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Abstract

Synthesis and Characterization of Amorphous Carbon Films
for Magnetic Storage Technology

by
Jun Xie
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley

Professor Kyriakos Komvopoulos, Chair

Increasing demands for high magnetic storage capacity have led to the increase of the recording
area density, mainly by reducing the distance between the magnetic media on the hard disk and
the magnetic transducer of the head. A factor that has greatly contributed to the profound
decrease of the magnetic spacing is excessive thinning of the protective amorphous carbon (a-C)
overcoat. However, the remarkable decrease in overcoat thickness raises a concern about its
quality and protective capability. In general, a-C films with higher sp® carbon atom hybridization
demonstrate higher density and better tribomechanical and corrosion properties. The sp and sp’
contents strongly depend on the film-growth conditions and deposition method.

One of the most common film deposition methods is radio-frequency (RF) sputtering. This
method uses low-energy neutral carbon atoms or clusters of atoms as film precursors and has
been the workhorse of storage technology for more than four decades. Typically, Ar' ion
bombardment of the growing film during film growth is used to tailor the overcoat structure and
properties without affecting its chemical environment. The substrate bias voltage is a key
deposition parameter because it directly affects the ion bombardment energy. In this dissertation,
the effect of the substrate bias voltage on the growth and properties of ultrathin a-C films was
examined and the identified film structure-property interdependencies were explained in the
context of an analytical model, which takes into account the effects of irradiation damage and
thermal spikes.

Substrate biasing during film deposition may lead to some undesirable effects, such as the
development of a high compressive residual stress, which can cause premature overcoat failure
by delamination. Experimental studies of this dissertation show that alternating between biasing
and non-biasing deposition conditions, multi-layer a-C films consisting of ultrathin hard (bias
on) and soft (bias off) layers characterized by high sp’ fraction and greatly reduced compressive
residual stress can be synthesized by RF sputtering. An additional advantage is that these multi-
layer a-C films exhibit lower surface roughness and improved tribological properties.



Different from deposition methods using neutral carbon atoms as film-forming precursors, such
as RF sputtering and other physical vapor deposition methods, filtered cathodic vacuum arc
(FCVA) uses energetic C" ions as film precursors, which is advantageous for depositing ultrathin
and very smooth a-C films with superior nanomechanical/tribological properties. The role of
important FCVA process parameters, such as substrate bias voltage, which controls the C* ion
energy, in the film growth process were investigated, while considering various means of
reducing the a-C film thickness without jeopardizing its structure and properties. The effect of
the duty cycle of substrate pulse biasing (i.e., the ratio of the time of substrate biasing over a
pulse to the pulse bias period) was examined in terms of film deposition rate, surface
topography, and nanostructure. Cross-sectional high-resolution transmission electron microscopy
(HRTEM) combined with the scanning transmission electron microscopy (STEM) and electron
energy loss spectroscopy (EELS) studies revealed variations in through-thickness hybridization
and density with duty cycle. a-C films with the highest sp® content and smallest thickness were
synthesized under FCV A deposition conditions of 75% and 65% duty cycle, respectively.

EELS studies show that a-C films generally possess a multi-layered structure consisting of
surface and interface layers of relatively low sp® contents and intermediate bulk layer of much
higher sp” content, a result of the deposition mechanisms encountered during ion bombardment.
When the a-C film thickness is reduced to only 2-3 nm, the effects of the ultrathin (1-2 nm)
surface and interface layers become increasingly more pronounced, resulting in the decrease of
the overall sp’ content and, in turn, depletion of the film’s protective capability. To reduce the
thickness of the interface layer, a thin (<1 nm) seed carbon layer was deposited under small
incidence angle and zero substrate bias to minimize the effect of C™ ion subplantation, followed
by deposition of an a-C film under optimal film-growth conditions resulting in high sp’ content.
The absence of substrate biasing during the initial deposition allowed the formation of a barrier
between the substrate and the bombarding energetic C* ions. To reduce the thickness of the
surface layer, post-deposition Ar' ion sputter etching of the synthesized a-C film was performed,
which effectively sputtered off carbon material, reducing the thickness of the surface layer
without degrading the sp® content of the bulk layer of the a-C film.

Heat-assisted magnetic recording (HAMR) is a relatively new storage technology showing great
potential for further increasing the magnetic recording density. This technology utilizes a tightly
focused laser beam to rapidly heat the media above the Curie temperature, temporarily reducing
the coercivity of magnetic nanodomains such that the magnetic field of the read/write head can
induce polarization changes. Among all other issues brought up by the HAMR technology, the
thermal stability of the carbon overcoat is of great concern. In this dissertation, ultrathin
hydrogenated amorphous carbon (a-C:H) and q-C films synthesized by plasma-enhanced
chemical vapor deposition (PECVD) and FCVA, respectively, which are the prime deposition
techniques used in current hard-disk drives, were subjected to rapid thermal annealing (RTA) of
maximum temperature equal to 650 °C for 1 s. EELS results show structural changes in the
PECVD a-C:H films involving carbon diffusion in the substrate and a decrease in sp> content;
however, the FCVA a-C films show remarkable structural stability under the same RTA
conditions, indicating that FCVA is an ideal film deposition process for HAMR technology.
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Chapter 1 Introduction

