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Amorphous carbon (a-C) films have garnered significant attention over the past few decades, principally
due to their remarkable thermophysical properties, strong adherence to various materials, and good
chemical inertness. These intrinsic characteristics of a-C films have led to their use as protective overcoats
in numerous applications, such as hard-disk drives, microelectromechanical systems, and biomedical
implants. The significant thinning of a-C films to a few nanometers, dictated by rapid advances in device
miniaturization and compactness, motivated the development of thin-film deposition methods that
preserve important film attributes like uniformity, strength, and structural stability. This article provides
a comprehensive assessment of the most effective deposition techniques for synthesizing ultrathin
films, particularly a-C films due to their wide application range as protective overcoats in contemporary
technologies, state-of-the-art microanalysis methods for ultrathin films, and the technology challenges
that must be overcome for CVA to capture a bigger share of the thin-film technology marketplace.

Amorphous carbon (a-C) films have been garnering consider-
able attention mainly because of their unique set of properties,
such as low coefficient of friction, high hardness, good wear
resistance, excellent biocompatibility, novel optical and electrical
characteristics, and high chemical inertness [1-9]. Except of the
optical/electrical properties and biocompatibility, all of the for-
mer attributes can be traced back to the relatively high content of
tetrahedral (sp°) carbon atom hybridization. For example, a very
high sp® content (~86%) has been reported for hydrogen-free
a-C films [10, 11], which is a radical departure from the previ-
ous notion that carbon films with such high sp® content that are
devoid of hydrogen do not exist, especially in non-crystalline
structure form [12], whereas other research [10, 11] postulated
the structure of these films is similar to that of a-Si and a-Ge.
Various techniques [1, 2, 13-22] have been developed to
synthesize thin a-C films, including plasma-enhanced chemical
vapor deposition (PECVD), ion beam sputtering, plasma immer-
sion ion implantation and deposition (PIIID), radio-frequency
(rf) and magnetron sputtering, pulsed laser deposition (PLD),
pulsed laser ablation (PLA), and cathodic vacuum arc (CVA).

©The Author(s), under exclusive licence to The Materials Research Society 2023

a-Cand a-C:X (X=H, N, Au, Ag, Cu, Mo, W, Cr, Nb, Pd, Pt, Tj,
and MoS$,) films have been used to protect vital components in a
wide range of applications, such as magnetic storage, microelec-
tromechanical systems, proton-exchange membrane fuel cells,
food storage, solar cells, outer space and aviation, and biomedi-
cal implants [2, 6-8, 21, 23-37]. An extensive compilation of
other applications of a-C and a-C:X films besides those men-
tioned here can be found elsewhere [38]. However, the primary
focus of this article is on the usage of plasma-based methods to
synthesize ultrathin a-C films, with a special emphasis placed on
CVA, which can be used in applications where thermal effects
are critical, such as heat-assisted magnetic recording (HAMR).
Because of their excellent tribomechanical properties, ultrathin
a-C films have been extensively used as protective overcoats in
hard-disk drives (HDDs). Since the actual spacing between the
read/write transducer and magnetic media in contemporary
HDDs is currently ~ 5 nm [39, 40], the a-C overcoat thickness
must be ~2 to 3 nm to allow the HDDs to perform their intended
function. Such an extremely small film thickness makes uniform
film deposition and characterization challenging, especially when

the ultrathin film exhibits a layered structure.
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It is well established that a-C films synthesized by the CVA
method possess a layered cross-sectional structure consisting of
three main layers, namely intermixing, bulk, and surface layer
[41-44]. Of these three layers, the significantly richer in sp*-
hybridized carbon bulk layer is responsible for the high hard-
ness and excellent tribomechanical properties of these a-C films
[45]. The impetus to reduce the thickness of the protective a-C
overcoat in magnetic storage HDDs has been fueled by demands
to enhance the storage capacity. This is due to the exponential
increase of the magnetic signal intensity with the decrease of
the magnetic spacing predicted by Wallace’s law [46], which is
responsible for the increase of the data storage density in con-
temporary HDDs to several Tb/in” [47-50]. Consequently, the
perennial challenge is to reduce the thickness of the a-C over-
coat without compromising its functionality, structural integrity,
and endurance. Moreover, although miniaturization is the ulti-
mate objective in rapidly emerging magnetic storage technolo-
gies, the profound thinning of the a-C overcoat decreases both
the overall sp3 content [51] and, more detrimentally, the thick-
ness of the protective bulk layer [41, 52, 53], which is mainly
responsible for the desired tribo-thermo-mechanical properties
and oxidation resistance of a-C films synthesized by energetic
ion bombardment methods.

The CVA technique has been proven to be one of the most
promising methods for depositing sub-5-nm-thick continuous
films. This unique capability stems from a host of advantages
provided by this method, especially filtered CVA (FCVA), such
as low-temperature ultrathin film synthesis, effective plasma
manipulation, macroparticle filtering, pulsed substrate biasing,
and stable plasma arcing [54, 55]. Although the focus of this
article is on the synthesis and characterization of CVA-depos-
ited a-C films, co-deposition of various metals to form hybrid
a-C:M (M = metal) films can be accomplished by dual-cathode/
dual-source CVA [56-63] and species-selective biasing [57,
59-61], which are also discussed in this article. A plethora
of macroparticle filters have been designed in the course of
developing the CVA method, each with its own unique sets
of attributes, advantages, and deficiencies, having as the main
goal to allow only high quality C* ions to reach the substrate
surface and filter out any macroparticles expelled from the
cathode as a result of the explosive nature of the arcing process.
A variety of ingenious tactics have been adopted in designing
these filters, including the elimination of the direct deposition
(line-of-sight) requirement by using curved ducts, open filters,
S-shaped ducts, angled double bends, out-of-plane bends, and
magnetic fields imparting a specific radius, depending on the
ion charge and ion mass [54, 64-79]. A comprehensive review
of various macroparticle filters used in CVA systems can be
found elsewhere [80]. The growth of particle-free, ultrathin
a-C films with the FCVA technique has been demonstrated in
several studies [53, 81, 82].
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In view of the growing demands for ultrathin a-C overcoats,
high-resolution characterization techniques were developed to
circumvent the limited effectiveness of most traditional micro-
analysis techniques to probe the composition and structure
of nanometer-thick films. To examine the local structure and
chemical composition at the micro/nanoscale, several imaging
and spectroscopic techniques have been advanced, including
X-ray diffraction (XRD) [61, 83-86], nuclear magnetic reso-
nance (NMR) [87-89], X-ray reflectivity (XRR) [90-92], Raman
spectroscopy [90, 93-95], electron spectroscopy for chemical
analysis performed by X-ray photoelectron spectroscopy (XPS)
[14, 42, 96], transmission electron microscopy (TEM) [41, 44,
52, 53, 97-101], and electron energy loss spectroscopy (EELS)
[42, 102-108]. These characterization methods enable accu-
rate estimates of the thickness, composition, and structure of
ultrathin a-C films, particularly tetrahedral (sp*) and trigonal
(sp?) atomic carbon hybridization fractions. The sp® content is
of paramount importance because it directly correlates with the
thermal, mechanical, and tribological properties, the magnitude
of the internal compressive stress, and the corrosion/oxidation
behavior of the a-C film [45, 109].

Despite significant insight into the room-temperature struc-
ture and tribomechanical properties of a-C films obtained from
previous studies, basic knowledge of the structural stability and
tribomechanical properties of a-C films at elevated temperatures
is relatively limited. Since several cutting-edge technologies
depend on the effective operation of a device at elevated tem-
peratures, even more stringent requirements are applicable to
the mechanical integrity of a-C films. For example, the a-C over-
coats intended for HAMR HDDs must demonstrate structural
stability at a steady-state temperature of 250-350 °C (head) and
transient peak temperatures of about 450-650 °C (hard disk),
depending on the Curie temperature of the magnetic media.
For this reason, thermal annealing studies [81, 110-112] were
performed to provide insight into temperature-induced changes
in the structure, composition, and thickness of the constituent
layers comprising the layered structure of CVA-synthesized a-C
films.

A design philosophy of durable a-C films requires a thorough
understanding of the effect of principal deposition parameters
on the resulting film nanostructure. Because the design space
includes several interdependent input and output parameters,
identifying an optimum processing window is critically impor-
tant. In the case of the FCVA method, for example, independent
key input parameters are the ion kinetic energy (controlled by
substrate biasing), the ion flux and incidence angle, the ampli-
tude, frequency, and duty cycle of the substrate bias voltage, the
cathode and substrate materials, and the deposition time. Output
parameters that depend on the former input parameters include
the nanostructure (hybridization state), chemical composi-

tion, and thickness of the intermixing, bulk, and surface layers
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encompassing the a-C film, and the overall thickness, surface
topography, and tribo-thermo-mechanical properties of the film.
Several parametric studies have been carried out to determine the
optimum range for these output parameters [17, 52, 53, 97-100,
103, 113-118]. For instance, because the kinetic energy of C*
ions generated by the arcing process, which is intrinsic to the
FCVA technique, is equal to ~20 eV [39, 115], the final kinetic
energy of C* ions arriving at the substrate surface is principally
determined by the substrate bias voltage. There are two compet-
ing processes affecting deposition, i.e., collision cascades between
substrate atoms and impinging C* ions, causing locally high pres-
sure gradients, which aid sp® hybridization, as well as thermal
spikes and thermal relaxation induced by the highly energetic
C" ions, which are conducive to sp*-to-sp® rehybridization. Thus,
tuning the ion kinetic energy [56, 113] in conjunction with other
important input parameters is critical to tailoring the structure,
composition, tribomechanical properties, and thermal stability
of protective ultrathin a-C films.

To further enhance the protective performance of a-C over-
coats, an ultrathin underlayer may be used as an adhesion layer
and/or oxidation and element diffusion barrier. Thermal effects
may lead to carbon diffusion into the substrate material, affect-
ing the intended functionality of the device. For instance, dif-
fusion of carbon from the a-C overcoat into the Au near-field
transducer (NFT) or the FeCo write pole (WP) may render these
vital components of the magnetic head dysfunctional. Moreover,
because a-C does not adhere well onto metallic substrates, there
is a persistent quest for an underlayer exhibiting good adhe-
sion characteristics to both a-C and metals. In general, Si-based
underlayers have been reported to serve this need. For instance,
recent studies [81, 82, 119-126] have shown that a SiN, under-
layer can effectively play the dual role of adhesion layer and
diffusion barrier. Layered overcoats consisting of an ultrathin
a-C outer layer and an ultrathin underlayer consisting of a high-
density material, possibly alloyed with a refractory element to
further enhance its thermal stability, demonstrate a high poten-
tial as protective media for precious metallic elements exposed
to elevated temperatures, such as the NFT and WP of HAMR
HDDs. Furthermore, composite coatings consisting of carbon
interspersed with nanostructures resembling graphene [127] can
enhance the tribomechanical characteristics and oxidation/cor-
rosion resistance [128].

The main objectives of this article are to provide a compre-
hensive overview of plasma-assisted film deposition methods
with special emphasis on CVA-deposited ultrathin a-C films,
and an appraisal of pertinent film characterization methods.
Ultrathin a-C films are used in various contemporary appli-
cations principally due to their unique thermal, mechanical,
and tribological characteristics and good biocompatibility
(Fig. 1). The superiority of the CVA deposition method is high-

lighted by referencing pertinent comparative studies from the
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literature and by illuminating the intrinsic physics of the pro-
cess, which integrates ion implantation with sputter deposition.
After discussing the fundamental aspects of plasma-assisted
film deposition methods, particularly the evolution and main
instrumentation of the CVA technique, an overview of various
characterization techniques appropriate for ascertaining the
nanostructure and chemical composition of ultrathin a-C films
is presented. Particular attention is given to the nanostructure
dependence of the tribological, thermal, and mechanical proper-
ties of a-C films and the incorporation of a silicon-based under-
layer to enhance the interfacial adhesion and elemental diffu-
sion barrier characteristics of less than 5-nm-thick a-C films.
The correlation of nanostructure and tribo-thermo-mechanical
properties of a-C films is also elucidated by representative results
of studies focused on the underlying physics and mechanisms of
a-C film growth. The enhancement of the functional attributes
of ultrathin a-C films through ultrathin underlayers is also inter-
preted in the context of results from recent studies. The article
also provides insight into future directions and potential chal-
lenges that must be surmounted to facilitate the path towards

technological innovations concerning a-C films.

