bar is 10 mm).

It was unexpectedly found that electron temperature distribution near the
substrate is varied from the several to tens thousands of Kelvin in a very short
distances. These temperature variations of plasma near the substrate surface may
explain the formation of the rarely distributed well graphitized tubular structures
incorporated into the nanodiamond films [125] and also could be connected with
formation of the unusual chiral carbon nanoscrolls with a polygonal cross-
section [126].

Conducted experimental plasma diagnostics allowed us to get general idea of
what is happening in the certain activated CHs/H2 gas mixture, helped to optimize
the equipment for reproducible deposition of different carbon nano- and
microcrystalline materials and might be very useful for future studies (e.g., typical
spatial distributions of Czemission line and electron temperature, leading to certain
carbon material growth, might be used as an experimental results for verification of
the theoretical models, that proposed to reveal main growth mechanisms and main
growth species in plasma).
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3.4 CONCLUSION OF CHAPTER 3

1. As a result of systematic inspection, the most appropriate CVD process
parameters have been found for a reproducible deposition of different uniform
carbon materials.

2. The activation of a methane-hydrogen gas mixture by the DC discharge
leads to production Cz dimers. The typical spatial distribution of the C2 species in
the plasma ball has been revealed. The appearance of this carbonaceous species in
the gas mixture near a substrate surface correlates with the formation of graphite-
like films. A condensation of carbon and a production of different types of carbon
materials in gas phase are also possible.

3. The non-trivial variations of the electron temperature of the plasma were
found near the substrate surface. This observation may help in understanding the
formation of well graphitized needle-like structures in the nanodiamond and
nanographite CVD films.
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4 Graphitic nanomaterials

This chapter dedicated to the current research in the field of vapor deposition of
few-layered graphene material. The structure of chapter is composed in such a way
in order to show correlations between author’s contribution (article III) and the
main trends in this research area.

4.1 INTRODUCTION

Research on graphene has experienced explosive growth in the last few years.
According to [127], several technical papers are published every day on the subject
of graphene, making tracking all information related to graphene for researches
extremely difficult or even impossible. Initial excitement for graphene came from its
unusual linear dispersion of the m-band at the Fermi level, which gives rise to new
physical properties. The isolation of single layer free-standing graphene from
highly oriented pyrolytic graphite (HOPG) and the measurements of many exotic
electronic properties of graphene have earned Konstantine (Kostya) S. Novoselov
and Andre K. Geim the Physics Nobel Prize in 2010. The size of obtained graphene
films was as small as ~ 10um [5], but it was enough for revealing some fundamental
properties. Obviously, the order of graphene size is not suitable for implementing
unique material in industrial applications. For that reason many research groups
over the globe (including our group) focus their efforts on invention the proper
technique to manufacture large area graphene films, on discovering of new growth
mechanisms. Having experience in deposition of different carbon materials, it was
natural for our research group to evaluate the possibility of obtaining of this
exciting material by a direct current CVD system and to reveal main growth
features of their composition (see next paragraphs). Our research contribution to
the graphene science goes back to the 2010, while now researchers continue solving
other open questions. Among them one is related to the problems of obtaining large
single-crystal graphene.

The initially reported micromechanical exfoliation of highly oriented pyrolytic
graphite can only yield a small amount of tiny single-crystal graphene, limiting the
applicability of this method. Recently developed CVD methods could produce
large-size and uniform polycrystalline graphene [128], but the electronic properties
of CVD graphene are degraded by domain boundaries [129]. Thus, the fabrication
of large-size single-crystal graphene using CVD on transition metals, especially on
Cu, Ni has attracted much interest among materials scientists [38,46,130]. In last
year it was identified several advancements in the growth of Cu-based single-
crystal graphene. For example, ~10um sized self-arrayed single-crystal graphene
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domains were fabricated by prepatterning graphite seeds on Cu [129]. The ~100-
200um sized hexagonal single-crystal graphene domains were made on melted
Cu [131]. Submillimeter single-crystal graphene was successfully synthesized by
preannealing Cu at atmospheric pressure or using a Cu enclosure for graphene
growth. Finally, the growth of millimeter-sized single-crystal graphene was
recently achieved on Pt[132] and Ni[133]. However, the facile synthesis of
graphene with larger single-crystal domains on commercial Cu is desirable.
Therefore, in spite of promising results, the study and development of high-quality
CVD graphene is still on the way.

