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Abstract
The use of nanoscale materials has become common practice in a variety of industries such as
electronics, medicine, cosmetics, construction and automobile to name a few. Whether used as
dispersed nanoparticles or in the form of coatings and thin ﬁ lms, these nanomaterials open up a
world of possibilities for new emerging technologies. Carbon nanomaterials in particular have great
potential with a dynamic range of interesting properties in different dimensional structures. Under
most application conditions the nanomaterials need to be protected from mechanical and/or
che mical disrup tion by a prote ctive matrix. In this the sis the fe asibility and viability of fabricating
thin composite ﬁ lms by embedding carbon nanomaterials in a protective matrix is explored.
Tetrahedral amorphous carbon (ta-C) containing high sp3 bonded carbon fraction has been
selected as the protective matrix due to its high hardness, chemical inertness, optical transparency
and ability to be deposited as a thin ﬁ lm. Carbon nanomaterials in the form of single wall carbon
nanotubes (SWCNTs) and detonation nanodiamonds (DNDs) were tested in this thesis, due to their
increasing usage in applications related to conductive ﬁlms, thin ﬁlm transistors, sensing elements
and photonic components. SWCNT networks were coated by ta-C using a pulsed ﬁ ltered cathodic
arc process (p-FCVA) and tested to ascertain the electrical and mechanical properties.
Experimental results supported by simulations show that ta-C coating with high sp3 carbon fraction
of 75% could be deposited onto the SWCNT networks. The ta-C coating encapsulates the SWCNT
bundles providing superior mechanical and chemical protection with 60% reduction in wear and
limit e d immu nit y t o oxy g e n p las ma in comp arison t o u ncoat e d ne t w ork. The incre ase of e le ct rical
resistance by around 4500% for the SWCNT network post deposition of ta-C coating, has been
investigated. The predominant cause of this resistance increase is attributed to the intrinsic
compressive stress of the ta-C coating which moves the SWCNT bundle junctions apart, thus
increasing the contact resistance leading to drastic increase in the network resistance. It has been
shown that use of an intermediate coating between the SWCNT network and ta-C coating limits
the resistance increase to manageable proportions. A 9 nm thick evaporated carbon coating as
intermediate layer, limited the network resistance increase to 90% and improved the mechanical
wear by 50% in comparison to ta-C coated network without intermediate coating.
Furthermore, a novel method to deposit DND embedded ta-C composite ﬁ lms in a single step
using p-FCVA process has been demonstrated here. The DND-ta-C composite ﬁ lm, with DND
concentration of the order of 0.1 vol% has 15% increase of hardness and 40% lower wear in
comparison to ta-C ﬁ lm. Even under high load and multiple wear test conditions the DND-ta-C
composite ﬁlm has mechanical performance superior to ta-C ﬁlms making them an ideal candidate
for tribological applications.
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1. Introduction

There’s plenty of room at the bottom.
- Richard P. Feynman (1959)
Professor Feynman’s prophetic remark about the then soon to emerge field
of nanotechnology is observed to be taking shape all around us.
Nanotechnology is commonly defined, as the science, engineering or
technology conducted at nanoscale dimensions which are of the order of 1100 nm. The physical processes and material properties at such small
dimensions are significantly different from those of bulk or macroscopic
materials. These differences, once understood, can be harnessed to produce
novel materials with new or improved properties to solve problems which
cannot be easily solved by macroscopic means. It is becoming evident that
most, if not all the challenges related to the fields of medicine, energy
generation, energy harvesting, novel materials and electronics amongst
others can be tackled by nanotechnology. Nanotechnology is no longer a
field of research only and many products have moved from the research
bench and reached consumers. According to the highly cited website “The
Project on Emerging Nanotechnologies (PEN)”, nanotechnology and
nanomaterials based research is actively being pursued in the fields of
medicine, agriculture, environment and consumer goods [1]. It has been
published that as of 2014 there were around 1800 consumer products
available in various categories which use nanomaterials [2].
Nanomaterials are most commonly used in the form of coatings or thin films
on the basis of certain application specific functional properties. In practice,
these nanomaterials based thin films or coatings must be further protected
to prevent physical or chemical degradation. The ideation of this thesis
1
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starts with the practical consideration, that it would be highly advantageous
to have a composite film where functional nanomaterials could be
embedded in a protective matrix with minimal adverse effect on their
functionality. The preliminary question to consider would be the properties
expected from the matrix material. Some basic requirements are: suitable
mechanical properties, optical transparency, chemical inertness, dielectric
properties, gas/humidity barrier and ability to be deposited as a thin film.
Hydrogen free Diamond like carbon (DLC) thin films with high sp3 carbon
fraction also called tetrahedral amorphous carbon (ta-C), would be an ideal
candidate for the protective matrix. The high sp3 carbon fraction allows taC films to have high hardness, high wear resistance, low friction, low
electrical conductivity, large band gap, optical transparency, chemical
inertness and bio-compatibility [3, 4], thus fulfilling all the requirements of
a protective matrix.
The choice of the functional nanomaterial is highly application dependant.
There are a wide variety of available nanomaterials formed from metals,
semiconductors, oxides or organic compounds in the form of dots,
nanowires, nanotubes, nanorods or other exotic shapes. In this thesis, carbon
based nanomaterials have been used exclusively due to the versatile nature
of carbon. This versatility arises from the ability of carbon atoms to form sp
hybridized bonds, leading to the formation of many allotropes. Well known
bulk carbon allotropes are graphite, amorphous carbon and diamond which
vary in properties from one extreme to the other. Due to the vagaries of
bonding, graphite and diamond are polar opposites in properties while both
are atomically composed only of carbon atoms. Carbon materials ranging
from 3-dimensional (3-D) to 0-dimensional (0-D) in the nanoscale, namely,
diamond and graphite (3-D), graphene (2-D), carbon nanotubes (1-D),
fullerene and nano-diamonds (0-D) can be formed naturally or
synthetically. Carbon 2-D and 1-D nanomaterials have excellent electrical
transport properties and very good mechanical properties, while carbon 0D
2
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nanomaterials possess optical properties related to fluorescence as well as
luminescence and are either intrinsically chemically active or could be
functionalized to have enhanced chemical activity.
The main objective of this thesis is to verify the feasibility of synthesizing
composites of high quality ta-C film with embedded carbon nanoparticles.
In this work, randomly oriented single wall carbon nanotube networks
(SWCNTNs) and detonation nanodiamonds (DNDs) have been investigated
as carbon nanomaterials. The feasibility of ta-C deposition on SWCNTNs,
quality of ta-C coating formed, mechanical ruggedness of composite and
the effect of ta-C coating on SWCNTNs have been studied experimentally
[I] and with the help of simulations [II]. The increase in resistance of
SWCNTNs by two orders of magnitude due to ta-C deposited on the
network has been studied and remedial measures investigated [III]. A novel
deposition method wherein, DNDs and ta-C can be co-deposited to form a
composite film, by a room temperature physical vapour deposition (PVD)
scheme has been described and the mechanical properties of the composite
film have been studied [IV].
This thesis is divided into 5 chapters. This introduction chapter highlights
the motivation of the study and the investigations carried out for the thesis
are briefly mentioned. The second chapter is devoted to the different carbon
nanomaterials used in this work and a brief overview of their applications.
The third chapter details the methods used for characterization of the
composites and the different fabrication as well as deposition methods used
to form the composites for this thesis. In the fourth chapter, the most
relevant results of this thesis are presented with an in-depth discussion. The
fifth chapter summarizes the whole thesis and presents the conclusions
which could be drawn from the results and their significance for future
research and applications.

3

2. Carbon nanomaterials and applications

The carbon nanomaterial field is vast, including graphene with its
derivatives (2-D structures), nanotubes (1-D structures) and nanodiamonds
and fullerenes (0-D structures). Several variations in each of the structures
exist based on, geometry, morphology and synthesis methods. The two
main carbon functional nanomaterials used in this thesis are SWCNTNs and
DNDs. For both the selected carbon nanomaterials, ta-C films have been
used as the protective matrix. A brief description of the basic properties and
an overview of the relevant applications for these selected carbon
nanomaterials as well as ta-C thin film is given in this chapter.
2.1.

Single wall carbon nanotubes

Since they were brought to the attention of the scientific community by
Ijima in 1991 [5], a great deal of research has been performed on
understanding the properties of carbon nanotubes (CNTs). They are 1-D
cylindrical carbon nanostructures with exceptional mechanical, electrical,
thermal and optical properties mostly attributed to their nanostructure.
Strictly speaking, CNTs belong to the fullerene structural family and can be
explained as hollow cylinders formed by rolled up sheets of graphene.
Nanotubes are generally categorized as SWCNTs or multi-walled
(MWCNTs) on the basis of the number of hollow cylinders stacked inside
one another.
Electronically, the SWCNTs are classified as either metallic or semiconducting tubes. This classification is based on the chirality or how the
graphene sheet is rolled up to form the tubes. The chirality is represented by
a chiral vector Ch and a set of integers called n and m [6]. The integers (n,
4
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m) calculated for a given CNT represent the number of unit vectors along
two directions in the graphene lattice (Fig. 2.1).
On the basis of the integers (n, m) the metallicity of the SWCNTs can be
estimated by using MOD(2n + m, 3) = 0, 1, 2 [6] where the numbers 0, 1, 2
are the remainders when (2n + m) is divided by 3 [6]. MOD1 and MOD2
indicate semiconducting tubes while MOD0 indicates metallic tube [6]. It
must be noted that due to curvature effects only armchair tubes with (n =
m) are trXO\ PHWDOOLF ZKLOH RWKHU 02' WXEHV ZLWK Q  P  DUH TXDVLmetallic at low temperatures [6]. Interestingly, most processes for synthesis
of SWCNTs statistically yield 1/3 metallic and 2/3 semi-conducting tubes
[7]. Due to the 1-D confinement in SWCNTs their electron and phonon
density of states (DOS) are in the form of sharp peaks called van Hove
singularities (vHSs) [6]. Thus a SWCNT defined by a certain chirality or
(n, m) value will have a discrete set of vHSs in its valence and conduction
band and a set of transition energies between the valence and conduction
band [6].
SWCNTs are ballistic conductors along the tube axis and at cryogenic
temperatures approach the quantum conductance limit of 4

మ


[8]. Similarly,

SWCNTs can support large current densities of around 4×109 A/cm2 which
is three orders of magnitude higher than what a metal like Cu or Al can
support without electro-migration [8]. It must be noted that this high current
density is valid only for short tubes (10-15 nm long) and for longer tubes
(few hundreds of nm or more) current densities are around one order of
magnitude lower [8]. Due to ballistic transport the SWCNTs have a very
high thermal conductivity of 3500 Wm-1K-1 at room temperature (around
1100 Wm-1K-1 at 800 K) along the tube axis and correspondingly very poor
thermal conductivity radial to the tube axis [9].

5
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Fig. 2.1. Estimation of SWCNT chirality by using an infinite graphene sheet.
Here T denotes the tube axis and a1 and a2 denote unit vectors of
graphene in real space. The vector Ch denotes how the graphene
sheet should be rolled up to get the target SWCNT. The SWCNT is
described by the indices (n, m). Adapted from Wikipedia under
creative commons license ShareAlike 3.0 unported.

