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CHAPTER I 

INTRODUCTION 

 

1.1 Background and motivation 

 The data-driven world has grown, prompting the formation of a global 
datasphere, which is expected to rise from 33 Zettabytes (ZB, 1 ZB = trillion gigabytes 
(GB)) in 2018 to 175 Zettabytes (ZB) by 2025 (Rydning, 2018). Emerging innovation will 
be required to offer higher area density storage and low-cost information storage 
technology. Hard disk drives (HDD) will continue to be the dominant data storage 
devices. Worldwide HDD industry shipments are projected to expand a compound 
annual growth rate (CAGR) of 18.5% over the 2020 - 2025 forecast period, and the 
average capacity per drive is forecast to increase at a five-year CAGR of 25.5% ((IDC), 
2021). The HDD industry is working towards finding solutions to propose several 
magnetic recording technologies for future HDDs in their roadmap to increase their 
area density to greater than 1 Tb/in2. Future magnetic recording technologies have 
introduced heat-assisted magnetic recording (HAMR) (Kief and Victora, 2018; Matlak and 
Komvopoulos, 2018; Seigler et al., 2013), microwave-assisted magnetic recording 
(MAMR) (Schabes, 2008), bit patterned media recording (BPMR) (Albrecht et al., 2015; 
Wood et al., 2009), and two-dimensional magnetic recording (TDMR) (Wood et al., 
2009). Between all these potential magnetic recording technology solutions, the 
industry roadmap focuses on the following prominent and appealing technologies, 
HAMR and BPM, as well as a combination of the two, which are considered as the next 
generation high-density hard disk drives. These technologies can reach an areal density 
of up to 10 Tb/in2 as illustrated in Figure 1.1., the introduction to HAMR and BPM 
technology ((ASTC). 2014). 
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Figure 1.1 Industry Road map for magnetic recording technology development by the 
Advanced Storage Industry Consortium (ASTC) (ASTC, 2014). 

 Head-media spacing (HMS) is a vertical distance between the read-write 
elements of the head and the magnetic disk in magnetic storage. HMS is composed of 
the flying height of the head, the thickness of the carbon overcoat and lubricant, as 
well as the surface roughness of the head and media, as shown in Figure 1.2(a). Achieve 
areal density beyond 1Tb/in2 can be attained with HMS reduction of less than 7 nm, 
as shown in Figure 1.2(b). As a result, the disk carbon overcoat and head carbon 
overcoat films must be reduced in thickness by 1-3 nm and 1-2 nm, respectively (C. 
Casiraghi et al., 2004; Marchon et al., 2013). Therefore, the high areal density of the 
next generation aims to reduce the carbon overcoat film thickness and preserve the 
mechanical and chemical properties. The various challenges of lowering the head 
overcoat thickness to ≤ 2 nm for beyond 1 Tb/in2 areal densities.  

 The carbon overcoat, also known as Diamond-like carbon (DLC) film, is critical 
for preventing damage to the head, transducer, and magnetic recording media disks. 
DLC possesses many outstanding properties, including high hardness, chemical 
inertness, smoothness, and low friction coefficient (Casiraghi et al., 2005; Robertson, 
2003), suitable for good surface overcoat protection. 
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Figure 1.2 (a) Schematic illustrating the cross-section of a hard disk drive's head media 
spacing (Dwivedi et al., 2021). (b) Based on the projections of the HMS for area densities 
of 1, 4, and 10 Tb/in2. The HMS trend is projected by linearly extrapolating the HMS 
trend (Yeo, 2015). 

 Most DLC film deposition techniques, including sputtering and plasma-
enhanced chemical vapor deposition (PECVD) methods, are incapable of depositing 
continuous formation of a film with less than 5.0 nm thickness (Matlak and 
Komvopoulos, 2018; Robertson, 2001). In this context, the filtered cathodic vacuum 
arc (FCVA) deposition method is promising for the continuous formation of ultrathin 
tetrahedral amorphous carbon (ta-C) films combined with outstanding mechanical and 
tribological properties, such as smoothness, high hardness, wear resistance, and high 
thermal stability, due to the presence of a highly significant tetrahedral sp3 bonded 
carbon (Casiraghi et al., 2004; Goohpattader et al., 2015; Yamamoto et al., 2003). 
Previous studies on the characteristics of ta-C films synthesized using the FCVA method 
found a substantial relationship with the incidence of ion energy in the 50-200 eV 
region. All other deposition conditions remained constant. The optimal ion energy 
range of 75-85 eV was determined via electron energy loss spectroscopy (EELS), 
corresponding to a maximum sp3 content of 87.5% (Fallon et al., 1993; Xu et al., 1996). 

 



4 
 
 

The mechanical integrity of ta-C films depends on trigonal (sp2) and sp3 carbon bond 
hybridization fractions. The high C+ ion energy can penetrate directly beneath the 
treated surface and cause strain weakening, which significantly increases the density of 
the carbon film by promoting more increased sp3C bonding within the growing ta-C 
film resulting from subplantaion (Ferrari et al., 2000; Lifshitz et al., 1989; Robertson, 
2001). Additionally, BPMR and HAMR have proposed the next-generation technology 
that uses laser heating above ~227ºC during the writing process, whereas the ta-C 
deposited via the FCVA method has much better thermal stability and prevents rapid 
structural destabilization (Albrecht et al., 2015; Matlak et al., 2018; Wang and 
Komvopoulos, 2011). These essential and desired properties of FCVA-deposited carbon 
have motivated researchers to consider FCVA as a possible method to produce 
ultrathin carbon overcoats for head and media. 

 Recently, high areal density requires film thickness reduction to develop 
continuously. This film structure is that the ratio of sp3 to sp2 carbon hybridization 
states and the relative amount of sp3 in ta-C films affect the tribological properties 
such as friction durability, wear behavior, and surface morphology, despite being grown 
under the same conditions (Casiraghi et al., 2004; Liu and Wang, 2009; Polaki et al., 
2016). Casiraghi et al (Casiraghi et al., 2005) and Moseler et al. (Moseler et al., 2005) 
found that the ultra-smooth DLC films can be employed as an ultra-thin protective 
film for the high areal density of HDD. The effect of the substrate prior to film 
deposition has been reported by Zhong et al. (Zhong et al., 2008). As a result, the 
evolution of the surface morphology on an atomic scale depends on the initial surface 
morphology of the silicon substrate. 

 Numerous challenges arise in research over whether ultrathin DLC films of 1-2 
nm thickness can still provide protection film for next-generation magnetic storage or 
high-density hard disk drives: 

 i. Effect thickness on the structure of ultra-thin diamond-like carbon film. 

 ii. Consistent film formation and defects in the carbon overcoat allow moisture 
and metallic ions from the surface substrate to penetrate through the carbon overcoat, 
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resulting in enhanced corrosion and oxidation of the write-reader head or media 
(Novotny and Staud, 1988; Tomcik et al., 2000). 

 iii. Regarding wearing protection, a thinner DLC layer reduces the bulk volume 
of the DLC, decreasing the DLC's capability to provide adequate mechanical protection. 

 iv. Furthermore, as the coverage of the DLC layer is reduced, the roughness of 
the DLC layer increases. 

 v. The influence of substrate surface roughness on tribology performance is 
investigated. 

 However, no direct investigation analyzes and comprehends the influence of 
ultrathin ta-C films generated on NiFe substrates using FCVA on their structure, surface 
morphology, and tribological properties. 

 

1.2 The research objective of this thesis 

 This research primarily aims to characterize the chemical structure and 
tribological properties of the ta-C films fabricated by using PFCVA technique. The 
secondary goal is to understand the correlation between the microstructure 
tribological characteristics and thickness of diamond-like carbon coatings, in order to 
optimize and design new generation DLC overcoats for high-density magnetic recording. 
The objectives of the present research are itemized as follows: 

 i. Fabricate the ultrathin DLC films with thicknesses of 0.5-5.0 nm by using FCVA 
technique. 

 ii. To characterize and investigated the micro- and chemical structure explore 
the growth mechanism on various thicknesses, in particular, sp3 and sp2 bonds, of the 
ultrathin DLC films by using advanced and synchrotron radiation-based characterization 
techniques. 
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 iii. To investigate the correlation between microstructure, tribological 
characteristics, and thickness of the ultrathin DLC films. 

 iv. To explore the effect of the Si and SiNx adhesion layers the ultra-thin DLC 
film properties. 

 The understanding of the chemical and tribology characteristics of the ultrathin 
ta-C coatings would, allow the design and optimization of the overcoat layer for HDD 
applications. This could be accomplished through in-depth analyses of the ultrathin 
ta-C film by using several advanced characterization techniques. The film thickness 
was accurately determined by a wavelength dispersive X-ray fluorescence (WDXRF) 
technique. The cross-sectional film structure was examined by high-resolution 
transmission electron microscopy (HRTEM). The surface morphology was analyzed by 
atomic force microscopy (AFM). The electronic structure was investigated by near-edge 
X-ray absorption fine structure (NEXAFS) and X-ray photoelectron spectroscopy (XPS) 
which are extremely sensitive to the coordination of carbon configuration. The 
disordered structure was also determined by Raman spectroscopy technique. The 
tribological properties specifically the coefficient of friction was examined by a 
reciprocating wear test method. 
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CHAPTER II 

LITERATURE REVIEW 

 

 This chapter includes in-depth information of the fundamental properties, 
fabrication techniques and novel characterization techniques for diamond-like carbon 
(DLC) films. Previous publications containing information on carbon structure and 
bonding, DLC film properties, deposition techniques, ultra-thin film characterization 
approach, and application in hard disk drives, are reviewed. The challenges relevant 
to the current research being conducted are also addressed in the review. The material 
presented in this chapter is used as a guideline in the current investigation. 

2.1 Carbon material and electronic configuration 

 Carbon an interesting element that appears in a diverse array of allotropic 
forms, such as diamond or graphite. Carbon materials exhibit many extraordinary 
properties and offer tremendous potential for modern science and technology. The 
electrical structure of an element, particularly its outer electrons, or valence electrons, 
determines the properties of the element and its compounds. Carbon's angular 
momentum is conserved in a spherically symmetric potential. Thus, states are defined 
by the primary quantum number n=1, 2 (corresponding to the lowest energy shells) 
and the angular momentum values s (for n= 1, 2), which has two states corresponding 
to both spin directions, and p (for n= 2), which has six states corresponding to the 
three possible orientations Px, Py and Pz each with two spins. The ground state of a 
carbon atom with two core electrons in the first shell and four valence electrons are 
1s2 2s2 2p2; the super script labels the number of electrons in the corresponding state. 
Figure 2.1 depicts the two symmetric lobes representing the electron distribution in 
the s and p states, respectively (Schultrich, 2018). 
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Figure 2.1 Schematic represent electron density of carbon valence electrons in the s 
and Px, Py, and Pz state of free carbon atoms. Modified from (PIERSON, 1993). 

 The bonding response between atoms is the most efficient, resulting in vital, 
directed binds ( bonds). Another weaker influence ( bonds) arises from the overlap 
of sidewards oriented orbitals on each other's orbitals. A considerable amount of 
energy is gained from the optimized interactions with surrounding atoms. This energy 
gains more than compensates for the cost of hybridization, resulting in the formation 
of energetic carbon atom bonds. 

 As illustrated in Figure 2.2, the combination of orbitals can hybridize, causing 
the orbital energy to be transferred into hybridized orbitals (Robertson, 2002). The sp1 
bonding is formed by forming two bonds (due to the hybridization of one 2s and one 
2p electron) and two bonds. In comparison, the sp2 bonding is formed by forming 
three bonds (due to the hybridization of one 2s and two 2p electron) and one bond 
(due to the remaining 2p electron). The sp3 bonding is formed by forming four bonds 
(due to the hybrid (due to the hybridization of one 2s and the three 2p electrons). 
Carbon can form bonds with itself in any of the configurations listed above. This means 
that carbon can take on many different forms with a variety of distinct structures and 
characteristics, such as mechanical, optical, chemical, and electrical properties. Carbon 
are typically found in two crystalline allotropes that are comparable to hexagonal 
crystalline graphite and diamond, Figures 2.3(a) and 2.3(b), respectively. For diamond, 
all carbon atoms completely from sp3 bond (all bonds), in which each carbon atom 
tightly bonds to four other carbon atoms, forming a tetrahedral crystalline network. 
Diamond is the hardest materials and one of the best electrical insulators, according 
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to this theory, because of the high bond density, long-lasting bonding, and the fact 
that all of their electrons are involved in the bonding process. 

 
Figure 2.2 The scheme of hybridizations of carbon during bonding. Adapted from 
(Robertson, 2002). 

 Graphite has a hexagonal crystalline structure. It is a form of a highly structured 
network of carbon layers placed on top of each other, as illustrated in Figure 2.3(a). 
The existence of sp2 bond in graphite is notable. Each carbon atom within each layer 
is covalently bonded to three other carbon atoms arranged in hexagonal rings, which 
is an unusual occurrence. All delocalized bonding takes place above and below the 
carbon layer, which spans the entire plane. Therefore, electrons can travel freely 
across graphite sheets. The considerable delocalization of electrons in graphite makes 
it a superb electrical conductor. The graphite sheets are rather thin, which are attached 
to one another by weak forces of attraction (known as dispersive van der Waals 
interactions). It also does not prohibit the sheets from being readily packed one on 
top of the other. Graphite has a low bulk hardness due to its weak interlayer 
connections, even though it possesses robust covalent bonding between layers. Fully 
crystalline fullerenes (0D), carbon nanotubes (1D), and graphene (2D) are three of the 
most significant low-dimensional forms of carbon materials. They are all distinguished 
by a mostly sp2 carbon-bonding network, as illustrated in Figure 2.3(c-e). 

 

2.2 Diamond-like carbon film (DLC) 

 Diamond-like carbon (DLC) film is a metastable form of amorphous carbon (a-
C) film that has a high fraction of sp3 bonds. It possesses a diverse variety of features, 
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including excellent mechanical hardness, chemical inertness, optical transparency, and 
the capability to function as a wide bandgap semiconductor (Casiraghi et al., 2007; 
Jiang et al., 2003; Kalin et al., 2005; Mercer et al., 2003; Merlo, 2003; Zhong et al., 2009).  

 The structure of DLC films has a degree of disorder (non-crystallinity), in 
contrast to the crystalline structure of diamond and graphite, as depicted in Figure 2.4. 
As can be seen in Figure 2.4. They contain a mixture of sp2, sp3 and sp1 bonds in their 
structure (Ferrari, 2004; Robertson, 1992), forming clusters, rings, or chains network 
configurations. The existence of other components like hydrogen, nitrogen, or metal 
in the DLC film structure is also possible. 

 
Figure 2.3 Various allotropes of carbon material. (a) Hexagonal crystalline graphite, (b) 
cubic diamond, (c) C60 fullerene, (d) carbon nanotube, and (e) graphene (Scarselli et 
al., 2012). 
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Figure 2.4 Amorphous carbon bonding distributions at 1.5 g/cm3, 2 g/cm3, 2.5 g/cm3, 3 
g/cm3, and 3.5 g/cm3 density are depicted in the graphic. The C atom that is sp/sp2/sp3-
bonded is represented by the colors yellow, green, and blue, respectively. Reprinted 
with permission (Liu et al., 2019). 

 The fraction of sp, sp2, and sp3 hybridizations, hydrogen and nitrogen atoms in 
the film controls the properties of DLC films as shown in Table 2.1 (Robertson, 2002). 
A higher proportion of sp3 bond results in excellent mechanical and chemical 
performances, including high hardness, high Young's modulus, low roughening, 
chemical inertness, and high atomic density. The DLC films can also have low 
coefficient of friction and wears rate. Due to the absence of grain boundaries, which is 
a result of their amorphous structure. This allows them to be extremely smooth. The 
DLC coatings have high electrical resistance and excellent optical transparency. Aside 
from being non-reactive to chemicals, DLC coatings are also biocompatible and 
hemocompatible (Jelínek et al., 2010; Roy et al., 2007), making them an excellent 
choice for medical applications.  
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Table 2.1 Characteristics of amorphous carbon with diamond, graphite, C60, and 
polyethylene (Robertson, 2002). 

 sp3 (%) H (%) Density (g cm-3) Gap (eV) Hardness (GPa) 

Diamond 100 0 3.51 55.00 100 

Graphite 0 0 2.26 0.00  

C60 0 0  1.60  

Glassy C 0 0 1.30-1.55 0.01 3 
Evaporated C 0 0 1.90 0.40-0.70 3 
Sputtered C 5 0 2.20 0.50  
ta-C  80-88 0 3.10 2.50 80 
a-C:H hard 40 30-40 1.60-2.20 1.10-1.70 10-20 
a-C:H soft 60 40-50 1.20-1.60 1.70-4.00 <10 
ta-C :H 70 30 2.40 2.00-2.50 50 
Polyethyene 100 67 0.92 6.00 0.01 

 

2.3 Classification of DLC films 
 DLC films can be categorized into three fundamental groups: hydrogenated 

amorphous carbon (a-C: H), nitrogenated amorphous carbon (a-C: N or CNx), and 

hydrogen-free amorphous carbon (a-C: H). Doped and alloyed DLC films are also 

available in addition to those listed above. 

 2.3.1 Hydrogenated amorphous carbon films 

 In most instances, the elemental composition of nitrogen-free carbon 
amorphous films is depicted on a ternary phase diagram of hydrogen, sp2, and sp3 
hybridization, as depicted in Figure 2.5 (Casiraghi et al., 2007). 
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Figure 2.5 Amorphous carbon's ternary phase diagram, the three corners represent 
diamond, graphite, and hydrocarbons (Casiraghi et al., 2007). 