Carbon is one of the most fundamental elements and versatile materials in nature. It exists in
both crystalline and disordered structure, forming from three different bonding states, i.e.
tetrahedral (sp°), trigonal (sp?), and linear (sp'). The most common carbon allotropes are graphite
[Kelly, 1981] and diamond [Field, 1993]. With the relatively recent discoveries of Cgy [Rohlfing
et al., 1984], carbon nanotubes [lijima, 1991], and graphene [Novoselov et al., 2004; Geim and
Novoselov, 2007], carbon has become a popular research topic with direct application to various
contemporary technologies, such as flexible electronics, carbon-based integrated circuits, and
computer storage.

During the recent two decades, amorphous carbon (a-C) attracted significant attention because of
its unique mechanical and tribological properties and high performance-to-cost ratio. In the
absence of high temperature or high pressure, diamond-like carbon [Aisenberg and Chabot, 1971]
or amorphic diamond [Collins et al., 1991; Collins et al., 1993; Davanloo et al., 1990; Davanloo
et al., 1992] are alternative carbon forms possessing good mechanical properties.

One of the most common applications of a-C films is as protective overcoat of magnetic storage
devices and microelectromechanical systems [Erdemir and Donnet, 2006; Chu and Li, 2006;
Robertson, 2002] due to their high hardness and good wear resistance [Lu and Komvopoulos,
1999; Lu and Komvopoulos, 2001; Ma et al., 2003; Tsai and Bogy, 1987; Lifshitz, 1997;
Robertson, 2002; Grill, 1999; Hauert, 2004]. The good properties of a-C originate from its
unique nanostructure — the sp® bonding state controls the electrical and optical properties, while
the sp® bonding state is responsible for the mechanical properties [Robertson, 2002; Diaz et al.,
1996]. Carbon films with higher sp’ content are generally harder and denser, which are important
characteristics for wear and corrosion protection [McKenzie, 1996; Monteiro, 2001].

In hard-disk drives (HDDs), information is stored in the magnetic medium of the hard disk by
the magnetic field of the read/write transducer embedded in the trailing edge of the flying head.
To prevent damage at the head-disk interface due to intermittent asperity contact and corrosion, a
continuous, smooth, ultrathin ¢-C film (overcoat) is deposited onto the magnetic head and disk
surfaces [Kryder 2008, Yasui 2009]. Figure 1.1 shows a schematic of the cross-sectional
structure of current HDDs. The hard disk has a multi-layer structure including glass/glass-
ceramic substrate, layer of magnetic medium, a-C overcoat, and lubricant monolayer. The head
consists of Al,O3;-TiC ceramic (typically, 70/30 vol.%) and is also coated with a thin a-C
overcoat for protection against corrosion, mechanical wear, and impact.

The increasing demands for high-capacity/low-cost HDDs have led to the dramatic increase of
the magnetic storage density in recent years, mainly due to important breakthroughs in thin-film
media and magnetic head designs [Bandic and Victora, 2008], such as giant magnetoresistance
head [Baibich et al., 1988; Daughton et al., 1994], perpendicular magnetic recording [Khizroev
et al., 1999], and also the profound decrease of the physical spacing [Wood et al., 2009; Anders
et al., 2001], defined as the distance between the read/write element of the head to the magnetic
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medium of the hard disk. According to Wallace’s law, the magnetic storage density increases
exponentially with the decrease of the physical spacing because the intensity of the magnetic
field applied by the head increases exponentially with the decrease of the physical spacing. For
instance, to achieve storage densities of 1 Tb/in”, the physical spacing must be 6.5 nm [Yasui et
al., 2009]. Thus, current demands for ultrahigh storage capacity necessitate a continuous and
dense overcoat of thickness equal to ~2—3 nm.

The significant decrease of the overcoat thickness in next-generation HDDs raises serious
concerns about the uniformity, structure, roughness, mechanical/tribological properties, and
corrosion resistance of the overcoat, bringing more challenges in the deposition of ultrathin a-C
films. The most widely used techniques of ultrathin film deposition are filtered cathodic vacuum
arc (FCVA) [McKenzie et al., 1991; Fallon et al., 1993; Jungnickel et al., 1994; Silva et al.,
1996], pulsed laser deposition [Kovarik et al.,1993; Voevodin and Donley, 1996], mass-selected
ion beam (MSIB) deposition [Ishikawa et al., 1987; Lifshitz et al., 1990; Lifshitz et al., 1997],
chemical vapor deposition (CVD) [Monteiro, 2001; Fung et al., 2000; Leng et al., 2000], and
radio-frequency (RF) sputtering [Savvides and Window, 1985; Koening and Maissel, 1970;
Coburn and Kay, 1972; Keller and Pennebake, 1979; Kohler et al, 1985; Lu and Komvopoulos,
1999; Wan and Komvopoulos, 2006]. Depending on the deposition technique, a-C films with
different properties and nanostructure can be synthesized on various substrate materials.