SWCNTs possess high Young’s modulus and strength along the tube axis
due to the covalent sp2 bonding between adjacent atoms, allowing their use
in applications where high tensile strength against strain is a requirement.
Experimentally individual SWCNTs have been observed to have a Young’s
modulus of around 1 TPa [10, 11] and strengths in tens of GPa with a
maximum breaking strain of 5.3% [12] in the axial direction, although the
SWCNTs are very weak in the radial direction [13]. In case of experiments
with SWCNT bundles it was observed that the bundles have low shear
moduli leading to slippage of tubes from the bundles, which reduces the
mechanical strength of the bundles [11, 12].
For most practical applications it is convenient to use the SWCNTs in the
form of networks. The SWCNTNs could be produced in an oriented fashion
6
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or could be randomly oriented. The electronic properties of the SWCNTN
are strongly dependent on the density of SWCNTs, as the network is formed
by mixed metallic and semi-conducting SWCNTs, as explained by
percolation theory. Thus, at low SWCNT density the network might have
no percolation paths to support conduction. Increasing the SWCNT density
above the percolation limit renders semi-conducting character to the
network due to the statistically higher fraction of semi-conducting
SWCNTs. Further, increase in SWCNT density leads to increase in the
metallic tube density and the network exhibits metallic behaviour. The
network is inherently mechanically weak as the SWCNTs in the network
are held together by van der Waals forces only [14]. Due to this mechanical
weakness for most applications the SWCNTNs need to be mechanically
strengthened either by embedding in a matrix or by other means prior to
usage. In this thesis, randomly oriented SWCNTNs fabricated by an aerosol
process (described in Chapter 3) with SWCNT density well above
percolation limit have been used for tests by embedding the networks in
tetrahedral amorphous carbon films.
One of the primary applications of SWCNTNs is in the formation of
transparent conductive films (TCF) which has a high probability of
replacing traditional indium tin oxide (ITO) based films. Kaskela et al. [15]
have demonstrated that aerosol CVD synthesized SWCNTNs, dry press
transferred onto substrates followed by chemical doping have sheet
resistances of around 110 ȍƑ DW  RSWLFDO WUDQVSDUHQFy which are
comparable to the best ITO films. Nasibulin et al. [16] made further
progress on the process of Kaskela et al. [15] and demonstrated that
SWCNTNs can be transferred, as well as doped on flexible substrates. The
tests indicate that such doped SWCNT networks on flexible substrates have
VKHHWUHVLVWDQFHRIȍƑDWWUDQVSDUHQF\ZKLFKLVVXSHULRUWRW\SLFDO
values measured for ITO on flexible substrates [16]. Fukaya et al. [17] have
demonstrated a simple one step sub 10 μm patterning of SWCNTNs for
TCF applications. They demonstrate that by using a grid with a period of
7
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37.5 μm, the sheet resistance of a press transferred and doped SWCNTN
FRXOGEHUHGXFHGIURPȍƑWRȍƑThe use of SWCNTNs for TCF
has been well established even from the commercial stand point with several
companies manufacturing flexible TCF using SWCNTNs, such as the
Finnish company Canatu Oy. SWCNTNs have been used in dye solar cells
(DSC) as replacement for very expensive and inflexible components such
as fluorine-doped tin oxide (FTO) glass. Initial tests by Aitola et al. [18]
indicated that SWCNTNs might be suitable replacement for platinum
coated FTO glass. Further work by Aitola et al. [19] indicated that a
composite of SWCNTNs with conductive polymer PEDOT could be used
to form a flexible electrode for DSC with efficiency values of 4% which are
as high as those for conventional platinum coated ITO on plastic.
Furthermore, Aitola et al. [20] demonstrated that metal free SWCNTNs
press transferred onto ordinary PET substrates could outperform expensive
platinum coated ITO on plastic films as well as platinum coated FTO glass
when cobalt based electrolyte is used in the DSC.
Another important and relevant use of SWCNTNs is for electronics and a
huge amount of research has been performed in this field also. The
advantage of SWCNTN in electronics arises from the possibility of forming
mouldable and flexible electronic systems. In case of electronic
applications, the SWCNTNs have density below the percolation limit for
metallic CNTs, leading to networks with mostly semi-conducting CNTs and
are referred to as thin film transistors (TFTs). Kaskela et al. [15] have
demonstrated that transistor channels can be formed by press transferring
TFTs (3.3 μm average bundle length) onto boron-doped Si substrates
followed by 100 nm SiO2 gate oxide deposition and lithographic
source/drain contact formation. These TFT channels demonstrate on/off
ratio of 105 and mobility of around 3 cm2/(V.s). Increase in SWCNTN
density leads to increase in mobility to a value of 20 cm2/(V.s) but with
corresponding decrease in the on/off ratio [15]. Sun et al. [21] have
successfully demonstrated fabrication of all carbon, fully transparent and
8
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stretchable TFTs and ICs using SWCNTNs. These devices consist of stacks
of SWCNTNs separated by PMMA as a dielectric with the SWCNTs
themselves forming the interconnects and they indicate p-type
characteristics with on/off ratio higher than 105 and mobilities of 1027
cm2/(V.s), which is higher than any mobility reported for CNT based TFTs.
In addition, they demonstrate that the devices have only a small variation in
operational parameters even when subjected to bending strains of upto
0.8%, indicating adequate flexibility. Sun et al. [21] have used these CNT
based TFTs and fabricated ICs such as inverters, ring oscillators, logic gates
and even static random access memory (SRAM) cells which have excellent
performance while operating at low voltages. Furthermore, Sun et al. [21]
demonstrate that the devices formed by CNT based TFTs and polymer can
be moulded by air-assisted thermopressure forming technique into three
dimensional shapes. They show that post moulding, the devices have only
small changes in on/off ratio as well in mobility even though the biaxial
tensile strain values are as high as 18%. There are many other examples of
CNT based TFTs formed by various processing methods covered in the
review by Chen et al. [22] and the reader is requested to refer to this.
SWCNTs embedded in polymer matrices also leads to formation of
mechanically reinforced composite which are conductive if the SWCNT
concentrations are high enough. Ajayan et al. [11] indicate that SWCNT
reinforced polymer matrices have mechanical properties better than
polymer alone but the increase in composite properties is not proportional
to the product of SWCNT concentration and properties. This has been
attributed to the ease of separation of individual SWCNTs from a bundle
instead of breaking or destroying them [11]. Coleman et al. [12] have
compiled a comprehensive dataset of the mechanical properties of SWCNT
as well as MWCNT as reinforcement members in a polymer matrix. Their
dataset considers the effects of SWCNT length/diameter/concentration,
composite processing methods and tube-tube/tube-polymer interaction on
the mechanical properties of the composite. Coleman et al. [12]
9
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categorically indicate that all composites possess enhanced Young’s
modulus compared to the polymer matrix only and the level of enhancement
is dependent on the factors listed above. Kanoun et al. [23] indicate that the
gauge factor (K), defined as relative change of electrical resistance w.r.t the
applied strain could go to 80 in case of CNT films, compared to a moderate
value of 2 in case of metallic conductors. This makes CNT free-standing
films or CNT embedded polymer composites viable candidates for sensitive
strain sensors. Kanoun et al. [23] indicate that small concentrations of
SWCNTs (0.5 wt%) dispersed in PMMA polymer matrix leads to a high K
value of 5.3 for the composite. However, increasing the concentration of
CNTs in the polymer uniformly leads to lowering of the gauge factor.
In addition to the very limited selection of applications of SWCNT
networks discussed above, there are numerous others, which due to
limitation of time and space can only be mentioned in passing. SWCNT
networks could be used as nanoparticle filters, chemical sensors,
thermoacoustic speakers, electrodes in batteries, as actuators as well as
OLEDs [7, 15, 16]. In this thesis, composites formed by embedding
SWCNT networks in a matrix of ta-C have been studied to understand the
electrical, optical and mechanical properties of the composites. The effect
of SWCNT network areal density as well as the ta-C ion energy, on quality
and mechanical properties of the composite has been studied [I and II]. The
electrical and optical properties of SWCNT network embedded in ta-C have
also been studied [III]. A reliable explanation for the large increase in the
resistance of SWCNT network due to ta-C deposition as observed by us, as
well as others [24] has been provided [III]. In addition, testing has been
initiated for the chemical sensing potential of SWCNT and ta-C composites.
2.2.