Although film deposition can be accomplished by various coat-
ing methods, uniform deposition of ultrathin films necessitates a
precise control of the generation and transport of the film precur-
sors. Since plasma-assisted film deposition techniques enable the
uniform growth of nanometer-thick films, they have been widely
used in several leading-edge technologies, such as micro/nano-
electronics, information storage, photonics, and energy harvest-
ing systems. An overview of the main characteristics of common
plasma-assisted deposition techniques is given in this section,
using results from studies dealing with the synthesis of thin and
ultrathin a-C films to elucidate the intricacies of each deposition
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method. A more topical review of recent developments in physi-
cal vapor deposition processes for thin-film deposition of differ-
ent materials can be found elsewhere [129], and is distinguished
from this review, which focusses primarily on CVA deposited
hydrogen-free a-C films. To that effect, this section establishes
why CVA is the principal technique of choice for ultrathin a-C
film synthesis. Pertinently, this section provides a concise over-
view of the functioning of different techniques (the depositional
procedures), the physics of deposition, and a comparison of the

relative advantages and disadvantages vis-a-vis CVA.

Radio frequency sputtering

In rf sputtering, an inert gas (e.g., Ar) is introduced into a vac-
uum chamber at a controlled flow rate, where it becomes ion-
ized by applying a high negative voltage (typically, in the range
of —1.0 to — 1.5 kV) to the system’s cathode (target) consisting
of the film material (e.g., pure graphite for carbon film deposi-
tion) [45]. To prevent charge accumulation, the target is biased
with rf voltage. Key process parameters include the forward rf
power, ion current density, target Voltage, working pressure,
magnitude and duty cycle of the substrate bias voltage, plasma
ion density, plasma and floating potential, and system geometry
[16, 130-132].

Figure 2 demonstrates the operational principle of a typical
rf sputtering system. As seen in this figure, the highly energetic
ions of the plasma bombarding the target material cause atoms
and/or clusters of atoms to be ejected from the target surface.
The critical ion kinetic energy for sputtering depends on the
bias voltage applied to the cathode and the cohesive strength
of the target material and affects the kinetic energy of the sput-
tered atoms and clusters of atoms. The collisions of the latter
species with the ions and electrons in the plasma cloud dur-
ing their travel across the target-substrate space generate more
electrons and photons, contributing to the plasma glow. How-
ever, the low kinetic energy of the sputtered species is not con-
ducive to film densification and sp® hybridization during a-C
film growth. This shortcoming is offset by applying a negative
bias voltage to the substrate, inducing ion bombardment onto
the growing film. An optimum bias voltage for maximum sp*
hybridization in a-C films is typically in the range of about 100
to —200 V [133]. The collision cascades between impinging Ar*
ions and atoms at the film surface lead to atom-atom interac-
tions at the growing film surface, resulting in film densification,
intermixing of film atoms with surface atoms of the substrate
[134], and the growth of diamond nanocrystallites [135], con-
sequently producing a layered a-C film structure [136]. Higher
voltages intensify the ion bombardment, causing film damage,
thermal spikes that may trigger sp*-to-sp? rehybridization, and
likely resputtering of the deposited film. Substrate biasing usu-

ally leads to the incorporation of a small amount of Ar* ions

©The Author(s), under exclusive licence to The Materials Research Society 2023

Sputtering

Cos =
Inlet T T
Ar OO 0°
05020 @

Matching
Network

Substrate (Anode) | L
||

Figure 2: Schematic of the radio-frequency sputtering method [206].

(i.e.,~2 to 3 at%) into the film structure [19, 137]. Two major
restrictions of rf sputtering are the line-of-sight deposition
and the deposition of clusters of atoms, limiting three-dimen-
sional (3D) film deposition and affecting the film uniformity,
respectively.

Reactive rf sputtering is a slightly modified version of rf
sputtering. In this deposition process, either a pure N, gas or
an Ar/N, gas mixture is used to generate the plasma, with N*
ion bombardment inducing film nitrogenation [45, 138, 139].
This method has been used to synthesize nitrogenated a-C films
(a-CN,) [45, 139] and to form a SiN, underlayer by nitrogenating
the Si substrate of a-C/SiN,/Si stacks before depositing the a-C
film [82]. The former technique can also be tailored to enhance
the strength of the topmost atomic planes of a-C films (surface
layer), which exhibit properties inferior to those of the underly-
ing bulk layer, more importantly for ultrathin a-C films with a

bulk layer thickness similar to that of the weaker surface layer.

Magnetron sputtering

Although sputtering is widely used to synthesize thin films, the
deposition rate is relatively low and the plasma mainly comprises
Ar* jons; thus, the substrate bias affects only a small fraction of
the particle flux. Magnetron sputtering was originally developed
as a modification to the conventional sputtering method with an
objective to enhance the degree of plasma ionization and can be
operated in either dc mode [140-142] or rf mode [143], similar
to the conventional sputtering technique. Other variations of
magnetron sputtering are high-power impulse magnetron sput-
tering, which successfully integrates the magnetron source with
a pulsed power supply [20, 144], and ion-beam assisted magne-
tron, which integrates ion beam deposition with dc magnetron

sputtering [145]. Reactive rf or dc magnetron sputtering that
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uses either pure N, or N,/Ar mixture as the sputtering gas can
also be used to synthesize a-CN,, films [146-149]. As shown
in Fig. 3, a fundamental characteristic of magnetron sputter-
ing is the strong magnetic field parallel to the cathode surface
generated by magnets placed right behind the target. While the
sputtering process is not different from rf sputtering, magnetron
sputtering uses a strong magnetic field to confine or trap the
plasma electrons within the electric sheath of the target. These
electrons bounce back and forth within the vicinity of the target
surface until they collide with the sputtered neutrals, increasing
the ionization probability of the sputtered material and, in turn,
contributing to the establishment of a continuous self-sputter
mode. This demonstrates the importance of secondary electron
emission [20] in sustaining the process. The enhancement of the
degree of plasma ionization is beneficial because the substrate
bias voltage assists the implantation of the target material and
the densification of the growing film, two steps that profoundly
aid in the creation of hard, strong, and well-adhered films.

Similar to rf sputtering, several key process parameters,
including the strength of the magnetic field, power, substrate
temperature, sputtering gas composition, working pressure, and
substrate bias voltage, must be adjusted to obtain the optimal
deposition window for each film [141, 142, 150]. In addition, the
geometrical configuration of the magnets relative to the target
and the target-substrate distance influence the particle flux ratio,
i.e., the relative ratio of the neutrals, ionized target atoms, and
Ar" jons in the plasma cloud. It has been found that a-C films
deposited by magnetron sputtering demonstrate good mechani-
cal properties and adequate thermal stability, although a-C films
synthesized by FCVA may exhibit even better thermal stability
[151] and tribomechanical properties [140].

Magnetarray -~
Target ~——1
+—— Magnetic field

L7\
@ >+ lonized argon
N

Plasma generated
by neutralization

High density plasma

Target material

Sputtered film ——.

Substrate holder ~——

Throttle valve

pump —

Figure 3: Schematic of the magnetron sputtering method [265].
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lon beam sputtering

In this deposition process, a high-energy Ar* ion beam sput-
ters off atoms and clusters of atoms from a target consisting of
the desired film material, which subsequently deposit onto the
substrate to be coated [45]. At the same time, a second Ar* ion
beam of lower energy bombards the material that arrives at the
substrate surface, assisting in film densification. The ion-beam
sputtering process that utilizes a dual-ion source is depicted in
Fig. 4. The ion beam energy and incidence angle strongly affect
the sputtering rate of the target material and, consequently, the
microstructure of the growing film. In addition, the thermal
properties of the substrate material may also influence the film
microstructure. For example, a high temperature and a low ther-
mal conductivity substrate material promote the growth of gra-
phitic carbon films, whereas cryogenic temperatures (77 K) are
conducive to the growth of carbon films rich in sp® hybridization
[152]. This can be attributed to the rapid thermal quenching of
the deposited species and the fast removal of the excess energy,
which prevents the development of thermal spikes that tend to
destabilize the sp® bonding. Nonetheless, comparative studies
have revealed that the quality and functionality level of ion-
beam sputtered films are inferior to those of FCVA-deposited
films of similar thickness [51]. The atom clusters ejected as a
result of ion bombardment onto the target may degrade the uni-
formity and exacerbate the surface roughness of the deposited
film, especially in the case of ultrathin films of thicknesses only
a few nanometers. This problem cannot be overcome by means
of substrate biasing, because the film precursors are primarily
neutrals. The energy and incidence angle of the Ar* ions imping-
ing onto the film surface must be tuned to minimize the effect
of macroparticle deposition [152].

Sputtering
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\ NN P
\ \
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Figure 4: Schematic of the dual-source ion beam sputtering method
[145].
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Pulsed laser deposition and ablation
The PLD and PLA deposition methods have been used to

synthesize various films, including multicomponent oxides,
dielectrics, superconductors, and carbon films, because of
their inherent advantages, such as the wide energy range avail-
able for particle ablation, which offsets the dependence on an
external ion acceleration source (e.g., substrate biasing), room-
temperature deposition, capability to tailor the process param-
eters to indirectly control the film microstructure (e.g., from
a-C to nanophase diamond [153, 154]) and, in turn, the tribo-
thermo-mechanical properties of the film, and, finally, the abil-
ity to grow both hydrogen-free and hydrogenated carbon films.
Hydrogenated amorphous carbon (a-C:H) films can be grown
by introducing a hydrogen buffer gas in the vicinity of the abla-
tion site that interacts with the hot plasma plume. Hydrogen-
free carbon films can be deposited either in high vacuum or
in the presence of a non-reactive buffer gas like He [155, 156].
While buffer gas-carbon species interactions absorb a fraction
of the translational energy of the ablated particles, this does
not occur in high-vacuum deposition, consequently affecting
the resulting film microstructure, particularly the formation of
graphitic clusters.

Figure 5 illustrates the working of the pulsed laser depo-
sition method. In the PLD and PLA methods, a pulsed laser
beam is directed towards a target inside a vacuum chamber, and
the evaporated species produced by the ablated target material
condense onto the substrate surface. In the foregoing ejection
process, melting of the target material due to the absorption
of the photon energy of the laser beam is followed by plasma
formation, the ionization and evaporation of the target material,
and, lastly, the explosive ejection of target material in the form
of a highly directed flux of a plasma plume [157] that contains
neutrals and ionized species (i.e., singly ionized monomers,
doubly ionized entities, and multiple ion charges [158, 159]) of
varied kinetic energies and particulates in the form of clusters
of atoms. The formation of particulates is a potential source of

contamination for the deposited films because they can blemish

Port with

quartz window Laser beam

Heatable

substrate stage
Substrate

A Il

Target
Vacuum chamber

Figure 5: Schematic of the pulsed laser deposition and ablation (PLD/
PLA) method [265].
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the uniformity and integrity of the film. In addition to film con-
tamination, the rapid expulsion of particulates from the target
surface may accelerate the target erosion [160].