 In the ternary phase diagram, amorphous carbons with disordered graphitic 
structures, such as soot, chars, and glassy carbons, can be found in the lower left-hand 
corner of the diagram. The bottom right corner of the triangle with a concentration of 
hydrogen greater than 70% correspond to hydrocarbon molecules or soft polymers 
films. The top left-hand corner corresponds to a hard solid continuous carbon film 
which it contains more than 70% sp3, bond fraction. The majority of these positions 
are terminated by H-C bonds. When there is an intermediate hydrogen concentration 
(20-40%), the amorphous carbon is referred to as amorphous hydrogenated carbon (a-
C: H). This group is classed as DLC since it has a considerable amount of C-C sp3 bond 
in its composition. This group is depicted as being positioned in the center of the 
ternary diagram. The a-C: H films, can be fabricated by using, the deposition techniques, 
such as cryogenic deposition of carbon in the presence of hydrogen gas (reactive 
sputtering) or plasma-enhanced chemical vapor deposition utilized in conjunction with 
hydrogen gas (Ferrari, 2004b). The C-C sp3 bond contents can be increased up to 70%, 
while keeping the hydrogen content in the range of 25 and 30% atomic by using 
deposition methods utilized a high-density plasma source. These deposited films are 
referred to as tetrahedral hydrogenated amorphous carbon (ta-C: H) films as they 
contain hydrogen (H) as well as a covalent network of carbon atoms that are 
tetrahedrally (sp3) bonded to one another. The mechanical properties of these films 
outperform those of a-C: H films. 
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 2.3.2 Hydrogen free diamond-like carbon films  

  In the absence of hydrogen, simple sputtering of graphite results in the 
formation of an amorphous carbon (a-C) film with deficient C-C sp3 bond and no 
hydrogen content. This type of carbon is soft, but it is dense which can be employed 
as a corrosion-resistant coating. Tetrahedral amorphous carbon (ta-C) film is a type of 
amorphous carbon film that is devoid of hydrogen and contains a large proportion of 
C-C sp3 (tetrahedral) bond. This film can be formed using deposition methods that are 
utilized highly ionized plasma with nearly identical ion energy, such as filtered cathodic 
vacuum arc (FCVA), mass-selected ion beam (MSIB), and pulsed laser deposition (PLD) 
(Casiraghi et al., 2007; Robertson, 2002; Schultrich, 2018). The chemical structures and 
properties of ta-C films varies with the energy of C+ ion during the deposition. 
Numerous research groups have demonstrated that the maximum sp3 fraction can be 
achievable at the ion energy of ~100 eV (Chhowalla et al., 1997; Fallon et al., 1993; 
Ferrari et al., 2000). The high sp3 bond fraction up to 85% can be determined by using 
characterization techniques, such as, electron energy loss spectroscopy (EELS), XPS, or 
Raman spectroscopy. This results in superior mechanical and chemical properties 
when compared to those of sputtered or other types of amorphous carbon films. The 
carbon films with sp3 bond content of 15-30% can be produced through the sputtering 
technique. The mass density, hardness, elastic modulus, and internal compressive 
stress of the films are also proportional to the high sp3 bond content. The 
nanoindentation studies have shown that the ta-C films produced at ~100 eV exhibit 
the maximum hardness of ~80 GPa, compared to that of ~20 GPa for the films prepared 
by sputtering technique (Pharr et al., 1996). The surface roughness of the ta-C films 
produced at 100 eV is very small (~0.1 nm) (Casiraghi et al., 2003), and the mass density 
of the ta-C films measured by Rutherford backscattering spectroscopy (RBS) or EELS is 
at the maximum of 3 g/cm3, which is close to that of the diamond (3.52 g/cm3) 
(Casiraghi et al., 2007). 

  The FCVA films adherence to the substrate can be affected by extreme 
stress. As an underlayer, elements like Si, Cr, Ti, W, or Mo can be employed to improve 
the carbon film's adherence to the substrate. A multilayer film with hard and soft 
carbon and other materials layers, or carbon layers with varied sp3/sp2 percentages, 
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can also reduce stress levels in the film. This makes it easier to create thicker, more 
durable films (Anders et al., 1997). In most applications, the temperature stability of 
films is also crucial. At higher temperatures, carbon films can graphitize, causing the 
film's characteristics to deteriorate (Erdemir et al., 2006; Robertson, 2002). It has been 
reported that hydrogenated carbon films become soften at temperatures of 350-400ºC 
(Dischler et al., 1983).  The ta-C films can retain their hardness and sp3 bond 
concentration at temperatures as high as 600ºC (Fallon et al., 1993; A. Ferrari et al., 
1999; McKenzie, 1996). 

  The excellent mechanical properties of ta-C film allow them to act as 
a coating layer or barrier against corrosion and wears in many fields with very low 
dimensional tolerances such as microelectromechanical systems (MEMS) and hard disk 
drives (Marchon el al., 2009; Pathem et al., 2013; Robertson, 2008). 

 2.3.3 Nitrogenated amorphous carbon films 

  The incorporation of nitrogen into amorphous carbon films has 
significant effects on the films physical and chemical properties because graphite 
planes are tightly crosslinked together (Silva et al., 1997). Despite the fact that the sp2 
bond content remains high, the mechanical characteristics of the film (elastic recovery 
and hardness) is improved due to the increased disorder in the material. Amorphous 
carbon films with nitrogenated tetrahedral structures (ta-C:Nx) can be formed under 
very low-pressure N2 atmosphere by using deposition processes that generate highly 
charged plasma, such as mass selected ion beam deposition (MSIB), and pulse laser 
deposition (PLD). The high sp3 bond content as high as 80% can achieved. The nitrogen 
amorphous carbon films could be used as protective layers on the surfaces of 
magnetic hard disks to prevent corrosion and wear from occurring (Yamamoto et al., 
2000). 

 2.3.4 Alloyed amorphous carbon films 

  In previous research, it has been demonstrated that compressive 
internal stress plays an essential role in the development of sp3 bond and mechanical 
properties of DLC films (hardness and elastic modulus) (Koskinen et al., 1998). In 
particular, the thick DLC films are extremely prone to delamination due to the internal 
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stress. This results in the failure of the coating when subjected to strong loads and 
impacts. Excellent adhesion between the film and the substrate is therefore required 
for the formation of DLC films with high compressive stress. Otherwise, the film will 
delaminate or peel off the surface by increasing the film thickness (internal stress 
increases with the thickness of the film) or applying external loads. Alloying carbon 
films with certain metals or non-metallic materials may be able to overcome some of 
these constraints and improve the mechanical properties of the carbon films 
themselves. For example, alloying DLC films with silicon can enhance the formation 
of sp3 bond when there is no strong compressive stress (Jiang and Arnell, 2000; 
Varanasi et al., 1997). The addition of Si not only improves the thermal stability when 
exposed to high temperatures, but also improves the frictional behavior when exposed 
to increased relative humidity. A similar approach is used to increase the hardness and 
toughness of carbon sheets by alloying them with metals such as copper, nickel, or 
aluminum (Koskinen et al., 1998).  

 

2.4 Ultrathin DLC overcoats 

 Recently, protective carbon overcoat (COC) films have been highly demanded 
for high density recording technology in the magnetic hard disk drive industry. Carbon-
based films are widely used as wear and corrosion protecting coatings in hard disk 
systems. One essential requirement is to make the protective carbon overcoat (COC) 
films as thin as possible (Marchon et al., 2013), as described in Chapter I. The main 
challenge, particularly, is to produce the COC with the thickness of less than 20Å 
(Goohpattader et al., 2015). Liu et al. investigated the thickness dependency of the 
structure of ultrathin (Range: 0.8-10 nm) ta-C films deposited by FCVA with visible and 
UV Raman spectroscopy (Liu and Wang, 2009) and found that the thickness was 
dependent on the structure of the films. The results revealed that when the film 
thickness was less than 20 Å, the film was not continuous, and contained less sp3 bond 
content than expected. It has been observed that for films with thicknesses between 
20 Å and 50 Å, the sp3 site moves abruptly to a higher value in 2.0 nm and then 
remains nearly steady above 5.0 nm. Li et al. used molecular dynamic modeling to 
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explore the effect of thickness on the characteristics and structure of ultrathin ta-C 
films The thickness of ultrathin DLC films varies between 23.19 Å and 57.97Å when 
deposited at 10 eV/atom and 70 eV/atom, while the growth rate is variable. In the 
simulations, it was discovered that increasing the thickness of ultrathin ta-C films 
decreased both the density and the residual compressive stress of the films. The 
incident kinetic energy of the deposited atoms was found to be a significant factor in 
the gradient of characteristics with thickness. Soin et al. investigated the microstructural 
properties of ultrathin (10-100 nm) films as a function of thickness by Near Edge X-Ray 
Absorption Fine Structure (NEXAFS) spectroscopy. It revealed the presence of surface 
defects (C-H bonds) that rapidly diminish as the film thickness increases. The change 
in π* C-C peak as film thickness increases suggests that the sp3 contents is being 
promoted by the film thickness. The investigation also indicated that the film surface 
roughness, as measured by AFM (Soin et al., 2012), remained constant during the 
course of the experiment. When it comes to such films, the transition layer between 
the substrate and the top layer is a critical component of the overall film structure. As 
a result, the averaged structural characteristics and film properties will be dependent 
on the thickness of the layer of film. The mechanism of development of sp3 bond 
growing is also disclosed to their deposition process involving energetic carbon ions 
(Beghi et al., 2002; Davis et al., 1998; Li et al., 2013; Zhu et al., 2008). Despite significant 
progress in the DLC film fabrication methods, the ability to generate ultrathin (2.0 nm) 
coatings while maintaining the integrity of magnetic properties in the head and media, 
improved tribological behavior, and wear resistance has remained virtually unexplored. 
In this work, we present a comprehensive study focusing on the thickness dependence, 
deposition time (count pulse), film interlayer interface with substrate, and film 
interlayer interface with substrate on the structural and tribological characteristics of 
an ultrathin ta-C overcoat for magnetic layers. 

 

2.5 Deposition Mechanism of sp3 bond formation of DLC 

The sp3 bon, as is widely known, as is widely known, is critical in achieving 
excellent properties of DLC such as high density, high mechanical hardness, and high 
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chemical inertness. It has been demonstrated that DLC films with a high sp3 content 
fraction exhibit great thermal stability and a minimal level of graphitization when 
thermally annealed at high temperatures up to 1270 K. In general, it is recognized that 
the amount of sp3 bond content in DLC films is highly reliant on the energy efficiency 
of the DLC film deposition technology used. When using a deposition process such as 
thermal evaporation, which is a common method of physical vapor deposition (PVD), 
carbon species (ions and atoms) generated under a vacuum have low kinetic energies 
in the order of kT magnitude, approximately 0.025 eV at ambient temperature. The 
deposited carbon films with very high sp2 and very low sp3 bond content (~1-12% for 
sp3 bond content) (McKenzie, 1996; Robertson, 2002). The insufficient kinetic energy 
required to advocate the electron transfer from the 2s to the 2p orbital in carbon 
atoms and form carbon films with a high content of sp3 hybridization can be attributed 
to this reflection (Sánchez-López et al., 2008). The deposition techniques, such as 
sputter deposition, ion-assisted deposition, ion beam deposition, and cathodic arc 
deposition utilize kinetic energies of carbon species ranging from 2.5 to 25 eV. 

The "subplantaion model," developed by Lifshitz et al. (Lifshitz et al., 1990), 
describes the growth mechanism of carbon films by carbon hyperthermal species (with 
energies ranging from 1 to 1000 eV) that are involved in a shallow subsurface 
implantation process. This model can be used to justify the variation of sp3 and sp2 
hybridization with energy of carbon species in the growth process. In this model, the 
carbon species (ions and atoms) that enter the expanding carbon film interact with it 
in a high-energy manner and can infiltrate the film's subsurface illustrated in Figure 2.6. 
This results in either direct penetration trapping of entering carbon species into films 
or preferred displacement (knock-on) of the existing sp2 bound carbon, depending on 
the nature of the incoming carbon species. Therefore, the density of the subsurface of 
the expanding carbon film increases, resulting in the transformation from sp2 to sp3 
hybridization (Robertson, 1993; Robertson, 2005).  

Following the subsurface penetration, some carbon atoms relax towards the 
surface, generating a sp2-rich layer on the surface. The fraction of energetic ions cable 
of reaching the surface via the subplantation process (ꝭɸ) and the fraction of trapped 
interstitials relaxing towards the surface (nß) are schematically shown in Figure 2.7. n 
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= ꝭɸ - nß is the fraction of ions that remain in interstitial locations and contribute to 
densification. 

 
Figure 2.6 The subplantation model developed by Lifshitz et al. (Lifshitz et al., 1990): 
energetic carbon species penetrate the developing carbon film's surface, and 
preferentially displace sp2-bonded carbon atoms, resulting to. to the increase of film's 
density and sp3 bond content. Reprinted (Robertson, 2002; Sánchez-López et al., 2008). 

The subplantaion mechanism is dependent on the arrival of carbon species 
reaching a particular energy threshold before it can be activated. Consequently, at low 
energies (less than 10 eV), carbon species do not have enough momentum to 
penetrate the developing carbon film, and the incidence of subplantaion is insignificant 
in such instances. Furthermore, in the early stages of film formation, extremely limited 
displacement or mobility of carbon species may be readily detected, and the entering 
carbon species are trapped as interstitials inside the growing film, resulting in the 
formation of a disordered network of carbon species. Graphitic films with a high degree 
of sp2 bond are formed as a result of this process. With moderate energies (between 
~30 and 500 eV), the preferential displacement mechanism is influenced, which favors 
the formation of sp3 bond and reduces the number of graphitic sp2 sites, allowing the 
formation of a large sp3 large fraction of bond. However, if the energies are too high 
(between ~500 and 1000 eV), the growing carbon film can be readily destroyed and 
amorphized, resulting in the formation of amorphous carbon. As a result, for each 
deposition method and tool, there is an optimal deposition energy range in the 
medium energy regime for obtaining DLC films with the maximum sp3 bond 
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concentration. This optimal deposition energy range is found in the medium energy 
regime (Yeo, 2017). 

 
Figure 2.7 Flow diagram illustrating the fraction of incoming ions that contribute to 
film densification, interstitial trapping, and surface relaxation Reprinted (Robertson, 
2002). 

Numerous researchers have successfully fabricated the DLC films using the 
techniques that utilize carbon species with inherent energy in this range, including ion 
beam deposition (IBD), ion-assisted deposition, laser ablation, cathodic layer 
deposition, and sputtering (Lifshitz, 1999; Schultrich, 2018). However, to create highly 
sp3 hybridized DLC films such as ta-C, C+ ions are frequently used as the species for 
film formation due to the possibility of moderating the energy of incoming ions to the 
substrate via a proper substrate bias. Aisenberg and Chobot, grew the first DLC films 
using an ion beam deposition process in 1971 with a ~40 V substrate bias. Using ion 
energies ranging from 20 to 300 eV, ta-C with sp3 bond content of 70-90% has been 
achieved (Aisenberg et al., 1971; LIBASSI). Recently, it has been demonstrated that the 
optimal energy range for creating a high sp3 bond content is between ~80 and 120 eV 
(Chhowalla et al., 1997; Fallon et al., 1993; Polo, Andujar et al., 2000; Zhu et al., 2008). 

 

2.6 DLC fabrication techniques  
DLC films can be fabricated using a variety of physical or chemical deposition 

processes, including ion beam deposition (IBD), mass-selected ion beam deposition 
(MSIBD), sputtering, pulse laser deposition (PLD), and vacuum arc deposition (VAD) 

 



21 

(Robertson, 2002). Each technique has its own set of advantages and disadvantages. 
The deposition techniques and parameters also have a direct effect on the 
characteristics and properties of the films. Currently, the IBD, PECVD, and FCVA are the 
most frequently used techniques for depositing ultrathin carbon overcoats in the HDD 
industry. PECVD is currently employed to deposit an a-C: H based carbon overcoat on 
the magnetic disk medium, while FCVA is widely used to deposit the carbon overcoat 
on the slider and reader/writer head. This section discusses these three fabrication 
techniques that are employed in the industry. 

2.6.1 Ion beam deposition 
 The first DLC film fabricated by IBD was first reported by Aisenberg and 

Chabot in 1971 ( Aisenberg et al., 1971). Since then, the IBD technique has become 
the most widely used technology and have been modified and developed for more 
specific coatings in a range of different uses. A schematic diagram of the generation of 
carbon ions by plasma between an electrode and a grid in the IBD technique is shown 
in Figure 2.8. This technique employs a focused beam of Ar or Kr ions to generate 
carbon ions on a graphite cathode through plasma sputtering (target). A magnetic field 
is used to confine the plasma and increases the amount of ionization. Electron 
sputtering deposition (MSD) is accomplished by positioning magnets behind the 
graphite target, causing electrons to spiral and extend their trajectories, so boosting 
the ionization rate of the plasma. When hydrocarbon gas is directly injected into the 
plasma, this method is made even more effective. The grid electrode acts as a 
propulsion device for carbon ions in a high vacuum environment, propelling them 
towards the substrate. The effect of these ions on the target causes the formation of 
sp3 bond 

2.6.2 Plasma enhanced chemical vapor deposition 
 Plasma enhanced chemical vapor deposition (PECVD) is a type of 

chemical vapor deposition (CVD) process in which the use of a plasma helps to 
improve the reaction between the precursor gases and the substrate, allowing film 
deposition to take place at room temperature. It is schematically shown in Figure 2.9. 
In this technique, precursor hydrocarbon gases, such as methane and acetylene are 
fed   into a pair of electrodes which are placed in an enclosure.  
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Figure 2.8 Schematic diagram of an IBD system (Zhou and Wadley, 2000). 

 
Figure 2.9 Schematic diagram of plasma-enhanced chemical vapor deposition system, 
reprint(WIKI). 
  The substrates are installed on the powered electrode that is much 
smaller in size than the opposing electrode (usually the whole chamber body itself 
connected to the ground). This configuration maximizes the amount of energy 
transferred to the powered electrode. However, a conventional PECVD process has 
low ionization rates and generates a large number of neutrals and radicals. Therefore, 
numerous versions of the PECVD method have been developed to produce plasmas 
with higher densities and higher ionization levels. Some of these PECVD-based 
methods include plasma beam source (PBS) deposition (Casiraghi et al., 2007) and 
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electron cyclotron wave resonance (ECWR) deposition (Merlo, 2003), which confine the 
plasma using a magnetic field and then extract it as a high-energy plasma beam. This 
allows for the formation of highly sp3 bond a-C: H films. Currently, these modified 
PECVD methods are currently used for deposition of media overcoats in HDD industry 
(Robertson, 2008; Zhang et al., 2015).  
 2.6.3 Filtered Cathodic Vacuum Arc 
  Cathodic vacuum arc deposition is a type of physical vapor deposition 
that is widely utilized in industry and research due to its ability to adjust the deposition 
energy of ionized carbon species during the deposition process. The cathodic arc 
deposition is driven by an arc under a high vacuum environment. A sufficient current 
is introduced between the anode and the cathode (target) to generate an arc, which 
generates a highly ionized plasma with an unusually high ions-to-neutrals ratio. This 
results in the ejection of neutrals (target particles) as well as charged species (ions and 
electrons) at high velocities towards the target.  It is possible to manipulate the energy 
of ions by introducing a bias to the substrate, which in turn allows for the manipulation 
of the microstructure of the film. For the carbon film deposition, a graphite rod is 
typically used as a target. During the deposition process, carbon ions (mostly singly 
charged C+) and carbon macroparticles are ejected from the target. The diameters of 
these macroparticles range from a few hundred nanometers to several tens of microns. 
This may cause defects in the carbon film, a decrease in the sp3 bond content, and an 
increase in surface roughness, which are undesirable. This problem can be reduced by 
installing a curved magnetic filter coil, such as an S-bend coil, as shown in Figure 2.10. 
When applying the current, this magnetic coil generates a magnetic field is created in 
the center of the filter, allowing the ionized plasma of electrons and C+ ions to follow 
the curved magnetic field through the bend and exit the other side. Microparticles with 
a neutral charge, on the other hand, do not follow the magnetic field and are filtered 
out of the plasma (Martin and Bendavid, 2001; Vetter, 2014). This modified technique 
is widely known as FCVA deposition technique. The C+ ions that are ejected from the 
cathode during the FCVA deposition of carbon have an average intrinsic energy of 
approximately 20-30 eV (Ean et al., 2017; Sheeja et al., 2000). A negative bias can be 
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applied to the substrate in order to tune the energy of the C+ ions that arrive at the 
substrate in particular.   