Among the aforementioned deposition techniques, sputtering is the most widely used deposition
technique for thin-film coating applications. This technique uses low-energy neutral atoms or
clusters of atoms as film-forming precursors and has the advantages of low input energy,
temperature and vacuum, making it a very efficient method for depositing thin films at low cost.
The film properties can be tailored and controlled by bombarding the growing film surface with
energetic inert ions. One of the important parameters that greatly affects the film properties is the
substrate bias voltage, which directly controls the energy of inert ion bombardment on both the
target and the substrate [Lu and Komvopoulos, 1999]. The effect of the substrate bias voltage on
the hybridization and tribomechanical properties of sputtered a-C films is examined in Chapter 3
based on an analytical particle collision model accounting for Ar’ ion and C atom interaction,
preferential removal of weakly bonded carbon atoms, and the development of thermal spikes
during film growth.

Unlike sputtering, which uses low-energy atoms as film-forming precursors, FCVA uses high-
energy ions as film-forming precursors; therefore, FCVA is considered to be more effective
method for synthesizing ultrathin (e.g., <5 nm), continuous, and smooth films. The bombardment
of energetic ions enhances the density of the forming film. FCVA is currently the only
demonstrated low-temperature deposition method for synthesizing hydrogen-free, ultrathin a-C
films with high sp’ content, good nanomechanical properties, and high wear resistance
[Casiraghi, 2004(B); Beghi, 2002]. Because of the nature of energetic ion bombardment, the film
deposited by FCVA always exhibits a layered structure with the top (surface) layer and bottom
(interface) layer exhibiting relatively low sp’ contents, which can be explained by the
subplantation model [Lifshitz et al., 1989; Lifshitz et al., 1990; Robertson, 1994(B); Robertson,
1996; Hofsiss et al, 1998].



To further reduce the a-C film thickness, it is necessary to accordingly adjust a few process
parameters, including the deposition time, arc discharge current, pulsed substrate bias voltage
and duty cycle, and ion incidence angle. While decreasing the deposition time appears to be the
most straightforward approach, the formation of the low-sp’ surface and interface layers cannot
be prevented. In fact, reducing the deposition time may result in overall lower sp® fraction
because this will mainly reduce the thickness of the sp’-rich bulk layer of the a-C film. In
addition, plasma arcing takes some time to be stabilized and there is a minimum requirement for
the arc current to successfully ignite the plasma. Increasing the substrate bias voltage is
conducive to the formation of thin films because the high-energy C" ions sputter off atoms from
the surface of the growing film. However, high ion energy could be detrimental to the integrity
of the film structure because thermal relaxation commences in the high-energy region. A
comprehensive examination of the duty cycle effect on the quality of FCVA a-C films, including
the structure, composition, thickness, residual stress, and roughness, is presented in Chapter 4.
The results presented in this chapter provide insight into the minimum thickness of a-C films that
could be achieved by adjusting the FCVA deposition parameters.

It 1s, therefore, desirable to minimize the thickness of a-C overcoats under optimal deposition
conditions. In view of the cross-sectional non-uniformity of a-C films (i.e., the surface and
interface layer exhibit a gradient in sp® fraction and density that are both lower than those of the
bulk layer), the objective is to reduce the thickness of the surface and interface layers, while
maintaining the high sp’ fraction in the bulk layer. The multi-layer film structure stems is a
consequence of the deposition process. The low sp® content of the surface layer is due to less C
ion bombardment on the film surface during the end of deposition. Thus, the objective is to use
inert (Ar') ion bombardment after film deposition to sputter off the surface layer without altering
the chemical environment of the a-C film. The low-sp® intermixing layer is due to direct and
recoil C ion implantation into the substrate. Therefore, the objective here is to initiate film
deposition under zero substrate bias to reduce the intermixing of C" ions with substrate atoms,
subsequently turning on the substrate bias voltage to deposit under optimal conditions (i.e.,
energetic C™ ions) sp’-rich a-C film. With this two-step deposition technique, the thickness of
intermixing layer can be controlled.

The investigation of the cross-sectional structure of ultrathin a-C films is challenging. First,
diffraction techniques, such as X-ray diffraction, are inefficient because the amorphous film is
lacking crystallinity. Second, any characterization method that has thickness sensitivity, such as
X-ray reflectivity and nanoindentation, is limited because the film thickness is less than 2-3 nm.
Third, techniques that only detect the overall film composition, such as X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy, are not suitable because of the multi-layer film
structure. Besides, when the film thickness is <3 nm, the XPS carbon signal intensity (Cls peak)
and signal-to-noise ratio of the carbon signal in Raman (G and D peaks) are low, making data
acquisition and analysis a challenging task. Therefore, in view of the aforementioned
shortcomings, high-resolution transmission electron microscopy (TEM), spatial resolution
scanning transmission electron microscopy (STEM), and electron energy loss spectroscopy
(EELS) were used in this work to perform in-depth studies of the nanostructure of FCVA a-C
films. The effect of post-deposition Ar’ ion sputter etching and bilayer film deposition on the
thickness and structure modification are examined in Chapters 5 and 6, respectively.