There are several key process parameters that need to be
tuned in order to tailor the film microstructure and proper-
ties, including the type of the laser (typically, KrE, ArF, XeCl, or
Nd:YAG excimer laser), the laser beam wavelength and fluency,
the substrate bias voltage and temperature, the target-substrate
distance, the pulse duration and rate of pulse repetition, the
incidence angle of the laser beam, the incorporation (or not)
of a buffer gas during ablation, and the rotational speed of the
target. The optimum kinetic energy of the carbon species for
PLD-deposited a-C films is ~ 90 eV [161], whereas the inherent
energy of most depositing species in PLD is ~ 10 to 12 eV [162].
Important modifications of standard PLD and PLA deposition
techniques include a ring electrode capacitively coupled to the
target in the space between the target and the substrate [163], a
rod electrode that aids the high-current discharge introduced in
the same space [164], a Faraday cage integrated with an accel-
erating grid for the ions in the plasma plume [165], and a laser
beam splitter to enable the co-deposition on a larger substrate
from two targets of the same material [166]. The most important
obstacles in the foregoing methods are the high initial cost of
the laser system, the restricted substrate size owing to the highly
oriented nature of the plasma plume, the limited target-substrate
distance necessitated by the exponentially decreasing flux from
the target surface, the issues surrounding film uniformity, and
the generation and incorporation of particulates into the film.
The latter problem may be overcome (at least partly) by using
a second pulsed laser beam of low incidence angle to ablate the

protruding macroparticles.

Plasma-enhanced chemical vapor deposition
The PECVD method has also been widely used to deposit thin

films of various compositions. However, contrary to conven-
tional CVD, this method uses rf discharge to decompose the
film-precursor gas molecules to radicals, ion species, and elec-
trons inside the reaction chamber. The dissociation and acti-
vation of the precursor gas culminates in plasma formation
through the rf discharge process, offsetting the high substrate
temperatures needed in CVD reactors to initiate reactions at the
substrate surface via excessive heating. Hence, the plasma acts as
an activation source rather than a high temperature, eliminat-
ing the need for a high-temperature reactor. Electron cyclotron
resonance chemical vapor deposition [3, 167, 168] is a new vari-
ant of PECVD that has been gaining traction lately; however, the
discussion herein is restricted to standard PECVD.

Figure 6 shows the general working principle behind the
PECVD process. In the rf PECVD process, the substrate is
placed on a platen inside the reaction chamber, which is heated
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Figure 6: Schematic of the plasma-enhanced chemical vapor deposition
(PECVD) method [266].

until the desired deposition temperature is reached at the sub-
strate surface. The system is then pumped down to remove any
adsorbents from the chamber walls before introducing the pre-
cursor gas in the chamber. Among various precursor hydro-
carbon (C,H,) gases used to synthesize a-C:H films, the most
commonly used are acetylene [110, 140, 169-172], methane
[173-176], ethylene [112, 177], and benzene [175]. To enhance
the dissociation of the hydrocarbon gas, a diluting carrier gas
(e.g., hydrogen) may be incorporated in the gas mixture; how-
ever, hydrogen dilution can affect the hydrogen content of the
film. A precise control of the pressure in the reaction chamber
(typically in the range of 10-100 mTorr [112, 140, 170-173,
176]) is necessary for sustaining the plasma. The rf power
applied between the electrodes ionizes the gas mixture in the
reaction chamber, and the produced chemically reactive spe-
cies (e.g., C,H," for hydrocarbon precursor gases) dissociate at
the substrate surface forming a film [45]. To improve the film
quality, an Ar gas may be introduced into the reaction cham-
ber [171, 172, 174] to induce Ar* ion bombardment onto the
growing film, etching away the softer species and aiding in film
densification. A negative bias voltage between — 50 and — 300
V [140, 169-171, 173] can also be applied to the substrate by
an external dc power supply to augment the aforementioned
densification process. Furthermore, adding nitrogen gas in the
precursor gas mixture is an effective method for synthesizing
nitrogenated films, such as a-CN:H [174, 177].

Because the hydrogen incorporated into the film micro-
structure is detrimental to the mechanical properties, it is ben-
eficial to use a precursor hydrocarbon with a low hydrogen-to-
carbon ratio (e.g., acetylene) to reduce the hydrogen content of
the film. Additionally, precursors of low ionization potential,
such as benzene, can be used to increase the growth rate. Thus,
the choice of the precursors and secondary gases (i.e., H, or
Ar) has a profound effect on the properties of a-C:H films [45].
Studies have been carried out to identify the role of key process
parameters, such as frequency of discharge [175], substrate bias
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voltage [171], rf power [176], and substrate temperature [169,
170]. For instance, the highest density and hardness of a-C:H
films grown by PECVD were found for a 50 W rf power [176].
Several PECVD studies have been performed at temperatures
between room temperature [170, 173, 174, 176] and 250 °C [112,
140, 169, 170]. Although an elevated substrate temperature acti-
vates the reaction species and yields more products, it may also
degrade the film quality. In the case of carbon films, for exam-
ple, a high substrate temperature during deposition may induce
graphitization and film delamination upon cooling. Thus, an
optimum temperature window must be identified for each film
deposited by PECVD. In addition to the rf power and substrate
temperature, the gas flow ratio (C,H,:H,:Ar:N,) also plays an
important role, because it affects the composition, hydrogen
concentration, and final microstructure of the a-C:H films.
Thin films formed by PECVD are predicated on the adsorp-
tion of precursor species onto the substrate surface via chem-
isorption, i.e., the process does not produce implantation and/
or intermixing with the substrate material as in other energetic
condensation techniques. This can culminate in problems per-
taining to adhesion with the underlying substrate. Concerning
PECVD-synthesized a-C:H films, while a high self-bias volt-
age yields good-quality films, a low self-bias voltage produces
polymer-like film microstructures containing up to 70% hydro-
gen and consisting of long hydrocarbon chains [110, 171] rather
than diamond-like microstructures. In addition, PECVD can-
not be used to synthesize hydrogen-free films. The presence of
hydrogen in the carbon film microstructure not only impacts
the mechanical properties but also affects the thermal stability.
For instance, studies of the thermal performance of PECVD-
deposited a-C:H films and FCVA-deposited a-C films revealed
an inferior thermal stability of the a-C:H films at elevated tem-
peratures because the effusion of hydrogen weakened the film
microstructure and resulted in morphological changes, e.g., film
surface roughening [110, 112]. Similar findings were obtained
from an investigation in which carbon overcoats prepared by
PECVD failed through extensive graphitization and oxidation
at elevated temperatures [177]. In another comparative study
[140], PECVD-based a-C:H films were found to be inferior to
a-C films deposited by FCVA, direct ion-beam deposition, or
magnetron sputtering, in terms of their overall mechanical per-
formance, i.e., scratch and wear resistance, propensity to pro-

duce wear debris, and adhesion to the substrate.

Plasma-based immersion ion implantation

and deposition

The PIIID method was developed in the 1980s [178, 179] and is
considered as the predecessor of the FCVA technique. The PIIID
was initially used as a surface modification process to case harden

cutting tools (mostly steel-based tools) by nitrogen implantation
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and was later extended to encompass virtually all solid metals
in the periodic table [180, 181] and carbon. This surface treat-
ment method can be used to protect surfaces in numerous
applications, including biomedical instruments [182], magnetic
recording heads [183], and various metallic, plastic, and ceramic
substrates. The PIIID is also known as plasma-source ion implan-
tation, plasma-based ion implantation, plasma immersion ion
implantation, plasma-based ion implantation and deposition,
and metal plasma immersion ion implantation and deposition;
nevertheless, the fundamental process is essentially the same.
The PIIID process has been integrated with a wide variety of
plasma-producing techniques, such as inductive rf plasma of Ar
and C,H, [184, 185], CVA [183, 186-192], and rf glow discharge
plasma [193]. The latter methods are used to assist in the genera-
tion of the plasma, with the PIIID proceeding thereafter with the
actual film formation on the substrate surface.

In conventional ion implantation, the ions extracted from a
plasma source are first accelerated to achieve the desired kinetic
energy and then uniformly deposited onto the target substrate.
However, this method possesses certain inherent limitations
[178], such as the line-of-sight restriction, which prevents
plasma purification, the accommodation of a relatively small
target that must be continuously rotated to ensure uniform
treatment of all sides, the usage of extra heat sinks to limit the
temperature rise during implantation, and the masking of the
target to minimize the ion incidence angle, with the risk of ilm
contamination due to mask sputtering. Accordingly, the original
incentive for developing the PIIID process was to circumvent
the above inherent limitations pertaining to conventional ion
implantation. The PIIID method was conceptualized and imple-
mented for a conductive substrate (target) directly immersed
in a plasma cloud of ions of the coating material [178, 179], as
schematically exhibited in Fig. 7. A thick electric sheath that
surrounds the immersed target is produced by repetitive pulsed
biasing the substrate to a negative voltage of the order of several
kV, aiding in the acceleration of the plasma ions bombarding
the substrate from all sides, uniform surface treatment, success-
ful elimination of the problems associated with shadowing and
target manipulation witnessed in conventional ion implantation,
higher throughput, and reduced operation cost [179].

An inherent feature of PIIID is the negative pulsed bias volt-
age repeatedly applied to the substrate, which enables differ-
ent surface modification processes to occur due to alternating
between implantation and deposition when the negative bias volt-
age is on and off, respectively. When a zero or low (e.g.,<10 V)
bias voltage is applied to the substrate, the low kinetic energy
of the impinging ions favors film deposition onto the substrate
surface. Alternatively, when a high negative bias voltage (on the
order of several kV) is applied to the substrate, the growing film
is intensively bombarded by the highly energetic ions, with ion

bombardment inducing both direct and recoil implantation. The
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Figure 7: Schematic of the plasma immersion ion implantation and
deposition (PIlID) method [267].

repeated pulsed biasing of the substrate leads to the formation
of an intermixing layer, yielding a film atomically bonded to the
substrate [194]. The intermixing layer enhances the adhesion
between the film and the substrate, which is critical to the film’s
functionality and longevity. More importantly, the PIIID process
allows the film microstructure to be tailored by tuning the duty
cycle of the substrate bias voltage, which controls the respective
durations of ion implantation and deposition in each pulse. Fur-
thermore, unlike ion-beam assisted deposition and ion plating,
which require a second ion source (e.g., Ar*) to produce energetic
species for film densification, PIIID effectively integrates this vital
densification step into its implantation phase.