 
Figure 2.10 Photograph of FCVA deposition system with an S-bend macroparticle filter 
with two 90º bends. Bright streaks are macroparticles that are being filtered out of the 
plasma (Anders et al., 2001). 
  In this way, carbon films with particular characteristics and properties 
can be deposited by tailoring the C+ ion energy to a specific value. While including a 
filter in FCVA helps significantly reduce the number of macroparticles that reach the 
substrate, it is still difficult to entirely eliminate them from the system. This is crucial 
for hard disk media overcoats fabrication since the presence of macroparticles has a 
severe effect on the HDI's overall reliability and performance. Several research projects 
are currently underway to address this issue, including developing a real-time electrical 
filter (Herrera-Gomez et al., 2007; Inaba et al., 2003). It is also possible to use alternative 
techniques, such as high-power pulsed impulse magnetron sputtering (HiPIMS), to 
generate C+ with regulated energy in an Ar atmosphere without generating 
macroparticles (García et al., 2020). In this thesis, the FCVA method is used to fabricate 
the ultrathin DLC overcoats.  

 

2.7 Influence of deposition conditions on a ta-C film structure. 

 A number of publications have discussed the influence of deposition conditions 
on the structure and properties of the produced amorphous carbon films. Even though 
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the outcomes of different groups tend to follow similar patterns, there might be some 
significant differences in the quantitative values and even in the qualitative 
characteristics. Many factors contribute to these variances, including: 

 2.7.1 Incident carbon ion energy 

  The incident carbon ion energy is a critical parameter for the formation 
of ta-C films. The dependence of the film microstructure and growth evolution on 
deposition energy has been explored to optimize the deposition condition (Cuomo et 
al., 1992; P. J. Fallon et al., 1993; Li et al., 2013). Li et al. used molecular dynamics 
simulation to study the density, residual stress, and sp3 fraction dependencies.  The 
morphologies for DLC films with incident energies of 1 eV/atom, 70 eV/atom, and 150 
eV/atom are shown in Figure 2.11, where colors reflect different coordination numbers. 
A film with considerable roughness is produced when the incident energy is 1 eV/atom, 
as ascribed in Figure 2.11(a). The incident atoms have small effect on the arrangement 
of substrate atoms, resulting in an evident interface between the film and the 
substrate. When the incident energy is 70 eV/atom, which is much higher than the 
cohesive energy of diamond (7.6-7.7 eV/atom), the incident atoms can implant into 
the diamond lattice, resulting in the intermixing layer at the interface. This may induce 
high stress due to impairing the recombination process as shown in Figure 2.11(b). 
When the incident energy is 150 eV/atom, the structure becomes looser with more 
flaws, reflecting a change in mechanical characteristics (Li et al., 2013). 

  As shown in Figure 2.12, the density, residual stress, and sp3 bond 
fraction are dependent on the incident energy. The density, residual compressive 
stress, and sp3 bond fraction grow rapidly with the incident energy, and then 
progressively decline. The density reach the maximum of 3.0 g/cm3 with a compressive 
stress of 15.5 GPa and sp3 bond percentage of 33% when the incident energy is 70 
eV/atom. In addition, the residual stress shifts from a tensile to a compressive condition 
as a function of incident energy. The reduction of sp3 bond fraction at higher incidence 
energy indicates that the created sp3 bond structure is broken by high-energy 
deposited atoms. 
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  Figure 2.13 describes the relation between surface roughness 
determined by AFM and the sp2 bond fraction of 100 nm carbon films on silicon 
substrates using C+ energies ranging from 5 eV to 20 keV at room temperature. It should 
be noted that the suppression of the sp3 bond content is accompanied by a massive 
rise in the surface roughness at both low and high energy.   

  At low ion incident energies < 20 eV, the film growth is a pure surface, 
where the film grows by clustering atoms condensed on the surface. The films are 
amorphous and nearly completely sp2 bonded. A low sp3 bond fraction of 
approximately 10% results from the distorted network due to the film growth by the 
formation and coalescence of separated islands. 

 
Figure 2.11 Coordination configurations of films under different incident energies, 
where colors represent the different coordination numbers (Li et al., 2013). 

  Between 20 and 30 eV, the ion energy exceeds the penetration 
threshold. The carbon atoms immediately beneath the surface are displaced. The film 
grows from the inside without significantly altering the surface topography, which is 
highly smooth. Significant compressive stresses are generated because extra atoms are 
incorporated into the existing structure (at least briefly). They facilitate the creation of 
sp3 bonds, allowing for more densely packed structures. The sp3 bond fraction exceeds 
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50% for ion energies greater than roughly 25 eV, which is comparable to the 
characteristics of ta-C films. 

 The structure become virtually independent of the ion energy between 70 and 
300 eV. The sp3 bond percentages is around 80%. A steady drop above 300 eV follows 
the modest maximum at around 100 eV. With increased energy, the ion impact's 
destructive effect becomes more apparent. The relaxation through migration towards 
the surface is favored by radiation accelerated diffusion, resulting in a decrease in the 
sp3 bond proportion. However, the fundamental structure of the internal subplantation 
growth process and the resulting surface smoothness remain intact (Robertson, 2002; 
Schultrich, 2018). 
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Figure 2.12 Dependence of (a) density, stress, and (b) sp3 bond fraction on incident 
energies (Li et al., 2013). 
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Figure 2.13 The interdependency of the sp2 faction and the surface roughness on ion 
energy up to 20 keV. Reprinted (Grossman et al., 1996). 

 2.7.2 Incident energetic carbon ion angle 

  The effects of the incidence angle of energetic carbon ions have been 
investigated on thickness, topography (roughness), and structure of ultrathin ta-C film 
synthesized by filtered cathodic vacuum arc (FCVA) (Cuomo et al., 1992; Liu etal., 2003; 
Wang and Komvopoulos, 2012). The researcher reported that the ta-C film thickness 
decreases with the increase of the incidence angle as shown in Figure 2.14. The T-DYN 
simulation result showed that the total carbon and intermixing layer thickness strongly 
correlated with the incidence angle and ion fluence. The thickness of graphite-like 
surface layers can greatly affect the sp3 bond content measured by XPS. The electronic 
structure of sp3 bond content depends on the deposition angle. When the deposition 
angle is varied from 300 to 770, the sp3 bond content rapidly increases, then decrease 
at a slow rate as the deposition angle is over 77º. Liu et al reported the ta-C films 
deposited by FCVA method at oblique angles (Liu et al., 2007). The angle of the 
substrate was changed from 0º to 60º. It was observed that the films have less sp3 

bond content and more sp2 clustering as the angle of the substrate changes from 0 to 
60º for both thicker films of 70 nm and thinner films of 2 nm. The Raman spectroscopy 
study also showed that tilting the substrate strongly influenced the internal stress, 
while it had small effect on the hardness. This is because the hardness is directly 
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related to sp3 bond content, but the internal stress is related to the order of sp2 
cluster. 

 
Figure 2.14 Dependence of (a) total thickness of ta-C films and (b) thickness of 
intermixing layer obtained from T-DYN simulations. C+ ion influence is in the range of 
(0.9-9.0) ×1016 ions/cm2 (Wang and Komvopoulos, 2012). 
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Figure 2.15 XPS C1s peak of a graphite sample and the DLC films obtained at various 
deposition angles. 

 2.7.3 Substrate temperature and deposition rate. 

  For the ta-C films deposited with carbon ion energy range between 
some ten and some hundred eV, the substrate temperature does not significantly 
influence the structure and properties of films, if it doesn't exceed a certain 
temperature Tc. Above the temperature Tc, the roughness and density sharply jump 
as shown in Figure 2.16 (Kulik et al., 1995; Lifshitz et al., 1995; Lifshitz et al., 1993). This 
jump relates to the transition from an amorphous structure with dominating sp3 bond 
to particularly sp2 bond films with strongly distorted graphitic structure (Schultrich, 
2018). 

  Lau et al. studied the deposition of carbon sheets using IBD method at 
ion energies ranging from 15 to 500 eV and temperatures ranging from 25 to 800ºC 
(Lau et al., 1991). At elevated temperatures, the Raman spectroscopy result showed 
that the almost symmetric peak of about 1540 cm-1, which is the characteristic of ta-
C films, split into two distinct graphitic D and G peaks at 1350 and 1600 cm-1, as shown 
in Figure 2.17. 
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Figure 2.16 The relationships between the surface roughness and density of 1000 Å 
carbon films deposited using MSIBD with 120 eV ions and deposition temperature 
(Lifshitz et al., 1995). 

  The influence of increasing temperatures on films deposited by vacuum 
arc discharge or pulsed laser deposition is similar to that observed in the MSIBD films. 
The sp3 bond concentration decrease above a threshold temperature, which shifts to 
higher values for higher ion energies. However, the deposition rates must be considered 
when they significantly decrease (Tay et al., 1999; Tay et al., 1999). When the 
deposition rates are high, transition temperatures can rise to 200ºC, and even higher 
instantaneous deposition rates of up to 1000 nanometers per second can be achieved 
without significant heating by using intense pulsed deposition with low repetition 
frequencies, which can raise Tc to 400 degrees Celsius (Gago et al., 2005; Koskinen et 
al., 1998), as illustrated in Figure 2.18. 

 



33 

 
Figure 2.17 The evolution of Raman spectra of the carbon film deposited at (a) room 
temperature, (b) 400ºC and (c) 800ºC. 

 This leads the energy transfer from the impinging energetic ions can 
result in higher temperatures at the surface as compared to the temperature recorded 
within it. The critical temperature can then reduce with increased ion energy, in 
contrast to ion beam deposition or pulsed deposition, which both produce less heating 
and result in high critical temperatures. As illustrated in Figure 2.19, the critical 
temperature for DC vacuum arc deposition with a relatively fast growth rate of 2 nm/s 
decreases from 200ºC for 90 eV ions to 140ºC for 130 eV ions (Chhowalla et al., 1997). 
when using high-energy ions. The heating effect is certainly shown by the reduction in 
the sp3 fraction that occurs with subsequent film development. When using the 90 
eV/300ºC deposition method, the initial sp3 contents of approximately 65% has already 
been reduced to approximately 10% after 60 nm (Davis et al., 1998). The increase in 
surface temperature of around 80 K was attributed to the effect by the authors. By 
increasing the growth rate from 0.2 to 2 nm/s, the optimum ion energy for maximum 
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sp3 content changes downward from 106 to 90 eV, and the maximum sp3 content 
reduces from 88 to 80% (Chhowalla et al., 1997; Tay et al., 1997). 

 
Figure 2.18 The relationship between the sp3 bond content of DLC films and 
deposition temperature for deposition by high current pulsed vacuum arc discharges 
(ion energy ≈50 eV) with high instantaneous growth rates during the pulse (Gago et al., 
2005; Koskinen et al., 1998; Schultrich, 2018). 

 
Figure 2.19 Dependence of sp3 fraction and density on the substrate temperature for 
DLC films deposited by DC vacuum arc discharge with MSIB at the growth rate of 2 
nm/s (Chhowalla et al., 1997). 
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 2.7.4 Substrate morphology  

  The influence of substrate morphology on the growth of DLC films has 
been previously investigated. Zhong et al. (Zhong et al., 2008) and Ma et al. (Ma et al., 
2007) has shown the experimental results that the evolution surface roughness with 
thickness is dependent on the surface morphology of the silicon substrate at the 
beginning of the DLC growth. For a smooth substrate, the DLC film surface becomes 
smoother as the thickness increases due to the preferential growth of the valley on a 
smooth substrate. For a rather rough substrate, on the other hand, the surface 
roughness of the film decreases at the beginning, then increases with thickness up 
reaching the maximum value before decreases. The concept of island growth and a 
growth model was proposed to explain the observation. The favored growth at the 
valley was thought to be responsible for the initial island nucleation. 

  The initial smoothing approach is depicted in Figures 2.20(a) and 2.20(b). 
In the schematic representation, incident ions prefer to stay in the valley, which leads 
to a decrease in surface roughness. When the surface becomes smooth, valley growth 
does not dominate film growth because the peak-to-valley distance is not large 
enough to produce an adequate energy barrier. Simultaneously, the island nucleus is 
created as a result of the early smoothness stage aggregation of mobile carbon atoms 
in the valley. C-C bonds are favored over C-Si bonds because the bonding energy of 
C-C (610 2.0 kJ/mol) is greater than that of C-Si (451.5 2.0 kJ/mol). As a result, the 
nucleus grows larger, and the film exhibits island growth. As a result, the DLC film 
grows in an island mode on the substrate, as illustrated in Figures 2.20(b) and 2.20(c). 
Therefore, when the island grows larger and the peak-to-valley distance increases, the 
growth enters the next roughening stage. The islands gradually consolidate because of 
their expansion. In the final smoothing stage of the growth, as illustrated in Figure 
2.20(d), the surface roughness diminishes, and the surface becomes smoother. 
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Figure 2.20 Proposed growth mechanism for a DLC film on a rough silicon substrate 
(a) Si substrate, (b) initial smoothening stage: island nucleation generated by the 
favored growth of valley, (c) roughening stage: island expansion, and (d) ultimate 
smoothening stage: island coalescence. Reprint (Zhong et al., 2008). 
 

2.8 Tribology of DLC films 
 In Greek, tribology means "to rub." Some define it as an intriguing surface in 
motion, while others define it as all actions related to it. It is the study of the processes 
of friction, lubrication, and wear of contacting surfaces in relative motion. Reduction 
friction and wear extends the lifetime of numerous technical applications such as 
automobiles, airplanes, and biomedical devices (Bewilogua et al., 2014; Johnston et 
al., 2005). DLC films and coatings have been widely applied as protective layers against 
friction and wear and their tribological properties have been extensively studied (Jeon 
et al., 2007; Liu, Erdemir et al., 1996a, 1996b; Liu et al., 1997). The tribological 
properties of DLC films are highly influenced by the deposition process and tribo-
testing conditions such as substrate, contact pressure, speed, temperature and 
environments. 
 2.8.1 Applications of interlayer or adhesive layers 
  It has been previously shown that addition of an interlayer between a 
DLC film and substrate can lower internal stress (Wei and Yen, 2007), improve adhesion 
(Bootkul et al., 2014; Cemin et al., 2015), regulate crystal growth (Huang et al., 2007), 
and enhance the atomic diffusion energy barrier during the deposition process (Li et 
al., 2010). Typically, the inter layer is placed between the substrate surface and DLC 
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film. The interaction of atoms and molecules at the interface of two surfaces provides 
the adhesion between the substrate and DLC film. The interfacial bonding strength 
significantly affects the adhesion. The ideal interlayer material also provides an 
outstanding diffusion barrier between carbon and the substrate and promote diamond 
nucleation and interfacial bonding (Li et al., 2010). A variety of interlayer materials, 
including ceramics and metals (Ti, Zr, W, Nb, Si, Cr, or WC) (Huang et al., 2007; Jeon et 
al., 2007; Liu et al., 2013; Rismani et al., 2012), have been investigated as an interlayer. 
Endler et al. (Endler et al., 1996) investigated the stress and adhesion of amorphous 
ceramic interlayers, including a-SiC, a-Si3N4, and a-SiCxNy. It has been established that 
the amorphous ceramics are suitable interlayer materials for CVD diamond films on 
cemented carbide substrates. Chen and Lin (Chen and Lin, 2009) applied the nitrogen 
layers to the steel substrate before depositing the DLC films. It was observed that if 
the DLC film is sufficiently thick on the substrate, the adhesion of the DLC film to the 
substrate is greatly improved, and the wear resistance of the DLC film is increased. Liu 
et al. (Liu et al., 2013) investigated the effect of Si interlayer thickness on the ultrathin 
ta-C film’s structure. The Si film had a thickness of between 0.5 and 3.0 nm, whereas 
the ta-C layer had a thickness of approximately 2 nm. They discovered that a portion 
of the Si bonding was converted to SiC bonding, which improved the adhesion of ta-
C to metal. In order to better understand how adhesion affects the structure of DLC 
films, Liu et al. (Liu et al., 2013) investigated the effect of Si film thickness on the 
ultrathin ta-C films structure. The Si film has a thickness of between 0.5 and 3.0 nm, 
whereas the ta-C layer has a thickness of about 2 nm. They discovered that a portion 
of the Si bonding is converted to SiC bonding, which improves the adhesion of ta-C to 
metal.  
  It was discovered by Chen et al. (Chen et al., 2019) that the interlayer 
thickness has an effect on the tribology of DLC films. Figure 2.22 shows that the friction 
coefficient of DLC films varies with the thickness of SiNx interlayer. The tribological 
properties of the DLC films with interlayer thicknesses of 8 nm and 20 nm were found 
to be the best, while those of DLC films with interlayer thicknesses of 12 nm and 16 
nm were found to be the worst. The DLC film without the SiNx interlayer showed a 
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significant reduction in performance, corresponding to the critical load applied to the 
sample during testing. 

 
Figure 2.21 Variation of G position, ID/IG, and G intensity with the Si seed layer thickness 
varying from 0 to 30 Å. Reprinted (Liu et al., 2013). 

 
Figure 2.22 The friction coefficient of the DLC films with various SiNx interlayer 
thicknesses. In the measurement, the tip was translated with a consistent load to allow 
the penetration into the film. 
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 2.8.2 Influence of the Environment on DLC Film Tribology 
 The tribological performances of DLC films are greatly influenced by 

environment, such as gas atmosphere, humidity, and temperature. Figure 2.23 shows 
the influence of relative humidity on the coefficient of friction of hydrogen-free, 
hydrogenated, and DLC films with varied hydrogen concentrations. In dry and inert 
environments, the hydrogenated DLC films exhibit a low friction performance due to 
weak van der Waals forces acting between surfaces in the test, while hydrogen-free 
DLC films have high friction and wear. However, in humid oxygen-containing 
environments, water vapor molecules influence the process, creating a tenfold 
increase in friction. 