The competition from solid-state drives has increased the demand for higher capacity and lower
cost HDD technologies. Beside the need to reduce the physical spacing discussed earlier,
decreasing the magnetic grain size is also of high importance. However, as the domain size
continues to shrink, thermal fluctuations could randomly flip the magnetic direction of the grain
when kT becomes on the order of KV, where kg is Boltzmann’s constant, 7 is the temperature, K
is the magnetic anisotropy energy density, and V is the volume, a phenomenon known as the
superparamagnetic effect. Therefore, the further increase of the storage density by reducing the
average size of magnetic domains is inhibited by the superparamagnetic limit. A promising
solution to this problem is heat-assistant magnetic recording (HAMR), which uses a laser-optical
system integrated into the magnetic head to locally heat the fine grains of the magnetic medium
above its Curie temperature (defined as the temperature at which the material loses its permanent
magnetic properties), enabling the magnetic field of the head to accordingly polarize individual
bits. Rapid cooling of the laser-heated medium restores the high coercivity, locking the induced
magnetization of the grains.

The new HAMR technology brings up new issues. One of them is whether the a-C overcoat can
withstand high temperature rises and remain stable under the envisioned laser heating conditions.
The mechanical and tribological properties of the a-C overcoat may be attenuated if it undergoes
oxidation, graphitization (sp—sp® rehybridization), carbon loss, or other structure changes,
which can negatively impact the overcoat’s protection capability. Therefore, the thermal stability
of the a-C film is of high importance. However, because the laser heating time is on the order of
a few nanoseconds and the laser spot is <100 nm, direct measurement of the temperature rise and
in-situ characterization of changes in the film properties is difficult, if not impossible. As an
alternative, rapid thermal annealing is used to examine the structural stability of a-C films
deposited by plasma enhanced chemical vapor deposition (PECVD) and FCVA in Chapter 8.
The results reveal significant differences in the structural stability of carbon overcoats deposited
by PECVD and FCVA.

In addition to the HDD technology, thin a-C films are also used in other technologies. For
example, a-C films are used as coating materials in total joint replacements and cardiovascular
implants because of their unique tribological properties, good biocompatibility, and
hemocompatibility [Hauert, 2008]. One of the problems with relatively thick a-C films is the
development of a high compressive residual stress during deposition due energetic ion
bombardment, which may lead to film delamination, buckling, agglomeration, or other modes of
failures [Ohring, 1992; Lu and Komvopoulos 2001; Srolovitz, 1995]. Therefore, controlling the
evolution of intrinsic stresses during film growth and depositing relatively thick, hard, and
smooth films are of great importance. Several methods can be used to reduce residual stresses.
Common methods include post-deposition thermal annealing, implantation of foreign elements
in the amorphous matrix, modification of the bonding structure, and deposition of alternating
hard and soft layers of the film material to reduce the extend of energetic ion bombardment. In
Chapter 8, a multi-layer structure containing alternating hard and soft a-C layers is analyzed in
light of tribomechnical properties (coefficient of friction), cross-sectional structure, and residual
stress results.



The main objectives of this dissertation are to investigate the nanostructure and
mechanical/topographical properties of ultrathin a-C films used in magnetic storage devices, and
evaluate their efficacy and stability as protective overcoats for the HAMR technology.

The dissertation is organized as following:

Chapter 1 introduces the background and the motivation of this dissertation, in the context of
protective a-C overcoats for high-capacity HDDs, with main requirements very small thickness,
high smoothness, continuity, good tribomechanical properties, and thermal stability.

Chapter 2 provides an overview of the a-C film deposition methods and characterization
techniques used in the experimental studies of this dissertation.

Chapter 3 is devoted to the synthesis of thin a-C films under low-pressure RF sputtering
conditions of varying substrate bias voltage in pure Ar atmosphere. The surface roughness and
tribomechanical properties of the a-C films were measured with an atomic force microscope
(AFM) and a surface force microscope (SFM). Insight into sp’ and sp® hybridization was
obtained from the deconvoluted Cls core-level XPS peak. Energetic particle collision theory was
used to correlate hybridization and tribomechanical properties to low-pressure plasma discharge
conditions, including the Ar” ion flux, sputtering yield of target carbon atoms, and kinetic energy
of surface carbon atoms.

Chapter 4 provides insights into the duty cycle of substrate pulse biasing effect on the structure
(hybridization), thickness, residual stress, and roughness of a-C films deposited by FCVA in the
light of HRTEM, cross-sectional EELS, Raman spectroscopy, residual stress, and AFM
measurements. It is shown that the optimum duty cycle of pulsed substrate biasing yields the best
quality a-C films that combine smoothness, ultra-small thickness, and high sp’ content. The
results presented in this chapter are of critical importance to the longevity and reliability of
HDDs.