The PIIID is widely regarded as the predecessor of the CVA
method. Nonetheless, there are several fundamental differences
between PIIID and CVA. Specifically, the PIIID is inherently well-
suited for 3D deposition, whereas the CVA has a certain amount
of directionality associated with the plasma throughput. Thus, an
advantage of PIIID compared to CVA is that a target manipula-
tion fixture is not needed. Because the CVA is restricted to planar
surfaces for uniform deposition, any form of 3D deposition would
necessitate a specialized and expensive target manipulator/fixture to
be integrated into the CVA setup. In addition, there are differences
in the basic physical processes. For instance, in PIIID the substrate
is completely immersed into the plasma cloud, whereas in CVA
the substrate is placed in the path of high-purity singly charged
ions which constitute the plasma. Furthermore, the PIIID is not
restricted to plasma generation solely by cathodic vacuum arcing
as the CVA method because the plasma can be generated by a high
ac or dc voltage or even a heated filament. Alternatively, plasma

ignition in CVA relies on arcing at the cathode surface initiated by
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a mechanical striker or a triggerless method. The issues pertaining
to the stability of plasma arcing in CVA have propelled the use of a
special configuration of the anode-cathode magnetic field, the so-
called ‘cusp’ configuration [14, 54]. This special configuration can-
not be achieved if the substrate is placed very close to the cathode
so that it is immersed in the plasma as in the case of PIIID. A major
advantage of CVA over PIIID is the offered ability to manipulate
the plasma by the magnetic fields of the solenoids surrounding the
ducts. This allows for much better control over the ion flux profile
that reaches the substrate. In addition, given the high negative bias
voltages (about — 2.4 kV [186]) applied in the PIIID, the imping-
ing ions penetrate much deeper (um and sub-um) in comparison
to FCVA (nm to sub-nm), where the negative bias voltage is of
the order of — 100 V [15, 113, 195]. However, ion kinetic ener-
gies above a few hundred eV can have deleterious effects on the
overall integrity of the growing film, particularly in the ultrathin
film regime (i.e., < 5-nm-thick films) because the extremely intense
ion bombardment can cause resputtering and damage to the film.
Accordingly, in applications requiring precise surface modification
with minimal damage and/or alteration to the underlying substrate
surface, such as in magnetic recording, optical lenses, and photon-
ics, the CVA technique is the preferred choice of deposition. To add
to this list of differences, while the PIIID allows for the formation of
compound films by the addition of a reactive gas in the vicinity of
the substrate during processing, it does not allow for co-deposition
as in CVA, which uses separate plasma guns converging onto the
substrate surface. Therefore, in the larger scheme of things, the
CVA is a better nanoscale film deposition method because it pro-
vides better control over the ion flux profile reaching the substrate,
enables growth of nanometer-thick films, and induces minimal

surface damage and compositional changes to the substrate.

Cathodic vacuum arc

Among all the aforementioned deposition techniques, the fil-
tered version of the CVA process (i.e., FCVA) is the most efficient
method for synthesizing coherent thin and ultrathin films [1] with
desirable morphological attributes [100] (e.g., smoothness) and
good tribo-thermo-mechanical properties [14, 17, 54, 81, 113].
This has been established in previous comparative studies of
FCVA-deposited films and films deposited by rf, ion-assisted, and
magnetron sputtering [51, 100, 140, 151], PECVD [110, 112, 140],
ion-beam sputtering [51], and direct ion beam deposition [140]
in terms of a wide range of parameters, such as density, hardness,
wear and scratch resistance, sp’ content, and thermal stability.
The general characteristics and operational principles of
the FCVA method are discussed in more depth in the follow-
ing sections of this article. Further analysis of the physics of
cathodic arc plasma generation has been covered in a previous
article [196]. Nonetheless, the basic concept remains that FCVA
is a low-voltage, high-current plasma discharge technique
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occurring between two electrodes placed in vacuum. Once a
high voltage is applied to the cathode and arcing is initiated by a
mechanical or electromechanical trigger, a trigger pulse genera-
tor, or a triggerless method, the current is sustained through the
seamless generation of arcing spots through an explosive emis-
sion phenomenon at the cathode surface, which is intrinsic to
this technique. Surface irregularities, such as edges and pertur-
bations, initiate and anchor the arcing spots in their vicinities
[1]. Due to the foregoing explosive arcing process, globules in
the form of microdroplets (commonly referred to as macro-
particles due to their enormous size when juxtaposed against
ions) are ejected from the cathode surface. For film uniformity,
these macroparticles must be filtered out before they reach the
substrate surface. Thus, a variety of filters and duct designs have
been developed [54, 64-80] to effectively remove any macropar-
ticles that might be ejected from the cathode surface. A series
of magnetic coils (solenoids) wound around the duct cause the
electrons in the plasma to spiral along the duct axis due to the
Lorentz force principle. This spiral motion of the electrons gen-
erates an electrostatic field that imparts certain directionality
to the plasma ions. As a result, the ions follow the electrons in
the plasma through the duct, guided from the cathode to the
substrate on a pre-defined trajectory by a phenomenon known
as ambipolar transport [45]. Non-planar ducts are particularly
effective in trapping the neutral macroparticles as they travel
in straight trajectories. This type of a filtering system ensures
that only high purity ions reach the substrate surface, which is
critical for the growth of particle-free, ultrathin films [53, 81,
82]. A schematic representing a state-of-the-art FCVA system
for synthesizing ultrathin films is displayed in Fig. 8.

The intrinsic advantage offered by the FCVA method is

the integration of low-energy deposition with high-energy
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Figure8: Schematic of the filtered cathodic vacuum arc (FCVA) method
[206].
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implantation process steps and the ability to control the respec-
tive ratio of both steps through the duty cycle of pulsed sub-
strate biasing. The energetic ion bombardment onto the growing
film surface encountered during the implantation phase of a
duty cycle enables the removal (resputtering) of loosely bonded
surface atoms, film densification, and intermixing at the film/
substrate interface, which enhances the adhesion of the film to
the substrate. Additionally, the intense ion bombardment during
substrate biasing promotes the development of a compressive
mechanical environment, which is conducive to sp> hybridiza-
tion, resulting in the formation of diamond nanocrystallites in
an otherwise graphitic matrix [197]. Considering all of the above
relative advantages exhibited by the FCVA method, it may be
inferred that, amongst all of the film deposition methods dis-
cussed in this section, the FCVA appears to be the most effective
method for depositing thin and (especially) ultrathin a-C films.

In CVA systems, the plasma comprises a very high degree of ion-
ized particles, such as single charged C* ions, a very small fraction
of doubly charged C** ions, and carbon neutrals in the case of car-
bon plasma generated from a pure graphite cathode [198]. How-
ever, the explosive arcing at cathode spots also generates macro-
particles, which inhibit the growth of dense, smooth, defect-free,
uniform films. The direct (line-of-sight) deposition performed in
the nascent developmental stages of this technique only exacer-
bated the acuteness of this problem. Macroparticle formation in
the form of micrometer-size droplets or solid particulates is due
to shock-heated gas inclusions at the cathode surface [70].

One of the primitive methods for preventing macroparti-
cles from reaching the substrate surface is the use of a curved
duct. The effectiveness of a curvilinear plasma-optics system to
remove the macroparticles from the plasma stream demonstrated
in early studies [68, 199] motivated design innovations, which
further enhanced the filtering capability of CVA systems, allowing
only the ions of the cathode material to reach the substrate, and,
consequently, the film quality to be significantly improved. This
was accomplished by winding the curvilinear duct with solenoids.
As stated earlier, the high-purity, singly-charged ions are guided
from the cathode to the substrate due to the ambipolar transport
phenomenon [45]. Because the macroparticles have much larger
masses and are not charged, they tend to travel in straight trajec-
tories, thus becoming segregated from the high-purity ions in the
plasma. Experiments with curved and straight post-arc-discharge
solenoids have shown a superior macroparticle filtering efficacy
of a curved solenoid system [65]. Using an annular cathode as
the plasma source in CVA integrated with a straight duct has also
been explored [200] but with limited success in precluding direct

line-of-sight. Another design improvement is the use of ribbed
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ducts rather than smooth ducts, for more effective trapping of
the macroparticles bouncing off the duct walls [66]. Additionally,
toroid magnetic filters are more effective in producing macropar-
ticle-free thin films. A further improvement is a rotating carousel
in the coating chamber that facilitates rapid film deposition on
various substrates [67]. However, in the CVA designs comprising
a 90° bend duct with winded solenoid coils, the magnetic field
lines intersect the duct walls at the entry and the exit locations. To
surmount this problem, certain design modifications have been
considered [69], such as the addition of extra current-carrying
solenoid coils strategically located not only along the filter but also
at the entrance and the exit of the filtering duct. This design modi-
fication results in more plasma from the source to be injected into
the filter and also reduces the divergence of the magnetic field
lines, thereby enhancing both the efficiency and throughput of the
deposition process. Besides the aforementioned design changes,
applying a positive bias voltage of ~20 V to the duct can increase
the filtering efficacy [201, 202].

Advances in microdevice technologies that rely on ultrathin
films to protect vital components prompted additional develop-
ments in the filtering capabilities of CVA systems. Particularly,
improvements in duct instrumentation further enhanced the par-
ticle filtration efficiency, which was dictated by growing demands
for high-quality films of thickness only a few nanometers. Hence,
several innovative duct-filter designs were introduced to augment
the level of particle filtration, such as 45° filters [71] also known
as knee filters, 45° double-bend filters [79, 117], filters with differ-
ent rectangular cross sections [74, 75], segmented filters [73, 78],
single 90° bend filters [126, 201, 203], in-plane S-shaped filters
[72], twist filters [204], and second-generation planar filters with
two 90° bends twisted by 45° [70]. However, despite these new
filtering designs, particle reflection from the duct walls persisted
even with ribbed duct structures, leading to the growth of films
with embedded particles. While using an open filter [65, 70] cir-
cumvented the problem of multiple particle reflections from the
duct walls, it prevented low-pressure film deposition because it
allowed ambient gaseous species to enter the duct unhindered. A
significant breakthrough in filtering systems was the introduction
of the out-of-plane double bend [76, 77] and the out-of-plane
S-configuration closed filter [54, 64]. The latter filtering system
enables the deposition of particle-free films as thin as 1-4 nm
[53, 82]. Further developments with the foregoing filtering system
led to the design of a cusp-configuration magnetic field in the
vicinity of the anode that stabilized plasma arcing at the cathode
surface by maintaining the arc current [14, 54], ensuring an unin-
terrupted electron flow from the cathode to the anode.

A high to ultra-high vacuum typically between~ 107 and ~10®
Torr 53,70, 81, 82, 100, 121, 122, 124, 126, 205, 206] is maintained
throughout the deposition process to remove any gases adsorbed
onto the chamber walls and other contaminants present therein. In
the case of a high-purity graphite cathode, this ensures that only C*
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ions are deposited onto the substrate, the overarching goal being the
synthesis of high-quality a-C films. Plasma arcing in CVA systems
is commonly induced by either a mechanical trigger that strikes the
high-purity cathode (99.99%) to ignite the plasma [14, 53, 54, 81, 82,
98, 205, 207], or an arc initiation process [56-61, 208-210] involving
the application of a low arc voltage, provided a conducting path exists
between the electrodes. The latter can be achieved by separating the
anode from the cathode by an insulating material (e.g., ceramic) and
coating the cathode and insulator surfaces with a conductive metallic
or graphitic layer, depending on the cathode material. To prevent the
contamination of the deposited film, the cathode material is often
used as the conductive coating. Upon applying the arc voltage, plasma
ignition causes an explosive destruction at the cathode-coating inter-
face due to localized Joule heating, consequently eliminating the need
for a mechanical trigger or a trigger pulse generator [208-210]. The
erosion of the insulating coating is minimized by ensuring that the
coated insulator and the cathode spots are not in the line of sight.
While this process reduces the deposition rate of the cathode mate-
rial, it averts film contaminants [209].