Nanodiamonds

Nanodiamonds (NDs) are 0-D carbon nanostructures which were first
synthesized by detonation method in 1963 in the Soviet Union. Currently
10
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NDs can be synthesized by a variety of methods such as laser ablation [25,
26], high energy ball milling of diamond microcrystals formed by high
pressure high temperature (HPHT) process [27], Hot filament CVD
(HFCVD) [28, 29], ion irradiation of graphite [30] and detonation synthesis
[31] amongst others. The synthesized NDs generally consist of a sp3
diamond core with a sp2 graphitic shell surrounding it [32, 33]. The stability
of diamond nano-particles has been extensively studied and it has been
shown that NDs are in fact stable under ambient conditions if the sp3
diamond core surfaces are stabilized by termination with functional groups
or reconstructed to form sp2 shells [33]. This aspect is of vital importance
for ND applications as it opens the possibility of surface functionalization,
without compromising the properties of the diamond core. NDs, due to the
diamond core, share most of the properties of bulk diamonds with additional
properties arising from 0-D confinement and functionalization. Some of the
noteworthy properties of NDs include high hardness [34], biocompatibility
[33, 35], fluorescence [33], chemical stability [33, 35] and quantum
confinement [36]. Another important aspect with NDs is that if they are
synthesized by laser ablation, HFCVD or detonation process the size
distribution of NDs remains consistent in the range of 3 - 6 nm [32]. This
size range is ideal for nanoscale biomedical applications, quantum
confinement and photonic applications.
Although NDs have been around for a long time their properties are now
being studied in detail and their suitability for various applications being
tested. NDs as additives for nano-reinforcement is one of the primary
application fields. Hanada et al. [37] have shown that a composite of copper
with 20 at% of NDs formed by extrusion process has around 60%
enhancement in hardness and 132% enhancement in 0.2% proof stress
compared to copper metal. In a similar fashion Melendez et al. [38] have
shown that a composite of titanium with 1.8 vol% NDs formed by hot
SUHVVLQJ DW Û& KDV KLJK Vickers hardness (HV10) of 378 and high
flexural strength of 1473 MPa. Similar to metal matrices even soft epoxy
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matrices can have improved mechanical properties by addition of NDs.
Neitzel et al. [39] have shown experimentally that composite formed by
Epon828 epoxy with a high ND content of 25 vol% has around 300%
increase in hardness with 350% enhancement in Young’s modulus
compared to epoxy alone. Additionally, this composite has improved
scratch resistance with around 40% reduction in friction coefficient and
25% higher thermal conductivity compared to pure epoxy [39]. In a striking
counterpoint Zhai et al. [40] have experimentally tested composites formed
from DGEBA epoxy with low concentrations (0 to 1 wt%) of NDs as
additive. Their test results indicate that at the optimum ND concentration of
0.3 wt% the composite has 25% increase in hardness, 53% increase in
tensile strength and 54% increase in tensile modulus when compared to pure
epoxy alone [40]. Recently, Shuai et al. [41] have demonstrated the utility
of such ND based nano-reinforced epoxy composites for bio-medical
applications. Shuai et al. [41] have shown that a composite of PVDF / Bio
glass with the optimum ND concentration of 1 wt% can be used to form
scaffolds with 23% increase in tensile strength compared to PVDF
scaffolds. In addition, ND reinforced PVDF scaffolds demonstrated higher
bioactivity and biocompatibility making these scaffolds very attractive for
bone/tissue engineering [41]. The anti-bacterial and bio-film inhibiting
properties of NDs have been demonstrated by Szunerits et al. [35]. The
results indicate that aminated NDs have bactericidal properties against
Gram-positive bacteria (S. aureus) while the bio-film inhibition by high
concentration of carboxylated/hydroxylated NDs for Gram-negative (E.
coli) bacteria is comparable to results obtained by using Ampicillin.
NDs are also being actively researched for their optical, electrical and
electrochemical activity. Grichko et al. [42] have demonstrated the
possibility of forming non-close packed photonic structure from detonation
synthesized NDs. They have identified several processing steps which could
be applied to the NDs to form photonic crystals. The photonic crystals can
be formed in sizes of 1 mm and due to the high refractive index diamond
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core the diffracted light is very bright [42]. This paves the way for usage of
functionalized NDs to self-assemble and spontaneously form photonic
crystals for optical applications on any substrate. Simoes et al. [28] have
used HFCVD techniques to form ultra nano crystalline diamond (UNCD)
film on a ND seeded glass substrate for solar cell applications. Due to its
inherent hardness such UNCD film could be used as protective layer on
solar cells when they are placed in remote and harsh locations for energy
collection. Peltola et al. [43] have shown that NDs can significantly enhance
dopamine detection by electrochemical means. In their tests NDs were
spray coated as well as drop cast on ta-C substrates and the results indicate
that drop cast NDs have increased sensitivity to dopamine. In addition, the
test results indicate that even very low concentration of dopamine (50 nM)
could be detected which would allow detection of dopamine concentration
in extracellular fluid. Xie et al. [44] have shown that NDs coated by ta-C
form excellent field emitters. In their work, NDs have been deposited onto
silicon wafers by electrophoretic methods and coated by ta-C formed by
filtered cathodic arc process. Their studies indicate that the composite can
initiate macrofield emission at voltages around 7MV/m lower than for ta-C
film only, with no activation needed for high current density discharges and
no graphitization of the sample after prolonged use. They attribute the
enhanced field emission properties of the composite to the embedding of
NDs in ta-C film causing variation in local electric fields at the interface
between NDs and ta-C film.
As can be seen ND based composites have a vital role to play in all walks
of life and the work in this thesis [IV] where NDs are embedded in a ta-C
matrix, could further the possibilities of the use of NDs in electrical, biomedical, sensing and optical applications.
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2.3.

Tetrahedral amorphous carbon

Hard amorphous carbon films were reported for the first time in 1953 [4]
and since then their properties have been researched extensively and utilized
commercially. Amorphous carbon (a-C) films containing different fractions
of sp2 and sp3 bonded carbon are also termed as Diamond-like carbon
(DLC) films due to the sp3 (or diamond like) bonded carbon fraction. The
sp3 bonded carbon allows the DLC films to have high hardness, high wear
resistance, low friction, low electrical conductivity, large band gap, optical
transparency in the IR region, chemical inertness and bio-compatibility [3,
4]. DLC films are globally used at an industrial scale for wear protection of
cutting tools, as protective films for hard disks and blades, for coating biomedical components, as gas diffusion barriers for PET bottles, components
of thin film sensors and as decorative as well as protective films for
jewellery and watches. The a-C films categorized under the term DLC are
separated based on the sp3 fraction and hydrogen content. This
categorization is easiest to visualize by a ternary phase diagram of bonding,
shown in Fig. 2.2, as proposed by Robertson [3]. From the ternary phase
diagram (Fig. 2.2) it is evident that DLC films with high fraction of sp3
bonded carbon atoms, such as tetrahedral amorphous carbon (ta-C), would
have properties closer to diamond [3].

Fig. 2.2. Ternary Phase diagram of bonding in amorphous carbon-hydrogen
films. Re-produced with permission from Robertson [3].
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DLC films can be deposited by various methods such as ion beam,
magnetron sputtering, plasma enhanced chemical vapour deposition
(PECVD), pulsed laser deposition (PLD) or cathodic arc and a
comprehensive review has been compiled by Robertson [3]. However, it
must be remembered that all the diamond-like properties of the DLC film
arise from the sp3 carbon fraction. A huge body of experimental and
simulation work indicates that DLC films with high sp3 carbon fraction (or
in other words ta-C films) are formed only under bombardment by energetic
C+ ions with energy in the range of 40 – 100 eV [3, 45–48]. The widely
accepted process for the formation of high sp3 carbon fraction due to high
energy C+ ion bombardment is the sub-plantation process [3, 45]. In the
sub-plantation process, the energetic C+ ions are implanted sub-surface and
film growth initiates due to sub-planted carbon [45].
Due to the sub-surface implantation process the local density increases and
carbon bond re-arrangement occurs with successive depositions leading to
growth of amorphous thin film with high sp3 carbon fraction in the bulk or
body of the film [3, 45]. Thus a deposition process such as ion beam, PLD
or cathodic arc which produce energetic C+ ions would form high quality
DLC or ta-C films. It must be noted that the high energy deposition of ta-C
also leads to formation of few angstrom thick layer of sp2 carbon on top of
the ta-C film [3, 45, 49, 50] and the deposited ta-C film has 5-12 GPa of
intrinsic compressive stress [3].
One of the commercially viable ways to produce ta-C films is by using the
cathodic arc process which has been explained in detail by Anders [51]. In
the cathodic arc process, an arc is initiated between a carbon cathode and
anode body in high vacuum condition. This forms a cathode spot of small
size (typically a few μm in size) with high current density on the order of
108 A/cm2 leading to formation of carbon plasma and macro-particles. The
macro-particles are undesired as they reduce the quality of ta-C film and
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can be filtered out by use of a magnetic filter. This is called as the filtered
cathodic vacuum arc (FCVA) process and has been used in this thesis to
form ta-C composite films.
Due to the highly desirable mechanical properties of DLC in general and taC in particular, these coatings have been studied in detail. Problems
associated with adhesion to substrate, compressive stress, hardness of
coating and wear resistance have been solved to the extent that these
coatings have been in commercial use from early 1990s [4]. The more
general and commercial tribological applications of DLC are omitted here
and the reader is referred to excellent reviews by Robertson [3] and Erdemir
et al. [52]. Only some niche applications of DLC films will be highlighted
here to show the broad range of DLC applications in tribology, protective
coatings, electronics and electrochemistry.
A prominent use of ta-C coatings has been for coating of magnetic storage
media (hard disks), where the magnetic layer is coated by ta-C to protect
against corrosion as well as wear [53, 54]. In a similar fashion, the
read/write head for the magnetic storage devices are also coated by ta-C to
protect against wear. The use of ta-C films is ideal for this application, as
ta-C can form high density ultra-smooth films, which is a requirement in
this application due to extremely small spacing between the read/write head
and magnetic layer (of around 10 nm). It has been shown by Zhong et al.
[54] that even ultra-thin ta-C films with thickness in the range of 1.4 nm –
4 nm have high sp3 fraction of around 77%. Wear tests performed by Zhong
et al. [54] on ultra-thin ta-C films using a diamond tip (radius 15 nm) and
contact pressure 72 GPa indicated that ta-C films thicker than 3.1 nm have
a thickness independent wear depth of around 0.3 nm.
Veerasamy et al. [55] have demonstrated that deposition of thin films of
hydrogenated ta-C (ta-C:H) on soda-lime glass leads to high scratch and
abrasion resistance for the glass. In this case the ta-C:H is deposited by
using a cold cathode ion source onto large glass substrates with uniformity
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of ± 2% over the whole area. The coatings have high nano-hardness of
around 55 GPa (C+ energy of 750 eV) and for film thickness larger than 5
nm the load for a visible scratch saturates to a value of 5 Kg. For thicknesses
around 5 - 10 nm the ta-C:H coating has transparency of around 80% and
the coating also acts a diffusion barrier preventing the soda-lime glass from
staining or corrosion. This technology is now commercial and large panes
of ta-C:H coated glass are available under the trade name DiamondGuardTM
for applications such as automobile windshields for use in desert conditions.
Dwivedi et al. [56] have demonstrated that layer by layer deposition of DLC
in conjunction with oxygen plasma treatment (OPT) subsequent to each
layer deposition could modify the optical band gap of the DLC films. Their
results indicate that a four layer stack with OPT leads to an optical band gap
of 2.6 eV in comparison to a single layer of DLC without OPT which has
optical band gap of 2.25 eV. Due to the tunability of band gap by number
of layer and OPT such a DLC coated substrate can be used as the p – type
window layer for p-i-n type solar cells. The OPT treatment also improves
the hardness and the Young’s modulus of the DLC film by around 7%
making these coatings viable as solar cell protective encapsulation in
addition to their utility as window layer [56].
In addition to these macro scale coating applications DLC/ta-C has also
made a mark on the micron scale. DLC and ta-C based coatings as well as
free standing structures are utilized for micro electro-mechanical systems
(MEMS) with increasing frequency. Due to the low coefficient of friction
and low wear rate, DLC is applied as a tribological coating to enable microactuators, micro-gears and bearings to last longer. Sliders coated with 5-15
nm thick DLC coating and coupled to a linear motor indicate lifetimes of
15-80 million cycles which is 300 times higher than that of sliders without
DLC coating [57]. In addition, such coatings are also advantageous in being
chemically resistant allowing the use of such MEMS devices in corrosive
environments. High frequency resonators have been fabricated using pulsed
filtered cathodic vacuum arc (p-FCVA) systems to deposit 1.8 μm thick
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DLC cantilevers [57]. These DLC cantilevers were measured to have twice
the resonant frequency of silicon cantilevers of same dimensions, coupled
to a high Q-factor making these very attractive for high frequency
applications. Hydrogenated DLC films have also been observed to have
piezoresistive properties and piezoresistive sensors with gauge factors 4070 have been fabricated using these films [57]. Due to the high gauge factor,
which is comparable to polycrystalline diamond or polycrystalline silicon,
coupled to low growth/deposition temperature DLC based piezoresistive
elements can be integrated with CMOS circuits on the same substrates
enabling complete integration. MEMS devices also utilize the high
compressive stress inherent in DLC films post deposition to form stress
engineered components [57]. Fingers formed by bi-layers of DLC on one
face with stress free material (such as SU-8) on the other face would tend
to curl depending on which side of the finger the compressive DLC layer is
deposited. These bi-layer fingers could be used to fabricate a micro-cage
with the added benefit that by application of heat and engineering of thermal
expansion coefficients the cage can be opened and closed as desired to trap
objects in them.
Lately, there has been growing interest in the use of DLC coatings as
electrodes for bio-sensing applications. DLC thin films are excellent for
electrode fabrication as they can be deposited at room temperature, can be
doped to enhance conductivity, deposition process can be integrated with
semiconductor technology for mass production, films are mechanically
robust, chemically inert and DLC films possess a wide water window [58,
59]. The adhesion of DLC film to substrate and how the adhesion layer
affects the electrochemical properties of the electrode are the key issues to
enable use of DLC films as electrochemical sensors. Laurila et al. [59] have
recently investigated the use of DLC film with titanium adhesion layer as
well as DLC film with embedded platinum nanoparticles as sensors for
detection of dopamine. They conclude that electrodes made of DLC with
titanium adhesion layer are more electrochemically stable in sulphuric acid
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solutions than pure platinum electrodes. They also concluded that DLC
films with embedded platinum nanoparticles are many orders of magnitude
more sensitive to dopamine than DLC films by themselves. Laurila et al.
[60] further improved the performance of DLC coated electrodes by
inducing topography on the film surface thus increasing the roughness. This
was achieved by using sputtered titanium adhesion layer with rough
topology followed by DLC coating leading to improved electrical properties
for the rougher films. The improved DLC films have high sp3 fraction as
well as wide and stable water window but they can detect two orders of
magnitude smaller concentration of dopamine as compared to smooth DLC
films [60].
Palomäki et al. [61] have shown by experimental methods, supported by
simulations that the electrochemical behaviour of ta-C films is strongly
dependant on the electron transport properties through the film. They
conclude that ta-C films with titanium adhesion layer have improved charge
transfer through the film as well as improved reaction kinetics. The
experimental results indicate that DLC films with metallic adhesion layer
and embedded metal nanoparticles could be successfully implemented
commercially as bio-sensing electrodes. It is evident that DLC/ta-C films
currently have a wide range of applications while new applications are
actively under research and innovation. The composites formed in this
thesis [I-IV] have the potential to be applied in mechanical, tribological,
optical as well as electrochemical applications.
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3. Materials and methods