Chapter 5 shows how post-deposition Ar’ ion sputter etching can be used to reduce the thickness
of the sp’-rich surface layer, while maintaining the sp fraction and thickness of the bulk layer of
carbon films deposited by PECVD and FCVA. The results show that the a-C films deposited by
FCVA exhibit a smaller thickness reduction of both surface and intermixing layers compared
with PECVD films. The sp’ fraction and thickness in the bulk layer can be maintained for a
certain time of Ar’ ion sputter etching. A further increase of the etching time may negatively
impact the sp° content and thickness of bulk layer of the overcoat.

Chapter 6 is focused on the synthesis of bilayer a-C films and the decrease of the thickness of the
intermixing layer to improve the uniformity of the cross-sectional film structure. TEM and EELS
were used to identify cross-sectional structure changes of ultrathin ¢-C films deposited by
FCVA. The results show that bilayer a-C film deposition is an effective method for reducing the
thickness of the intermixing layer and increase the thickness of the bulk layer, while retaining its
desirable properties, such as high sp® content.



Chapter 7 presents a TEM/EELS study of the effect of rapid thermal annealing on the structure
of hydrogenated amorphous carbon (a-C:H) and a-C ultrathin films deposited by PECVD and
FCVA, respectively. It is shown that FCVA a-C films demonstrate superior thermal stability
compared with PECVD a-C:H films. Therefore, FCVA a-C films are prime candidates for
protective overcoats in applications where rapid heating is of concern, such as HAMR
technology.

Chapter 8 illustrates how the multi-layer structure of a-C films deposited by alternating between
on and off substrate bias voltage can effectively reduce the film roughness and coefficient of
friction. Moreover, it is shown that the overall residual stress in the multi-layer a-C film is
significantly reduced without affecting the sp® content compared to a single-layer a-C film of
similar thickness deposited under optimum FCVA deposition conditions.

Chapter 9 summarizes the main findings of this dissertation.
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Chapter 2 Experimental procedure

2.1 Introduction

Greatest efforts of this dissertation have been made on the experimental studies of the ultrathin
a-C films. Experimental work is the base and value of this dissertation. Film deposition
techniques, such as RF sputtering, FCVA and PECVD, and film characterization techniques,
such as AFM, XPS, Raman spectroscope, triboscope, TEM and EELS, are used in multiple parts
of this dissertation. Therefore, an introduction of the techniques in general in this chapter is
essential and important.

2.2 Carbon film deposition technique

It is possible to produce a-C film by a wide range of deposition techniques. Based on the
deposition mechanisms, they can be divided into two different catalogues. One is physical vapor
deposition (PVD), and chemical vapor deposition (CVD). The differences lie in the fact that in
CVD process, films are formed by chemical reactions on the surface of the substrate while in
PVD process, films are formed by ions/atoms from sources directly. PVD processes can further
be categorized as to what kinds of elements that form the film: highly energetic ions or low
energy neutral atoms as film forming precursor.

Different deposition methods and parameters will result in a-C films with various structure and
properties. The main focus will be on the rf sputtering, FCVA, and PECVD deposition
techniques. Other deposition methods will be briefly introduced.

2.2.1 Radio-frequency (RF) Sputtering

Sputtering techniques are widely used to deposit thin films of various thickness ranging from a
few to hundreds of nm. Low pressure radio-frequency sputtering [Savvides & Window, 1985;
Koening & Maissel, 1970; Coburn & Kay, 1972; Keller & Pennebake, 1979; Kohler et al., 1985]
uses graphite target as the carbon source with the bombardment of Ar+ ion plasma. The inert
ions strike the graphite target and knock out the carbon atoms by momentum transfer. Then the
carbon atoms or cluster of atoms with low kinetic energy on the order of a few eV to tens eV
travel through the chamber and finally deposit onto the substrate surface. In the meantime, the
ions can be accelerated through the chamber from target by applying a negative substrate bias
voltage. By controlling the absorbed rf power, substrate bias voltage, deposition time, working
pressure, and flow rate of process gas, ultrathin a-C films with sp® contents higher than 50 at%
and nanohardness of ~39 GPa can be synthesized under optimum rf sputtering conditions [Lu
and Komvopoulos 1999].

A Perkin-Elmer Randex-2400 model low-pressure sputtering system without magnetron shown
schematically in Fig 2.1. The plasma is excited and maintained by a rf power supply through a rf
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coupling coil and capacitive tuning network shown in Fig 2.2. The substrate bias voltage is
applied by the bias tuning technique and the target is negatively self-biased. The geometry of the
chamber in the system is symmetric, with the target surface area equal to the substrate area, both
1s 20 cm in diameter. The spacing between the target and substrate electrodes is 7 cm. During the
Ar gas discharge, the chamber is pumped down to a low base pressure ~2 x 10 Torr (measured
by a Granville-Philips ion gauge) to remove any residual gases adsorbed onto the chamber walls.
The temperature of target and substrate are maintained at room temperature by water cooling.
The working pressure is adjusted by a throttle valve and the gas flow rate is adjusted by MKS
flow ratio controller. Because of the impedance mismatch between the rf power supply and the
plasma, the absorbed power, which sustains the discharge is not equal to the forward power, and
the difference is the reflected rf power.