Although the foregoing discussion is restricted to single-
cathode CVA systems, innovations in dual-cathode/dual-
source deposition designs [56-63] have also been motivated by
demands for hybrid films exhibiting enhanced functionalities,
particularly a-C:M (M =Ti, W, Mo, Cr, Nb, Pd, or Pt) films.
Figure 9 shows schematically the foregoing key designs of dual-
cathode/dual-source FCVA co-deposition, i.e., a system with
two plasmas originating from two different cathodes, which
use the same duct space to reach the substrate [Fig. 9(a)], and
a system with two separate plasma streams, which use two dif-
ferent ducts to deposit a film on the same substrate [Fig. 9(b)].
These dual-cathode designs were inspired by CVA systems that
use two miniature plasma sources to deposit a-C:W films [62].
In addition to the co-deposition of two different materials, such
as a-C and metal from high-purity graphite and metal targets,
respectively, the dual-cathode CVA systems provide the advan-
tage of tailoring the microstructure of the hybrid film by spe-
cies selective biasing [57, 59-61] and by controlling the carbon/
metal deposition pulse ratio, which determines the respective
fluxes of the two constituent elements in the film [57]. In most
systems, pulsed biasing is applied only to the carbon cathode
and is turned off during the deposition of the metal. This is
accomplished by a computer-controlled bias amplifier that syn-
chronizes the substrate bias with the pulsed mode generation of
different plasmas. [59] The reason for applying species selective
biasing is that the charge state of the metal ions produced from
the cathode by plasma arcing is typically equal to+2 or+3 and
their energy is~ 50 eV [60]. If a uniform bias voltage is applied
to both the carbon and the metal cathodes, the kinetic energy
of the heavier and more charged metal ions impinging onto
the substrate surface will be much higher than that of the C*
ions, resulting in excessive resputtering of the deposited film
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Figure9: Schematics of two different designs of dual-cathode/dual-
source FCVA deposition with selective pulsed biasing allowing for
co-deposition to form a-C:M thin films: (a) a system that uses the same
duct space with two different cathodes producing two different plasma
streams [60], and (b) a system with two separate plasma streams coming
from different ducts and converging on the substrate surface [56].

and the development of thermal spikes that may compromise
sp3 hybridization and, in turn, the functional attributes of the
film. Therefore, it is essential to control the kinetic energy of the
charged particles arriving at the substrate surface via selective
tuning of the bias voltage.

Another advantage of the CVA method that enables the depo-
sition of high-quality films is the regulation of the kinetic energy
of impinging ions through the modulation of the substrate bias
voltage. Usually, there is an optimum substrate bias voltage for
attaining films with excellent tribo-thermo-mechanical proper-
ties [10, 15, 17, 103, 113, 195, 211]. A relatively high substrate
bias voltage (e.g., —400 V) intensifies the ion bombardment
onto the growing film surface, inducing resputtering and dam-
age. Alternatively, a relatively low substrate bias voltage (e.g.,

—20 V) favors deposition but is counter conducive to direct and
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recoil implantation, which are responsible for film densification,
the development of a highly compressive stress environment
that is critical for sp> hybridization, the preferential removal of
weakly bonded atoms, and the formation of an intermixing layer
that enhances the bond strength of the film to the substrate. A
thicker intermixing layer not only increases the interfacial bond
strength but may also reduce the large stress/strain gradients at
the film/substrate interface, thereby providing a gradual transition
between the structure and properties of the metallic substrate and
the a-C film. However, in certain applications, a relatively thick
intermixing layer may be detrimental to the material properties.
For example, a thick intermixing layer may alter or even corrupt
the magnetic properties of the underlying magnetic medium of
hard disks, or its elements may diffuse deeper into the substrate
compared to a thin intermixing layer in elevated-temperature
applications, such as HAMR disk drives and laser photonics.
Therefore, the optimum range of the intermixing layer thickness
also depends on the operation conditions of the device.

The CVA method may be thought as an integration of con-
ventional sputtering deposition and plasma-assisted implan-
tation techniques. In the absence of a substrate bias voltage, a
deposition process that resembles sputtering occurs (although
the film precursors are charged particles in CVA rather than
atoms and/or clusters of atoms as in sputtering) because the low

kinetic energy (typically, 20-25 eV, depending on the plasma

type [39, 115]) of the target ions favors the dominance of the
deposition process. Alternatively, when a bias voltage is applied
to the substrate, the increase of the kinetic energy of the charged
particles favors direct and recoil implantation in conjunction
with sputtering of the weakly bonded atoms. Although sputter-
ing tends to reduce the film thickness, direct/recoil implantation
and sputtering enhance film densification. The relative contribu-
tions of deposition versus direct/recoil implantation and sput-
tering can be controlled by tuning the duty cycle of the pulsed
bias voltage applied to the substrate. For example, a duty cycle
of substrate pulsed biasing of 80% (i.e., on and off substrate bias-
ing for 80% and 20% of the pulse period, respectively) results
in dominant direct/recoil implantation and sputtering for 80%
of the pulse period and dominant deposition for 20% of the
pulse period. Usually, the optimum duty cycle of substrate pulse
biasing is 65% for 10-20-nm-thick a-C films [52] and 50% for
70-100-nm-thick a-C films [186]. An advantage of CVA depo-
sition is that there is no line-of-sight issue as with most other
deposition techniques because the energetic ions (film precur-
sors) accelerate through the thin electric shield that surrounds
the substrate. Accordingly, the capability to control the energy
and trajectory of the film precursors allows for versatile deposi-
tion, which is especially beneficial for coating components with
complex geometries. Characteristic features and design intrica-
cies of different CVA systems are summarized in Table 1.

TABLE1: Characteristic features and design intricacies in different CVA systems.

Design component Type Magnitude/sub-type References
Macroparticle filter/duct design  Primitive designs exploring initial curvilinear plasma [68, 199]
physics
Annular cathode integrated with a straight duct [200]
Direct line-of-sight deposition with no macroparticle [65]
filter
Duct walls Ribbed duct [66]
No walls (open filter) [65, 70]
Bent filters (angle of bend) 45° [71,79,117]
90° [17,69, 126, 140, 201, 203]
Rectangular cross-sectioned duct [74,75]
In-plane S-shape configuration [72]
Out-of-plane configuration S-shaped [54, 64]
Double bend [76,77]
Twist filter [204]

CVA systems Single cathode

Dual cathode or dual source arrangements for

co-depositing a-C:M films
Initiation of plasma arcing
Trigger less initiation of plasma arcing
Magnetic field stabilization
Curved solenoid coil

Strategically located solenoid coils at entrance and exit
Cusp configuration magnetic field near the cathode for

stabilizing the arc current

Mechanical striker (mechanical triggering)

Direct line-of-sight deposition without magnetic coils

[14,41,52-54, 64, 81, 82,97, 98,
100, 110, 112, 232, 256]

[56-63]

[14,17,53, 54, 81, 82, 98, 205, 207]
[56-61,208-210]

[65]

[65]

[69]

[14,53, 54, 81, 82]
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Synthesis of ultrathin films using plasma-assisted techniques,
such as the CVA method, is of paramount importance. However,
in conjunction with film synthesis, there is also a growing chal-
lenge with regards to characterizing these films as their thickness
is reduced due to recent technology demands. Characterization
comprises nanoscale imaging to determine the thickness, ascer-
taining the nanostructure and composition, and assessing the
tribomechanical characteristics of thin films.

Among various microanalysis techniques, X-ray reflectiv-
ity (XRR) has been commonly used to analyze monolithic and
layered thin films utilized in various technologies (e.g., opto-
electronics), particularly for estimating the film density. This
technique uses a critical angle, which in essence is the grazing
angle of an X-ray of a certain wavelength, to calculate the mass
density. Several XRR studies have been devoted to the effects of
heat treatment and thermal annealing on the density and com-
position of a-C films [91, 212-215]. A very good agreement in
film thickness and surface roughness values was obtained by
combining XRR with AFM, TEM, and spectroscopic ellipsom-
etry [215]. An XRR analysis of ultrathin (2-5 nm) a-C films
has shown that, for such small thickness, the X-rays penetrated
the films and were reflected back by the silicon substrate [216].

X-ray photoelectron spectroscopy (XPS) is another micro-
analysis method widely used to characterize the structure and
composition of various films. Specifically, the sp* and sp® fractions
of a-C films can be obtained from the deconvolution of the C 1s
core-level peak of the XPS spectrum [14, 96]. Changes in the nitro-
gen pressure and substrate bias during the growth of nitrogenated
amorphous carbon (a-C:N) films have been reported to correlate
with the shift of the N 1s peak in the XPS spectrum [217]. Also, the
deconvoluted C 1sand N 1s peaks of the XPS spectrum of a-C and
a-C:N films have been used to analyze the near-surface chemical
composition and to compute the sp*/sp? ratio [218-223]. Impor-
tant insight into changes in the film composition can be obtained
by studying the major shifts of the C 1sand N 1s peaks.

X-ray diffraction (XRD) at small grazing angles can be
used to analyze the microstructure of thin-film materials. For
example, structural characterization by XRD has revealed
nanocrystallites of diamond [83] and metal nanoclusters in
a-C:M (M = Au, Ag, Cu, Mo, or Ti) films above a certain thresh-
old of metal concentration, e.g., 14.8 at% Cu for a-C:Cu films
and 1.5 at% Ag for a-C:Ag films [61]. Although XRD was not
effective in detecting the existence of crystalline phases in low
(1.2-12.5 at%) Ti content a-C:Ti films, a TiC crystalline phase
was found in a-C:Ti films with a relatively high (21.4-46.0 at%)
Ti content [86]. Similar findings were reported in another XRD
study of a-C:Ti films where the formation of crystalline TiC was
only observed for Ti contents of 10-20 at% [84]. In addition to

structural analysis, XRD was used in the foregoing investigation
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to measure the residual stress in the films. In another XRD study
of FCVA-deposited a-C films, post-deposition Ar* jon irradia-
tion was found to change the broad XRD reflections in the dif-
fractogram of the as-grown films (indicating the formation of
an amorphous phase) to well-defined reflections revealing the
growth of nanocrystals in the irradiated film [85].

Raman spectroscopy is an effective method for character-
izing the composition, stress/strain state, and crystal symmetry
and orientation in a-C films. For visible excitation, the Raman
spectrum of carbon films typically contains two characteris-
tic peaks, known as the D and G peaks, which are centered at
approximately 1360 and 1560 cm™, respectively [224]. Because
visible excitation resonates with 7 states, the Raman spectra are
dominated by the sp? sites; therefore, both G and D peaks are
due to the sp? sites. The G peak is associated with bond stretch-
ing of all pairs of sp* atoms in both rings and chains, whereas the
D peak is linked to the disorder of activated breathing modes
of sp* atoms in the hexagonal rings of the graphitic structure.
The upward shift of the G-peak position, the dispersion of the
G peak, and a low or zero I,/I; ratio may be interpreted as an
increase of the sp® content of the film [225, 226]. Consequently,
the absence of the D peak may be viewed as an indicator of a
high sp? fraction [94, 227]. Moreover, the I/I; ratio and the
linewidth of the G peak can be used to estimate the size of the
aromatic clusters and approximately the sp? fraction in carbon
films. This becomes more relevant when studying processes that
alter the carbon film composition, such as thermal annealing.
For instance, a Raman analysis showed different variations of
the Iy/I;; ratio of thermally treated a-C films prepared by CVD
and FCVA, revealing better thermal stability for FCVA-depos-
ited a-C films [112]. In other studies, Raman spectroscopy was
used to correlate the microstructure characteristics (e.g., atomic
hybridization) of a-C films with the tribomechanical properties
[228], or to track changes in the shape, peak position, line width,
and relative intensities of the D and G peaks due to the variation
of the input parameters, such as the substrate bias voltage [217]
and the deposition temperature [222].