In this chapter, 1) the methods used for fabrication of the carbon
nanomaterials and composites used in the thesis and 2) the characterization
equipment used to evaluate their properties, are briefly described. The exact
details can be found in relevant publications attached to the thesis.
3.1.

Characterization equipment

A Dektak 6M (Veeco) contact profilometer was used for measuring
deposited film thickness. Scanning Electron Microscopy (SEM) were
performed using an S-4700 (Hitachi) FEG-SEM operating at 5 kV.
Transmission Electron Microscopy (TEM) were performed using Tecnai F20 (FEI) TEM operating at 200 kV equipped with Electron Energy Loss
spectroscopy (EELS) and Energy Dispersive X-ray (EDX) spectroscopy
(Oxford instruments). X-ray photoelectron spectroscopy (XPS) was
performed using an Axis Ultra (Kratos Analytical) system using
PRQRFKURPDWLF$OXPLQLXP.Į ( = 1487 eV) irradiation. Confocal Raman
spectroscopy was performed on a LabRAM HR (Jobin Yvon Horiba)
V\VWHP XVLQJ DQ $UJRQ ODVHU Ȝ   QP  ZLWK D %; 2O\PSXV 
microscope and 100× objective with spot size around 1 μm. UV-Vis
spectroscopy was performed using a Lambda 950 (Perkin-Elmer)
spectrometer. Nano-mechanical tests were performed using a TI-900
Triboindenter (Hysitron Inc.) with a Berkowich tip of nominal diameter 200
nm. Atomic Force Microscopy (AFM) was performed using a Dimension5000 (Vecco) system operating in tapping mode. In-situ measurement of
SWCNTN resistance during ta-C deposition was performed by two probe
method using a HP34401A (Hewlett-Packard) digital multimeter.
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3.2.

Single wall carbon nanotube networks press transfer

The SWCNTs used in this thesis [I – III] were synthesized at Aalto
University, School of Science by Nano Materials Group (NMG) headed by
Prof. Esko I. Kauppinen. The SWCNTs were synthesized by a high
temperature floating catalyst CVD process in a pre-optimized pilot scale
reactor operating at 880 ºC. The process utilizes ferrocene vapour which is
thermally decomposed to form iron nanoparticles as catalyst for the process.
Following this, Boudouard reaction occurs, wherein carbon monoxide gas
(as the carbon source) disproportionate on the surface of the iron
nanoparticles leading to CNT growth [15]. The SWCNTs formed by this
process tend to aggregate in gas phase forming bundles to minimize the
surface energy. These SWCNT bundles were collected downstream from
the reactor in nitrocellulose membrane filters (Millipore Ltd. HAWP 0.45
μm pore size) in the form of randomly oriented SWCNT networks
(SWCNTNs). As with most synthesis methods for SWCNTs [7], in this case
also the statistically yield is 1/3 metallic and 2/3 semi-conducting SWCNTs.
The SWCNTN properties are strongly dependent on the thickness of the
network which is a function of deposition time in this case. The SWCNTNs
from the nitrocellulose membranes can be transferred onto most substrates
using an easy and fast room temperature press transfer process as described
below. The option of press transfer combined with the possibility of making
the SWCNT membrane filter in specific shapes and sizes lends great
flexibility and potential of use for these networks. The room temperature
press transfer process starts by cutting the membrane filters with SWCNTN
to desired size using a sharp scalpel. The scalpel is placed point down on
the membrane filter and rotated down the length of the blade cutting the
filter by a guillotine process ensuring an even and steady cut. It must be
noted that the membrane filter with SWCNT network must not be cut by
dragging the blade as this causes the SWCNTN to tangle, fold and/or tear.
It must also be kept in mind that the SWCNTs themselves are not cut by the
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blade and when the cut membrane filter piece is separated from the rest of
the filter the SWCNTs are pulled out from the sides of the cut.

Fig. 3.1. Representative images of room temperature press transfer process.
(a) Cut piece of membrane filter with SWCNT network and clean
glass substrate; (b) Placing the membrane filter with SWCNT
network side down onto cleaned glass substrate; (c) Pressing the
membrane filter with SWCNT network onto the substrate using a
clean glass slide; (d) Peel off membrane filter leaving SWCNT
network adhered to the substrate. The membrane filter with no
visible SWCNT network adhered to it also shown.

The membrane filters were cut in sizes of 0.5 cm × 0.8 cm [I & II] and 2 cm
× 1.5 cm [III] as shown in Fig. 3.1 (a). The cut piece is placed SWCNT side
facing down onto the pre-cleaned substrate and a clean glass slide is gently
placed on top (Fig. 3.1 (b)). Following this a pressure of around 105 Pa is
applied evenly over the glass slide covering the filter piece for few tens of
seconds (Fig. 3.1 (c)). Now the press transfer is complete and the glass slide
can be carefully removed, followed by carefully peeling off the membrane
filter (Fig. 3.1 (d)). In case of successful press transfer there would be no
visible SWCNT film adhered to the peeled off membrane filter and the
SWCNT film transferred on substrate would be even and tear or fold free.
The as transferred SWCNTs are in the form of a loosely connected network
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and a densification step is applied to change the network morphology by
increasing the network connectivity as well as the bundle thickness [15].
Densification is achieved by wetting the SWCNT network using a limited
volume (generally few μL) of solvent such as ethanol or isopropanol and
allowing the solvent to evaporate in ambient conditions. Due to the surface
tension of the solvent the SWCNT network is compressed or densified in
the out-of-plane direction during solvent evaporation [15]. Following the
GHQVLILFDWLRQVWHSWKHVDPSOHVDUHGULHGRQDKRWSODWHDWÛ&WRHQVXUH
that the SWCNTs are free of solvent and adsorbed water.
In case of Publication I samples were fabricated on silicon (100) with 100
nm of thermal oxide grown on top. SWCNT networks with 40% (S-40-20)
and 100% (S-100-20) SWCNT areal coverage density were coated by 20
nm ta-C for tests. In addition, sample with 40% SWCNT areal coverage
density with 10 nm ta-C coating (S-40-OPT) was subjected to oxygen
plasma treatment (OPT) and the ta-C coating was etched to 7 nm. In case of
Publication II the samples were fabricated on intrinsic silicon (100)
substrates with 40% SWCNT areal coverage density and coated by 20 nm
of ta-C. In case of Publication III the samples were fabricated on intrinsic
silicon (100) as well as glass substrates with 70-75% SWCNT areal
coverage density.
For Publication III, contact pads for in-situ two probe resistivity
measurements were fabricated at the short ends of the SWCNT network
pads using silver conductive paint (Electrolube) for all samples. The contact
pads were allowed to dry at room temperature for 10 minutes following
ZKLFKIXUWKHUGU\LQJZDVFDUULHGRXWRQDKRWSODWHDWÛ&. The magnitude
of change in resistance was measured in-situ by a standard two probe
method in comparison to I-V characterization due to three reasons. Firstly,
in case of a SWCNTN well above the percolation threshold with 1/3
metallic and 2/3 semiconducting tubes (as is the case for samples tested
here) the I-V behaviour is ohmic at room temperature as shown in literature
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by Skákalová et al. [62]. Secondly, for this work the focus is on
understanding the changes in the bulk resistance of the whole SWCNTN
when coated by ta-C, from the real world applications point of view. For
this purpose, the changes in two probe resistances are observed to be
significant enough with the samples tested. Finally, I-V measurements
acquired by sweeping voltage/current over a fixed range would take few
tens of minutes (depending on acquisition parameters). There are strong
reservations for pausing the ta-C deposition process for extended periods of
time due to the adsorption of contaminants from the chamber onto the film
and cathode surface which could affect the properties of the growing ta-C
film as commented by Davis et al. [49].
The evaporated carbon deposition for samples [III] was performed by an ebeam evaporation system (Varian) under high vacuum conditions (pressure
lower than 2e-6 Torr). Samples were coated with three different evaporated
carbon coatings of thickness 3 ± 0.5 nm, 6 ± 0.6 nm and 9 ± 0.4 nm, as
measured by crystal thickness monitor. Subsequently, samples with and
without evaporated carbon coating were subjected to tests during as well as
post deposition of 20 nm and 50 nm of ta-C.
3.3.