 
Figure 2.23 The influence of relative humidity on the coefficient of friction of 
hydrogen-free, hydrogenated, and DLC films with varied hydrogen concentrations. 
Reprinted (Ronkainen and Holmberg, 2008). 
  The friction of hydrogen-free films reduces (<0.15). The friction of 
hydrogenated films, on the other hand, rises with increasing humidity (Gangopadhyay 
and Tamor, 1993). Grill et al. (Erdemir et al., 2000) discovered that the wear resistance 
of DLC films strongly depends on the deposition technique. The friction coefficients 
can be extremely low (as low as 0.01 or less) or extremely high (>0.5) in inert 
conditions, such as dry nitrogen and vacuum (Erdemir et al., 2000). It has been 
demonstrated that the hydrogen content of the films can influence the binary friction 
behavior during tribological experiments conducted in ultra-high vacuum (UHV). High 
friction is caused by hydrogen concentrations of less than 34%. In contrast, ultralow 
friction is attained with sheets containing at least 40% of H. While DLC film wear rates 

 



40 

are typically in the 10-6 to 10-10 mm3 (Nm)-1 range, and wear resistance varies depending 
on the structural properties of the DLC films. The environment can influence wear 
behavior because of a correlation between friction and wear. In general, high friction 
is associated with high wear, as seen for hydrogen-free films in an inert gas or under 
vacuum in Table 2.7 (Donnet and Erdemir, 2007), because wear rates drop as the 
friction coefficient decreases.
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 2.8.3 Physical and mechanical interactions 

  On rough surfaces, friction and wear are severe problems. When the 
sliding surfaces are rough, asperities that are mechanically linked together cause 
significant friction losses (especially during the run-in or initial stages of sliding tests). 
The surface roughness increases friction and wear losses. The DLC coatings have 
significantly higher friction coefficients when applied to a rough or lapped surface, as 
described in Figure 2.24 (Erdemir and Donnet, 2006). When DLC films are smoother, 
they are less susceptible to abrasion (provided that other test parameters are kept the 
same). The surface roughness of the DLC films is strongly influenced by that of the 
substrate. Typically, the surface of DLC films nearly match the substrate due to the 
amorphous nature. When DLC films are applied to highly polished surfaces (such as 
silicon wafers), they are exceptionally smooth, but when coated on rough ground 
surfaces, they are quite rough. The surface also depends on the deposition process. 
PLD or arc PVD techniques can result in the expulsion of large numbers of 
nano/microparticles and/or droplets from solid carbon sources. This increased in 
friction and wear caused by microparticles on sliding surfaces. 
  Jiang et al. studied the effect of substrate surface roughness of DLC 
films deposited on M42 tool steel substrate with composite interlayers. The study was 
performed on a ball-on-disk wear rig in dry air. After deposition, the coating's surface 
roughness was around half that of the substrate. While the frictional behavior was 
unaffected, the coating wear rate rose dramatically with substrate surface roughness. 
The wear rate rose fast when Ra 0.93 mm was reached. From adhesion to chip/flake 
production and coating fragmentation as the substrate roughness increased. Coatings 
started chipping/flaking at the tops of asperities in the surface roughness. For coatings 
on rough substrate surfaces, the Archard specific wear rate rose with total load, but 
was practically invariant for coatings on smoother substrate surfaces, nominally 
following Archard's wear law. The elastic foundation model of contact mechanics was 
used to examine contact pressure distributions between the ball and rough coating 
surfaces. The contact forces grow dramatically with coating surface roughness. Coatings 
placed on uneven substrate surfaces exceeding Ra 0.93 mm are prone to plastic 
yielding. The apparent effect of surface roughness on DLC coating wear and wear 
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mechanism transitions can be explained by the contact mechanics study results (Jiang 
and Arnell, 2000).  
  Varanasi et al. investigated the friction and wear behavior of DLC 
overcoated head magnetic recording as a function of DLC overcoat thickness using 
contact-start-stop and constant speed drag tests. The Raman spectra obtained from 
various locations on the air-bearing surface were studied before and after wearing tests 
to reveal the relationship between the D and G band regions and the DLC film 
thickness. The Raman spectra of DLC coated sliders before and after wear testing was 
utilized to investigate non-uniformity in DLC film wear rates over the air bearing surface. 
In comparison to uncoated slider-disk interfaces, the DLC coated slider-disk interfaces 
have shown significant increases in frictional performance.   

 
Figure 2.24 Surface roughness influences initial and steady-state DLC film friction 
coefficients. Reprinted from (Erdemir and Donnet, 2006). 
   

2.9 Application of DLC 
 2.9.1 Magnetic recording industry 
  In hard disk industry, the surface of the magnetic medium (Co-Cr-Pt 
alloy) and the slider read-write elements are usually deposited with a thin protective 
layer with a thickness as low as sub-nanometers. This overcoat layer can protect the 
magnetic surface from corrosion, and we are (Robertson, 2003; Yeo, 2017). This 
application requires the protective layer which can completely cover the surface 
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without any defects or pinholes. The overcoat material should be lubricant friendly 
and provide good adhesion sites for lubricant molecules. It should be as smooth as 
possible and exceedingly hard, durable, and has a low coefficient of friction to preserve 
the surface from wear. For decades, DLC films have fulfilled the requirements as a 
protective coating for the magnetic layers in hard disk drives due to their unique 
characteristics. The slider's read-write elements (magnetic sensor and poles) are 
constructed of mechanically soft magnetic materials that wear more quickly than the 
surrounding hard Al2O3 dielectric insulator. Pole tip recession (PTR) is a type of magnetic 
pole recession that causes the gap between the active parts of the head and the 
media to increase. By coating the head with an ultrathin hard DLC film, PTR can be 
rectified. Head overcoats are important not only to protect the head elements from 
wear and corrosion, but also to act as a barrier against lubricant deterioration. 
Uncoated Al2O3/TiC sliders could cause PFPE molecules to break down quickly. PFPE 
breakdown and fluorine emission can occur due to frictional forces. This reaction is 
possible because fluorine can interact with a-C: H films and produce HF and CF2O 
(Baker Jr and Kasprzak, 1993; Kasai, 1992). The Lewis acid AlF3 is formed when HF and 
CF2O react with aluminum oxide in the slider (able to accept electron pair from other 
atoms or molecules). FPE lubricant molecules can be rapidly decomposed by Lewis’s 
acid catalytic reactions on AIF3 surface Sliders that are coated with DLC films could be 
used to prevent lubricant molecules from interfering with Al2O3 phase of AlTiC or 
dielectric of head from reacting. DLC coating also significantly reduces the lubricant's 
breakdown rate due of its low friction (Bhatia et al., 1999; Chen et al., 2000).  
  This application also relies on scratch resistance at the nanoscale scale, 
which is another crucial attribute of the films. Using a different deposition approach, 
the interaction between Raman G-peak dispersion and the relative scratch resistance 
of magnetron sputtered and FCVA a-C: N films (Vetter, 2014) is seen in Figure 2.25. 
  In order to determine scratch resistance, a diamond tip was used in 
conjunction with an AFM, which is a common technology in the hard disk industry 
because it can provide resolution as low as 0.1 nm. When a-C: N films are deposited 
by FCVA, the scratch resistance is approximately 5 times more than when magnetron 
sputtered coatings are applied. However, because of the exceedingly thin coating 
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thickness, it is difficult to understand how the film functions as a wear reduction film 
against the abrasive impacts of the slider of the head during operation. The FCVA 
approach deposits an ultra-thin hydrogen-free film with a thickness of less than 5 nm, 
which is yet continuous, dense, and hard enough to be employed as a potential option 
for the tribology of the next generation of hard disks, among the many various types 
of DLC films (Matlak and Komvopoulos, 2018; Zhang and Komvopoulos, 2009a). 

 
Figure 2.25 The relationship between the dispersion of the G peak and the scratch 
resistance of an a-C: N film is grown using magnetron sputtering and FCVA (Vetter, 
2014). 
 2.9.2 Automotive parts 
  Since the 1990s, high-end racing engines have started employing DLC 
with various types of coatings. The increased wear resistance and reduced friction 
losses were achieved on the basis of DLC coating's superior tribological capabilities. 
When sliding begins in a mixed friction situation, DLC possesses the capability the tribo-
system by preventing adhesive and abrasive wear. Since the end of the 1990s, a-C:H: 
Me has been applied to a number of automobile parts utilizing a hybrid PACVD-
sputtering method. In the beginning, Volkswagen's diesel injection system was the first 
item on the market. DLC films are now applied on high-pressure pumps, piston pins, 
piston rings, tappets, piston skirts, finger followers, valve shafts (Kano, 2006; Kennedy 
et al., 2014; Treutler, 2005; Vetter, 2014). Figure 2.26 illustrates a few examples of these 
samples (Vetter, 2014). Reduced CO2 emissions became a growing concern in engine 
engineering at the beginning of the 2000s and are currently a major driving force for 
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the mass manufacturing of DL. Additionally, it's important to look at the friction 
behavior (Erdemir and Donnet, 2006; Sánchez-López et al., 2008). 

 
Figure 2.26 Selected engine parts coated by diamond-like carbon (DLC) (Vetter, 2014).  
   

 
 

 
 

 

 



 

 

CHAPTER III 

EXPERIMENTAL PROCEDURE 

 

 This chapter covers the experimental approaches for fabrications and 
characterization of the ultrathin DLC films in this research.   Materials used in the film 
depositions and preparation are also detailed. 

3.1 Sample preparation and procedure experiments 

 In this thesis, the ta-C films with adhesive layer have been successfully 
fabricated using a PFCVA system. The experiments set-up, materials used, and two 
experiment procedures are described in detail below. 

 3.1.1 Materials 

  i. Silicon nitride (SiNx) target with 99.999% purity. 

  ii. Silicon (Si) target with 99.999% purity. 

  iii. Graphite (Carbon) target with 99.999% purity. 

  iV. 2-inch Nickle Ferrite (Ni:80 at%, Fe:20 at%) substrates. 

  V. Argon (Ar) gas with 99.999% purity used as etching and sputtering.
 3.1.2 Experiment Procedures 

  This thesis studies two main interesting topics on the application of 
ultrathin ta-C films for HDD: 

  i. Dependence of structure on thickness of ultra-thin ta-C film. 

  ii. Influence of interlayer materials and their thickness on the structure 
of ultra-thin ta-C films. 
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  3.1.2.1 Dependence of structure on thickness of ultra-thin ta-C film 

   The ta-C films deposition overcoat encompassing two sets of 
experiments with a 0.5 nm Si-interlayer as an interlayer layer, and various 0.5-5.0 nm 
carbon thickness was proposed as a novel protective overcoat layer, electronic 
structure, and tribological properties. The experiment procedure schematic for sample 
preparation is illustrated in Figure 3.1. 

 
Figure 3.1 DLC film deposition and characterization experiment methodology flow 
chart. 
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  3.1.2.2 Influence of interlayer materials and thicknesses on the structure 
of ultra-thin ta-C films 

   The varied interlayer thicknesses of Si and SiNx used in the 
carbon overcoat consist of a bi-layer with an interlayer thickness of 0.0-1.0 nm and a 
protective overcoat layer of 1.0 nm thick ta-C constant. The deposited state is 
consistent across all samples. Figure 3.2 illustrates the experiment method design for 
sample preparation. 

 
Figure 3.2 DLC film deposition and characterization experiment methodology flow 
chart. 
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 All of the samples were subjected to a series of tests, which included HRTEM, 
WDXRF, AFM, and a reciprocating slide wear tester, in order to ascertain the thickness 
of the ultra-thin ta-C and interlayer overcoats, as well as the surface roughness and 
tribological properties of each of the individual samples. In addition, the author utilized 
Raman spectroscopy, XPS, and NEXAFS in order to conduct an investigation into the 
microstructure and bonding environment of carbon-based overcoats that was more in-
depth than what had been described previously. 

 

3.2 Fabrications of ultrathin ta-C films 

 The majority of film deposition techniques, including various physical vapor 
deposition and sputtering techniques, are incapable of fabricating continuous overcoat 
films with thicknesses of less than 5 nm (Matlak and Komvopoulos, 2018; Robertson, 
2001). However, FCVA is the only low-temperature technique that can produce 
continuous and ultrathin ta-C films with remarkable nanomechanical and tribological 
properties, such as high hardness and wear resistance (C. Casiraghi et al., 2004; Zhang 
and Komvopoulos, 2009a). 

 3.2.1 Deposition setup 

  In this thesis, the deposition of ultrathin ta-C films was accomplished 
using a commercially available, custom-designed, and assembled NEXUS DLC-X system 
from Veeco company Inc. The system includes an RF ion source, ion beam deposition, 
and pulsed filtered cathodic arcs (pFCVA) (Veeco Instruments Inc, 2012). 

  As depicted in Figure 3.3 The system consists of two load lock 
chambers, A and B, transfer module chamber, pre-clean chamber, and chamber for 
pFCVA. An isolation gate valve connects all chambers. Each chamber is equipped with 
a molecular turbopump used to pump the chamber independently. The pressure of 
all five chambers was monitored using the Pirani and ionization gauges. All chambers 
have a low base pressure of 5 x 10-7 torr. The transfer module chamber was equipped 
with an automated robot arm system used to transport the substrate from the load 
lock chamber to the pre-clean and pFCVA chambers during the deposition process. 
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The load lock chamber was used to manually load substrates into the machine (during 
the load lock chamber was under atmospheric pressure). A mechanical and a 
molecular turbopump were then used to evacuate the load lock chamber. Following 
a pressure drop in the load lock chamber to a low pressure of 5.0 x 10-5 torr, the 
isolation gate valve that separates the transfer chamber from the load lock chamber 
is opened. Next, the substrate will be picked up and transferred to the substrate fixture 
in the pre-clean chamber using the robot arm.  

  The pre-clean chamber is fitted with a 16.5-inch-diameter RF ion source. 
The RF ion source is utilized to clean the substrate's top surface, removing any ambient 
oxidation. The robot arm subsequently transports the clean substrate to the substrate 
fixture in the pFCVA chamber without disrupting the vacuum. The PFCVA chamber has 
an 8.3-inch diameter ion beam source for adhesion layer deposition and a pFCVA for 
DLC film deposition. The substrate fixture in the pre-clean and PFCVA chambers can 
tilt and rotate during the operation. As a result, the adhesion layer and DLC film may 
be deposited onto the substrate at any incidence angle required, while fixture rotation 
is used to improve uniformity. 

 

  
Figure 3.3 Illustrates the Pulse filtered cathodic vacuum arc (PFCVA) deposition system 
(Veeco Instruments Inc, 2012). 
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Figure 3.4 PFCVA chamber and cathodic arc source, (a) Assembly cathodic arc source, 
(b) schematic diagram of PFCVA chamber and cathodic arc source. 

 Figures 3.4(a) and 3.4(b) illustrates the cathodic arc source, which comprises a 
high purity graphite cathode with a diameter of 0.25 inches and a length of 8 inches. 
The arc power supply is operated in pulsed mode to reduce power consumption. It is 
connected to anode and ground in order to provide a positive potential for the power 
supply. Using a pulse frequency of 1-5 Hz and a voltage between anode and cathode, 
the arc voltage, which is the voltage between anode and cathode, may be changed 
between 0-1000 V. The anode-to-graphite cathode distance is around 2 mm, which is 
sufficient to induce a current discharge between the two electrodes. At the cathode, 
graphite is vaporized, and the process is repeated. All charged particles are directed in 
a 90º curve upon entering the filter coil. The electrons are spiraled along a magnetic 
field created by a filter coil, while the ions are steered due to their charge. A focus 
coil, which acts as a magnetic lens to focus or defocus the plasma beam, is used to 
increase the homogeneity of the film thickness distribution. A deflection coil is used 
to raster the beam prior to it contacting the substrate, and this is shown in Figure 3.4(b). 
The macroparticles follow an unusual route and exit the filter through gaps between 
the coil's turns or adhere to the turns. As a result, undesired macroparticles and neutral 
atoms are filtered out, leaving only pure carbon plasma to cover the substrate. 

 3.2.2 Deposition process 

  The deposition of ta-C DLC films consists of three steps as schematically 
shown in Figure 3.5. 
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  i. The NiFe substrate was pre-treated with low-energy Ar+ ions etch to 
remove ambient oxidation from the surface. Argon is the standard gas used in this 
process. 

  ii. The adhesion or intermediate layer deposition process was 
performed using an ion-beam sputtering system. As an adhesion material target, an ion 
beam is aimed at either silicon nitride (SiNx) or silicon (Si) using an Ion beam. With the 
assistance of the Ar+ beam, the material was sputtered off the target and deposited 
on the exposed sample substrates, producing them to glow. The deposition adhesion 
layer was responsible for forming the chemical bond between the surface substrate 
and the deposition adhesion layer. 

  iii. The ultrathin ta-C DLC layer was synthesized using a pFCVA 
technique, which uses a high voltage to form an arc at the graphite source. The arc is 
well-known for its ability to produce large amounts of energetic carbon-positive ions. 
Afterward, the carbon ion passed through a series of magnetic coils that acts as a 
particle filter, removing any undesired macroparticles. Finally, carbon ions plasma was 
applied directly to the sample for DLC coating. 

 
Figure 3.5 Schematic diagram of the pFCVA deposition of ultrathin DLC films with an 
adhesion layer on the NiFe. 
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3.3 Characterization techniques 
 3.3.1 High-Resolution Transmission Electron Microscopy (HRTEM) 

 One of the most important preliminary characterization methods is the 
thickness determination of the fabricated ultrathin overcoats. Cross-sectional images 
obtained from high-resolution transmission electron microscopy (HRTEM) can be used 
for imaging thin overcoats for the purpose of thickness measurement in this work (5 
nm). In a HRTEM, electrons are generated from a field emission source, and are 
accelerated toward the sample at a high acceleration voltage (typically a few hundred 
kilovolts). The electron beam passes via an electromagnetic condenser and a set of 
objective lenses, which focus and direct the beam to the desired point on the sample. 
Upon interacting with the sample, the beam is projected onto a charge-coupled device 
(CCD) camera, which captures and records the resulting image. When an electron 
interacts with a sample, it is possible to extract several forms of information about the 
sample, such as its relative atomic composition, crystallographic orientation, lattice 
defects, and so on. In this study, the HRTEM equipment is used in the bright field mode 
to determine the cross-sectional thickness of the carbon-based overcoats, rather than 
in the dark field mode. The sample's higher atomic mass areas scatter electrons further 
away from the electron beam's normal incidence axis, and fewer of these scattered 
electrons pass through the sample's aperture. 

As a result, these areas have a darker contrast in the image. Therefore, a 
capping layer of Iridium (Ir), Tungsten (W), or Platinum (Pt), which has a larger atomic 
mass than carbon, is typically placed to enhance image contrast between the topcoat 
and other layers. 

This research assessed the film thickness using high-resolution transmission 
electron microscopy (HRTEM, JOEL JEM-ARM200F) at the Vidyasirimedhi Institute of 
Science and Technology (VISTEC). 

 3.3.2 X-Ray Fluorescence spectrometry (XRF) 
 X-ray fluorescence (XRF) spectrometry is a powerful analytical 

technique that offers both qualitative and quantitative information on the chemical 
composition. It can be used to determine the chemical composition of a wide variety 
of materials elements, ranging from beryllium (Be) to uranium (U), in concentration 
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ranges ranging from 100 weight percent to sub-ppm levels. In addition, XRF can be 
used to determine the thickness and composition of layers and coatings. This 
technique is simplicity, non-contact, non-destructive nature, and fast sample 
preparation. XRF analysis has a wide range of applications in industries (Brouwer, 2006). 
The XRF spectrometry method makes use of the photon that interacts with the sample 
under investigation. In the presence of sufficient photon energy in the form of an X-
ray, it causes expelled electrons in the element to be displaced, and high orbiting 
electrons with more incredible energy move to fill the gap produced in the lower orbit 
(with lower energy), resulting in the emission of photon energy. 