The discussed below experimental findings (partly presented in III) represent
author contribution in 2010 to the “body of knowledge” of graphene deposition
science.

4.2 EXPERIMENTAL

The single and few-layered graphene materials have been obtained by using the
same low pressure direct current CVD equipment from activated hydrogen-
methane gas mixture (see 3.2 paragraph). Standard Si (single crystalline; 500pum
thick, 25x25mm? in sizes; (100) base plane) and Ni (polycrystalline; 500um  thick,
25x25mm? in sizes) have been used as substrates for investigation the graphite-like
materials growth. A wide range of plasma parameters has been inspected in order
to experimentally determine the possibilities for graphene growth. The best yield
was obtained near the following specific conditions. The gas pressure ca. 10 kPa,
total flow rate ca. 500 SCCM was maintained constant. The gas mixture contains
about 5% of methane. This condition suits better, when the electrodes diameter is 50
mm and the inter-electrode distance is 50 mm. At the above mentioned conditions
voltage between the electrodes is about 750 V and discharge current — about 7 A,
while substrate temperature — about 1000°C. The deposition time was varied from 5
minutes to several hours providing the films with thicknesses in a wide range.

The obtained samples of CVD graphite films were characterized by Raman
spectroscopy using U 1000 (Jobin Yvon) instrument with excitation by 514.5 nm Ar-
ion laser. Scanning electron microscope (SEM) LEO 15500 (Zeiss) operated at 5 kV
and Transmission electron microscope (TEM) TITAN 80-300 (FEI) with an imaging
Cs corrector and operated at 80 kV were used for structural and surface topology
investigations of the film samples.

The investigations were performed for as grown graphite-like films on Ni and Si
substrates, for the films transferred from Ni onto polymer and glass (mica)
substrates, and for the films freely suspended on the metal mesh (see Fig.10). For
latter purpose Ni substrate has been etched in a mixture of sulfuric (H2504) and
nitric (HNOs) acids. Special attention has been paid to avoid formation of gas
bubbles which are able to destroy thin film during the etching process.
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Fig. 10. The photographs of the CVD graphite film of 20x20 mm? on polymer
(left), of 10x10 mm? on glass (center), and on metallic mesh with 450x450 um?
cell size (right)

4.3 RESULT AND DISCUSSION

Graphite-like material growth on Ni substrates. It was found, that deposition
time extremely affects on morphology of graphite-like deposits. The plasma
interaction with Ni substrate during less than one hour leads to graphite formation,
which structural planes are primarily parallel to the substrate surface, while
deposition during more than 1 hour leads to formation flakes-like structures with
graphene plates, which are predominantly orthogonal to the substrate surface (as in
Fig.6a). We limit our discussion by those which graphite-like material parallel to
the substrate surface.

The surface of obtained films exhibits a wrinkled topology (see Fig. 11). We
belief, that graphene forms flat at the surface during CVD and the wrinkles arise at
the later cooling stage as a result of release of mechanical stress appeared due to
difference in the thermal expansions of graphene film and Ni substrate.

Fig. 11. SEM image showing wrinkled topology of few-layered graphene on a
polycrystalline Ni substrate

Our suggestions about structure and formation mechanism of the wrinkles well
agree with the electron diffraction observations for free standing graphite films
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allocated on a TEM mesh grid. While diffraction pattern detected for a flat film
region corresponds to the well ordered graphite, additional reflections appeared in
the pattern for a film area containing a wrinkle (see Fig. 12). This observation
confirms that the wrinkles have the same atomic structure as the flat regions of the
films but with direction of atomic layers nearly perpendicular to the film surface.

Fig. 12. The electron micro-diffraction patterns obtained for a flat region on few-
layered graphene surface (left) and for a region, containing a single wrinkle
(right). Two additional reflections are indicated by the arrows

It was found that graphene formation and appearance of the wrinkles does not
correlate with crystallography orientation of Ni substrate. It was especially evident
from the SEM image (see Fig.13). A micron-sized Ni single crystal shown in this
image was produced at initial stage of the deposition process as a result of
crystallization of substrate material melted due to occasional discharge arcing. SEM
observation shows that all facets of the Ni crystal are covered by graphene film
independently on their crystallography orientation. The wrinkles formation also
looks independent on crystallography orientation of surfaces of the Ni single crystal.