Detonation nanodiamonds and ta-C co-deposition

The nanodiamonds used in this thesis to make composite films [IV] were
synthesized by a detonation process and were acquired from Carbodeon
Ltd. in the form of a water based solution with 5 wt% DNDs (Andante™).
Although the actual process that Carbodeon Ltd. uses to synthesize, purify
and disperse the DNDs is a company proprietary process, a more
generalized process will be described below to introduce the reader to
DNDs.
As the name suggests, the detonation process utilizes explosives such as trinitro-toluene (TNT) or Hexogen or Composition B which are detonated
inside a closed and cooled chamber in inert atmosphere or in the presence
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of water or ice [33]. The detonation synthesis process is highly attractive as
it allows for safe and economical disposal of old munitions while
consistently forming high quality nanodiamonds in the 4-5 nm size range.
The explosives are the source of carbon as well as energy (in the form of
heat and pressure) to form the nano-diamonds (Fig. 3.2 (a)). The result of
the detonation called detonation soot is a mixture of agglomerates of 4-5
nm diamonds (75 wt% diamonds) with graphitic carbon allotropes and other
incombustible impurities such as metal/metal oxides. Danilenko [63] has
proposed the most widely accepted mechanism of DND formation wherein,
during the explosive process there is formation of liquid carbon in the
nanoscale which forms nano-clusters and coagulates into liquid nanodroplets. These nano-droplets undergo crystallization and growth forming
nano-diamonds which agglomerate in the detonation soot (Fig. 3.2 (b), (c)).

Fig. 3.2. Detonation nanodiamond formation. (a) Detonation of explosive in
closed chamber with inert atmosphere and water cooling resulting in
formation of agglomerates of nanodiamonds; (b) Phase diagram for
carbon showing that during detonation process the pressure and
temperature reach Jouguet point (point A) which falls in the liquid
carbon region. As pressure and temperature reduce along the red line
the carbon atoms condense to form nanoclusters which coalesce and
crystallize; (c) the intermediate steps in the detonation process
leading to formation of DNDs showing (I) Explosion shock wave,
(II) Chemical reaction zone, (III) Chapman-Jouguet plane
corresponding to point A in (b), (IV) Expanding detonation
products, (V) Carbon nano clusters, (VI) Liquid carbon droplet
coagulation, (VII) Zone of nanodiamond crystallization and
agglomeration. Image re-produced with permission from Mochalin
et al. [33].
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Following this the detonation soot is purified to get rid of graphitic or nondiamond carbon. At the industrial scale this is done by using liquid oxidants
(such as HNO3, mix of H2SO4 and HNO3, K2Cr2O7 in H2SO4, KOH/KNO3
or HClO4) although a more cost effective and environment friendly process
using oxidation in air or ozone enriched air at elevated temperatures is
gaining significance [33]. This is followed by a de-aggregation step where
the purified DNDs are milled with water soluble salts and sugars to avoid
contamination in the DND powder. Beyond this step a variety of methods
are possible to functionalize the DNDs on an application specific level.
To form DND embedded ta-C film by co-deposition [IV] DNDs have to be
loaded onto the carbon cathode. The cathode consists of a carbon rod of
diameter 6.35 mm and purity of 99.95% acquired from Graphitestore. The
basic principle is to drop cast the 5 wt% DNDs in water dispersion
(Andante™) onto the end face of the cathode and dry the cathode on a hot
plate. However, some thought had to be given to cathode end face geometry.
A flat or plain end face is not suitable due to problems with drop casting
DND solution and loss of the majority of the DNDs subsequent to drying,
in case of cathode inversion or slight mechanical shock to the cathode. A
shallow bowl shape formed by drilling a 5.5 mm diameter hole to a depth
of around 3 mm was found to be more suitable. The DND solution could be
drop cast much easily into the bowl end face and post drying the bowl
surface area is covered with DND agglomerates. Unfortunately, the bowl
shape has some of the problems of flat end face namely, loss of DNDs when
cathode is inverted or in case of slight mechanical shock as well as plasma
focussing problems. By trial and error, it was concluded that the
requirement for the cathode was to have large surface area to anchor most
of the DNDs post drop casting, in the form of recesses or holes and be
predominately flat over a large amount of cross section to have minimum
disruption of plasma.
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The best solution, keeping all these issues in mind, was to drill evenly
distributed holes in the cathode end face. Seven holes (one in the centre and
six on the periphery) were drilled (Fig. 3.3 (a), (c)) with 1.5 mm diameter
and 1.5 – 2 mm depth. 100 μL of DND solution was drop cast into the holes
following which the cathode was put onto a hot plate ((Fig. 3.3 (b)) and
dried at 200ºC for a period of 120 minutes. After a cool down period the
cathode was again charged with 100 μL of DND solution and dried at 200ºC
for a period of 120 minutes. As per studies, exposure of DNDs to
WHPSHUDWXUHVEHORZÛ&GRHVQRWLQGXFHDQ\R[LGDWLRQRUFKDQJHWRWKHLU
properties [32]. Following a cool down period (Fig. 3.3 (c)) the cathode was
installed into the p-FCVA system for deposition of coating onto cleaned
intrinsic silicon (100) substrates. It must be noted that the cathode geometry
plays a crucial role in the whole process. Rigorous testing of the effect of
different cathode geometries on the ta-C quality, DND concentration in the
composite and composite properties are under study and have not yet been
completed.

Fig. 3.3. Fabrication of DND loaded carbon cathode used to form DND-ta-C
composite film. (a) Carbon cathode geometry (top and side view);
(b) DND drop cast in the holes of cathode and dried on a hot plate
DWÛ& F &RPSDULVRQRISULVWLQHFDUERQFDWKRGH WRS WR'1'
loaded cathode post drying and cool down period (bottom).
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3.4.

ta-C deposition by pulsed filtered cathodic vacuum arc

The ta-C film deposition for this thesis [I-IV] has been performed using an
AXXIS™ deposition system (Kurt J. Leskar). The deposition system
consisting of a 250 litre vacuum chamber which is initially evacuated by a
scroll pump (XDS-10 Edwards) to a pressure less than 9e-2 Torr. Further
evacuation is performed by a cryopump (CTI-8F CTI cryogenics) and the
chamber reaches pressures less than 2e-7 Torr post overnight pumping. The
deposition system is equipped with a 2-axis substrate holder to position the
substrate prior to deposition. The holder allows for motorized substrate
URWDWLRQ ÛXQOLPLWHG DWYDULDEOHVSHHGV -20 rpm) and motorized tilt to
VHOHFWGHSRVLWLRQVWDWLRQRUDQJOH ÛWRÛSLWFK Û). The ta-C film
deposition was performed by physical vapour deposition (PVD) methods,
specifically pulsed filtered cathodic vacuum arc process. Graphite rods with
a diameter of 6.35mm and 99.95% purity (Graphitestore) were used in a
dual cathode system, coupled to a knee filter (45º bend) to filter out macroparticles and magnetically guide the plasma [51]. A pulse forming network
(PFN), charged to -400V (pulse current 650 A), was used to strike the
triggerless arc [64] between carbon cathode and anode body resulting in the
formation of carbon plasma. The plasma consists of C+ ions with ion energy
between 40 and 60 eV [65]. A National Instruments hardware with
LabView software, designed in house was used to control the pulse
frequency (set to 1 Hz) and the number of pulses from the PFN. Depositions
were performed at room temperature with a substrate distance of 110 mm
from the end of filter coil. The samples were deposited at floating potential
and were rotated at speeds of 17-20 rpm to ensure homogeneous deposition.
The deposition rate for ta-C films [I-IV] and DND-ta-C composite films
[IV] was found to be around 0.1 nm/pulse for a substrate distance of 110
mm, from measurements using contact profilometer.
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The quality of ta-C is heavily dependent on the chamber pressure [66] and
adsorbed contamination on the cathode. Due to these reasons all ta-C films
[I-III] were deposited at chamber pressures lower than 2e-7 Torr. In
addition, prior to actual deposition on samples, the carbon cathode was precleaned under high vacuum conditions. In case of DND-ta-C composite
films [IV] the chamber pressure is unchanged but the cathode pre-cleaning
step has been avoided to prevent loss of DNDs from the cathode. The
quality of ta-C for various thicknesses has been measured by Raman
spectroscopy [I-IV] and also reported on by [59–61] where depositions
have been performed in the same system under similar conditions.
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4.1.

Quality of ta-C coating on carbon nanostructures

One of the first challenges was to establish the quality (i.e. the sp3 fraction)
of a thin (few tens of nm) ta-C coating deposited onto carbon nanostructures
such as SWCNTs by PVD methods. There has been insufficient
characterization evidence in literature to prove if a thin ta-C coating (few
tens of nm) could be deposited onto carbon nanostructures while preserving
high sp3 fraction. Pulsed laser deposition of ta-C coating onto SWCNTNs
by Schittenhelm et al. [24] indicates deposition of ta-C coating on SWCNTs
is possible, however no surface sensitive tests were performed to evaluate
the quality of the ta-C coating deposited. TEM analysis of pulsed cathodic
arc deposited ta-C coating on SWCNTNs by Kaskela et al. [67] indicates
that the coating is graphitic (sp2 bonded), however this is not supported by
any other tests. Raman spectroscopy, which is the preferred non-destructive
technique to evaluate the sp3 fraction in ta-C films [3, 68] is insufficient to
evaluate composites of sp2 and sp3 bonded carbon. Raman spectroscopy
using visible wavelengths is biased towards sp2 bonded carbon due to its
higher interaction cross-section in comparison to sp3 bonded carbon [68].
Thus, the presence of sp2 bonded SWCNTs below ta-C coating drowns the
Raman signal from the ta-C coating and one can only infer the presence of
ta-C coating by the way the SWCNT Raman signals “ride” on the ta-C
coating as observed by us [I] and others [24].
Surface sensitive un-biased tests such as XPS are better suited to
differentiate sp2 and sp3 bonded carbon. In publication I, XPS tests were
performed on samples with varied SWCNT areal coverage density, post
deposition of 20 nm thick ta-C. Evaluation of the ta-C coating quality on
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SWCNTNs was performed by comparing ta-C coated SWCNTN samples
with 20 nm reference ta-C coating. From the high resolution C1s XPS data,
the spectral shape as well as the sp3 fraction for all tested samples (Fig. 4.1
(a)-(c)) are similar. Thus, the XPS data provides clear indication that no
significant change in sp3 fraction occurs when ta-C is coated onto carbon
nanostructure such as SWCNTs. Furthermore, the sp3 fraction of the ta-C
coating is not dependant on the SWCNT areal coverage density. For the Xray energy used in these experiments the majority of the signal (more than
99%) is from the top 5-6 nm of the sample. It has been shown by
experimental [3, 49] and simulation methods [45, 50] that the top 5Å to 10Å
of a ta-C coating is dominated by sp2 bonded carbon while the bulk has a
higher percentage of sp3 bonded carbon. Under such circumstances the XPS
data analysis indicating around 75% sp3 fraction for ta-C (both reference
and on SWCNTs) is underestimating the sp3 fraction in the bulk of the film.
This point is supported by XPS tests performed on oxygen plasma treated
(OPT) sample (refer Section 3.2) of ta-C coated SWCNTN [I]. The sp2
carbon top layer etches in the OPT due to chemical interaction between the
oxygen and sp2 carbon while the sp3 carbon is relatively more chemically
resistant and etches at a slower rate [56, 69]. XPS analysis for this OPT
sample (named S-40-OPT) indicates that the sp3 fraction is around 83%
(Fig. 4.1 (d)) correlating with the earlier statement. More significantly the
OPT also indicated that the SWCNTs are well covered and protected by taC, as post OPT tests of the sample indicate that the SWCNTs are not etched
away by the OPT. These results from publication I are significant, due to
the direct indication of formation of high quality ta-C film on carbon
nanostructures, even when the coated film thickness is comparable to the
nanostructure dimensions.
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Fig. 4.1. XPS C1s spectra of ta-C coated SWCNTN samples with peak deconvolution. (a) Reference 20 nm thick ta-C coating shows sp3
fraction of around 76%; (b) Sample with 40% SWCNT areal
coverage density coated by 20 nm ta-C shows sp3 fraction of 74.5%;
(c) Sample with 100% SWCNT areal coverage density coated by 20
nm ta-C shows sp3 fraction of 75%; (d) Sample with 40% SWCNT
areal coverage density coated by 10 nm ta-C post OPT shows sp3
fraction of 83%. Adapted from [I].