2.2.2 Filtered cathodic vacuum arc (FCVA)

Unlike the deposition techniques that the atoms are the film forming precursor, FCVA is a low-
temperature thin film deposition method, equipped with a high power electric arc discharged at
the target material and blasted some material away into highly ionized vapor. Those ions will be
guided through the chamber by magnetic coils and finally deposited onto the substrate. With a
high purity (99.99%) graphite cathode, the carbon plasma is formed by explosive emission
process, starting from the cathode spots, where the arc current is concentrated. The cathode spot
is only 1-10 pm in size but the current density is as high as 10°-10® A/cm? [Brown, 1998] A
pulsed substrate bias voltage can be applied to accelerate the ions, bombarding the film-forming
surface, and densify the film. With the optimum substrate bias at ~100 V, the hydrogen-free a-C
films with a high sp3 fraction at ~87.5% [Xu et al., 1996; Pharr et al.,1996, Anders, 2002] can be
synthesized.

Figs. 2.3(a) and 2.3(b) shows the schematics of the in-house FCVA system operated in direct
current mode. The plasma generated by the arcing between the cathode coil and the upstream
coil is guided through the upstream, auxiliary, and downstream coils toward the substrate holder.
The out of plane S-shaped electromagnetic coils are used to filter out microdroplets and
macroparticles ensure that only the carbon ions arrive the substrate and contribute to the carbon
growth. The chamber base pressure is kept below 5 x 107 Torr with the cryopump. Plasma
arcing is induced at the cathode surface with a mechanical striker and stabilized by applying a
cusp-configuration magnetic field to the cathode [Zhang & Komvopoulos, 2008]. The magnitude,
frequency, and duty cycle of the pulsed bias is adjusted by a dc voltage source and an electrical
chopper (Spark-le V, Advanced Energy Industries).

2.2.3 Plasma-enhanced chemical vapor deposition (PECVD)

RF-PECVD is another common used deposition technique if hydrogen content in the a-C films is
required. A carbon containing gas is introduced into the chamber and decomposed by the rf
plasma into film forming hydrocarbon free radicals that can be adsorbed onto the substrate via
chemical bonding to other atoms on the surface. The glow discharge can activate almost any
reaction at relatively low substrate temperature compared to the traditional thermal CVD. The



most popular precursor includes CHy4, C,H,, C;Hy, etc and the carbon coatings deposited by
PECVD usually contain hydrogen up to 50%. [Bhushan et al., 1992; Grill et al.,1990]

2.2.4 Other deposition techniques

Except those deposition techniques introduced earlier, a-C films can be deposited by other
methods, including the ion beam deposition, pulsed-laser deposition, etc.

In a typical ion-beam deposition system [Aisenberg and Chabot, 1971], carbon ions are either
produced by plasma sputtering of a graphite cathode in an ion source or extracted from an
ionized hydrocarbon gas in a plasma. Negative bias is applied to the substrate to accelerate
positive ions.

In pulsed laser deposition [Kovarik et al.,1993], A short but intense energetic laser pulses can be
used to ablate the graphite target and vaporize materials as an intense plasma. The plasma then
expands to the substrate and grows the film. Due to the high energy of the laser plasma and
nonequilibrium process, the properties and structures of the synthesized a-C films are similar to
those from FCVA method.

2.3 Film characterization techniques

To characterize the topography of a-C films, AFM is used to measure the surface roughness. The
thickness of the film is confirmed by cross-sectional TEM. XPS and Raman are used to detect
and compare the overall sp’ fraction in the film; while a more detailed analysis on the
nanostructure of the film is conducted by EELS.

2.3.1 Atomic force microscope (AFM)

AFM is a high-resolution type of scanning probe microscopy (SPM) firstly invented in 1986
(Binnig et al., 1986). Thereafter it has been widely used in the scientific and academic fields as a
common method to examine the surface topographical properties and morphology, and even
manipulate atoms.

AFM scans the surface of the sample using a compliant piezoelectric cantilever with a sharp tip
at the end. When the tip is in proximity of the sample surface, the cantilever will deflect by the
forces between the tip and sample, which can be measured by a laser spot reflected from the
cantilever surface to an array of photodiodes. By detecting the interatomic interaction between
the tip and the sample, AFM can sharply correspond to the height of the current scanning point
and render the contours of the surface by scanning a specific area on the sample. The schematics
of basic AFM operation are shown in Fig. 2.4.

An AFM (NanoScope II, Digital Instrument) system is used to measure the topography of a-C
films in this dissertation. The AFM images is obtained in the tapping mode with Si tip of
nominal radius of curvature < 10 nm. For statistical analysis, at least three different surface
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locations on the sample are imaged and the root-mean-square (rms) surface roughness are
calculated.