 Qualitative analysis determines the elements analyte in the sample by 
measuring the intensity of the sample's emitted radiation and identifying their peak 
positions. This is referred to as X-ray fluorescence (XRF). Each element has a distinct 
wavelength determined by the difference in energy between the shell that contains 
the initial hole and the energy of the electron that fills the hole in the shell. For 
example, the difference in energy between the K and the L shells is significant. So the 
elements present in the sample will emit fluorescence X-ray radiation with discrete 
energy characteristics of these elements as a result of the radiation being emitted. As 
a result, the height intensity of the peaks was determined from the emitted energies 
of the sample, which may be used to determine the concentration (count rate) of each 
element contained in the sample, and vice versa. The intensity of each signal is directly 
proportional to the thickness of the layer that is being signalized. This process is 
referred to as quantitative analysis in the industry (Brouwer, 2006; Takahara, 2017; 
Upmanyu et al., 2021; Van Grieken and Markowicz, 2001). 
  In XRF spectrometry, the three essential components are a radiation 
source, a sample, and instrument for measuring the results. One of the most 
commonly used spectrometers is the energy dispersive (EDXRF) spectrometer, and the 
other is the wavelength dispersive (WDXRF). This is shown in Figure 3.6, and it is this 
type of detection that distinguishes the two systems (Brouwer, 2006). Figure 3.6(a) 
depicts an X-ray tube functioning as an emitter that directly irradiates a sample. 
Fluorescence radiation emitted by the sample is detected using a dispersive detector 
that can detect the different energies of fluorescence radiation emitted directly by the 
sample. Figure 3.6(b) illustrates the energy dispersive X-ray fluorescence (EDXRF) 
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spectrometer system. The X-ray tube acting as the source directly irradiates the 
specimen being studied. In this sample, the X-ray fluorescence produced by the 
sample is monitored using a wavelength dispersive detection device. With the use of 
analyzing crystals that divide X-rays according to their wavelength or, conversely, their 
energies, it is possible to identify the unique radiation emitted by individual elements. 
In order to perform such an analysis, it is either necessary to measure the X-ray 
intensity at distinct wavelengths one after the other (sequential) or essential to use 
fixed places and measure the X-ray intensities at different wavelengths all at the same 
time (simultaneous) (Brouwer, 2006; Van Grieken and Markowicz, 2001). 

 
Figure 3.6 Schematic illustration of XRF spectrometry system: Comparison between 
(a). Energy Dispersive type (EDXRF) and (b) Wavelength Dispersive Type (WDXRF) 
analysis of the standard synthetic system elements. Reprinted (Brouwer, 2006).  
  In this work, the DLC film thickness was measured on the 2830ZT 
(Malvern Panalytical) Wavelength Dispersive X-ray Fluorescence (WDXFR), 
measurement spot size 10 mm, and SST MAX X-ray source output of 4 kW. The carbon 
was analyzed and automatically calculated with Fundamental Parameter (FP) 
modeling, which is fully integrated into the super Q thin-film platform of the 2830ZT. 
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 3.3.3 X-ray Photoelectron Spectroscopy (XPS) 
  X-ray Photoelectron Spectroscopy (XPS), also known as Electron 
Spectroscopy for Chemical Examination (ESCA), is the most extensively utilized method 
for surface characterization due to its ease of use and interpretation. This technique 
irradiating the sample surface by an X-ray photon with known energy, which causes 
the photoemission. The generated photoelectrons are ejected from the atom's core 
and/or valence states. The photoelectron contains a characteristic binding energy (B.E) 
obtained from the element that emitted it. Chemical states of the surface can be 
therefore identified via XPS spectra, which are based on the distinct binding energies 
of the different elements on the surface. The divergence of a peak from a known 
elemental or core level binding energy is used to distinguish between chemical states 
that are distinct from one another (chemical shifts), as the diagram in Figure 3.7.  
  The photoelectric effect is at the foundation of the XPS technique. 
When an atom absorbs an incident X-ray photon with energy ℎ𝜈, a photoelectron with 
a specific KE is released, which is observed using a kinetic energies analyzer and 
detector positioned at an angle to the surface, known as the take-off angle. The KE 
depends on the incident photo energy following the relationship: 
    𝐾𝐸 =  ℎ𝜈 − 𝐵𝐸 − 𝜑     1 

  Where BE is the electron's binding energy 𝜑 refers to the work function 
of the spectrometer, which is typically calibrated and known in advance (Hüfner, 2013).  
  The XPS spectrum is produced by analyzing the intensity and energy of 
the photoelectron emission. This spectrum shows how the sample is made up of 
different elements. Additionally, relative amounts of certain elements' 
binding/oxidation states can be determined (core level spectra) by peak analysis of 
high-resolution elemental spectra. The vital parts of an XPS spectrometer are a 

monochromatic X-ray source (Mg Kα or Al Kα), UHV system coupled to the sample 
chamber, and electron analyzer (most frequently a spherical sector analyzer) equipped 
with an electron detector. The surface chemical composition of the carbon-based films 
can be interpreted based on the XPS spectra, and the majority of the mechanical 
properties of the carbon-based films are directly related to the amount of sp3 oriented 
C-C bonds inside the structure of the film (Ferrari et al., 1999; Mabuchi et al., 2013; 
Pharr et al., 1996; Robertson, 2005). 
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Figure 3.7 Schematic illustration of the basic principle of the XPS technique   
  In this work, the XPS system (PHI5000 Versa probe, ULVAC-PHI, Japan) 

employs a monochromatic Al Kα X-ray source as an excitation source (1486.6 eV) at 
the beamline 5.3: SUT-NANOTEC-SLRI XPS, SLRI, Thailand. To prevent beam damage 
to ultrathin ta-C films, therefore, no Ar+ ion beam sputter-cleaned was performed on 
XPS system. The samples were placed in an analysis chamber was evacuated to an 
ultra-high vacuum (UHV) ~10-7 Pa. The photoelectrons emitted from the sample were 
recorded with a spot size of 10 µm, pass energy of 46.95 eV and step increment of 
0.05eV. The quantitative level spectra were carried out using MultiPak Spectrum: ESCA 
software. The processing of deconvoluted spectra included background subtraction 
with a "Shirley-Type" integral profile and curve fitting with a mixed Gaussian-Lorentzian 
function. 
 3.3.4 Near Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy 
  NEXAFS spectroscopy is a type of X-ray absorption spectroscopy (XAS) 
that can be used to determine the coordination chemistry, local structure, and ligand 
symmetry around the absorbing atom.  It is sensitive to changes in valence state. The 
most important advantage application of NEXAFS spectroscopy is that it provides 
unique information on low-Z elements (low atomic number, i.e., carbon, oxygen, 
nitrogen, and fluorine) (Dienwiebel and Bouchet, 2018; Stöhr, 2013) obtained from the 
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strong directionality and short length of the covalent bonds between carbon atoms 
together with the strong dependence of the bond length on its hybridization and the 
large backscattering intensity of low-energy electrons from carbon atoms. The 
absorption features in NEXAFS spectra are structure-dependent, and the intensity 
depends on the orientation of the final state orbital concerning the electric field vector 
of the impinging X-rays (Dienwiebel and Bouchet, 2018; Mangolini et al., 2021; Mangolini 
et al., 2016). 

 
Figure 3.8 Schematic diagram of an X-ray absorption spectrum for the NEXAFS (XANES) 
and the EXAFS regions (Oguz Er, 2012; Stöhr, 2013) 
  The schematic diagram of an X-ray absorption spectrum, shown in 
Figure 3.8, is distinguished into two regions: 
  i. the near-edge region: the region within ~30-~50 eV of the absorption 
edge is considered the near-edge region, which also contains the pre-edge. The pre-
edge area contributes information regarding the investigated system's oxidation state 
and bonding features, where electrons are excited, but no photons are released. The 
X-ray absorption near-edge (XANES), often referred to as NEXAFS, is studied in the area 
where multiple scattering dominates, and inelastic losses are relatively minimal. This 
X-ray absorption region gives information on the local site symmetry, bond length, 
bond angles, Fermi charge state, orbital occupancy, and a method to investigate the 
unoccupied electronic state's angular momentum (Oguz Er et al., 2012; Stöhr, 2013). 
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  ii. the fine structure region: the extended X-ray absorption fine structure 
region stretched from the near edge region to approximately one thousand eV above 
the absorption edge. It was dominated by single scattering contributions (EXAFS). The 
EXAFS can be used to determine the local geometric structure surrounding a specific 
atomic species. In other words, it is sensitive to the distribution of electron density 
and, as a result, can be utilized for quantitative investigation of bond length and 
coordination number (Gurman, 1995; Koningsberger et al., 2000; Koningsberger and 
Prins, 1988; Stöhr, 2013). Consequently, NEXAFS is a very analytical method that may 
be utilized to investigate a film's atomic-scale bonding state and electronic structure. 
Because of its C K-edge, it has the potential to be a sensitive surface that can 
differentiate between sp2 hybridization and sp3 hybridization in amorphous carbon thin 
films. 
  The X-ray absorption spectra can be readily obtained in three 
measurement modes: 
  (i) transmitted X-ray flux (transmission mode); this method requires thin 
samples since the penetration depth of X-ray is only a few microns (depending on 
their energy).  This technique is insufficient for evaluating the structural, chemical, and 
electrical properties of the near-surface areas of materials. 
  (ii) fluorescence yield (FLY); the fluorescence photons emitted from a 
bulk sample are measured, and their number is proportional to X-ray photons of the 
relaxation of the excited atom. The FLY is not discussed in detail here due to its limited 
surface sensitivity. 
  (iii) electron yield; this mode refers to as the total electron yield (TEY), 
Auger yield (AEY), and partial electron yield (PEY). The TEY and PEY modes can be used 
for amorphous carbon thin films sample as shown in Figure 3.9. 
  To investigate the bonding configurations, chemical state, and 
electronic structure of amorphous carbon thin films using the NEXAFS technique, a 
particular understanding of X-ray absorption cross-section phenomena is important. 
Figure 3.10 shows a schematic diagram of the origin of NEXAFS features which is a 
result of incident X-ray photons exciting the core electron to an unoccupied molecular 
orbital.  
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Empty molecular orbitals can be labeled according to their symmetry, i.e., π∗ or σ∗ 
orbitals, which most are found above the vacuum level. In the case of π-bonded 

diatomic subunits, the lowest unoccupied molecular orbital (LUMO) is usually a π∗ 

orbital, while σ∗ orbitals are generally detected at higher photon energies. The 1s→ 

π∗ resonance occurs with the π-bonding both in the form of double and triple bonds, 
whereas single bonds disregard. 

 
Figure 3.9 Schematic diagram of NEXAFS measurement in electrons yield (total, partial, 
and Auger) modes and transmission modes modified from Stöhr (1992); Hähner (2006); 
Watt. et.al. 

  In comparison, π∗ resonances are observed below the ionization 
threshold because of electron-hole Coulomb interactions (Soin et al., 2012; Stöhr, 

2013). The σ∗ resonances are asymmetric line-shape at higher photon energies due to 

the lifetime broadening and molecular vibration along the bond direction, while σ∗ 
spectral features are most often found above the vacuum level for the neutral 

molecule. In addition, the Rydberg orbitals are detected between the π∗ resonance 
and the ionization potential which can be described as a mixing of the Rydberg orbitals 
with hydrogen-derived antibonding orbitals, particularly in the C-H bonds. 
  The transitions only occur when the energy of the incoming X-ray 
photon matches the energy difference between the core level and the unoccupied 
molecular level. They are superposed on a step-like absorption edge. The edge energy 
is related to the oxidation state of the absorbing atom, and the edge position can be 
recognized on the valence state of the photo absorber (Cramer et al., 1976). The shape 
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of the edge can also give the information about the chemical environment and ligan 
geometry, thus providing molecular species fingerprinting (Dienwiebel and Bouchet, 
2018; Stöhr, 2013). 
  In this work, NEXAFS spectroscopy measurements were performed at 
BL3.2Ub: PEEM (Photoelectron Emission Microscopy), Synchrotron Light Research 
Institute (Public Organization), Nakhon Ratchasima, Thailand. The synchrotron radiation 
(SR) acquired from the storage ring has a beam energy of 1.2 GeV. The photon energy 
of the beamline established a range from 40 to 1040 eV with an energy resolving power 

ΔE/E=10-5 at 1x1010 ph/s and a total energy resolution of approximately 0.5 eV of full 
width at half maximum (FWHM). The synchrotron radiation was linearly polarized in 
the sample surface plane at any incident light angle. The undulator was extracted 
using a varied-line-spacing plane grating of 1200 lines/mm, and samples were irradiated 
with monochromatic X-rays at an angle of 17º on during the NEXAFS experiment. All 
NEXAFS spectra measurements of carbon K-edge signal were recorded simultaneously 
in auger electron yield (AEY) and total electron yield (TEY) mode. However, only the 
total electron yield mode (TEY) is presented using via the sample drain current in the 
photon energy range of 280-320 eV, with a scanning step of 0.1eV at room temperature 
and under ultra-high vacuum (UVH) < 10-9 mbar. 
  The absorption signals were first normalized by the ratio emitted 
electron intensity from ta-C sample to that from a freshly cleaned Si wafer that was 
acquired under the same experimental conditions on the same range photon energy, 
scanning step, X-rays angle, and same periods time, and then normalized to spectra 
intensity in the pre-edge region (intensity between photon energy 270 and 280 eV). 
After pre-edge normalization, the spectra were normalized based on the absorption 
intensity in the post edge (continuum) region at 330 eV. In this method, variations in 
spectra intensity only arise from chemical change and are independent of the number 
density of absorption atoms.   
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Figure 3.10 The schematic illustrates the absorption of an X-ray photon with the 
excitation of a core electron to an unoccupied molecular orbital. Reprinted 
(Dienwiebel et al., 2018). 
 To evaluate the carbon hybridization state quantitatively from C1s NEXAFS 
measurement, the relative intensity of the  𝐶1𝑠 → 𝜋∗  and the  𝐶1𝑠 → 𝜎∗  absorption 
feature in NEXAFS spectra of the ultrathin ta-C carbon material were considered using 
a NEXAFS spectrum acquired from highly oriented pyrolytic graphite (HOPG) as a 
reference material (Latham et al., 2017; Mangolini et al., 2016; Stöhr, 2013; Watts, 
Thomsen et al., 2006). The HOPG has well displayed the electronic structure and 
almost 100% sp2 contents and consequently, the sp2 fraction ratio was estimated using 
the equation (Dienwiebel et al., 2018; Mangolini et al.,2014; McCann et al., 2005; Roy 
et al., 2006).    

    𝑠𝑝2 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝐼𝑠𝑎𝑚

𝜋2
/𝐼𝑠𝑎𝑚(∆𝐸)

𝐼𝑟𝑒𝑓
𝜋2

/𝐼𝑟𝑒𝑓(∆𝐸)
    2 

where𝐼𝑠𝑎𝑚
𝜋∗  and 𝐼𝑟𝑒𝑓

𝜋∗   are, respectively, the areas of the 𝐶1𝑠 → 𝜋∗  peaks for the sample 
and the reference, where Isam(delE) and Iref(delE) are the areas under NEXAFS spectrum 
between 290.0 eV and 320.0 eV for the sample and the reference, respectively. As a 
reference for HOPG on 100% sp2-bonded carbon, the spectra of the freshly split 
sample were taken at an incident X-ray beam angle of 170º to the surface of the 
sample. To calculate and quantify sp2 content, deconvolute the C K-edge spectra were 
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using the Igor Pro 6.3 software. All of the NEXAFS results that have been provided in 
this work are the mean values that have been computed from at least four separate 
measurements, and the standard deviation that corresponds to each result has also 
been reported. 
 3.3.5 Raman spectroscopy  
  Raman spectroscopy is a nondestructive technique which is widely used 
to identify the microstructure and study the structural properties of carbon-based 
materials (Chen et al., 2000; Ferrari, 2002; Ferrari and Robertson, 2000; Ferrari and 
Robertson, 2001). The basic principle of Raman spectroscopy is derived from the 
inelastic scattering or Raman scattering of monochromatic light when light interacts 
with a material. The energy of the incident absorbed photon is different from the 
energy of the photon released during scattering. In other words, the light's interactions 
with the atoms or molecules in the materials lead to the shift of the photon energy 

(hν), which provides the local structural information about the rotational or vibrational 
modes of the materials. Figure 3.11(a) illustrates types of light scattering: Rayleigh 
scattering, Stokes scattering, and anti-Stokes scattering, which are presented in the 
Raman spectroscopy, were light incident to molecule or atoms. Figure 3.11(b) shows 
the Jablonski diagram energy transition for Rayleigh and Raman scattering. The Rayleigh 
scattering initially takes place when the light photon is absorbed, and then elastically, 
the scattering goes back to the same frequency and level of initial excitation light. The 
incident photon energy is greater than the scattered photon energy due to the 
absorption of energy by the material to bring the atoms to an excited vibrational state. 
This is known as Stokes Raman scattering. 
  Anti-Stokes Raman scattering typically has a lower incident photon 
energy than the scattered photon energy, owing to the atoms' net energy release 
during the transition from the excited to the ground state. Anti-stoke Raman scattering 
requires an excited state of the atom prior to photon interactions, as illustrated in 
Figure 3.11(b). This occurrence is far less likely to occur than an atom being in the 
ground state at the start. As a result, the majority of Raman scattering seen occurs as 
a result of Stokes Raman scattering. Raman spectroscopy makes use of this effect in 
conjunction with the material's characteristic resonant vibration modes and 
frequencies to determine the microstructure. With respect to amorphous carbon, the 
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excitation energies of sp1, sp2, and sp3 bonding are between 0 and 5.5 eV, which 
corresponds to the energy range of visible to ultraviolet photons. 
  Typically, the Raman spectra of DLC exhibit conventional characteristics 
in the wavenumber range of 800-2000 cm-1, with the G and D peaks appearing at 1360–
1560 cm-1 and the T peak appearing at approximately 1060 cm-1 (Gradowski et al., 
2003). The G and D peaks in the spectra are two of the most prominent peaks which 
are created by resonance vibrations of the sp2 sites of the carbon bonds. As shown in 
Figure 3.12, the G peak is caused by the bond stretching modes of sp2 carbon in the 
ring and chain configurations, whereas the D peak is caused by the breathing modes 
of sp2 carbon in the ring configurations (Ferrari and Robertson, 2000; Seigler et al., 
2013). T peak can only be clearly observed during higher-energy UV illumination, but 
the G and D peaks are apparent when using visible wavelength excitation (at a 
wavelength of around 244 nm). 
  A phenomenological three-stage model was developed by Ferrari and 
Robertson (Ferrari, 2004a; Ferrari et al., 2000) to interpret the Raman spectra of 
amorphous carbon measured for any excitation energy. The Raman spectra 
fundamentally depend on the following parameter:(a) clustering of the sp2 phase, (b) 
bond disorder, (c) presence of sp2 ring or chain, and the sp2/sp3 ratio. The parameters 
such as the G and D bands positions, the intensity ratio of the D and G bands (ID/IG 
ratio), the full width at half maximum of the G band (FWHM(G)), and cluster size of the 
sp2 sites (La) can be obtained from the deconvolution of Raman spectrum with 
Gaussian curves on linear background subtraction. The three-stage model developed 
by Ferrari and Robertson, generally used to reconcile the above data to the quantity 
of disorder (amorphization) in the material, the degree of sp3 clustering, and 
establishing an estimate for sp2/sp3 bonding inside the carbon film. 
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Figure 3.11 (a) Incident light interacts with a vibrating molecule. (b) Jablonski Diagram 
representing Quantum Energy transitions for Rayleigh and Raman scattering. Reprinted 
(Chu and Li, 2006; Ferrari and Robertson, 2000; Ismail and Ismail, 2015). 