One might suppose that the wrinkles can be stem from the interval between
adjacent grains (grain “connection”) of polycrystalline Ni substrate. However, in
Fig.13 can be seen clearly that wrinkles appear on the flat surface of the Ni single
crystal, on the place were no any grain connections. This observation additionally
confirms the proposed genesis of the wrinkles.
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Fig. 13. SEM image showing a Ni single crystal and adjacent polycrystalline
substrate covered by graphite film

Additionally to the wrinkles a formation of blisters on the surface of the CVD
graphite films was observed. These blisters appear to be growing in size after
unloading of samples from the reactor chamber to air. The blisters with the size in
the range of a few to hundreds micrometers are typically formed during few hours
exposure in air at room temperature. The examples of the blisters are shown in
Fig.14.

o \ o e | X |
Fig. 14. Optical microscopy images of blisters on CVD graphite film surface: the
three joined blisters (left) and a blister with transparent wall (right)

The shapes and genesis of the blisters unambiguously show a presence of a
gaseous phase inside at a pressure exceeding external atmosphere. It seems
impossible to assume that the blisters are filled by any liquid. The light interference
fringes are clearly seen for blisters with the thinnest walls transparent for light.
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Formation of the blisters is an evidence for graphite layers exfoliation. Such kind of
phenomena was observed also by TEM. Fig.15 shows an example of a high
resolution TEM (HRTEM) image with a single graphene layer detached from the
multilayer graphite film material. Number of graphene layers in different blisters
was evaluated by Raman spectroscopy. The spectra in Fig.16 demonstrate shape
difference for 2D second order Raman band for the blisters shown in
microphotographs of Fig.14.

’ 2nm
 J " crr—
Fig. 15. HRTEM image with a single graphene layer detached from the CVD
graphite film

According to [134,135], Raman spectra for transparent blister shown in right
panel of Fig.14 corresponds to 1 or 2 graphene layer (spectrum 3) while adjacent
area of the CVD film contains more than 10 layers (spectrum 1); the spectrum 2
corresponds to 3 atomic layers, but spectrum 4 may be assigned to rather thick
turbostratic graphite.
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Fig. 16. The second order 2D bands in the Raman spectra measured for different
areas in the films shown in Fig.13: 1 - outside the transparent blister in the right
panel; 2-on top of the left blister in the left panel; 3 - on top of the blister in
right panel; 4 — on top of right blister in the left panel

Origin of the gas filled blisters may be explained by a presence of hydrogen in-
between the atomic layers composing the CVD graphite films. The hydrogen atoms
are trapped between the graphene layers, probably during film formation by
carbon atoms condensation from hydrogen-methane plasma. Van der Walls
attraction between the layers impress the trapped hydrogen atoms enforcing
formation of the blisters with time at ambient conditions (room temperature and
normal atmosphere pressure). This process is stimulated by high mobility of
hydrogen and low gas permeability of graphene atomic layers [136]. The resultant
blisters are very stable and preserve high inner pressure for more than a few
months. However, depressurization of the blisters was observed in a course of
scanning probe microscopy studies due to mechanical damages of the blister walls
and high pressure differences.
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Fig.17. SEM images showing perpendicular orientation of as grown few-layered
graphene on Si substrate: (a) — shows their random appearance (scale bar is
200nm); (b) and (c) — show their poor fixation on the substrate (scale bars are
2 um)