Despite valuable insight gained from the foregoing
microanalysis techniques, characterization of ultrathin films
(i.e., <5 nm thick) by these methods is ineffective due to physi-
cal limitations. In particular, XRR cannot accurately measure
the density of films with thickness less than ~ 20 nm, XPS uses
the chemical shift between sp? and sp® hybridizations in the
Cls spectrum to assess the overall composition up to a depth
of ~ 10 nm, Raman is only sensitive to sp* hybridization and is
typically used to indirectly interpret the sp*/sp? ratio by the first-
order D-to-G band ratio, which lacks accuracy, especially when
applied to ultrathin films, and, more importantly, none of the
former methods can yield through-thickness depth profiles of
the structure of ultrathin films [81, 82].
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The intrinsic high resolution of TEM makes it particularly
effective in characterizing the structure of ultrathin films [115,
229]. For example, TEM characterization has shown the for-
mation of diamond nanocrystallites in FCVA a-C films [197]
and the growth of diamond-like carbon (DLC) films with bulk
layers of uniform density for carbon ion energy between 60
and 160 eV [44]. The TEM was also used to reveal the layered
structure of thin 4-C films synthesized by PLD [101] and FCVA
[41]. High-resolution TEM was used to image the microstruc-
ture of ~ 100-nm-thick a-C films grown by FCVA and annealed
in the temperature range of 150-600 °C for possible vertically
oriented carbon sheet applications [230]. A distinct 3-nm-
thick intermixing layer consisting of C, Si, and possibly SiC was
observed in TEM images of cross-sectional samples of 55-nm-
thick a-C films deposited on Si substrates by FCVA [44], which
was attributed to the subplantation process [231]. A typical TEM
micrograph revealing the different layers in a Si/SiN,/a-C/Cr
stack is shown in Fig. 10(a).
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Figure 10: (a) Typical TEM micrograph revealing the layers of a
Si/SiN,/a-C/Cr stack. (b) Depth profiles of normalized carbon intensity
(black curve) and sp® atomic carbon hybridization (red curve) calculated
from the C K-edge EELS spectrum of an a-C film in a Si/a-C/Cr stack. The
EELS depth profiles evince a layered cross-sectional structure consisting
of (i) Si substrate, (ii) intermixing layer, (iii) bulk layer, (iv) surface layer,
and (v) Cr capping layer. This figure illustrates how the integration of
TEM with EELS can comprehensively characterize ultrathin a-C films by
providing both imaging and nanostructure data.
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While the TEM is an effective method for inspecting a
film’s uniformity, continuity, and conformity to the substrate
surface, it also has its own limitations. For example, the TEM
cannot reveal local changes in the structure/composition based
on structure (crystalline or amorphous) and visual contrast
differences, and, more notably, it fails to accurately distinguish
the boundaries of different layers, such as the intermixing,
bulk, and surface layers comprising the structure of a-C films
synthesized by energetic particles, as the C* ions in the FCVA
method. Moreover, the TEM cannot identify individual atoms
and microstructural entities that may diffuse across different
layers of a stacked configuration. This is more so at elevated
temperatures similar to those of HAMR drives and laser pho-
tonics, where the thermal energy absorbed by the carbon
atoms enables them to overcome the energetic barrier to dif-
fusion, leading to interlayer elemental diffusion that cannot be
distinguished by the TEM.

The former limitation can be overcome by combining TEM
with EELS to enable the identification of an element based on its
actual chemical fingerprint. In particular, the EELS method can
be used to measure the sp? and sp® contents of vacuum-depos-
ited DLC films [104, 105] and to study the effect of the substrate
bias voltage on the hybridization state of FCVA-deposited a-C
films [90]. By integrating the TEM with the EELS, a very small
step size (~0.2 nm) and a sub-nanometer sampled area can
be achieved, which are essential for cross-sectional analysis of
ultrathin films. These intrinsic features of this hybrid technique
facilitate the normalized carbon intensity and hybridization
depth profiles to be obtained from the C K-edge EELS spec-
trum of carbon films as thin as 1-3 nm [41, 52, 53, 98, 100,
232]. The discovery of the layered structure of a-C films synthe-
sized by energetic particles, consisting of an intermixing layer
with greatly varying sp® fraction, a bulk layer with maximum
and relatively invariant carbon intensity and sp> content, and
an extremely thin (<1 nm) mostly sp* hybridized surface layer
[41] is also attributed to the aforementioned unique charac-
teristics of the TEM/EELS hybrid method. In addition to the
through-thickness analysis of carbon hybridization, the fore-
going method can also provide accurate measurements of the
thickness of ultrathin films. For instance, by scanning across the
cross section of a Si/a-C/Cr stack, the interface of the crystalline
Si substrate with the intermixing layer of the a-C film can be
determined by the first appearance of the C K-major edge peak
at 285 eV, whereas the point where the L, ; edge at 99 eV of Si
first disappears from the EELS spectrum defines the thickness of
the intermixing layer. Similarly, the point where the C K-major
edge peak vanishes can be used to determine the total a-C film
thickness. Beyond this point, only the Cr L, ;-major edge peak
associated with the Cr capping layer can be detected in the range
of 575-584 eV. This methodology of integrating TEM with EELS
to ascertain the thickness of the intermixing, bulk, and surface
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layers as well as the overall a-C film and underlayer thicknesses
was further elaborated in a recent study [82]. Fig. 10(b) shows
depth profiles of the normalized carbon intensity and the sp’
hybridization ascertained from the C K-edge EELS spectrum of
a Si/a-C/Cr stack. The layer interfaces, which define the thick-
ness of the respective layers comprising the a-C film, were iden-
tified by an established method [81].

NMR spectroscopy has also been used to determine the
composition of carbon films, because it provides separate peaks
for the sp* and sp® hybridization states. For example, a 66-ppm
chemical shift between sp-graphite and sp*-diamond and 75%
sp® content were determined from the *C NMR of cathodic
arc a-C films [233]. Moreover, the carbon-carbon bonding in
a-C thin films was determined by combining ?*C NMR with
EELS [234], and the calculated sp® and sp* fractions were found
to be in agreement with the findings of the previous study. In
addition to a-C films, NMR spectroscopy has been extensively
used to characterize the composition of a-C:H films [87, 88,
235-238].

As illustrated in Fig. 11, the FCVA is a multiple input-output
film deposition process. A number of parametric studies have
been conducted to examine the dependence of the surface
roughness, thickness, structure, composition, and tribome-
chanical properties of FCVA-deposited a-C films on key pro-
cess parameters. These parameters can be categorized as input
parameters, which can be independently controlled during
film growth, and as output parameters, which can be tailored
by accordingly adjusting the input parameters.

One of the most important deposition parameters is the

ion energy, which is controlled by the substrate bias voltage.

Accurate control of the ion energy is critical to the film qual-
ity. For instance, relatively high ion energy induces intense ion
bombardment on the growing film surface, which is conducive
to the development of a highly compressive mechanical envi-
ronment that results in film densification and preferential sp*
hybridization. However, intense ion bombardment can also be
detrimental to the film's quality because it may lead to resputtering
and graphitization due to the instigation of thermal spikes. This
explains the discrepancies in the optimum ion energy reported
in the literature. For example, the growth of 4-C films with
optimum properties (i.e., sp> content, compressive stress, elastic
modulus, and hardness) has been reported for an ion energy
equal to 100 eV [186], 120 eV [113], and 140 eV [103, 211],
or in the ranges of about 20-40 eV [10], 75-85 eV [17], and
100-150 eV [15, 195]. This variation in the optimum ion energy
may be attributed to the fact that the true ion energy is not only
controlled by the substrate bias voltage but also by other process
parameters, such as the intrinsic plasma ion energy (e.g., ~ 10 to
20 eV for CVA [39, 115]), the plasma potential, and the substrate
temperature. Indeed, a transition from very high sp*-content
tetrahedral amorphous carbon (ta-C) to a-C has been reported
for ion energy equal to 90 and 140 eV and a respective substrate
temperature of ~200 and 140 °C [115].

The ion incidence angle is another important process
parameter, especially in high-ion-energy film depositions where
the intense ion bombardment can roughen the film surface. In
these situations, it is advantageous to continuously vary the
ion incidence angle during film growth at a given ion energy.
Occasionally, the deposition is performed at grazing angles,
a method known as oblique deposition [239]. The deposi-
tion rate, topography, thickness, and structure of ultrathin
a-C films deposited by the FCVA method have been shown to
exhibit a strong dependence on the ion incidence angle [97].
More specifically, increasing the ion incidence angle (defined

as the angle of the line of ion incidence with the normal to
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Key input and output parameters of an FCVA system.
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the substrate surface) has been found to cause film thinning;
however, increasing the ion incidence angle beyond 45° did not
reduce the surface roughness and did not increase the sp® frac-
tion of the film. Therefore, in terms of the surface smoothness,
thickness, and sp3 hybridization, the main inference derived
from the former study is that the optimum incidence angle for
FCVA deposition is 45°. In another investigation, affirming the
findings of the foregoing study [97], a sharp decrease in the sp*
content of PLD-grown a-C films was observed for incidence
angles greater than 45° [239]. Film surface roughening and a
decrease in sp’ content leading to softening of approximately
60- to 120-nm-thick a-C films deposited by pulsed CVA was
encountered with increasing ion incidence angle [240]. In addi-
tion, higher film deposition rates were instigated with the depo-
sition angle decreasing from 70 to 0° (normal incidence). A
significant decrease of the internal stresses of a-C films depos-
ited by FCVA was reported for relatively high incidence angles
attained by substrate tilting, in conjunction with the decrease of
the sp® content and hardness [117, 241]. These observations can
be explained by delving into the dependence of the evolution
of the carbon film’s structure on the ion incidence angle. Ener-
getic ions at nearly normal incidence can more effectively pen-
etrate the soft sp?-rich surface layer than at grazing incidence
angles, inducing densification and a compressive mechanical
environment that is favorable to sp® hybridization [231]. Thus,
depending on the specific application, the ion incidence angle
can be tuned to tailor the film thickness and properties. For
instance, when depositing a-C films on magnetic disk media, a
relatively high ion incidence angle (highly oblique deposition)
is preferred to minimize carbon intermixing with the magnetic
layer and preserve the magnetic properties, whereas for mag-
netic head media, nearly normal incidence deposition is pref-
erable. As the miniaturization of magnetic storage devices has
progressed, overcoat thinning to thickness levels of ~ 2 nm has
revealed an optimum ion incidence angle of 10° for magnetic
head media [53, 206].

The duty cycle of the substrate bias voltage is another key
input parameter controlling the film growth process. For exam-
ple, a 65% duty cycle of substrate biasing implies that the bias
voltage is on for 65% of the time period during which the result-
ing intense ion bombardment (depending on the magnitude
of the negative substrate bias voltage) favors direct and recoil
implantation, densification, and resputtering, whereas for 35%
of the pulse period the bias voltage is off during which the ion
energy is low (~ 10 to 20 eV for carbon plasma [39, 115]) and the
dominant process is deposition. The integration of low-energy
deposition with high-energy implantation process steps that
result in a hybrid microstructure encompassing film deposition
onto a substrate in conjunction with the formation of an inter-
mixing layer intertwined between the deposited film and the

substrate is schematically shown in Fig. 12(A). Various thin-film
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characterization techniques have revealed a strong effect of the
duty cycle of substrate biasing on the structure, hybridization,
thickness, and surface morphology of FCVA-deposited a-C
films, showing that a 65% duty cycle produces the smoothest and
thinnest films with relatively high sp> content [52]. Because high
smoothness and very small thickness of the a-C films used as
protective overcoats in magnetic storage are critically important,
optimizing the bias duty cycle to produce extremely smooth,
ultrathin g-C films is imperative in contemporary information
storage technologies, such as the HAMR technology. While
a 50% duty cycle has been reported for maximum film hard-
ness [186], hardness measurements were not obtained for bias
duty cycles above 50% and, thus, definitive statements about
an optimum bias duty cycle cannot be deduced. In addition to
the bias duty cycle, the frequency of substrate pulse biasing can
also affect the film properties. Indeed, a decrease of the internal
stress of a-C and a-C:Al films by as much as 85% was found for
film depositions performed at pulse frequencies in the range of
600-1000 Hz; nevertheless, a decrease in wear resistance was
also observed with increasing pulse frequency [242]. More-
over, it was discovered that while incorporating a metal, such
as Al, into the a-C matrix may reduce the film stress, it can also
increase the film roughness.