2.3.2 X-ray photon spectroscope (XPS)

XPS is a non-destructive surface-sensitive analytical technique to measure the elemental
composition within a material based on the photoelectric effect. The spectrum is obtained by
irradiating the material with X-ray beam while simultaneously measuring the kinetic energy and
number of core electrons that escape from the top surface (~10 nm depth) in the material. The
electrons absorb the energy of X-ray photon (hv), get out of the material surface with energy Ej,
the difference will be used to predict the binding energy of the core electron, with the Ernest
Rutherford (1914) relationship:

E,=hv—E, —¢ 2.1)

Where E}, is the binding energy of the electron, hv is the X-ray photon energy, E} is the kinetic
energy of photoelectron measured by the energy analyzer, ¢ is the work function, which the
photoelectrons would give up as it becomes absorbed by the detector. There is a small shift (0.9
eV) of the C core level spectra between diamond and graphite due to the slightly shorter bond
length of sp® bonds than sp® bonds that sp” sites have a slightly deeper potential than sp” sites.
This difference is used to determine the fraction of sp*/sp” sites in a-C films.

The PHI 5400 ESCA/XPS system (Physocal Electronics, Chanhassen, MN) is used in this
dissertation. It works with a nonmonochromatic Al-Ka X-ray source of 1486.6 eV energy and
work function of 5.7 eV, under a vacuum pressure of less than 5x10°° Torr. It features a spatial
resolution of 0.5 mm, energy resolution of 0.7 eV, and atomic percent sensitivity of ~1 at%.

The Cls core-level spectra in the range of 280-292 eV were acquired to determine the sp’
content, using a 0.1 eV energy step and acquisition time fixed at 50 ms/step. To preserve the
original surface chemical characteristics, the samples were not cleaned by Ar’ ion bombardment
before the XPS analysis. After performing background noise subtraction with the Shirley method
[Shirley, 1972], the Cls core level XPS spectra of the a-C films were fitted with six 90%
Gaussian—10% Lorentzian (GL) distributions and the sp® and sp” hybridization contents were
calculated with a standard least—squares algorithm. Each GL distribution was associated with a
certain chemical state of a characteristic binding energy. The Cls-1, Cls-2, and Cls-3 peaks
were corresponding to sp', sp’, and sp® C-C hybridizations, respectively, and Cls-4, C1s-5 and
Cls-6 representing high-order C-O, C=0, and HO-C=0O bonds, respectively. Atomic
percentages of each constituent were calculated as the areas under the corresponding GL
distributions.

2.3.3 Raman spectroscope

Raman spectroscope is also a popular, non-destructive tool for structural characterization of
carbons by detecting the vibrational, rotational and other low-frequency modes [Smith & Dent,
2005]. It uses the inelastic scattering of the laser interacting with a sample, resulting a frequency
shift of reemitted laser photons compared with the original photons that has been absorbed by the
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sample. Those shift (Strokes Raman scattering for up shift and Anti-Strokes Raman scattering for
down shift) can be used to characterize the structure and composition of a-C films.

A visible Raman spectroscope (WiRE, Renishaw Raman Imaging Microscope) that equipped
with a 514.5-nm Ar’ ion laser focused to a spot of <4 pm in diameter is used to examined the
film structure in the dissertation. Raman spectra were recorded in the range of 850—1950 cm ™,
featuring a D peak at 1350 cm-1 and the G peak at 1550 cm-1 due to the A, breathing mode of
sp” bonds in aromatic rings only and the Es; in-plane bond stretching vibration mode of all sp’
bonds existing in both aromatic rings and linear chains, respectively [J. Robertson, 2002]. The
structure and disorder level can be assessed by analyzing the shape and intensity of the two
peaks. For statistical analysis, Raman spectra were collected from at least three different
locations on each film surface.

2.3.4 Transmission Electron Microscope (TEM)

2.3.4.1 Sample preparation

Cross-sectional HRTEM samples were prepared by mechanical grinding, dimpling, and surface
finishing by ion milling. To distinguish the a-C film from the epoxy glue and to ensure that the
EELS carbon signal was only due to the a-C film, a thin Au capping layer was sputtered onto the
surface before sample bonding. The film samples were first cleaved into two halves and glued
face-to-face with M-bond 610 epoxy. After curing at 160 °C for 90 min, additional Si(100) was
glued to both sides of the sandwiched film samples to increase the thickness to >3 mm. Then, the
samples were sectioned into ~500-mm-thick slices by a diamond blade and saw-cut to 3-mm-
diameter disks. Finally, the disks were thinned down to a thickness of <20 um at the center by
double-side dimpling and ion milled from top and bottom with Ar' ion guns (PIPS II, Gatan)
operated at 4.5 kV. An Ar' ion incidence angle of 5° was used to produce a through-thickness
hole across the sample/epoxy/sample interface. The specimen preparation process is illustrated in
Fig. 2.5.

2.3.4.2 High-resolution transmission electron microscopy (HRTEM)

HRTEM is an imaging mode of TEM that renders atomic resolution images. The HRTEM
images are reconstructed from the phase contrast, which arises from the interference of electron
waves of direct and diffracted beams that pass through the specimen.