Graphite-like material growth on Si substrates. In most cases graphite-like
materials appear to have graphene base plane’s orientation perpendicular to the Si
substrate surface (see Fig.17). Such perpendicular orientation makes them unsteady
on the substrate. For example, particular few-layered graphene sheets may easily
fall down during electron scanning (compare Fig.17b and Fig.17c). It should be
noted, that several experiments revealed some traces of possible graphene
appearance on Si substrates (see wrinkles appearance in Fig.18). These observations
indicate graphene growth mechanisms different from commonly accepted model.
Latter model implies, that, at the first stage, carbon dissolves into the metal
substrate; at the second stage, carbon is forced to precipitate out of the substrate
caused by cooling procedure; and at the final stage, the precipitated carbon atoms
merge and compose graphene layers [46]. Our experimental observations witness
ability of graphene formation by direct condensation of carbon from the gaseous
environment. In this case graphene formation is possible on different substrates
except commonly used metals (Ni, Cu, etc.). However obtaining of reproducible
results on graphene formation via carbon condensation requires appropriate CVD
process optimization which was not achieved in frame of this work. Only limited
results were obtained indicating principal ability formation of large scale graphene
on non-metallic substrates.
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Fig.18. SEM images showing typical graphene traces on Si substrates. Scale bars
are 200nm

4.4 CONCLUSION OF CHAPTER 4

1. Appropriate CVD process parameters have been found for a reproducible
deposition of few-layered graphene on Ni substrates.

2. The surface of few-layered graphene films obtained by plasma-enhanced
CVD possesses a wrinkled topology. It has been proposed that graphene films are
originally flat and surface wrinkles are the result of mechanical stress appeared at
interface between film and substrate during subsequent cooling.

3. The gaseous blisters were found on the graphite film after their exposure in
air at room temperature. Genesis of the gaseous blisters formed in CVD grown
films is assigned to hydrogen trapped in between graphene layers during film
formation.
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5 Nano- and microdiamonds

This chapter dedicated to the current research in the field of vapor deposition of
single-crystal diamond materials. The structure of chapter is composed in such a
way in order to show correlations between author’s contributions (articles II, IV, V)
and main trends in this research area.

5.1 INTRODUCTION

Exceptional mechanical, thermal, optical, and electronic properties make
diamond very attractive for numerous applications. However, in some cases the
exploitation of these advantages is hampered by difficulties in obtaining the desired
geometry of diamonds in nano- and micro- scales. In particular, tip-shaped
diamonds are desired for different types of scanning probe microscopes [137,138],
indenters [139], nanolithography [140,141], magnetic diamond sensors [142]. To
obtain diamond tips, it has been proposed to use micromachining of single
crystals [143], plasma etching of polycrystalline diamond films [144-146], and
chemical vapor deposition (CVD) growth on tip-shaped [147,148] or pyramidal pit
etched substrates [149,141]. These technologies are able to provide advantageous
results. However, most of these methods provide tips with polycrystalline or highly
defective apexes having rather large radii of curvature. The micromachined single
crystal diamond tips are very difficult and expensive to fabricate with reproducible
geometry. Therefore, in spite of promising results, the study and development of
diamonds with specified form, particularly, tip-shaped is still on the way.

It is well known, that the diamond-like CVD films usually possess a columnar
growth structure, which is typical of the growth morphology from H2/CHs plasmas
and reflects the van der Drift growth mechanism [15]. Briefly this growth van der
Drift principle (“evolutionary selection”) [150] can be explained as follows. A great
number of the crystals with random orientations are first formed on the seeded
support in the very early stage. These crystals can grow in all possible directions.
Upon growth, the crystals touch each other. When two crystals meet, the growth
front of a less steep crystal touches the flank of a steeper one and thereafter stops
growing, whereas the steeper one continues to grow. Similarly, when this steeper
crystal meets a much steeper crystal, it ends in the flank of the much steeper one
and the latter can grow further. As a consequence of such “evolutionary selection”
processes, many crystals are embedded under the growing layer, while only those
crystals with their fastest growth direction vertical to the support surface survive.
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For the best of our knowledge, there are only few research groups, including
ours, which focus their attention on detailed investigation of growth mechanisms of
the columnar diamonds, at least, with a view to control diamond column
morphology. In this study some interesting mechanisms of CVD columnar
diamond growth has been revealed, which open the easiest way for mass
production of diamond needles with arbitrarily shape. Some of obtained results are
presented below.