The film thickness is a strong function of the flux of film
precursors (C* ions in the case of a-C films) and the deposition
time. The typical C* ion flux rate measured right above the sub-
strate holder of an FCVA system is equal to 1.48 x 10'° ions/m?s
[54]. Similar C* ion fluxes have been reported in other carbon
film growth studies that used FCVA deposition [41, 64, 97, 98].
In addition, the C* ion fluency has been observed to strongly
affect the film structure [243], but not the a-C/Si substrate inter-
face [244]. Indeed, insignificant changes in the film/substrate
interface have been observed for various deposition times, i.e.,
by varying the total C* ion fluence [244]. For a fixed C* ion flux,
the thickness of ultrathin films is directly proportional to the
deposition time. Specifically, for FCVA-deposited a-C films of
thickness ~ 1 to 2 nm, the typical deposition time is equal to~6 s
[53, 81]. This extremely short time elevates the importance of
stable arcing with the instigation of the deposition process. This
has been achieved by using a “cusp” configuration of the mag-
netic field in which the magnetic field lines around the anode
intersect those of the cathode at 90°, stabilizing the arc current
and maintaining a continuous electron flux from the cathode
to the anode [54]. For a deposition time less than 6 s, effective
control of plasma ignition is challenging, but more importantly,
the resulting a-C film structure consists only of intermixing and
surface layers, i.e., the sp*-rich bulk layer which is responsible
for the excellent tribomechanical properties of the a-C film does
not form. A compilation of the optimized deposition parameters
used to synthesize high-quality a-C films by the CVA method
is given in Table 2.
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Figure 12: (A) Schematic demonstrating the integration of conventional sputtering-based deposition (during zero substrate bias voltage) with
conventional ion implantation into the substrate forming an intermixing layer (during negative substrate bias voltage) steps in FCVA-synthesized
ultrathin a-C films. (B) Experimental procedure for depositing an a-C film and a SiN, underlayer and post-deposition tailoring of the a-C film
microstructure (particularly, the surface layer) to enhance its wear resistance and durability. (Adapted from Ref. [82]) (a) A Si(100) wafer is partitioned
into 5 x 5 mm? sections and the native oxide layer is removed by Ar* ion sputter etching. (b) Nitrogenation of the Si substrate by N* ion bombardment
in a rf sputtering system. (c) Formation of an ultrathin SiN, underlayer on top of the Si substrate. (d) Deposition of an ultrathin a-C film using a custom-
made FCVA system. (e) Nitrogenation of the surface layer of the a-C film by N* ion bombardment in a rf sputtering system. (f) Final a-CN,/a-C/SiN,/Si

stack.

The significance of the structural stability of a-C overcoats
in elevated-temperature applications has generated notable
research efforts aimed at identifying changes in the structure,
composition, and tribomechanical properties of a-C films
exposed to various temperatures. Particular attention has been
given to the structural stability of a-C films under highly local-
ized, rapid heating conditions, such as those encountered in
laser photonics and HAMR drives. Consequently, rapid thermal
annealing (RTA) studies have been carried out to explore the

structural stability of a-C films at various temperatures. Dur-
ing the RTA treatment, the coated sample is rapidly heated to
an elevated temperature, kept at that temperature for a certain
period of time and, finally, cooled down to room temperature.
Some of the earlier thermal studies of overcoat films were per-
formed with relatively thick (~ 500 nm) a-C films and tempera-
tures as high as 1000 °C. For such thick films synthesized by rf
plasma decomposition of acetylene, sp*-to-sp* rehybridization
was observed after heating at temperatures >390 °C for 4 h in
vacuum and complete graphitization at temperatures >590 °C
[169]. Similarly, heating of DLC films grown by direct ion-beam
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TABLE2: Optimal deposition parameters of a-C films synthesized by the CVA method.

Deposition parameter Magnitude/sub-type References
Duty cycle of substrate bias voltage 65% [52]
60% [125,205]
50% [186]
Pulse frequency of substrate biasing 600-1000 Hz [242]
25 kHz [54]
Substrate bias voltage for optimized tribo-thermo-mechanical properties -120V [113]
-90V [125]
-100V [186]
-80V [82,99]
- 140V [103,211]
-75to-85V [17]
-75V [81]
—-20to-40V [10]
—-100to—- 150V [15,195]
Substrate-plasma beam inclination for optimized tribo-thermo-mechanical properties 45° [97]
59-77° [240]
10° [53, 82, 206]
0° (normal incidence) [117, 239, 241]
Substrate-plasma beam inclination for minimal internal residual stress 60° [97,241]
75° [117
Species selective biasing applied to the substrate Applied via a computer con- [57,61]
trolled bias amplifier
Software controlled (LabView) [56, 59, 60]
Working pressure ~5x 107 Torr [53, 81,82, 100, 126, 206]
~5x108Torr [121,122]
~7.5x 1078 Torr [70]
~8x 10 Torr [124]
~4.5x 107 Torr [244]
~3x10°Torr [205]
lon fluency 5x 102" ions/m? [243]
lon flux 1.48 x 10'® jons/m?s [52-54, 64,81, 97]

deposition at a temperature above 500 °C for 2 min in nitrogen
atmosphere resulted in graphitization, as revealed by the pres-
ence of a crystalline graphite peak in the Raman spectra [245].
Interestingly, thinner carbon films have been found to exhibit
greater rehybridization resistance. For example, 30- and 70-nm-
thick ta-C films deposited on silicon exhibited significant sp*-
to-sp? rehybridization only after heating at 1100 °C for 20 min
in an inert atmosphere and relaxation of the intrinsic compres-
sive stress with minimal structural change in the 600-700 °C
temperature range [246]. In another similar study, 70-nm-thick
ta-C films (85% sp® content) synthesized by the CVA method
and heated at temperatures between 300 and 850 °C for 15 min
demonstrated graphitization only at the near-surface region,
which did not affect the mechanical properties up to a tem-
perature of 700 °C [247]. Complete surface graphitization of
thin a-C films heated above 900 °C has also been detected by
near-edge X-ray absorption and X-ray photoemission spectros-
copy [248].
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Moreover, annealing of multilayer a-C films consisting of
alternating high/low-density a-C layers at 600 °C in vacuum
decreased the intrinsic compressive stress in the films [249]. It
was also reported that a-C film deposition using high energy
ions (corresponding to a — 720 V bias voltage) culminated in
dynamic annealing, producing a similar thermal effect as that
of thermal annealing by increasing the overall sp* content of
the multilayer film assembly. However, the physics of dynamic
annealing, which is intrinsic to high energy ion bombardment,
is radically different from that of substrate heating to an elevated
temperature during film deposition. This can be explained by
considering that dynamic annealing induces sp*-to-sp* rehy-
bridization through thermal spikes, whereas the degradation of
sp bonding at high substrate temperatures is a consequence of
thermally induced atomic diffusion of implanted carbon towards
the substrate surface. Since this diffusion process relaxes the film
stress, it inhibits the development of a compressive mechanical
environment, which is conducive to sp> hybridization. Indeed,
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a strong transition to sp>-dominated a-C film growth has been
found for substrate temperatures above 200 °C [115], consistent
with simulation results revealing film amorphization at 200 °C
[250].

Despite valuable insight into the thermal stability of carbon
films at elevated temperatures and inert environments derived
from earlier studies, profound changes in the film microstruc-
ture may be encountered in oxidizing atmospheres. Indeed,
heating of 70-nm-thick ta-C films deposited by FCVA at tem-
peratures in the range of 100-450 °C for 35 min in an oxidizing
atmosphere under low or high vacuum conditions revealed
significant differences in the Raman spectra at tempera-
tures > 300 °C and insignificant changes in the microstructure,
thickness, compressive stress, and hardness of the films heated
up to 400 °C in both low and high vacuum [251]. In another
Raman study [222], an increase of the sp* content of FCVA-
deposited 40-nm-thick ta-C films was found with the increase
of the substrate temperature in the range of 25-400 °C. This
finding may be attributed to the enhancement of the carbon
atom diffusivity by the supplied thermal energy that relieved
the intrinsic compressive stress, consecutively culminating in
sp® hybridization. Similar findings were observed in a Raman
study of 50-nm-thick ta-C films with the increase of tempera-
ture above 250 °C [252]. In recent thermal studies of carbon
films, the focus was on ultrathin (<5 nm thick) a-C films,
presumably because of the increasing usage of these films as
protective overcoats in several leading technologies. Conse-
quently, a decrease of the reflectivity of 4.5-nm-thick sputtered
a-C films, which correlates to the film density and sp3 content,
commenced at a temperature of 220 °C due to pulsed laser
irradiation [253]. The graphitization of PECVD-deposited
carbon films during extremely rapid heating (~ 106 K/s) at a
temperature of ~450 °C [177] demonstrates that these films
destabilize and oxidize at elevated temperatures, such as those
encountered in HAMR and photonic applications. Hydrogen
depletion, sp2 cluster enlargement, and augmentation of the
carbon network ordering characterized the structural destabi-
lization of ultrathin a-C:H films at RTA temperatures >450 °C
and ambient air [254].

The superior structural stability of ultrathin carbon films
synthesized by FCVA over PECVD has been demonstrated
under conditions of rapid heating (1 s) at a high temperature
(650 °C) or prolonged heating (~ 1 h) at a moderately high
temperature (~227 °C) and ambient air [110, 112]. The struc-
tural and topographical changes and the degradation of the
tribological properties of 2-nm-thick carbon films produced
by magnetron sputtering caused by rapid (1 s) heating at tem-
peratures > 400 °C were attributed to the lower sp*/sp® ratio of
the sputtered films; nevertheless, no effect was found for FCVA
carbon films of similar thickness [151]. In another thermal study
[255], however, the thermal robustness of 3-nm-thick carbon
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films grown by CVD was found to be better than that of FCVA
carbon films of similar thickness. This result was attributed to
the higher sp® content of the CVD films, which strongly affects
the tribo-thermo-mechanical properties of a-C films.

Thermal studies have also been performed with bilayer
films consisting of an a-C overcoat and an underlayer acting
as an adhesion and corrosion-resistant layer. For instance, the
structural stability of ultrathin FCVA a-C films with SiN,, NiCr,
or TaO, underlayers was demonstrated under conditions of
prolonged (30-90 min) heating at 250 and 350 °C in inert
atmosphere [81, 82] and in RTA molecular dynamics simulations
[250]. The foregoing studies confirmed that nanometer-thick
a-C films synthesized under optimal FCVA conditions result-
ing in relatively high sp’ content (~ 60%) demonstrate structural
stability up to a temperature in the range of 200-250 °C.

Some interesting phenomena were encountered in the
course of exploring the structural stability of a-C films during
RTA under inert atmosphere or vacuum conditions. Specifi-
cally, heating of Si/NiFe/a-C stacks at 650 °C for 2.5 min in Ar
atmosphere led to the formation of planar graphene (PG) and
orbicular graphitic carbon (OGC) at the surface of the a-C film
and the growth of pyramidal NiSi, nanocrystals extending into
the Si substrate [256]. This hybrid film comprising PG, OGC,
and NiSi, nanostructures has high potential for widespread
nanoelectronics applications. Moreover, the conversion of the
low-sp® surface layer of FCVA a-C films to graphene is desirable
because it enhances the tribological properties [257, 258]. In a
completely different application involving thermal treatment,
Ga nanospheres were formed at the surface of FCVA 4-C films
implanted with Ga after thermal annealing at 500 °C for 1 h in
vacuum, which has important applications in photonics [259].
This phenomenon was attributed to Ga supersaturation of the
a-C matrix, resulting in surface segregation of the Ga during

annealing.