 
Figure 3.12 Vibration modes in graphitic carbon illustrated the stretching mode for (a) 
chain configuration, (b) ring configuration and the breathing mode for (c) a ring 
configuration. Result in (a) and (b) leads to the G peak, and (c) leads to the D peak in 
the Raman spectrum (Ferrari et al., 2000; Ong et al., 2007). 
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  Raman spectroscopy is used extensively in this research to characterize 
the microstructure of DLC films Raman spectra were acquired using visible Raman 
spectroscopy (Renishaw InVia Reflex Raman spectrometer) at laser wavelengths of 532 
nm, 50 mW defocused laser beam output, 100X objective magnification, and spot size 
~2 µm. 

 3.3.6 Atomic force microscopy (AFM) 

  AFM is a type of scanning probe microscopy (SPM) with extremely high 
resolution (Binnig et al., 1986; Giessibl, 2003), in the order of fractions of a nanometer. 
This technique is based on the intermolecular contact between the sample surface 
and a sharp tip (AFM tip), which enables to measure the topography and surface forces 
of conducting and insulating coverings with nanoscale resolution (Carpick and 
Salmeron, 1997; Garcıa and Perez, 2002). Figure 3.13 depicts a schematic 
representation of the operating principle of AFM (Garcıa and Perez, 2002). The AFM tip 
is attached to a cantilever spring, which deflects in response to the force applied. 
Depending on the measurement technique, the forces that can be measured with an 
AFM include Van der Waals forces and capillary forces (in bulk liquids), mechanical 
contact forces such as lateral forces (LFM) and magnetic forces (MFM), electrostatic 
forces (EMF), etc. In most cases, silicon or silicon nitride is used as the cantilever 
material, with a radius of curvature at the tip on the order of nanometers. 

 
Figure 3.13 Schematic illustration of the principle of AFM. Reprinted (Garcıa et al., 
2002).  
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  When the tip is in close proximity to the surface of a sample, the force 
between the tip and the sample causes the cantilever to deflect in accordance with 
Hook's low. Typically, the deflection is measured using a laser beam that is reflected 
from the back of the cantilever and detected by a four-quadrant photodetector array. 
Three different modes of operation are available for AFM, which are: contact mode, 
non-contact mode, and intermittent contact (tapping) mode. It is possible to reduce 
tip-sample forces while maintaining good surface topography sensitivity when using 
non-contact and tapping AFM modes rather than contact modes, which reduces wear 
and damage between the tip and sample surface. This is an advantage of using non-
contact and tapping modes of AFM over contact mode.  

  In this work, Bruker Innova scanning probe microscope (Bruker, USA) was 
used to evaluate the surface topography and surface roughness of the samples. The 
scanning area over which the measurements were made was 1 x 1 um2 and the contact 
mode AFM was used. The tip radius of the silicon probe was 8 nm. For each sample, 
at least four measurements were taken in order to obtain results that were reasonably 
consistent within the error bars. 

 3.3.7 Tribological Properties characterization 

  Typically, tribological properties greatly rely upon the tribo-testing 
conditions and the film nature. The tested results therefore vary from one place to 
another. Generally, four main factors that control the tribological properties of DLC 
are: i) actual working conditions, such as the load, speed, and contacting methods; ii) 
contacting friction pair, including the film, substrate, and counterpart; iii) contacting 
microstructure; iv) coating-to-film hardness, film thickness and surface roughness. The 
factors on the frictional properties depend upon the coating materials and the 
substrates (Yu et al., 2004) 

  This work studied the tribological durability properties of the DLC films 
by using a ball-on-plate universal mechanical tester (UMT, Bruker-UMT Tribo Lab). 
Figure 3.14 shows a schematic diagram and photographs of the universal mechanical 
tester (UMT) (Vieira et al., 2020). 
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  The test performs by putting a ball-shaped over the flat sample. The 
tests were carried out in reciprocating sliding with constant load. The stress is exerted 
vertically through the ball against the lower flat disc sample, with the ball acting as 
the spring. The samples slide relative to each other in a linear, back and forth sliding 
motion under applied load of 50 mN, stoke length of 6mm, sliding frequency of 3.33 
Hz, and ambient room temperature. 

 Test parameters, such as load, oscillation frequency, and test time are 
controlled using the UMT software. Approximately 10000 cycles are completed in each 
test, and four tracks are gathered each sample to guarantee repeatability. Each test is 
run until failure. Continuous friction, normal, and time data collecting were made 
possible by the software. The coefficient of friction (COF) was determined 
automatically by the software utilizing data from the normal force and friction force 
measurements. 

 
Figure 3.14 Tribometer (UMT-2 Bruker) graphic. Normal load (N) is applied while the 
surface of the steel ball slides on the DLC film (Vieira et al., 2020).  

   

 



 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

PART I –Structural dependence on thickness of ultra-thin ta-C overcoats 

 This part presents the study on the structural dependence on thickness of 
ultra-thin ta-C overcoats. The ultrathin ta-C overcoats with thicknesses of between 0.5 
and 5 nm were deposited on NiFe substrates using pFCVA technique. The NiFe 
substrates is a commonly used material for a slider pole in the HDD industry. A Si 
interlayer with a thickness of 0.5 nm was also introduced as an intermediate layer to 
reduce the internal stress and enhance the adhesive between an overcoat layer and 
substrate. The thicknesses of the fabricated overcoat were accurately evaluated by 
using WDXRF and HRTEM. The surface morphology and chemical bonding structure 
were systematically examined using AFM techniques, XPS, NEXAFS, and Raman 
spectroscopy techniques. The tribological properties, especially COF, were also 
analyzed using the reciprocating wear test.   

4.1 Overcoat thickness and surface morphology  

 Figure 4.1 shows the cross-sectional HRTEM images of the ultrathin ta-C 
overcoats with different thicknesses on NiFe substrates. The images demonstrate that 
the overcoat films were uniform and dense. A transitional zone between the NiFe 
substrate, capping layers, and deposited layers are clearly distinguishable. However, a 
region between the Si interlayer and deposited ultrathin ta-C films are discernable due 
to the fact that both Si interlayer and the ultrathin ta-C film layers are amorphous, 
showing the same contrast (Zhong et al., 2009). The WDXRF technique was therefore 
employed in this study to estimate the thickness of both the Si interlayer and ta-C 
film. The measured thicknesses of deposited Si and ultrathin ta-C overcoat by the 
WDXRF method are presented in comparison with those obtained from the cross-
sectional HRTEM images in Table 4.1. It is seen that the total coating thicknesses 
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determined from both techniques are consistent.  The deposited Si interlayer is 
expected to be approximately 0.5 nm. This validates the accuracy of thickness 
measurement in this work by the WDXRF technique. 

 
Figure 4.1 Cross-section HRTEM images of the fabricated ta-C films with Si interlayers 
on NiFe substrates. The ta-C film thickness was varied between 0.5-5.0 nm. 
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Table 4.1 Thicknesses of the fabricated ta-C overcoats derived from WDXRF spectra 
and cross-sectional HRTEM images. 

Overcoat 

Deposition condition Measure thickness (nm) 

Pulse count 
WDXRF HRTEM 

Si ta-C  Si/ta-C  

0.5 nm 100 0.51 0.52 1.08 

1.0 nm 200 0.51 1.06 1.83 

2.0 nm 400 0.49 2.15 2.35 

3.0 nm 600 0.47 3.35 3.76 

4.0 nm 800 0.54 4.16 4.85 

5.0 nm 1000 0.50 5.05 5.69 

 Figure 4.2 presents the AFM images showing the surface morphologies of NiFe 
substrate, deposited Si interlayer, and fabricated ultrathin ta-C overcoats. The AFM 
performed in a contact mode over an area of 1x1 um2. The results revealed that the 
surface of fabricated overcoats is smooth and uniform over a large area. The root mean 
square surface roughness (Rq) was estimated to be in a range of between 0.13 and 0.23 
nm. 

 The measured Rq of the deposited overcoats was plotted as a function of 
thickness in Figure 4.3. The surface of cleaned NiFe substrate was relatively smooth 
with Rq of 0.323 nm at the beginning. After the deposition of Si interlayer, the Rq 
decreased to 0.262 nm. When deposited the ta-C films with a thickness of 0.5 nm, the 
surface become even smoother with Rq of 0.195 nm. The Rq increased to 0.227 nm for 
the thickness of 1 nm, then gradually decreased and become constant at 
approximately 0.126 nm for the thickness greater than 2.0 nm.  

 The results suggest that the evolution of the surface roughness of the ultrathin 
ta-C film was significantly affected by the initial surface topography of the NiFe 
substrate before deposition. The surface of the ultrathin ta-C film becomes smoother 
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during film growth and can achieve atomic-level smoothness. This is in good agreement 
with the previous experimental study (Zhong et al., 2008) and molecular dynamics 
simulations (Ma et al., 2007). In the early stage, the incident C ions imping on the 
surface and engage in the of thin-film growth, and islanded nucleation at the valley's 
bottom, as observed by Ma et al. (Ma et al., 2007). The ions tend to settle near the 
valley's bottom, resulting in merging peaks and following the surface smoothness, as 
shown in Figure 4.2(c). The ta-C film grows in an island manner on the Si interlayer. As 
the island grows more significant and the peak-to-valley distance increases, the growth 
enters the roughening stage, as described in Figure 4.2(d). The steady evolution of the 
islands causes them to consolidate over time. Therefore, the surface roughness is 
uniform, and the surface smooths again, as shown in Figure 4.2(c-f). In addition, Shi et 
al. analyzed the morphological properties of ta-C films deposited by the FCVA 
technique over C+ ion energies 15 to 200 eV. They found that Rq roughness correlates 
with sp3 fraction. The highest sp3 fraction has the slightest roughness (0.12 nm) (Shi et 
al., 1999).  

 

4.2 Chemical composition and structure 

 In this work, XPS was used to investigate the chemical composition and 
microstructure of ultrathin ta-C films. The high-resolution core level C1s spectra of the 
fabricated overcoats are shown in Figure 4.2(a). It is seen that C1s peak gradually shift 
from ~284 eV to ~285 eV when the thickness of the ta-C overcoat increases from 0.5 
to 5.0 nm. To investigate the chemical compositions and bonding states, the C1s peaks 
were fitted with Gaussian-Lorentzian function after Shirley's background subtraction. 
The C1s peaks of all the ta-C overcoats comprises five visible bonds, including C-Si 
bonding at 283.20 ± 0.2 eV, sp2-C bonding at 284.30 ± 0.2 eV, sp3-C bonding at 284.90 
± 0.2 eV, C-O bonding at 286.20 ± 0.1 eV, and C=O bonding at 288.0 ± 0.2 eV (Dwivedi 
et al., 2014; Rismani et al., 2012; Soin et al., 2012; Yeo et al., 2015; Yeo et al., 2014).  
The relative atomic percentages of each carbon bond were estimated from the peak 
intensities, and the results are reported in Table 4.2. The sp3 bonds were found to be 
dominant in the structure, which is the characteristic of DLC films. Their relative atomic 
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percentages are in the range of 36.64-64.90%, which corresponds to the sp3 bonds 
fraction (sp3/(sp3 + sp2)) of 55.36-76.29%.  It was also observed that the sp3 bonds 
fraction decreased, whereas the sp2, C-O, and C=O bonds fractions increased as the 
overcoat thickness decreased. The presence of oxygen on the surface of the ta-C film 
is possibly due to physical or chemical adsorption, as well as contamination from the 
surrounding environment. The increase on the ta-C overcoat thickness and sp3 bond 
fraction results in a denser carbon network (Ferrari et al., 2000). This can inhibit 
atmospheric oxygen migration through the ta-C overcoat as well as Si layer diffusion 
toward the surface, resulting in a reduction in carbon-oxygen (C-O and C=O) intensities. 
The observation of C-Si bonds suggests the formation of chemical bonds between the 
carbon and silicon at the Si/DLC interface.  

 
Figure 4.2 High resolution XPS spectra of (a) C1s and (b) Si2p peaks of the fabricated 
ta-C films with thicknesses of 0.5-5.0 nm. 

 The XPS Si2p spectra were obtained for all samples, as shown in Figure 4.2(b). 
The chemical state of the Si interlayer was deconvoluted with four Gaussian-Lorentzian 
distributions corresponding to the binding energies located at 99.40 eV, 100.97 eV, 
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102.22 eV, and 103.35 eV assigned to the Si element (Si-Si), silicon-carbide (Si-C) (Gallis 
et al., 2005; Wang et al., 2004), silicon-oxycarbide (Si-O-C) (Choi, et al., 1998; Dwivedi 
et al., 2014; Önneby et al., 1997; Wang et al., 2004), and Si-O (Choi et al., 1998; Liu et 
al., 2013) bonds, respectively. Thus, the indicated Si atoms have reacted with the 
carbon ions to form Si-C bonds during the growing ta-C film in PFCVA. The existence 
of SiOx bonds in the Si interlayer regions is due to the presence of residual silicon 
oxide. When carbon ions are supplanted into the Si interlayer, carbon radicals may 
create Si-O-C bonds with these residuals, forming Si-O-C bonds. 

 
Figure 4.3 High resolution XPS spectra of (a) Fe2p and (b) Ni2p peaks of the fabricated 
ta-C films with thicknesses of 0.5-5.0 nm. 

 The high resolution XPS spectra of Si2p of the fabricated ta-C overcoats are 
shown in Figure 4.2(b). The Si2p peaks was deconvoluted into four Gaussian-Lorentzian 
peaks at the binding energies of 99.40 eV, 100.97 eV, 102.22 eV, and 103.35 eV, 
corresponding to the Si element (Si-Si), silicon-carbide (Si-C) (Gallis et al., 2005; Wang 
et al., 2004), silicon-oxycarbide (Si-O-C) (Choi et al., 1998; Dwivedi et al., 2014; Önneby 
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and Pantano, 1997; Wang et al., 2004), and Si-O (Choi et al., 1998; Liu et al., 2013) 
bonds, respectively. This result suggests that the Si atoms react with the carbon ions 
and form chemical bonds during the growth. The presence of SiOx bonds is possibly 
due to residual silicon oxides in the Si interlayer structure. These residuals could also 
react with the energetic carbon ions and form Si-O-C bonds. The formation of Si-C and 
Si-O-C bonds between the DLC overcoat and Si-interlayer can enhance the adhesion 
between the carbon film and substrate. The high resolution XPS spectra of Fe2p and 
Ni2p peaks are shown in Figure 4.3. As the overcoat thickness is less 3 nm, the signals 
of Fe2p3/2 and Fe2p1/2 were observed at the binding energies of approximately 707.10 
eV and 720.20 eV, respectively, and the signals of Ni2p3/3 and Ni2p1/2 peaks appear at 
the binding energies of 853.30 and 870.28 eV, respectively. The observations of Fe and 
Ni signals are originated from the NiFe substrate, since the analysis depth of XPS 
technique is typically between 5-10 nm. This observation is consistent with the 
measured thicknesses of the fabricated overcoats.     

 The carbon hybridization state and bonding orientations were also investigated 
using NEXAFS.  The C K-edge NEXAFS spectra of the fabricated overcoats are shown in 
comparison with HOPG in Figure 4.4. The HOPG spectrum has a similar visual shape to 
graphite spectra described elsewhere (Birrell et al., 2003; Watts et al., 2006), whereas 
all the C K-edge spectra of ta-C overcoats exhibit two distinct characteristics. The sharp 
pre-edge peak at ~285.5 eV and the broad photon energy peak between 290 and 320 

eV are assigned to the unoccupied π* and σ* bands. The pre-edge resonance at 

~285.5 eV is due to the transition from C1s orbital to unoccupied π* orbitals. The 
broad peak covering photon energy between 290 and 320 eV resulted from the 

overlapping of C1s → σ* transitions at sp2 or/and sp3 sites. Since the π* resonance is 
well separated in energy from the rest of the resonance in the C K-edge spectra. This 
the peak intensity of resonance can be considered a presentative of sp2 contents 

(Abbas et al., 2005; Soin et al., 2012). Figure 4.5(a) illustrates the intensity of the π* 
peak at ~285.5 eV of C1s NEXAFS spectra of ultrathin ta-C overcoat increases with 
decreasing thickness for the overcoat thickness less than 1.0 nm. It decreases gradually 
until overcoat thickness rises to 5.0 nm as the study range, which is proportional to 
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the sp2 hybridization carbon atom. This behavior of the π*C=C intensity indicates an 
initial rise and subsequent fall of the sp2 bonding configuration (Mangolini et al., 2021). 
Table 4.2 Relative atomic percentage of carbon bonds estimated from C1s peak. 