5.2 EXPERIMENTAL

The experiments were carried out using the same CVD equipments described
above (see paragraph 3.2). The textured polycrystalline diamond films were grown
from a hydrogen-methane gas mixture activated by a DC discharge. The single-
crystal 500 pum thick Si(100) 25x25 mm? wafers were used as substrates. The
deposition temperature of substrate surface was kept near 900°C (monitored by an
optical pyrometer). The total gas flow rate 250 sccm and the total pressure 100 mbar
were kept constant during deposition. The methane concentration in the gas
mixture was 3% to achieve a film with different structural composition - the
mixture of nano- and micro- sized diamonds (in the same film).

A thermal oxidation of the diamond films was performed in an oven with the
adjustable temperature in an air under a normal pressure. The as-deposed and
oxidized samples were studied by the Raman spectroscopy using the Renishaw
inVia Raman Microscope with the excitation at 514,5 nm and a 50 x optical
magnification. The surface morphology of the CVD films was monitored by SEM
using a LEO 1550 (Zeiss) microscope operated at 5 kV of an accelerating voltage in
a backscattering geometry.

5.3 RESULT AND DISCUSSION

Fig.19 shows typical SEM images of the CVD films obtained at the above
mentioned conditions. The films consist of a mixture of micrometer sized
crystallites, having well developed rectangular (100) facets on the film surface, and
submicrometer and nanometer sized species with shapes which cannot be resolved
by the SEM (Fig.19a). Raman spectroscopy analysis reveals that the films consist of
diamond crystallites of different sizes, graphitic inclusions, and amorphous carbon.

The CVD films of this type were oxidized by exposure in normal air atmosphere
at a temperature of 680 °C for 5 h. The oxidized CVD film consists of the pyramid
shaped diamond crystallites oriented by their apexes toward the substrate surface.
In this orientation the crystallites are weakly connected to the substrate and some of
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them are fallen down on their sides (see Fig.19c). The pyramid shaped crystallites
can be detached easily either by a gentle pressing or by a scratching with tweezers.

Fig.19. (a-c) The SEM images of CVD diamond film obtained wit CH4
concentration of 3% for 5 hours growth: (a) - as-grown; (b) - oxidized during 2
hours at 680°C in air; (c) - the diamond crystallites detached from the substrate

Curve 1 in Fig.20 shows the Raman spectrum of the pristine CVD diamond film.
This spectrum demonstrates a strong 1330 cm™ band corresponding to the micro-
sized diamond crystallites and the Raman lines related to the nanodiamond and
graphitic phases presented in the film in significant amount. The spectrum of the
same film after an exposure in the air atmosphere at 680°C during 2 hours (curve 2
in Fig.20) demonstrates an intense narrow line at 1330 cm™, and only a weak wide
band at 1580 cm! representing a remaining amorphous carbon in a little amount. It
is evident also from a comparison of the spectra presented in Fig.20 that the thermal
oxidation reduces the width of the “diamond” Raman band at 1330 cm™ from 18
cn! down to 5 em . Such a narrowing might be explained by two reasons: (i) an
etching of the most defective diamond micro-crystallites, and (ii) a reduction of the
mechanical stress induced by the nano-diamond phase presence. The removal of a
substantial part of graphitic and nanodiamond species during the oxidation is in
good agreement with the published data [151].
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Fig.20. The Raman spectra of the same film: as-grown - curve 1; after
oxidation during 2 hours at 680°C in air — curve 2

The sizes of the diamond single crystal pyramids obtained at the described
condition are about 10-15um in length and have about 4-5 um edges of the
rectangular base plane. These planes are practically squares that correspond to the
(100) diamond facet. Oxidation does not produce any significant changes in the
shape and flatness of these base planes. The apexes of the pyramids have a typical
radius of curvature in the range of 20-2 nm. The last number corresponds to the
smallest size of thermodynamically stable diamond [152,153].

Use of the CVD technology allows very easy and inexpensive mass production
of this type of diamond tips which may be attractive for different applications. In
paper IV we demonstrated the possibility for efficient application of the diamond
needles as atomic force microscopy (AFM) probes. The AFM probes were
manufactured by attaching the diamond tips to standard silicon and silicon-nitride
cantilevers. Fig.21a shows a SEM image of the AFM probe with a diamond tip
glued to a silicon cantilever by an epoxy. Similar diamond AFM probes were tested
with different samples. Fig.21b and ¢ show the comparative test made using a
sample of a TiN film deposited onto polished (Ra<l0 nm) glass by magnetron
sputtering. The TiN film thickness was about 200 nm.