In publication II, molecular dynamic simulations were performed to
ascertain the sp3 fraction when carbon ion bombardment based coating
techniques were used to deposit sp3 bonded carbon film onto sp2 carbon
nanostructures. The simulations reveal that it is possible to deposit carbon
film with high sp3 fraction onto carbon nanostructures, under certain
conditions as described below. Simulations for deposition temperature
indicate that high sp3 fraction can be achieved at or below room temperature
while increasing the temperature above 600 K stops ta-C formation which
correlates to experimental results [70]. Simulations also indicate that high
sp3 fractions can be achieved with higher ion energies, again correlating
well with experimental results [3] although the damage to the nanostructure
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also increases. However, according to the simulations, the most important
condition required for the formation of sp3 fraction on sp2 carbon
nanostructures appears to be the presence of sideward confinement. The
sideward confinement can be explained as two dimensional boundary
confinement due to the substrate, carbon nanostructure or the growing film
itself and the idea is very similar to the sub-plantation model for growth of
ta-C films [3, 45]. Simulations on suspended nanotubes indicate presence
of more stable sp2 phase of carbon only while for nanotubes on substrate
(diamond in this case) the sp3 fraction has been estimated to be around 35%
at 300K.
The low estimation of sp3 fraction in the simulations compared to the
experimental results (Fig. 4.1) could be due to one of two main factors
discussed below. One of the most probable factor is the ta-C coating
thickness used in simulation (20Å) compared to experimental thickness of
200Å. For very thin ta-C coatings (less than 50Å) the sp3 fraction is low as
shown in literature [54, 71]. However, due to limitation of computing
power, thicker ta-C coating could not be simulated. It is equally probable
that simulated deposition on individual SWCNT bundles has an effect on
the results, since the experimental tests were performed on SWCNT bundles
in the form of a network. Single bundles might not fulfil the conditions
required for sideward confinement during simulated deposition. It is also
interesting to note that during simulation of SWCNT bundles bombarded
by C+ ions with ion energies between 30-70 eV, at most the top two layers
of SWCNTs (around 3 nm total thickness) is damaged while there is no
effect on tubes below these layers. Thus, from the simulations it appears
that either, the sideward confinement is a requirement in the early stages of
the ta-C film evolution on the carbon nanostructure or there is a difference
in ta-C film deposition on individual bundles compared to a network of
bundles. However, the requirement for sideward confinement is still an
open ended problem and requires further investigation.
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4.2.

Resistance increase of ta-C coated SWCNTNs

There has been experimental proof that ta-C deposition on SWCNTNs
increases the network resistance drastically [24] which has been attributed
to ion bombardment damage to the carbon nanotubes [24, 72]. In
publication III, experiments were performed in-situ to ascertain the
magnitude and the cause for such change in resistance of SWCNTN samples
as a function of deposited ta-C thickness.

Fig. 4.2. Increase of resistance for bare SWCNTN coated by 50 nm ta-C,
measured at frequent intervals during deposition. Bare SWCNTN
has no evaporated carbon coating on it and indicates increase of
around 4500% of resistance at the end of test. Adapted from [III].

In case of bare SWCNTNs coated by 50 nm of ta-C, the increase of
resistance was around 4500% (Fig. 4.2) w.r.t. the stable vacuum resistance
value for the SWCNTN [III]. This magnitude of increase in resistance must
be due to factors other than C+ ion bombardment only, due to the following
reasons. Firstly, the C+ ion bombardment while causing SWCNTN damage
would also be building up the ta-C layer and above critical thickness
(around 5 nm) [71] the ta-C coating would protect the SWCNTs below from
damage due to its high density. However, this is not the trend observed from
data (Fig. 4.2) as the resistance continues to increase even for ta-C coating
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of thickness 10 nm and beyond. Secondly, the level of ion bombardment
damage to the SWCNTNs for a 4500% increase in resistance would be
clearly observable in the Raman spectroscopy corresponding to broad D and
G peak as well as similar peak intensity for both the D and G peaks [72].
However, no such observations were made in the Raman spectrum
measured for SWCNTNs coated by 50 nm of ta-C.
To assist in distinction of ion bombardment effects from the other factors
which contribute to the increase of resistance, the SWCNTNs were coated
by low energy evaporated carbon film prior to ta-C deposition. The
selection of evaporated carbon as pre-coating was based on the following
reasons. Firstly, the evaporated carbon coating has very high resistivity
even for the thicknesses used in this work [73]. The resistance of a 12 nm
thick evaporated carbon coating pad on glass (with dimensions similar to
SWCNTN pad) was measured to be around 600 Kȍ. Thus, during
conductivity/resistivity measurements, the majority contribution of current
flow would be from the low resistance DURXQGȍ SWCNTNs and not
from the high resistance evaporated carbon coating on it. Secondly,
evaporated carbon coatings have been studied extensively with regard to ion
penetration depth. From literature [24] and TRIM calculations performed,
it was found that the penetration depth of even 100 eV carbon ions in a sp2
amorphous carbon film is of the order of 1-2 nm.
Thus, even the thinnest evaporated carbon coating (around 3 nm) should
afford significant protection against ion bombardment damage, keeping in
consideration the thickness inhomogeneity. Finally, the damage to sp2
bonded SWCNTs is negligibly small when coated by a low energy
deposition process, such as evaporation. The samples of SWCNTNs post
deposition of evaporated carbon were subjected to p-FCVA process to
deposit 50 nm of ta-C with in-situ measurement of the resistance value. The
increase of resistance during ta-C coating w.r.t stable vacuum resistance
value, plotted in Fig. 4.3 for the different samples indicates a clear trend.
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With thicker evaporated carbon the increase of resistance is lowered and a
maximum increase of around 90% in case of the thickest (9 nm) film is
observed. Since ion bombardment effect should be negligible in case of all
samples with evaporated carbon film, these results clearly indicate the
presence of factors other than ion bombardment which effect the resistance
of SWCNTNs.

Fig. 4.3. Increase of resistance for SWCNTNs coated by evaporated carbon
(marked as Evp. C in plot) and 50 nm ta-C measured at frequent
intervals during deposition. The maximum increase of resistance at
the end of the test are 90%, 140 % and 166 % for SWCNTNs with
9 nm (filled circles), 6 nm (filled triangles) and 3 nm (filled
diamonds) of evaporated carbon film, respectively. Adapted from
[III].

To understand the factors (not counting ion bombardment) which might
cause an increase in resistance of SWCNTNs, the reason for resistance in
SWCNTNs must be understood. It has been well proven in literature that
the resistance of sparse SWCNTNs is a sum of the resistance of the tube
itself (which is length dependant) and the resistance of the contact or
junction formed by crossed SWCNTs [15, 74–76]. In case of SWCNTNs
above percolation limit, as in case of the networks used here, the resistance
of the network is dominated by the contact resistance between crossed
SWCNTs or SWCNT bundles [7, 15, 74–78]. It has been shown that at the
36

Results and discussions

contact between SWCNTs the electrical conduction is by tunnelling due to
van der Waals separation distance between SWCNTs [75]. It has also been
discussed that fRU6:&171VZLWKORQJWXEHV PWXEHOHQJWKP 
the contact resistance would be about one order of magnitude larger than
the tube length dependant resistance [77]. Thus, any changes to the contacts
or contact resistance would change the resistance of the network overall.
Practically, there are only two possibilities, namely contact destruction or
change in contact resistance. Contact resistance can change either by change
of position or due to introduction of foreign atoms/molecules with both
effects leading to increase in contact separation (larger tunnelling distance)
and higher resistance. In case of evaporated carbon coated samples, due to
negligible ion penetration there is negligible contact destruction and
negligible introduction of other atoms/molecules in the contact during
deposition of ta-C coating. Thus, we are left with the option of contact
resistance change due to movement of the tubes/bundles forming the
junction during deposition of ta-C coating. Surprisingly, this is very feasible
due to the fact that the SWCNTN is held together and onto substrate by van
der Waals forces only [14] and ta-C coatings have strong compressive stress
[3]. The hypothesis which can be developed is that, as the ta-C coating is
deposited and sp3 fraction in the ta-C coating builds, the compressive stress
in the growing ta-C coating increases, which gets exerted onto the substrate.
The substrate, in this case loosely held SWCNTs bundles, are then under
tensile stress and they relax the stress by moving against/away from each
other, thus changing the position/distance of the contacts. The basic validity
of this hypothesis is tested below, by performing simple calculations based
on broadly known properties of ta-C films. A contact formed by two crossed
SWCNT bundles, each of average diameter 12 nm, coated by 50 nm ta-C
coating is considered. ThHFRPSUHVVLYHVWUHVV ı LQWD-C coating is assumed
to be 5 GPa and the Young’s modulus (E) is assumed to be 500 GPa [3].
The sWUDLQ İ RQWKHFRQWDFWis calculated by Hooke’s law to be on the order
of 0.01 due to ta-C coating. The length of the contact (L) is around 74 nm
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(sum of coating thickness and average diameter of two SWCNT bundles)
and the extension (ǻL) in the contact lHQJWKIURPWKHVWUDLQ İ LVFDOFXODWHG
to be 7.4Å. Thus even from this simple calculation it becomes evident that
the compressive stress of ta-C coating could separate the contacts by an
appreciable value. In addition, mechanical stress tests on SWCNT bundles
accompanied by in situ Raman spectroscopy indicates that unconstrained
SWCNT bundles under stress, tend to relax the stress by bending or twisting
or by slippage of tubes in the bundles [11, 79]. Raman spectroscopy
performed on the ta-C coated SWCNTN samples for this thesis show no
evidence that the SWCNTs are under stress post ta-C deposition indicating
that the network has relaxed the imposed stress [III]. Since the ta-C
deposition is over the whole SWCNTN pad area, the stress and change in
contact separation distance occurs over all of the pad area, leading to
dramatic increase in resistance. The stress in ta-C coating would plateau
when there is sufficient coating thickness (around 10 nm) [3, 80, 81], which
is where the increase of resistance is observed to plateau as seen in Fig. 4.2
and Fig. 4.3.
The hypothesis of ta-C coating induced stress, which increases the
tunnelling distance between the contacts can be further verified by
calculations using similar work done by Bao et al. [75] and the experimental
results from this work. They have used the Landauer-Büttiker (L-B)
formula to estimate the contact resistance (RCR) between SWCNTs in a
dielectric matrix as follows:

ܴோ = ቀ
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number (set to 2) [75] and ߬ is the transmission probability.
The transmission probability (߬) is estimated by the following equation:
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where dvdW is the van der Waals distance between SWCNTs; d is the
minimum distance between the axes of the SWCNTs forming the contact;
D is the diameter of the SWCNTs forming the contact; dcutoff is the distance
beyond which tunnelling is not possible. The tunnelling distance (dtunnel) for
a SWCNT with barrier height or ZRUNIXQFWLRQǻ(ZKLFKLVJLYHQE\(T3.
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Eq. 3 [75]

Using relevant values in Eqs. 1-3, ZLWKǻ( H9[82], dvdW §c
[83] leads to a RCR YDOXH RI DURXQG  Nȍ for bare SWCNTNs, which
matches well with SWCNT contact resistance values from literature [74,
83, 84]. Eqs. 1-3 can be used to calculate the RCR and contact separation
distance (d) in case of bare SWCNTNs coated by ta-C which have 4500%
increase in resistance. For this calculation the diameter of SWCNT (D) is
assumed to be 12 nm (the average SWCNT bundle diameter) and negligibly
small destruction of contacts due to ta-C deposition is assumed. The
calculation results indicate that post ta-C deposition, for observed increase
of 4500% in resistance, RCR LV DURXQG  0ȍ DQG contact separation
distance between two SWCNTs bundles would have increased to around
6Å. A separation of around 6Å in total between SWCNTs bundles seems
feasible as cut off distances (dcutoff) with dielectric between SWCNT
bundles has been estimated to be 14Å [75]. The contact separation distance
matches well with the stress imposed extension of contact length,
supporting the hypothesis of stress induced resistance change.
This hypothesis can be extended for evaporated carbon coated samples also.
The evaporated carbon film consisting of sp2 bonded carbon, forms a soft
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film on the SWCNTN and to some extent binds the SWCNT bundles to
each other. Thus, when ta-C coating is deposited the stress transmitted to
the SWCNTN would be less [80, 85] and the SWCNT bundles would be
held together by the evaporated carbon film, leading to less movement of
contacts and lower increase of resistance. The 40% increase in resistance
for all evaporated carbon coated samples after 30 nm of ta-C deposition
(Fig. 4.3) is indicative of the fact that due to increasing compressive stress
of ta-C coating [80] the softer evaporated carbon film yields and allows the
movement of contacts. This also implies that if the stress of the ta-C coating
on the SWCNTN could be reduced then some of the displaced contacts
should relax and the resistance should reduce. Such stress reduction is
possible by etching the ta-C coating and this was tested by oxygen plasma
etching of 22 nm out of 50 nm thick ta-C coating on bare SWCNTN sample.
Post etching tests on the sample in high vacuum conditions indicated a
reduction of around 30% in the resistance compared to the final vacuum
resistance value post 50 nm ta-C deposition. From the above discussion it
is evident that the hypothesis of ta-C stress causing increase in SWCNTN
resistance has merit. However, the solution to this problem is non-trivial
due to the complexity of the actual process which introduces a host of other
factors into the consideration.
4.3.

Co-deposition of DND embedded ta-C composite film

Diamond is an extremely hard material (Mohs hardness 1000) and is highly
desirable for use as a coating for its hardness, chemical stability and high
thermal conductivity. Growth of diamond films on substrates is a difficult
process requiring pre-seeding [86], high temperature and suppression of sp2
bonded carbon phase. As discussed previously, addition of a small fraction
of NDs to a matrix improves the mechanical properties of the matrix. This
is a much simpler process compared to growth of diamond films, with fewer
restrictions on substrates and results in coatings with properties comparable
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to diamond films. ND embedded DLC composite films have been reported
either by CVD methods where process parameters are changed to nucleate
diamonds and amorphous carbon [87] or by deposition of NDs followed by
deposition of DLC thin film on top [44]. In this thesis, publication IV
describes a novel method of co-depositing NDs and ta-C in a single step
using p-FCVA under room temperature conditions to form a composite
film.
DNDs loaded onto carbon cathodes are utilized in the p-FCVA process to
form the DND-ta-C composite film. During the plasma formation process,
DND agglomerates are shaken loose from the cathode either by mechanical
shock or by other arc processes and follow the carbon plasma upto the
substrate. The larger agglomerates (larger than 200 nm) have a very high
probability of being filtered out by the macro-particle filter but the smaller
agglomerates (smaller than 100 nm) or single digit DNDs would travel in
the carbon plasma and form a composite film [51]. There is also a strong
possibility that in the arc spot itself, such high energies are involved that the
DNDs would be vaporized and converted into carbon plasma, but DNDs
from around the arc spot are expected to survive. TEM analysis of the DNDta-C composite films indicates the presence of DNDs embedded in a ta-C
matrix (Fig. 4.4 (c)). The selected area electron diffraction (SAED) patterns
of the DND-ta-C composite film indicates that embedded particles are cubic
diamond (Fig. 4.4 (d)) and compares well with the SAED pattern of the
DNDs themselves (Fig. 4.4 (b)).
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Fig. 4.4. HRTEM and SAED of DNDs and DND-ta-C composite film. (a)
HRTEM image of original DND solution used to form the cathode;
(b) SAED ring pattern of original DND solution indexed to cubic
diamond; (c) HRTEM image of DND-ta-C composite film with
DND particle (marked by arrows) embedded in ta-C matrix; (d)
SAED ring pattern of DND-ta-C composite film from DND
agglomerate indexed to cubic diamond; (e) FFT of the area marked
by red square in (c) indicating cubic diamond phase; (f) Particle size
histogram for 50 particles from HRTEM image analysis. Adapted
from [IV].

42

Results and discussions

Particle analysis performed on HRTEM images indicates that the DND-taC composite film has around 17000 DNDs per μm3. The particle analysis
compares very well with calculations to estimate DND deposition from a
known volume of DND solution. From the particle analysis, the DND
concentration in the film was calculated to be around 0.1 vol% and average
DND particle size is around 8 nm (Fig. 4.4 (f)) or around the size of two
DND particles agglomerated together. TEM based energy dispersive X-ray
spectra (EDX) collected from a number of particles in the DND-ta-C
composite film indicDWHGWKHSUHVHQFHRIRQO\FDUERQ.ĮOLQHDVWKHUHOHYDQW
peak in the spectra.
The Raman spectra (Fig. 4.5) indicates that there is no difference in the
I(D)/I(G) ratio for reference ta-C film and DND-ta-C composite film of
same thickness. This is suggestive of the fact that the addition of DNDs does
not negatively affect the sp3 fraction of the composite film. It must be noted
that the diamond peaks (around 1325-1332 cm-1) are absent in the Raman
spectra, which is attributed to the small concentration of DNDs in the
composite film (of the order of 0.1 vol %). Considering that the analysed
composite film has thickness of 50 nm and the Raman spot size is 1 μm, the
number of DND particles calculated to be in the Raman observable volume
are around 800. This is a very small number of DND particles and far below
detection limit for Raman spectroscopy. DNDs from the same batch, as used
in this thesis were spray coated onto ta-C films for electrochemical
measurements [43]. The spray coated DND film was around 100 nm in
thickness but the Raman signal acquired using 488 nm wavelength laser is
very small [43].

43

Results and discussions

Fig. 4.5. Raman spectra of films acquired using a 488 nm wavelength laser
and fitted by D and G peaks. (a) 50 nm thick ta-C film; (b) 50 nm
thick DND-ta-C composite film. Adapted from [IV].

4.4.

Mechanical properties of composite films

The mechanical properties of the composite films fabricated in this thesis
have been measured by nano-indentation and nano-wear tests [I, III, IV].
For the nano-wear tests discussed in this section the error in wear volume
arises from the error in wear crater depth estimation. In publication I the
possibility of mechanically strengthening SWCNTN by application of ta-C
coating has been tested. Nano-indentation tests on the ta-C coated
SWCNTNs indicate that, post OPT the thinned ta-C coating has hardness
(H) comparable to 20 nm thick ta-C coating. However it is very difficult to
glean more data from the nano-indentation tests due to soft SWCNTN
which allows visco-elastic recovery [67]. From the nano-wear tests (Fig.
4.6) it can be observed that ta-C coated SWCNTN samples show around
60% lower wear compared to bare SWCNTN in case of small applied forces
of 10 and 20 μN, which translates into pressures of around 600 MPa.
The wear of all ta-C coated samples are comparable to each other, within
error indicating that ta-C coated SWCNTNs have low wear irrespective of
the SWCNT areal coverage density. However, the wear mechanisms are
expected to depend on the areal coverage density of the composite. In case
of samples with 40% SWCNT areal coverage density, the comparative low
wear of the composite could be attributed to the extent of open area and the
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possibility that the ta-C coating anchors the SWCNTN to the substrate. In
case of samples with 100% SWCNT areal coverage density the comparative
low wear could be attributed to the thickness of the SWCNTN and
possibility of visco-elastic recovery for the composite. Surprisingly, sample
tested post OPT (S-40-OPT) with much thinner ta-C coating has wear
performance comparable to non-OPT sample with thicker ta-C coating (Fig.
4.6). This is attributed to higher sp3 fraction in the OPT ta-C coating (Fig.
4.1) which improves its mechanical performance. This is a significant result
and highlights the fact that the wear protection capability of ta-C coating
depends more on the quality than on the thickness of the coating.

Fig. 4.6. Comparative wear volume ratio plot from nano-wear tests for
SWCNTN samples with ta-C coating. Uncoated SWCNTN wear
volume ratio (filled squares); 100% areal coverage density
SWCNTN coated by 20 nm ta-C (S-100-20) wear volume ratio
(filled circles); 40% areal coverage density SWCNTN coated by 20
nm ta-C (S-40-20) wear volume ratio (filled triangles); 40% areal
coverage density SWCNTN coated by ta-C post OPT (S-40-OPT)
wear volume ratio (filled diamonds). Please note the lines are drawn
only to aid the eye. Adapted from [I].

In publication III, the mechanical properties of the SWCNTN/evaporated
carbon/ta-C composite films were studied in addition to the conductivity
measurements. The wear volume ratio plots from analysis of nano-wear
45

Results and discussions

tests for the composites with 20 nm and 50 nm ta-C coating is presented in
Fig. 4.7. From these plots, one straightforward observation made, is that 50
nm thick ta-C coated composite has very small (less than 10%) wear
compared to the 20 nm thick ta-C coated samples in all tested samples. This
is not surprising since ta-C coating with 50 nm thickness is considered as a
bulk coating and has low wear rate, as expected from high quality ta-C bulk
films. It can also be observed from the plots (Fig. 4.7) that for both ta-C
coating thicknesses tested, samples with maximum thickness of evaporated
carbon (9 nm) have improved wear performance compared to the other
samples tested. This behaviour is attributed to the following reasons. Firstly,
due to the sub-plantation growth model [3, 45, 48] the adhesion of ta-C with
thicker evaporated carbon is better, forming a stable interface and hard top
layer. Secondly, the thicker evaporated carbon and SWCNTN layer would
have enhanced visco-elastic recovery that allows for partial recovery of
deformed layer, post removal of stress.
The poor performance of ta-C coated samples with evaporated carbon
thinner than 9 nm (Fig. 4.7) can be explained due to the opposite effect of
reasons given above. Due to the poor adhesion between ta-C coating and
evaporated carbon film, during testing this composite would wear or delaminate faster, most probably from the interface. Thus, we can conclude
that thick evaporated carbon film has a beneficial effect on both the
conductivity and mechanical wear. From Fig. 4.7 we can also conclude that
for applications requiring low wear, it would be advisable to fabricate
composites with thicker ta-C coating as the increase in resistance (Fig. 4.3)
is not un-reasonably high.