The 200 kV FEI monochromated F20 UT Tecnai microscope is used to obtain HRTEM images
and perform EELS studies. The spherical aberration Csis 0.5 mm and the chromatic aberration
Ccis 1.1 mm. With monochromator off, the information limit is 0.12 nm for HRTEM, spatial
resolution is 0.14 nm for STEM, and energy resolution is 500 meV for EELS. The image of the
Tecnai is shown in Fig. 2.6.

HRTEM images and EELS spectra were obtained with a FEI Tecnai (F20 UT) microscope
operated at 200 kV, equipped with a CCD camera (2048 x 2048 pixels) positioned 42 mm
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behind the Gatan imaging filter. A 9.3-mrad C2 semi-angle and a 150-um C2 aperture were used
in this study. The EELS collection semi-angle was set at 16.3 mrad. Using the full width at half
maximum (FWHM) of the zero-loss peak, the energy resolution was found to be equal to 0.58
eV, which is sufficiently low for distinguishing sp” from sp® hybridization, considering the band
gap difference between sp” and sp’ is ~0.8-0.9 eV.

2.3.4.3 Electron energy loss spectroscope (EELS)

Electron energy loss spectroscopy is a useful tool for analyzing the nanostructure of various
materials in high resolution. The incoming electrons pass through the specimen, accompanied by
momentum change, energy transfer, and electron scattering due to the interaction with the
specimen atoms. The interaction is categorized as elastic and inelastic scattering.

In elastic scattering event, the incident electron interacts with the atomic nucleus. The energy
exchange is small and normally undetectable because the mass of electron is much smaller than
the mass of nucleus. On the other hand, in the inelastic scattering event, the incoming electrons
interact with the electrons in the specimen material. The energy loss in this case can range from a
few to hundreds of eV because of the similar masses.

The amount and energy distribution of electrons that pass through the specimen is measured by
the EELS, which shows the number of electrons as a function of the energy loss. It reflects
statistical change of inelastic scattering event happening, which mostly comes from the photon
excitation, plasmon excitation, and core electron excitation. Among those events that are highly
related to the chemistry bonding structure of the atoms in the specimen, the inner shell ionization
is usually used to detect the elemental components of a material. The Fig. 2.7 shows different C
K-edge EELS spectra of carbon allotropes including graphite, diamond, a-C, hydrogenated a-C
(a-C:H) and tetrahedral a-C (ta-C). The strong pre-peak at 285 eV identifies the K shell electrons
transfer into the empty m* states which is only in sp® graphite-like bonding, while the K edge
starting from 290 eV shows the transition into o* states in both sp® hybridization graphite-like
bonding and sp® hybridization of diamond-like bonding. Therefore, the structure of a-C, which
contains both sp® and sp® bonding can be quantified by analyze the EELS spectra of the
specimen.

2.3.5 Triboscope

The tribomechanical properties of the a-C films (i.e. the nanohardness, reduced elastic modulus,
and coefficient of friction) can be studied with a surface force microscope equipped with a force
transducer (Triboscope, Hysitron) interfaced with an AFM (NanoScope II, Digital Instruments).
With the instrument, the nanoindentation test and nanoscratch tests are conducted to obtain the
nanohardness and reduced elastic modulus, and coefficient of friction, respectively.

13



2.3.5.1 Nanoindentation and hardness

The film mechanical properties including the hardness and reduced elastic modulus can be
measured with a pyramidal diamond tip with a nominal radius of curvature equal to ~40 nm. The
tip shape function is obtained and calibrated by indenting a standard sample of ultra-smooth
fused quartz of bulk hardness equal to 10 GPa, based on the assumption that the Young’s
modules is independent of indentation depth. The indentation force is applied in an incremental
fashion, using an isosceles triangular loading and unloading force profile. During a
nanoindentation test, the probe is driven into the sample and then withdrawn by decreasing the
applied force. The applied load P and the depth of penetration /4 into the sample are continuously
monitored. A load vs. displacement curve can be generated from the collected data. Fig. 2.8 is a
typical load vs. displacement response curve, from which the hardness and reduced elastic
modulus of the a-C films can be determined by the following equations:

Pmax

H = i (2.2)
__SVm

E,. = i (2.3)

where P, is the load magnitude, 4 is the resultant projected contact area, S is the stiffness,
which is derived from the slope of the unloading curve dP/dh at the maximum displacement that
the load P and the depth % follows the power relation [Oliver & Pharr, 1992, 2004].

P =k(h—hg)™ (2.4)
A can be expressed as a function of contact depth 4¢ from the calibrated tip shape function:
A = Cohe? + Cihe + Cohe™* + C3hY* + C,hY/8 + Csh1/16 (2.5)
E, 1s the reduced elastic modulus, containing information of both sample and indenter that:
2 2
LR (2.6)
Ey E; Es

where subscript i and s indicates properties of indenter and specimen. v is the Poisson’s ratio.
For a standard diamond indenter probe, E; is 1140 GPa and v; is 0.07.

At least five indentations were performed at different locations of each film surface.

2.3.5.2 Nanoscratch and coefficient of friction

Tribological tests were carried out with a conical diamond tip of nominal radius of curvature 1 or
20 um based on the specimens. In these tests, the lateral force is detec