In the test measurements, scanning of the TiN sample surface was performed by
gradually increasing the lateral resolution up to the moment when the resulting
AFM images became blurred. The resolution increase was obtained by reducing
size of the scanned area with the same number 500x500 points in the scans, and the
image blurring corresponds to the situation when the neighboring points in the
scan have identical parameters. An example of such a blurred image obtained using
a standard Si probe is shown in Fig.21c. Fig.21b shows the AFM image obtained
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under the same conditions, but using the diamond tip probe. The improvement of
AFM imaging with the use the diamond probe is evident.

3um

100nm
—

Fig.21. SEM image of an AFM probe made by gluing a single crystal diamond tip
to a silicon cantilever (a). AFM images obtained for the TiN film sample using the
diamond probe (b) and the common silicon probe (c). The size of the AFM scans
is 300x300 nm?

Other advantages of the diamond probes were found in the test measurements
made for the biological objects. Due to the hydrophobicity of the surface, the
diamond probes show a much better efficiency (higher resolution combined with
much longer life time) in comparison with typical silicon probes. The chemical
inertness of diamond is an important factor providing better imaging performance
of the diamond AFM probes. The excellent wear resistance of diamond can play a
significant role in other applications.

It should be noted, that small changes of plasma growth parameters
significantly affect on the diamond needle morphology. In particularly, tiny

44



deviation from mentioned plasma parameters leads to noticeable changing of the
convergence angle (see Fig.22). Such control might be very useful for deposition
extraordinarily shaped diamond structures. The crystallites shown in Fig. 22, for
example, were obtained in a CVD process with a sequence of variations of substrate
temperature. This leads to variation of angle of the pyramidal crystallite shape.

Fig.22. SEM image of needle-like diamonds obtained in case of tiny periodic
changes of deposition parameters

5.4 CONCLUSION OF CHAPTER 5

1. Appropriate CVD process parameters have been found for a reproducible
deposition of nanodiamond films with embedded single crystal diamonds of
micrometer size with regular pyramidal shape having a square base plane and a
tiny pointed apex.

2. The methods, based on CVD film growth and selective oxidation, which
provide inexpensive mass production of the diamond pyramidal tips suitable for

different applications have been developed.

3. As an example, the possibility for efficient application of the diamond tips
as AFM probes has been demonstrated.
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6 Conclusion and outlook

This thesis provides demonstrations of different carbon structures together with
the impact of chemical vapor deposition of these materials. We have studied the
chemical vapor deposition in wide range of process parameters and reveal some
peculiarities in formation of carbon solids from methane-hydrogen gas mixture
activated by DC discharge. Particularly, the chemical deposition of few-layered
graphene, pure nanodiamond, microdiamond films, and diamond films, containing
the pyramidal diamond crystallites from hydrogen/methane gas mixture were
experimentally investigated.

CVD provides several advantages in material science as a unique deposition
method for obtaining different kinds of carbon structures. I believe in near future
the research on CVD could allow controlled production of large-size single-crystal
graphene, bi- and few-layered graphene with different stacking order, diamond
deposition at low temperature and ambient pressure, and other challenging carbon-
related composite materials. With the current rapid rate of progress, it should not
be too long before carbon related CVD technology begins to make a significant
impact in many areas of modern science and technology.
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RINAT IsSMAGILOV
Formation of carbon nano-
and micro-structures
by Chemlcal Vap or dep osition Carbon is material of great importance for
the mankind. In its elementary form car-
bon provides a basis for organic life, while
the allotropes of condensed state carbon
gave birth to a number of technical ap-
plications. In this thesis formation of solid
state carbon films with advanced proper-
ties via condensation of atoms from plas-
ma activated carbonaceous environment is
considered. The researches were conduct-
ed on Production and Characterization of
the carbon films, including development
of the plasma assisted chemical vapor
deposition, Raman spectroscopy, scanning
and transmission electron microscopies,
electron diffraction, optical emission spec-
troscopy. Prospective applicability of the
carbon films is also considered.
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