46

Results and discussions

Fig. 4.7. Wear volume ratio plots for SWCNTN samples coated by
evaporated carbon (marked as Evp. C in plots) followed by ta-C
deposition. (a) Wear volume ratio plots for samples coated by 20 nm
of ta-C; (b) Wear volume ratio plots for samples coated by 50 nm of
ta-C. Please note for both plots the lines are drawn only to aid the
eye. Adapted from [III].

In publication IV, the nano-mechanical properties of DND-ta-C composite
film, with DND concentration of the order of 0.1 vol% has been compared
to a reference ta-C film of same thickness. Nano-indentation was used to
measure the hardness of the composite film and the data was analysed by
Oliver-Pharr [88] method using software supplied by Hysitron Inc. Nanoindentation of both films was performed at 10 points using different loads
to find the optimum indentation depth range. The optimum indentation
depth range is generally around 20% of the total film thickness to ensure
that the film properties are not effected by shallow indentation or substrate
effects [88]. From the plot of hardness (H) vs the contact depth (hc) of the
10 point indentation test (Fig. 4.8 (a)), the optimum indentation depth range
is 8 - 9 nm and 11 - 12 nm for ta-C and DND-ta-C film respectively.
This is a primary indication that the DND-ta-C film is harder than the ta-C
film. Following this 12 point depth controlled indentation tests were
performed using the optimum depth range from the 10 point indentation
test. From the H vs hc plot (Fig. 4.8 (b)) the average value of hardness (H)
for ta-C and DND-ta-C are estimated to be 30 ± 1.34 GPa and 35 ± 1.08
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GPa respectively. This indicates that even small concentrations of DND
embedded in the ta-C film improves the hardness by a measurable fraction.

Fig. 4.8. Test data based on Nano-indentation tests performed on ta-C and
DND-ta-C composite films. (a) 10 point nano-indentation data used
to estimate the optimum indentation depth range. Please note the
lines are drawn only to aid the eye; (b) 12 point depth controlled
nano-indentation plot to estimate film hardness. The plot indicates
that DND-ta-C is harder than reference ta-C of the same thickness.

In publication IV, the nano-wear tests were performed by using different
loads and varying the number of passes on the 50 nm thick samples. From
the wear plots (Fig. 4.9) it can be noted that the maximum wear is only 10%
of the film thickness even under multiple wear passes using considerably
high load of 200 μN. This indicates that both films are low wearing even at
high loads. From the wear data (Fig. 4.9) it can be observed that the DNDta-C composite film wears around 40% less compared to ta-C film. Many
case dependant theories exist on the reason for low wear due to DNDs
embedded in a film [33]. In case of DND-ta-C composite film, it is most
probable that there are sufficient DNDs below the indenter tip during every
pass enabling the indenter tip to “glide” over the DNDs.
From the DND concentration in the composite film it was estimated that
ideally there would be at least one DND particle below the indenter tip for
every point of its travel on the sample. But due to statistical variations in
particle distribution, the composite wear occurs due to wear of relatively
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softer ta-C between DND particles which dislodges the embedded DNDs
from the composite. It should also be noted that the wear of ta-C film
increases proportionally with the increase in wear passes, while the increase
in wear of DND-ta-C film is disproportionate. This is clearly observed if
the measured 2 pass wear volume ratio of a sample is scaled up and
compared to the measured 4 pass wear volume ratio of the same sample
(Fig. 4.10). In case of ta-C film (Fig. 4.10 (a)) the scale factor of 1.95
(around double) ensures best fit between measured 2 pass and 4 pass wear
volume ratios.

Fig. 4.9. Wear volume ratio for different wear passes measured for 50 nm
thick ta-C and DND-ta-C films. (a) 2 pass wear volume ratio for
reference ta-C and DND-ta-C, (b) 4 pass wear volume ratio for
reference ta-C and DND-ta-C. Please note for both plots the lines
are drawn only to aid the eye. Adapted from [IV].

Assuming that the DND-ta-C film would wear in a similar fashion, then the
same factor of 1.95 (around double) should fit the DND-ta-C wear data. As
can be observed in Fig. 4.10 (b) the measured 4 pass wear for DND-ta-C
film is lower than the scaled up measured 2 pass wear. This provides further
indication that the wear of DND-ta-C is not in scale or proportionate w.r.t
wear scan passes due to in-homogeneous nature of DND distribution in the
volume of the ta-C matrix. This in-homogeneity is most probably due to
higher distribution of DNDs deeper in the composite than at the surface,
since the amount of DNDs on the cathodes would deplete with increasing
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deposition thickness of composite. This would lead to a DND concentration
gradient with marginally higher concentration near substrate than at the
composite film surface.

Fig. 4.10. Plots comparing the measured 4 pass wear volume ratio to the
measured 2 pass wear volume ratio scaled up for 50 nm thick films.
(a) Measured 4 pass wear volume ratio compared to the scaled up 2
pass wear volume ratio for ta-C film. The wear of ta-C film is
proportional to the wear passes; (b) Measured 4 pass wear volume
ratio compared to the scaled up 2 pass wear volume ratio for DNDta-C film. The measured wear of DND-ta-C film is lower than
expected as wear passes increase. Please note for both plots the lines
are drawn only to aid the eye.
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5. Conclusions and future outlook

This thesis verifies the possibility of forming composite thin films with
carbon nanoparticles embedded in a protective ta-C matrix. Carbon
nanomaterials in the form of SWCNTs and DNDs were selected for
investigation due to their increasing usage as conductive films, thin film
transistors, sensing elements and photonic components. The composites
made with SWCNT network embedded in ta-C matrix indicates 60%
improvement in wear resistance and protection of the network from
mechanical disruption in comparison to uncoated network. These results are
very significant when considering that the ta-C coating thickness is
comparable to or less than the SWCNT network thickness. The embedded
SWCNTs are found to survive even under oxygen plasma treatment
indicating that the encapsulation by ta-C matrix provides superior
protection to the nanotubes. The viability of a sub 10 nm high quality ta-C
coating that makes the SWCNT networks mechanically and chemically
robust for applications has thus been demonstrated.
The protection afforded by the ta-C matrix to the SWCNT network is
however offset by the 4500% increase in electrical resistivity of the network
during the coating process. Studies performed in this thesis indicate that the
dominant reason for the increase of resistivity is the intrinsic compressive
stress of the ta-C coating. Further experimental testing supported by
detailed simulations would be required to establish the exact mechanism of
this process. Meanwhile, from the test results presented in this thesis, it can
be successfully argued that any coating with high compressive stress would
lead to an increase of the contact resistance between SWCNT bundles,
thereby increasing the network resistance. As a solution, pre-coating the
tube network by a low energy process such as evaporation, has been
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successfully demonstrated in this thesis to significantly lower the increase
in resistance to a more acceptable value of 90%. Thus, depending on the
application, SWCNT networks can be mechanically strengthened either by
directly coating with ta-C and compromising the electrical conductivity or
by using low energy coatings prior to ta-C deposition and maintaining
significant electrical conductivity.
Earlier works have shown that the addition of nanodiamonds to a matrix
significantly improves the wear properties of the matrix. In this thesis, a
novel deposition technique for embedding DNDs into a ta-C matrix using a
single step room temperature process with controllable parameters has been
demonstrated. Test results indicate that this DND-ta-C composite film has
mechanical properties superior to the ta-C matrix itself, even for very low
DND concentration of 0.1 vol%. The wear performance of DND-ta-C
composite film is improved by 40% in comparison to ta-C film, under high
load and repeated wear conditions leading to the conclusion that these
composite films could be used for tribological applications with
performance superior to existing ta-C coatings.
The studies presented in this thesis open up pathways for further research
and optimization of the composite thin film deposition for various
applications. The use of SWCNT embedded ta-C composites for
applications requiring transparent conductive films such as touch screens,
flexible displays, solar collectors and other mechanically rugged conductive
films can benefit from the results of experiments obtained here. It has been
shown that the mechanical wear protection offered by ta-C to the SWCNT
networks is significant and the changes in the electrical resistance of
SWCNT networks when coated by a thin film can be controlled. In case of
applications requiring transparency, the possibility of application of a sub10 nm high quality ta-C coating which enhances the mechanical protection
to the SWCNT network with minimal effect on the transparency has been
presented. Preliminary tests using SWCNT embedded ta-C composites for
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bio-molecule sensing indicates promising results and this line of research is
being pursued in order to fabricate bio-molecule sensors. The bio-fouling
resistance and bio-compatibility of ta-C coatings is well documented,
making the SWCNT embedded ta-C composites a promising medium for
in-vivo bio-molecule sensors.
The superior mechanical properties of DND-ta-C composite films when
compared to a ta-C matrix show promising possibilities in tribological
applications. The possibility of forming multilayers or gradients of DNDta-C with varying concentration of DND as a function of film depth using
the novel deposition method developed in this work can lead to unexplored
thin film properties. Proto-tests of DND-ta-C composite indicate favourable
electrochemical behaviour, and further understanding of the effects of DND
concentration on the electrical and electrochemical properties of the
composite could lead to promising applications such as array based sensors
for bio-molecule detection. Single digit DNDs have been shown to possess
unique optical properties, some of which stray into the quantum regime.
The possible effects on optical properties of the DND-ta-C composite film
due to gradient DND concentration are under test. If the composite film
optical properties (such as refractive index or plasmonic behaviour) could
be tailored by DND concentration, then there are far reaching applications
for using these composite films as waveguides or photonic structures.
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In this thesis the feasibility and viability of
fabricating all carbon composite thin ﬁ lms
has been explored. The composite thin ﬁ lms
have been formed by embedding carbon
nanomaterials in a diamond-like carbon
(DLC) matrix.
Single wall carbon nanotube networks
(SWCNTNs) and detonation nanodiamonds
(DNDs) were selected as carbon
nanomaterials. High quality DLC ﬁ lm, called
tetrahedral amorphous carbon (ta-C) ﬁ lm
was deposited by pulsed ﬁ ltered cathodic
vacuum arc process.
The SWCNTN-ta-C composite was measured
to have improved mechanical properties. An
abnormally high increase in resistance of the
SWCNTN during ta-C deposition was
observed and studied. An evaporated carbon
interlayer was introduced to control this
increase in resistance. Furthermore, a novel
method of co-depositing DNDs with the ta-C
ﬁ lm has been described in this work. The
DND-ta-C composite has improved
mechanical properties in comparison to ta-C
matrix.
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