Overcoat 
Relative atomic percentage 

C-Si sp2C sp3C C–O C=O sp3/(sp3+sp2)  
0.5 nm 5.16% 29.55% 36.64% 18.16% 10.49% 55.36% 
1.0 nm 4.04% 27.11% 42.90% 18.83% 6.12% 61.28% 
2.0 nm 6.19% 24.15% 49.24% 14.54% 5.88% 67.09% 
3.0 nm 4.69% 23.66% 55.92% 10.80% 4.93% 70.27% 
4.0 nm 4.46% 23.24% 60.96% 8.17% 3.17% 72.27% 
5.0 nm 4.83% 20.17% 64.90% 8.45% 1.65% 76.29% 

 The carbon hybridization state and bonding orientations were also investigated 
using NEXAFS. The C K-edge NEXAFS spectra of the fabricated overcoats are shown in 
comparison with HOPG in Figure 4.4. The HOPG spectrum has a similar visual shape to 
graphite spectra described elsewhere (Birrell et al., 2003; Watts et al., 2006), whereas 
all the C K-edge spectra of ta-C overcoats exhibit two distinct characteristics. The sharp 
pre-edge peak at ~285.5 eV and the broad photon energy peak between 290 and 320 
eV are assigned to the unoccupied π* and σ* bands. The pre-edge resonance at ~285.5 
eV is due to the transition from C1s orbital to unoccupied π* orbitals. The broad peak 
covering photon energy between 290 and 320 eV resulted from the overlapping of C1s 

→ σ* transitions at sp2 or/and sp3 sites. Since the π* resonance is well separated in 
energy from the rest of the resonance in the C K-edge spectra. This the peak intensity 
of resonance can be considered a presentative of sp2 contents (Abbas et al., 2005; 
Soin et al., 2005; Soin et al., 2012). Figure 4.5(a) illustrates the intensity of the π* peak 
at ~285.5 eV of C1s NEXAFS spectra of ultrathin ta-C overcoats increases with 
decreasing thickness for the overcoats thickness less than 1.0 nm. It decreases 
gradually until overcoats thickness rises to 5.0 nm as the study range, which is 
proportional to the sp2 hybridization carbon atom. This behavior of the π*C=C intensity 
indicates an initial rise and subsequent fall of the sp2 bonding configuration (Mangolini 
et al., 2021).  
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 The normalized C K-edge NEXAFS spectra were fitted into multiple Gaussian 
resonance peaks using the ionization step function and the approach previously 
described. The deconvoluted peaks and their origins are summarized as follows. The 

peak at ~285.5±0.1 eV is originated from the C1s → π* transition for disordered 
carbon-carbon bonds and related to the fraction sp2C bonding in the near-surface 
region (Fedoseeva et al., 2016; Hemraj-Benny et al., 2006; Latham et al., 2017; 
Mangolini et al., 2018; Mangolini et al., 2021). The peak at 287.5±0.2 eV is from the 

C1s→ σ* transition for σ*(C–H) bonds (Koshigan et al., 2015; Latham et al., 2017; 
Stöhr, 2013; Sumant et al., 2007). As illustrated in Figure 4.5(b), the C–H content 
showed approximately 1.16% that independence from film thickness. It is important 
to note that this bonding between the carbon and hydrogen atoms in the films, the 
peak can be attributed to the surface contamination and hydrocarbon absorption to 
the surface dangling bonds acting as defect sites, mainly at the surface. The shape 

peak at 288.8± 0.2 eV corresponds to the C1s→ σ* of C-Si and C-O (Fedoseeva et al., 
2016; Mangolini et al., 2018; Mangolini et al., 2014; Wada et al., 2011). The XPS also 
confirms the detection of the C-Si bonds, shown in Figure 4.2(a).  The presence of C=O 
is due to prolonged exposure of samples to the environment (Roy et al., 2005; Sainio 
et al., 2020; Soin et al., 2012). It is also observed from the XPS measurements. The sp2 
fraction can be calculated from the peak areas taken from the C K-edge spectrum of 
ta-C films and HOPG spectra. 
 The sp2 fraction in the ultrathin ta-C overcoats with different thicknesses is 
shown in Figure 4.5(b). The thinnest ta-C overcoat exhibits the highest sp2 fraction. In 
order to gain a deeper insight of how sp2 clustering in the microstructure of ultrathin 
ta-C overcoats, visible Raman spectroscopy was employed. This technique is sensitive 

to highly symmetric covalent bonds, as visible photons are sufficient to excite the π 

states than σ states. However, the visible Raman spectrum represents the ordering of 
sp2 sites and, thereby, indirectly on the fraction of sp3 sites. Raman spectra excited by 
a laser of wavelength 532 nm of the ultrathin ta-C overcoats with thicknesses ranging 
from 0.5 to 5.0 nm are shown in Figure 4.6. The visible Raman spectra of the fabricated 
ta-C overcoats show a broad peak in the region of 1100-1800 cm-1, which can be 
deconvoluted into two distinctive peaks using a Gaussian distribution and linear 
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background subtraction. The first peak, graphitic (G) peak, at the wavenumber of 1530-
1560 cm-1 is formed by the in-plane bond stretching motion of all aromatics (rings) and 
olefinic sp2C pairs (chains).  This peak is essential for distinguishing amorphous carbon 
from graphitic and nano-crystalline graphitic films. The observation of this peak is 
consistent with the previous reports. Ferrari and Robertson (Ferrari and Robertson, 
2001) discovered that crystalline graphite has a G peak at 1580 cm-1 and nano-
crystalline graphite (nc-graphite) has a G peak of about 1580-1600 cm-1. Prawer et al. 
(Prawer et al., 1996) and Anders et al. (Anders et al., 1997) demonstrated that the 
minimum position for the G peak is never less than 1500 cm-1.  

 
Figure 4.4 Carbon (C) K-edge NEXAFS spectra of HOPG and ultrathin ta-C overcoats 

deposited by PFCVA technique presenting the evolution of the C1s → π* and C1s→ 

σ* transitions with ta-C overcoat thickness. 
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Figure 4.5 (a) the π* resonance intensity and (b) the sp2 fraction and C-H content were 
deduced from the NEXAFS spectra as a function of film thickness. 

 The second peak, shoulder peak, is described as the disorder (D) peak which is 
observed at a wavenumber of between 1330 and 1350 cm-1. This peak is formed only 
by the breathing mode of sp2 atoms in aromatic rings.  

 The intensity ratio of the D peak to the G peak (Id/Ig) in amorphous carbon films 
has a substantial impact on the microstructure and can be used to assess the size of 
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sp2 clusters. A relationship between the sp2 clusters size (L) and Id/Ig can be established 
as follows (Ferrari and Robertson, 2000).   

     𝐼𝑑

𝐼𝑔
= 𝐶𝐿2     (2) 

Where C is a constant. It has a value of 0.0055 for the 532 nm excitation wavelength.

 
Figure 4.6 Normalized Raman spectra excited by a laser wavelength of 532 nm in the 
range of 800-2200 cm-1of the fabricated ultrathin ta-C overcoats. 
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Figure 4.7 Id/Ig ratio and size of sp2 clusters dependent on the thickness of ta-C films, 
deposited by pulsed filtered cathodic vacuum arc. 

 
Figure 4.8 (a) Plots between sp3/(sp2+sp3) ratio estimated from XPS spectra and Id/Ig 
ratio as a function of the ta-C overcoat thickness. (b) The correlation of sp3/(sp2+sp3) 
ratio and Id/Ig ratio of ta-C overcoats.  
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 Figure 4.7 illustrates the relationship between Id/Ig and sp2 cluster sizes and 
thickness of the fabricated ta-C overcoats. Both Id/Ig and the size of sp2 clusters 
decrease as the overcoat thickness increases. The Id/Ig ratio decreases from 0.68 to 0.36 
and the size of sp2 clusters decreases from 1.12 to 0.82 nm as the overcoat thickness 
increased from 0.5-5 nm. The result is in good agreement with the earlier reports. 
Goohpattader et al. used constant ion energy for fabrication of DLC films and 
discovered that the size of sp2 clusters reduced as the deposition time increased 
(Goohpattader et al., 2015). Figure 4.8(a) shows the plots of the sp3/(sp2+ sp3)%  
estimated from XPS spectra    and the Id/Ig ratio as a function of overcoat thickness 
and Figure 4.8(b) depicts the correlation between the Id/Ig ratio and the sp3/(sp2+sp3) 
ratio estimated from XPS spectra.  It was observed that the relation is a negative slope, 
and the R-square for the correlation is 0.94, indicating that the Id/Ig ratio is inversely 
propotional to the sp3/(sp2+sp3)% ratio. 

 The most significant observation of this study is that the migration of sp2 sites 
to sp3 sites occurs in a transition from rings to chains in the sp2 configuration when the 
ta-C overcoat thickness increases. The results are consistent with Ferrari and 
Robertson's three-stage phenomenological method for the interpretation of Raman 
spectra of ta-C films at any excitation energy (Ferrari and Robertson, 2000).   

 However, ultra-thin DLC is used in magnetic recording hard disk drives to 
improve the wear durability of their head-disk interface (HDI), which relates to friction 
and is a tribology property. As a result, increasing the thickness of the ultrathin ta-C 
layer influences surface roughness and friction evolution (discuss in next section). 

 

4.3 Tribological performances 

 The tribological properties of the fabricated ultrathin ta-C overcoats were 
determined by a ball-on-disk wear test. In the test, the samples were fixed while the 
counterface was in contact with the surface. This configuration is similar to the working 
condition of HDD and allows the estimation of COF (Dwivedi et al., 2021).The test was 
carried out more than 10000 cycles, which is much more than the HDD operational 
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lifetime (Dwivedi et al., 2015). The examined friction curves and the optical microscopic 
images captured after the test of the fabricated ultrathin ta-C overcoats with 
thicknesses ranging from 0.5 to 5.0 nm in comparison with a cleaned NiFe substrate 
and a Si-interlayer on the NiFe substrate are shown in Figure 4.9 and Figure 4.10 depicts, 
respectively. It is seen that the COFs of the NiFe substrate and the Si interlayer 
fluctuate with test cycles with an average value of 0.70 and 0.69, respectively. After 
the test, severe wear tracks and debris formations appeared in the optical images.  
captured after the results of the test. The observed wear between the ball and the 
substrates was therefore related to the fluctuations in COF. On the other hand, the 
COF of the fabricated the ta-C overcoats with thicknesses ranging from 2.0 nm to 5.0 
nm remained constant in the range of 0.18-0.27 during the test.  This COF value  is 
slightly lower than the COF value of approximately 0.3-0.5 reported in existing 0.27 nm 
commercial carbon overcoats (Dwivedi et al., 2015; Dwivedi et al., 2015). No visible 
wear track or debris was observed in the optical pictures taken following the test. 
However, as the thickness of the ta-C overcoats increased to 0.5 and 1.0 nm, the COF 
showed significant fluctuations with test cycle and their average values abruptly 
increased to 0.70 and 0.62, respectively. This resulted in a wear track being visible in 
the optical images taken after the test, as seen in Figure 4.10(c) and 4.10(d). 

 

4.4 Discussion 

 Figure 4.11 presents the plot of Rq, the Id/Ig ratio obtained from Raman 
spectroscopy, the sp2 fraction estimated from NEXAFS, and the COF of the ta-C 
overcoats as a function of thickness. The plot clearly indicates that the sp2 fraction of 
the ta-C overcoats is inversely proportional to their thickness. The sp2 fraction increases 
as the overcoat thickness decreases, and suddenly increases when the overcoat 
thickness is reduced to 1 nm, which is consistent with the rise in Id/Ig reported from 
Raman spectroscopy. 

 Several models, including the subplantaion model (Davis et al., 1998; Lifshitz 
et al., 1994; Robertson, 2002), have been proposed to explain the formation of a ta-C 
film fabricated by the PFCVA technique. The PFCVA generates a plasma of highly 
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energetic carbon ions that are capable of embedding themselves in a growing film. 
The produced carbon ions can penetrate the surface, resulting in the densification of 
carbon in the subsurface and the formation of sp3 hybridization. The formation of sp3 
hybridization is strongly determined by the carbon ion energy and growth temperature 
(Davis et al., 1998; Lifshitz et al., 1994). 

 The film is formed as three cross-sectional layers; interface layer, bulk layer, 
and surface layer (Casiraghi et al., 2004; Davis et al., 1998; Matlak and Komvopoulos, 
2018). While the interface and surface layers have higher sp2 fractions, the bulk layer 
has a higher sp3 fraction. The spatially resolved cross-sectional electron energy loss 
spectroscopy (EELS) analysis has confirmed the presence of a thin surface layer with a 
high sp2 fraction, with a thickness of between 0.4 nm and 1.3 nm for carbon ions with 
energies of 35 eV and 320 eV, respectively (Davis et al., 1998). It has also been 
demonstrated that the high sp2 bonded surface layer does not arise after the film 
growth, but rather is present during the growth of the high sp3 bonded bulk layer (Davis 
et al., 1998). As the film grows, the bottom part of the surface layer is converted into 
sp3 hybridization by subsurface deposition process and the top of sp2 bonded surface 
layer expand away from the substrate. Our result seems to be in good agreement with 
the assumption. It was expected that the ultrathin ta-C films with thicknesses of 
between 0.5-1.0 nm would mainly compose of surface and interface layers with high 
sp2 fraction. As the deposition parameters, specifically ion beam energy and substrate 
temperature, were kept consistent in the growth process, the characteristics of the 
surface and interface layers would not change when varying the overcoat thickness. 
When the overcoat thickness increased, the dense bulk layer with high sp3 fraction was 
formed and expanded, while the surface layers remained unchanged. As a result, the 
sp3 fraction increased with thickness. It was also observed that the decrease of sp2 
fraction significantly reduced the COF of the overcoat.  

 The Rq, on the other hand, does not show a strong correlation with the sp2 
fraction of the overcoat. This observation contradicts to the previous findings that the 
roughness of ta-C films correlates with the amount of sp2 atomic content. The lowest 
roughness occurs at the lowest sp2 atomic content (Lifshitz et al., 1994; Shi et al., 1999; 
Shi et al., 1999). 
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 In this work, the Rq of the ultrathin ta-C films was found to be strongly 
influenced by the morphology of the substrate. It tended to follow the surface 
roughness evolution for general cases (Casiraghi et al., 2005). This behavior has also 
been reported and explained by Zhong et al. (Zhong et al., 2008). In the first stage of 
the growth, the deposited carbon atoms arrive (condensation), migrate (diffusion), and 
aggregate into two-dimensional adatom islands (nucleation) on the surface. The 
deposited ions prefer to settle at adsorption sites on the bottom of the valley on the 
surface as their capture areas are greater than other positions, resulting in the 
smoothness of the surface (Ma et al., 2007; Zhong et al., 2008). It was observed in this 
work that after the deposition of the ta-C film with a thickness of 0.5 nm, the surface 
of the Si interlayer with Rq of 0.26 nm became smoother with Rq of 0.20 nm. As the 
surface becomes smoother, a series of islands is formed due to the aggregation of 
carbon atoms at the valley in the initial smoothness stage, resulting in quickly 
increased surface roughness. The Rq increased to 0.23 nm was observed for the film 
thickness of 1 nm. As the island coalesce to form a closed and continuous film, the 
surface roughness reaches the maximum and then decreases in the second stage. The 
surface roughness become constant in the third stage and gradually increase above a 
roughening transition. The Rq gradually decreased and became constant at 
approximately 0.13 nm for the film thickness greater than 2.0 nm. The observed 
evolution of surface morphology with thickness is also consistent with the structure of 
the film as it is shown that the bulk film with high sp3 bonded carbon has not been 
completely formed for the thickness of 0.5-1.0 nm. This result suggests that the initial 
roughness may also affect the formation and evolution of high sp3 fraction bulk layer 
with film thickness. 
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Figure 4.9 (a) Friction curves and (b) COF of the cleaned NiFe, Si-interlayer deposited, 
and fabricated ta-C overcoat with thicknesses of 0.5-5.0 nm. 
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Figure 4.10 Optical images of a NiFe substrate, a Si interlayer, and ta-C overcoats with 
thicknesses of 0.5-5.0 nm after slide reciprocating tribological test. 
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Figure 4.11 Plot of Rq, Id/Ig ratio, sp2 fraction estimated from NEXAFS, and COF as a 
function of ta-C overcoat thickness. 

 

PART II- Influence of an interlayer on ultrathin ta-C overcoats 

 In this part, the influence of an interlayer on structure and tribological 
properties of ultrathin ta-C overcoat was studied. Two different interlayers, namely, Si 
and SiNx with thicknesses of between 0.5-1.0 nm were applied between the surfaces 
of substrate and ta-C overcoat layer. The ultrathin overcoats were consequently 
characterized by in this study to determine the influence of the interlayer thickness 
on the structure of the film. Sputtering is used to deposit Si and SiNx interlayers with 
thicknesses ranging from 0.5 to 1 nm, followed by deposition of PFCVA deposited 1.0 
nm thick of ta-C on top of the Si and SiNx layers. The deep characterization is detail 
as below. 

 

4.5 Influence of interlayers on surface morphology 

 In this work, the Si and SiNx interlayers with thickness of of 0.5 and 1nm were 

deposited on NiFe substrates by a sputtering technique. Consequently, ultrathin ta-C 

overcoats with a thickness of 1nm were deposited by the FCCVA technique. The 
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interlayers and ta-C overcoats were both produced in the same chamber vacuum 

without the need for vacuum breakdown. The thicknesses of all fabricated interlayers 

and ta-C overcoats were determined by WDXRF and are lists in Table 4.3.      

Table 4.3 Thickness of interlayer and tetrahedral amorphous carbon. 

Sample 
WDXRF thickness (nm) 

Sample 
WDXRF thickness (nm) 

Si ta-C SiNx Si 

Clean NiFe 0.00 0.00 C10 0.00 0.91 

5Si 0.64 0.00 5SiNx 0.52 0.00 

10Si 1.01 0.00 10SiNx 1.02 0.00 

5SiC10 0.59 0.97 5SiNxC10 0.47 1.12 

10SiC10 0.91 1.04 10SiNxC10 0.90 1.04 

  

 As shown in Figure 4.12-4.13(a), the surface roughness of Si and SiNx interlayer 

films was deposited at various thicknesses ranging from 0.5 to 1.0 nm that found the 

roughness of the samples 5Si, and 10Si was nearly identical (Rq ~ 0.26 nm). Similar to 

the surface roughness of samples 5SiNx, and 10SiNx was almost shown (Rq ~ 0.27 nm). 

When considering Si and SiNx interlayer varied from 0.5 to 1.0 nm with a 1 nm thick ta-

C overcoat that exhibited the roughness of samples 5SiNxC10, and 10SiNxC10 were 

estimated (Rq ~ 0.19 nm) and slightly lower than the samples 5SiC10, and 10SiC10 (Rq 

~ 0.22 nm) and equivalent to a 1 nm thick ta-C coat without an interlayer C10 (Rq ~ 

0.21 nm). The result indicates that film surface smoothens in atomic level and 

important low surface roughness in order to have better tribological and corrosion 

performances, and it is advantageous in the nanoscale regime since it allows for 

reducing the magnetic spacing in order to have higher storage densities (Casiraghi et 

al., 2005; Yeo, Dwivedi, et al., 2014). 
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Figure 4.12 Average root means square surface roughness (Rq) of the NiFe substrate, 
the interlayer (a) 0.5-1.0 nm of Si and SiNx interlayer without ta-C overcoat. (b) Varying 
0.5-1.0 nm of Si and SiNx interlayer with 1 nm ta-C overcoat.  
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Figure 4.13 AFM images 3D scan size 1x1 μm area of cleaned NiFe substrate, 1 nm 
monolithic ta-C film (C10), 1 nm monolithic Si and SiNx interlayer (10Si,10SiNx), and 
composited layer 10SiC10 and 10SiNxC10. 

 

4.6 Tribological properties  
 The coefficients of friction (COF) values were determined during a reciprocating 
ball-on-disk tribological test for monolithic Si and SiNx layers of 0.5-1 nm thickness, 
referred to sample as 5Si, 10Si, 5SiNx, and 10SiNx, respectively. While cleaned NiFe 
serving as a reference, as shown in Figure 4.16. The 1 nm overcoat thick ta-C deposited 
over interlayer with different Si and SiNx thickness of 0.5 and 1 nm, referred to sample 
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as 5SiC10, 10SiC10, 5SiNxC10, and 10SiNxC10, respectively. While 1 nm thick ta-C 
sample is for reference as C10 sample. For the purpose of comparing their tribological 
behavior, all samples were examined under the same conditions.  
 As shown in Figure 4.14, the average coefficient of friction (COF) determined 
during the reciprocating tribology test and a variation of the COF for varying interlayer 
thicknesses, with and without ta-C coating, was determined throughout the test 
presented in the bar chart. Despite the fact that the thickness of monolithic Si and SiNx 
without any protective coating ranged from 0.5 to 1 nm, the samples 5Si, 10Si, 5SiNx, 
and 10SiNx all exhibited high COF values of 0.73, with no statistically significant variation 
in COF between them. Because of this, it is proved that the coefficient of friction is 
independent of the thickness of the interlayers between Si and SiNx. In conclusion, 
monolithic Si and SiNx layers have poor tribological performance, as demonstrated in 
this study. However, the COF of the variant with Si and SiNx overcoat with 1.0 nm thick 
ta-C film, the samples 5SiC10, 10SiC10, 5SiNxC10, and 10SiNxC10 showed values of 
0.60, 0.57, 50, and 0.47, respectively. It can be seen as a result that indicated the 
tribological performance of the Si and SiNx interlayers, when overcoated with a ta-C 
layers, improved by 9.1% and 24.2%, respectively, when compared to 1.0 nm of thin 
monolithic ta-C. 