Overcoat applications in high-temperature environments often
necessitate the incorporation of an ultrathin underlayer between
the overcoat and the substrate to enhance interfacial adhesion
and to prevent elemental diffusion and oxidation of the substrate
material. An underlayer that possesses high density, refractory
properties, and good adhesion characteristics is extremely
beneficial because it augments the overall performance of the
overcoat. This is because a high-density matrix prevents car-
bon and other elemental migration and percolations through
the matrix, the refractory properties ensure thermal stability
at elevated temperatures, whereas a high interfacial adhesion
aids to strongly bond the overcoat to the underlying material.
This becomes particularly critical in applications where contact
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tractions and mismatches of the elastic-plastic properties and
thermal expansion characteristics produce large stress and strain
gradients at the overcoat/substrate interface, which frequently
lead to overcoat delamination. It is noted that the intermixing
layer of overcoats synthesized under conditions conducive to
subplantation is not due to elemental diffusion.

Figure 12(B) shows a schematic of an experimental proce-
dure used to incorporate an underlayer between the overcoat
and the substrate [82]. The process flow displays the sequen-
tial steps of forming a SiN, underlayer by reactive rf sputter-
ing, followed by the deposition of an a-C overcoat by the FCVA
method. The last step in the process illuminates an innovative
direction wherein the wear characteristics of the surface layer
can be improved by nitrogenation to form an a-CN, film. This
post-deposition nitrogenation method is in stark contrast to
the formation of a-CN,_ films using a high-pressure nitrogen jet
in the vicinity of the cathode arc spots from which the plasma
originates [260]. Furthermore, to enhance the wear resistance
and hardness of the near-surface region of a-C films, different
ions, such as Al, Si, Ti, W, and Hf, can be implanted into the
overcoat’s surface by either direct ion implantation or PIIID,
as demonstrated in previous studies [187, 203]. The foregoing
studies established the effectiveness and positive effect of the
latter post-processing methods in improving the overall tribo-
mechanical properties of the overcoat. The initial success with
embedding these ions into the carbon matrix using different ion
implantation techniques motivates further examination in this
direction with experiments targeting different metal/ceramic
constituents and optimizing implantation parameters, e.g., size
of implant species, ion dose, and average kinetic energy of the
impinging ions.

In some technologically innovative designs [261], a metal-
lic underlayer may be used in conjunction with an adhesion
layer to enhance the protection of vital components, such as
the WP and the NFT elements of a HAMR head. The metallic
underlayer may comprise one or more metals (e.g., Pt, Pd, Ru,
Ir, Cr, Ti, Ta, or other transition metals and metal combinations
thereof) and must demonstrate low solubility to the underlying
material, good oxidation and corrosion resistance, high melting
point, decent optical properties, and thickness in the range of
0.5-5 nm. Heating at 400 °C for 48 h in vacuum revealed that an
optimum stack configuration is a-C/Cr/Ir of 2:2:2.5 nm in thick-
ness [261]. Other promising underlayers that exhibit improved
functional characteristics are AuCu, NiCr, NiAl [261], TaO,
[81], and CrN, [262].

In addition to metal and alloy underlayers, significant
research has been devoted towards the development of Si-
based underlayers for ultrathin a-C overcoats, particularly,
SiN, underlayers [81, 82, 119-126]. This is a consequence of the
high hardness and corrosion resistance [120, 123] and enhanced
adhesion of SiN, [122, 124, 125] to carbon and metal alloys than
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most other materials in conjunction with the easiness of forming
an ultrathin SiN, underlayer. In fact, an atomically thin SiN,
underlayer can proliferate the overcoat’s bonding strength and
also augment sp> hybridization, increase the oxidation and cor-
rosion resistance, and improve the tribological properties of a-C
overcoats [120, 126]. Additionally, an ultrathin SiN, underlayer
can play a dual role in elevated temperature, inert environments
by maintaining the structural stability and interfacial adhesion
of the a-C overcoat, and preventing carbon diffusion into the
substrate [82]. Further studies are needed to prove whether
the foregoing desirable attributes of an ultrathin SiN, under-
layer can also be encountered in high temperature, oxidative
environments.

Studies concerned with the effect of an underlayer on the
tribological properties of layered stacks have shown that, in
addition to the high sp® fraction and strong interfacial adhe-
sion, it is necessary to optimize the thicknesses of both the a-C
overcoat and the SiN, underlayer. This is dictated by the objec-
tive to attain low friction and high wear resistance and the fact
that tuning the interface microstructure by varying the 4-C and
SiN, thicknesses is critical due to the scale dependence of the
tribological behavior [121]. The superior tribological properties
of a layered a-C/SiN,, coating compared to those of a single a-C
coating of equal thickness have been attributed to the chemistry
of the a-C/SiN, interface and the high affinity of SiN, towards
carbon, metals, and ceramics [122, 124, 126].

In deposition methods where the film precursors are ener-
getic ions, the formation of an intermixing layer can play the
role of an adhesion underlayer, which can be adjusted to display
desirable functional attributes. For instance, the subplantation
process in energetic C* ion bombardment leads to the forma-
tion of an intermixing layer consisting of carbon and substrate
elements [205, 207, 263, 264]. Additionally, the energetic par-
ticle bombardment can also be used to modify the structure
and properties of the underlayer prior to the deposition of the
overcoat. As an example, 350-eV C* ion bombardment of a Si
underlayer deposited on a composite Al,O,-TiC substrate prior
to the growth of an a-C overcoat enhanced the interfacial adhe-
sion in the a-C/Si/Al,O;-TiC stack through the formation of
Si-C, Al-O-Si, and Si-O-C bond networks, which augmented
the wear life and durability of the a-C overcoat [207]. Similar
findings and improved tribological properties were reported for
the case of direct C* ion bombardment onto an Al,0,-TiC sub-
strate without depositing a Si or Si-based underlayer between
the a-C overcoat and the substrate [205], suggesting that the
formed intermixing layer played a similar role with the Si under-
layer used elsewhere [207]. The enhancement of the interfacial
adhesion through the formation of a composite Si-Al-C under-
layer via the foregoing pretreatment process is considered to
be the main factor for the improved wear characteristics of this
type of overcoat assembly [263]. Moreover, a 350-eV C* ion
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bombardment of the substrate surface before the deposition of
the a-C overcoat has been reported to enhance the corrosion
resistance of the layered stack by aiding to the formation of a
dense intermixing layer and the increase of the sp* content [264].

The formation of an intermixing layer by the subplantation
process [231] is commonly encountered in deposition processes
where the film precursors are energetic particles. However, an
intermixing layer may also form via heating. The supplied ther-
mal energy enables carbon atoms to overcome the energy barrier
for diffusion into the bulk material. While the intermixing layer
enhances the interfacial strength and provides a gradual transi-
tion from the overcoat to the substrate properties that reduces the
local large stress/strain gradients caused by thermal expansion
coefficient and lattice mismatches, it also changes the substrate
properties, which may not be desirable in certain applications.
For example, the intermixing layer of a carbon overcoat can alter
the magnetic characteristics of the FeNi alloy used to fabricate the
WP of magnetic heads. Consequently, a prominent feature of an
underlayer is that the overcoat’s intermixing layer is fully contained
within the bulk of the underlayer. Thus, one of the main challenges
is that the underlayer is sufficiently thick to prevent substrate alloy-
ing by the subplantation process during overcoat deposition and
by diffusion during heating, but also as thin as possible to avoid
increasing the physical space between the read/write element of
the head and the magnetic medium of the hard disk.

Among all of the film deposition methods used to synthesize
thin a-C films, the CVA technique demonstrates the highest
potential because it allows modulation of the film’s structure
through the adjustment of key process parameters, such as the
ion energy (substrate bias voltage), ion incidence angle, and duty
cycle of substrate biasing (which controls direct/recoil implan-
tation and deposition), with additional desirable characteristics
including low-temperature deposition, effective plasma manipu-
lation, macro/microparticle filtering, and stable plasma arcing.
Continuous miniaturization of microelectromechanical devices
requiring functional overcoats has prompted the development of
ultrathin films with thicknesses only a few nanometers. This dra-
matic decrease in film thickness has been attended by advances
in high-resolution imaging and characterization techniques and
inventions in instrumentation, mainly particle filtering and duct
designs, species selective biasing, oblique deposition, and dual
cathode deposition. These innovations have enabled a rapid
progress in ultrathin film synthesis, especially for applications
where the device performance greatly depends on maintaining
the quality and integrity of the protective film in hot and oxida-
tive environments. An important advance towards the foregoing
progress is the development of hybrid coatings consisting of an

a-C overcoat and an underlayer (e.g., Si, SiN,, NiCr, and TaO,),
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which prevents elemental interdiffusion, enhances interface
bonding, and increases the oxidation and corrosion resistance.
Although the CVA method has been mostly used to deposit
ultrathin films on planar and low-curvature components, there is
a great potential to extend the use of this method in 3D printing
for nanoscale surface engineering, particularly the fabrication of
nanostructures for semiconductor applications. The successful
integration of CVA with lithography is an interesting outlook
that can revolutionize the landscape of surface nanostructuring.
Another exciting prospect is the design of CVA systems with
integrated multiple plasma streams to attain hybrid materials,
e.g., coating metallic substrates with high-temperature alloys
(MCrAlY, M =Fe, Ni, Co). The incorporation of underlayers
has been an area of active research both in the scientific com-
munity and the magnetic recording industry. In that regard, the
co-deposition of carbon and rare earth elements (e.g., Ru and Rh)
or the deposition of ultrathin underlayers containing rare earth
elements has been garnering significant attention lately. Impor-
tantly, since Rh exhibits a thermal expansion coefficient similar to
those of Fe and Co, it can be used to reduce the interfacial stresses
due to the thermal expansion mismatch between the a-C overcoat
and Fe- or Co-based alloys. Further explorations could be chan-
neled towards synthesizing films and underlayers with different
compositions and ascertaining which combinations offer the most
versatile range of properties for specific applications.
Nonetheless, despite the numerous advantages of CVA sys-
tems there are still certain shortcomings that must be overcome
before broadening the application range of this novel method.
In the case of thin and ultrathin a-C films deposited by CVA,
the film structure consists of three layers, i.e., intermixing, bulk,
and surface layers, from which, the sp3 -rich bulk layer controls
the overall tribo-thermo-mechanical properties of the film.
However, after the extensive research devoted to improve the
properties of the bulk layer, the focus has been gradually shift-
ing towards the sp?-rich surface layer, which is relatively soft
and the first to oxidize and wear out due to intermittent surface
contact during the operation of contact-mode devices. To offset
this shortcoming, nitrogenation or other case hardening tech-
niques can be used to harden the surface layer of the a-C film.
Because the surface layer represents the first barrier against tri-
bomechanical and oxidation/corrosion damage, optimizing the
composition of the surface layer by alloying with key elements
is critical to enhancing its properties. Another challenge is coat-
ing large components with the CVA method. Scaling up from
the nanometer-thick films and small substrates to thicker films
and especially much larger components is challenging because
of the nonlinear scale dependence of the deposition process
dynamics. An important issue affecting the film uniformity is
that the ion flux distribution exhibits a gradual decay in the
radial direction. A plausible solution is to use a magnetic field to

adjust the ion flux in the proximity of the coated object, which
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requires iterative design improvements in the instrumentation
of the CVA system. Similar to the magnetic field used to con-
dense the plasma beam between the cathode and the substrate,
a magnetic field can be applied to uniformly spread the plasma
beam near the substrate surface to improve the uniformity in the
deposited film in the radial direction. This would be particularly
beneficial for uniformly coating large components and surface
nanostructuring of larger wafers used in microelectronics or
other applications involving fabrication of microdevices. The
general outlook for CVA remains that while nanoscale is going
to be absolutely paramount going forward, with the surface layer
playing a predominant role in the near future, scalability limita-
tions must be overcome to broaden the application range of this

novel coating method.
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