 
Figure 4.14 Dependence COF and interlayer thickness of Si and SiNx with respect to 
number of cycles as obtained from ball-on-disk tribological tests. 
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 To narrow down the comparison of tribological performance between Si and 
SiNx with a 1.0 nm protective ta-C coating, the COF of samples 5SiC10 and 10SiC10 
declined from 0.60 to 0.57, and the COF of samples 5SiNx10 and 10SiNxC10 followed 
the same pattern by decreasing from 0.51 to 47, respectively. It can be shown in  
Figure 4.14 that the COF decreases as a function of the thickness of the interlayer. 
Moreover, the COF of the SiNx interlayer is less than that of the Si interlayer. In context 
of this findings, the effectiveness of ta-C deposition improvement in frictional 
characteristics is enhanced by the addition of Si or SiNx underlayer. The enhanced 
tribological features afforded by SiNx/ta-C and Si/ta-C bilayer overcoats can be 
attributed to the increased interfacial bonding, and the enhanced sp3 carbon 
hybridization can be discussed further in Raman and XPS. 
 

4.7 Raman analysis 
 Raman spectroscopy is widely used to investigate the structure of amorphous 
carbon materials because of its non-destructive nature and sensitivity to translational 
symmetry (Ferrari et al., 2000). The visible Raman was taken using a laser at a 
wavelength of 532 nm to depth view into the microstructure of the ta-C overcoats. 
Figure 4.15 show the visible Raman spectra of samples 10C, 5SiC10, 10SiC10, 5SiNxC10, 
and 10SiNxC10 from the same deposition condition. 
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Figure 4.15 Raman spectra of DLC films with different interlayer thickness 0.0-1.0 nm 
of (a) Si and (b) SiNx amorphous interlayer with 1 nm ta-C overcoat film, with the D 
and G peak. 

 As seen in Figure 4.15, Raman spectroscopy of DLC films with different Si and 
SiNx interlayer thicknesses by varying 0.5-1.0 nm and overcoat with 1.0 nm ta-C film. 
The spectra were presented in the range of 1100-1800 cm-1, which suggested that the 
samples possessed the typical DLC structural characteristic. The spectra of all samples 
were deconvoluted using two Gaussian distributions and linear background. The Raman 
spectra of the DLC film surface from the examined samples, with the characteristics D 
(disorder) and G (graphite) bands, show an average centered at ~1358 cm-1 and ~1540 
cm-1, respectively. As is widely known, visible energy at 532 nm excitation, the sp2 sites 
possess such a high cross-section that they dominate the spectra, which respond only 
to the configuration or order of the sp2 sites. In contrast, the sp3 sites are invisible. 
Therefore, the G and D peaks are due to sp2 sites. The G peak is due to the bond 
stretching of all pairs of sp2 atoms in both rings and chains. The D peak is due to the 
breathing modes of sp2 atoms in rings induced by disorder-activated aromatic modes 
of A1 symmetry (Ferrari et al., 2000; Ferrari et al., 2001). The spectra were deconvoluted 
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by carefully fitting the G peak and D peak. The G position and ID/IG ratio were extracted. 
Figure 4.16 represented the parameters regarding the G and D peak extracted from the 
Raman spectra as a function of the thickness of the Si and SiNx interlayers increasing 
from 0 to 1.0 nm and overcoated by 1 nm thick ta-C films. The G peak and D peak 
intensity as ID/IG ratio that exhibited to decrease with an increasing interlayer thickness 
of both, despite the fact that the ta-C thickness remained constant, contrasted with 
the trend increasing of G position in spectra of ta-C films. As a result that the decrease 
in ID/IG ratio indicated an increase of sp3 fraction (FC et al., 2006; Liu et al., 2013). The 
position of the G peak was also shown to be related to the sp3 fraction. When the sp3 
fraction grew, the sp2 fraction and size of the sp2 cluster decreased, and the bond 
order increased, resulting in an increase in the Raman frequency. This meant that the 
upward shift of the G peak position corresponded to a high sp3 content. 

 As evidenced by the ID/IG ratio trend, the presence of Si and SiNx interlayers 
promotes the sp3C bonding with the ta-C overcoat. However, the SiNx interlayer 
generated lower ID/IG than Si-interlayer. To explore the bonding environment of the 
interfered region between the interlayer and ta-C layer in more insight. 
 

 
Figure 4.16 Variation of the ID/IG ratio and the G position as a function of the thickness 
of the Si and SiNx interlayer varying from 0 to 1 nm. 
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4.8 Chemical and interfacial bonding analysis 
 It has been demonstrated that the synergistic effect of the SiNx interlayers in 
the range of 0-1.0 nm with 1 nm ta-C thick overcoated layer can significantly improve 
the functional properties of friction durability when compared to monolithic ta-C and 
Si/ta-C of the same thickness has been demonstrated. It is therefore critical to 
understand the underlying cause of this augmentation by linking it to the chemical 
bonding of the substance. Overcoats containing carbon have to be studied to better 
understand their chemical structure and oxidation. XPS was used to examine chemical 
bonding inside the ultrathin overcoat layer. XPS analyses were also performed on the 
Si and SiNx interface region with ta-C amorphous carbon overcoats as samples 5SiC10, 
10SiC10, 5SiNxC10, and 10SiNxC10, as well as the C10 sample, which comprised of a 
monolithic 1 nm ta-C overcoat generated using the same PFCVA method. The purpose 
of sample C10 was to provide as a reference for comparison. To remove any 
background noise, executing Shirleys' background subtraction correction was 
conducted before fitting the XPS core-level spectra of each element. Figure 4.17 shows 
the fitting of the C1s core level spectra was accomplished with a Gaussian-Lorentzian 
line shape, and all samples had four constituent peaks, which used to be consistent 
throughout all samples corresponding to the sp2 bonding in carbon assigned to sp2C 
at 284.2±0.2 eV, sp3 bonding in carbon assigned to sp3C at 285.0 ± 0.2 eV, C-O bonding 
at 286.2±0.1 eV, and C=O bonding at 288.0±0.1 eV (Dwivedi et al., 2014; Rismani et al., 
2012; Soin et al., 2012; Yeo et al., 2015; Yeo et al., 2014). 

The presence of an additional peak at 283.3±0.2 eV (Ferrari, 2004a; Ong et al., 
2007) has been observed only in samples 5SiC10,10SiC10, 5SiNxC10 and 10SiNxC10, 
which was assigned to C-Si bonding. In contrast, sp2 carbon-nitride bonding assigned to 
sp2C-N at 286.7±0.2 eV and sp3 carbon-nitride bonding assigned to sp3C-N at 287.7±0.2 
eV (McCann et al., 2005; Yamamoto et al., 2001) have been detected only in samples 
5SiNxC10 and 10SiNxC10. The formation of C-Si and C-N can be attributed to the 
interaction of C+ ions with Si or SiNx interlayer at Si/ta-C or SiNx/ta-C interface. In 
meantime in 5SiNxC10 and 10SiNxC10 sample found C=O bonding shifted ~0.6 eV to 
higher binding energies corresponding to higher oxidation state. 
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The areas under the constituent peaks in all of the core level spectra derived 
for all of the samples were compared using the area ratio method, which compares 
the areas under the constituent peaks in the c1s core level spectra. The C1s core level 
spectra of composite ta-C, Si/ta-C, and SiNx/ta-C films shown in Table 5.2 are 
influenced by the chemical bonding and binding energies associated with the bonding 
configurations. As revealed by the XPS results, the introduction of the 0.5-1.0 nm Si 
and SiNx interlayer between carbon and NiFe substrate causes a significant change in 
the chemical bonding of the ta-C film by increasing the content of interfacial bonding 
between the ta-C film and interlayer, increasing the sp3C bonding fraction, and 
decreasing the amount of oxidation (C–O and C=O) in ta-C film. The bonding the 
fraction information, it was discovered that in terms of carbon bonding, increasing Si 
and SiNx interlayer 0.5-1.0 nm thickness while keeping constant ta-C thickness at 1.0 
nm illustrates that sp3 fraction or sp3C/(sp3C+sp2C) ratio increase as a function of 
interlayer thickness as shown in Figure 4.18. When compared without interlayer 
thickness or monolithic ta-C film. The presence of Si and SiNx interlayer enhanced the 
sp3 bonding with the carbon layer. 

 
Figure 4.17 High resolution C1s core level XPS spectra of as-deposited samples (a) 
C10, (b) 10SiC10, and (c) 10SiNxC10. 
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Table 4.4 Chemical bonding and binding energies of the C bonding configurations for 
composite Si/ta-C and SiNx/ta-C films. 

 

Sample 

Atomic concentration (at%) 

Bond C-Si sp2C sp3C C – O sp2C-N sp3C-N C=O 

B.E (eV) 283.3 284.2 284.9 286.2 286.7 287.7 288.0 

C10  0 32.6 36.4 18.6 0 0 12.5 

5SiC10  2.4 29.6 36.7 20.9 0 0 10.4 

10SiC10  4.3 29.1 43.0 14.7 0 0 8.9 

5SiNxC10  3.5 28.4 39.4 10.7 11.1 1.1 5.8 

10SiNxC10  6.86 24.9 44.5 8.5 9.5 2.2 3.7 

 

 

Figure 4.18 Relationship of sp3C/(sp3C+sp2C) fraction deconvoluted of C1s core level 

spectra of Si and SiNx interlayer thickness overcoat with ta-C film. 
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Table 4.5 Binding energies (B.E) and associated atomic percentage in the Si and SiNx 
interlayer XPS Si2p spectra. 

Peak in Si interlayer Si-Si Si-C Si-N Si-O-C 
Si-N-O 
/Si-O 

SiOx 

BE (eV) 99.60 100.60 101.50 102.20 102.90 103.30 
10SiC10 35.82 35.87 0 16.87 0 11.43 
10SiNxC10 19.80 21.53 38.24 0 20.44 0 

 
 To have a more profound knowledge of the interfacial bonding between 
carbon with silicon and carbon with nitrogen, the deconvoluted Si2p core level spectra 
of samples 10SiC10 and 10SiNxC10 were analyzed using a variety of Gaussian-
Lorentzian distributions correlating to the possible bonding sites within the interlayer 
region, i.e., Si-Si, Si-C, Si-O-C, SiOx, Si-N, and Si-N-O. The approximated atomic fraction 
and bonding energy position for each peak are shown in Table 4.5. 

Figure 4.21(a) represents the deconvolution of the Si2p core level spectrum of 
sample 10SiC10 (Si-interlayer with 1 nm ta-C thickness), which includes two notable 
peaks 99.7 eV and 100.6 eV, which are related to the Si element (Si-Si), silicon-carbide 
(Si-C), respectively (Gallis et al., 2005; Wang et al., 2004). According to the findings, 
about the Si atoms in the interlayer interacted with the C+ ions, resulting in the 
formation of the projected Si-C bonds. It was discovered that the Si2p spectrum of 
sample 10SiC10 also contained two minor peaks at higher binding energies of about 
102.20 eV and 103.30 eV , which were designated to Silicon-Oxycarbide (Si-O-C) (Choi 
et al., 1998; Dwivedi et al., 2014; Önneby et al., 1997; Wang et al., 2004) and Si-O bonds 
(Choi et al., 1998; Liu et al., 2013), respectively. The presence of SiOx related to the 
fact that during sputter etching and before to deposition of ta-C, silicon oxide was left 
behind in the structure of the interlayer, resulting in SiOx bonds. Si-O-C bonds may be 
formed by C+ radicals reacting with these residuals. As a result of the interaction 
between the C+ ions, the Si interlayer, and the substrate, then SiOx and Si-O-C bonds 
were most likely formed (Rismani et al., 2012). The deconvoluted Si2p peak of the 
sample 10SiNxC10 (SiNx-interlayer with 1 nm ta-C thickness), as shown in Figure 4.19(b), 
the presence of a strong Si-N peak and a dominant Si-C peak indicated that the 
interlayer of sample 10SiNxC10 was largely composed of Si-N and Si-C bonds. 
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 XPS analyses indicate that the incorporation of Si and SiNx interlayers 
significantly alters the microstructure of the ta-C film by increasing the amount of 
interfacial bonding between the ta-C film and underlayers, such as Si-C bonding and 
C-N bonding, as well as by expanding the sp3 bonding content and decreasing the 
amount of oxidation in the ta-C film. As shown in Table 4.4 and Figure 4.19, the sp3C 
bonding fraction of PFCVA-deposited carbon films with and without the SiNx and Si 
interlayers while maintaining the thickness of the ta-C films is significantly different in 
sp3 contents as 10SiNxC10 > 10SiC10 > 5SiNxC10 > 5SiC10 > C10, indicating a significant 
difference between the patterns. The results reveal that interlayer thickness has an 
effect on sp3C content, which reflects tribological performance by decreasing COF, 
which is consistent with the outcomes of the wear ball-on-disk experiment and ID/IG 
ration Raman analysis shown in Figure 4.18. The results shown above are congruent 
with those obtained by Yeo et al. and Liu et al. in their respective studies (Liu et al., 
2013; Yeo et al., 2014). 
 In summary, it is clear that the incorporation of a Si and SiNx interlayer between 
the NiFe substrate and the ta-C film boosts the sp3 carbon bonding within the ta-C 
film while decreasing the sp2 carbon clustering within the ta-C film, as demonstrated 
by wear ball-on-disk testing, Raman and XPS spectra. Additionally, the interlayer 
thickness of SiNx material is more effective at increasing sp3C concentrations than the 
Si material. 
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Figure 4.19 Deconvolution of Si2p XPS spectra with Gaussian-Lorentzian of Si and SiNx 

interlayer (a) 10SiC10 and (b) 10SiNxC10 with 1.0 nm ta-C overcoat. 

 

 

 

 
 
 

 

 

 



 

CHAPTER V 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

  

 This research work has been made to divide the essential conclusion of this 
Ph.D. thesis into two major sections, which are as follows: 

 The primary objective of this research was to investigate the structural 
characterization of ultrathin tetrahedral amorphous carbon overcoats for use in high 
area density magnetic recording. In recent works, the study results were reported, 
including a comprehensive investigation of the chemical structure of ultrathin ta-C 
overcoats with thicknesses ranging from 0.5 nm to 5.0 nm. In order to produce the ta-
C overcoats, the IBD approach was applied to a NiFe alloy base substrate with a Si 
interlayer, followed by the PFCVA technique. This study determined overcoat 
thicknesses with precision using the WDXRF and HRTEM techniques, respectively. The 
surface morphology and chemical structure of the samples were investigated using a 
variety of techniques, including AFM, XPS, NEXAFS, and Raman spectroscopy. Aside 
from that, the reciprocating wear test was utilized to determine the tribological 
properties of the materials under examination. The AFM tests revealed that the 
synthesized ultrathin ta-C coating had an ultrasmooth surface with an Rq of less than 
0.23 nm, indicating that PFCVA successfully fabricated an ultrathin ta-C film with a high 
level of efficiency. According to the results of the XPS examination, the overcoat had 
a high sp3 bond fraction, with a range of 55.36-76.29% in the area of the investigation. 
Following the findings of the NEXAFS and Raman spectroscopy investigations, it was 
discovered that the sp2 bonds fraction and ID/IG ratio increased with decreasing 
overcoat thickness and then increased rapidly when the overcoat thickness reached 1 
nm. As a result, the value of COF increased. It is feasible to explain the relationship 
between the sp2 bonds fraction and the total overcoat thickness using the 
subplantation model. The acquired results demonstrate that the PFCVA process when 
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used as a protective coating for high-density magnetic storage devices, limits the 
thickness of the ta-C overcoat that may be generated.  

 The secondary the influence of thin Si and SiNx interlayer thickness on the 
structure of an ultrathin ta-C film has been investigated in this study. Through the use 
of sputtering, the interlayers of Si and SiNx are deposited at varied thicknesses from 0.5 
to 1.0 nm, followed by 1.0 nm of PFCVA deposited ta-C on top of the Si and SiNx 
layers. The Si/ta-C and SiNx/ta-C bilayer have a similar topographical scale and a 
smooth rough surface morphology. As far as tribological properties are tested on ball-
on-disk, monolithic Si and SiNx exhibit poor COF performance. On the contrary, bilayer 
Si/C and SiNx exhibit enhanced tribological capabilities and a reduced COF, even when 
compared to monolithic ta-C 1.0 nm. It is crucial to highlight that the presence of SiNx 
interlayer thickness can result in effective COF as a function of interlayer thickness. 

 Using Raman analysis, it was revealed that the ID/IG ratio reduced as the 
interlayer thickness of Si and SiNx increased from 0.5-1.0 nm, even though the ta-C 
thickness remained constant with increasing interlayer thickness, corroborates with XPS 
results. The XPS analysis of the chemical composition of the ta-C film reveals that the 
Si and C-N bonding has transformed into Si-C bonding and Si-N bonding, especially 
depositing an interfacial SiNx layer between the ta-C film and the NiFe substrate. As a 
result, evidence of an adhesive layer formed between the carbon overcoat and the 
interlayer can be found. When applied to a NiFe substrate, the advantage of SiNx is 
that it acts as a protective layer, preventing the migration of water and oxygen from 
the NiFe substrate through the ta-C film. As a result, there is less oxidation in ta-C 
films, which indicates that sp3C bonding is being promoted. Considering how well the 
interlayer and benefit SiNx contribute to the rise in sp3C content, it represents a 
promising potential candidate for producing great tribology, which is an important 
consideration when designing a high-density magnetic recording system with 
appropriate ta-C architecture. 

 Alternated carbon overcoat is utilized as a protective surface coating for 
magnetic storage technologies, such as HDD drives, which are positioned to benefit in 
the near future from the expanding demand for digital data storage due to its excellent 
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storage performance and inexpensive cost. However, significant efforts to develop 
existing HDD drive technology are still required to boost the areal densities in these 
systems beyond the scope of this study. The primary purpose of this research was to 
use ta-C films deposited with the FCVA technology, which can be investigated in 
ultrathin ta-C film, and to investigate the tribological behavior of the generated coating. 
Due to the effect of humidity, we are unable to assess wear resistance accurately. 

 Further investigation can be undertaken to explore the wear test in an oxygen-
free environment that must be designed with and without humidity. This can be 
achieved by flushing or purging the test chamber with an inert gas, such as nitrogen or 
argon. Due to the inert and dry condition testing, neither oxygen nor water will be 
present to alter the surface dangling bonds. After the wear tests have been completed, 
the process can be repeated in the presence of water, and the surface can be 
inspected. By comparing the results of these two trials to those of the current study, 
it is feasible to identify whether the wear is caused by surface oxidation or adhesion. 
In the future, however, additional research can be conducted on the effect of oxidation 
on the wear of the writer-reader, which is covered by ta-C coatings at the head-disk 
interface. 
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