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ABSTRACT 

  

The purpose of this work is to development and demonstrate that the 

ionized physical vapor deposition system, which consists of four plasma sources 

(FCVA, L-ALIS, ALIS and magnetron sputtering) enables to produce of superhard 

amorphous carbon thin films. The superhard amorphous carbon films was designed 

based on the multilayer film comprising alternating layers of ta-C layers and a-C:H 

layers, which the a-C:H layer has been fabricated by L-ALIS source and the ta-C 

layer have been fabricated by FCVA source. The morphologies, microstructure and 

mechanical properties of the single layer ta-C, single layer a-C:H and multilayer ta-C 

films deposited on Si and SUS304 substrate were systematically investigated. Results 

showed that the plasma biasing and substrate bias technique increases the energy of 

C+ ions. This phenomenon overcomes the nucleation barrier and subplantation occurs. 

The energetically enhanced deposition condition during FCVA facilitates the 

densification of the single layer ta-C films up to 3.32 g/cm3, leading to an increase in 

film hardness to 47 GPa. While the single layer a-C:H deposited under intense and 

highly energetic bombardment of molecular ions has a low sp3 content leading to 

density of 2.2 g/cm3 

The multilayer structure effectively reduced the residual stress and 

restrained spalling of ta-C film, which frequently occurred in single layer structure. 

The hardness and elastic modulus of multilayer films increased with increase sp3 

content of ta-C layer. Compared to the SUS304 substrate, multilayer films exhibited 

much high hardness and very low surface roughness. For the multilayer film 

alternating of ta-C layer deposited at substrate bias potential −80 V and a-C:H layer 

(M-3 film) had a high hardness of 37.6 GPa and good adhesion with the substrate. In 

addition, the high hardness, the multilayer films with good elastic strain to failure and 

high resistance to plastic deformation and cracking. 

 

Keyword : Ionized physical vapor deposition system, Superhard amorphous carbon 
film, ta-C film, a-C:H film, Multilayer film, Microstructure and Mechanical properties 
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Chapter I  

Introduction 

1.1 Background and motivation 

Nowadays, nanotechnology is an emerging field of science that deals with the 

understanding and development of nanosized (1 nm to 100 nm) devices that have 

novel properties and functions due to their small size [1], [2]. These devices are used 

in a wide range of everyday applications, such as agriculture, subsistence, medicine, 

transportation, communication, etc. 

Thin film technology is one of the nanotechnologies. Thin films are layers of 

atoms or groups of atoms bonded together in a nanometer to micrometer thin layers 

[3]. They are deposited on a substrate or sample to improve the surface properties of 

the material such as electrical, optical, mechanical, tribological, etc. Thin film 

technology has been widely used in the industry for example electronic devices, solar 

cells, optical displays, cutting tools, magnetic data storage devices, etc. [4]. 

Cutting tools such as cutting inserts, drills, end mills, taps, dies, and thread 

milling cutters are very important for the manufacture of metal and non-metallic 

components for large automotive parts of transport ships, spacecraft, airplanes, 

automobiles, as well as small parts of microelectronic equipment and others [5]. 

However, the cutting tools have high friction from contact with the metal sample 

during the manufacturing working process, which leads to the wear of their, including 

damage on the surface of the sample, and low quality [6], [7]. Therefore, to reduce the 

wear rate of cutting tools, the cutting tools are developed to achieve the high hardness 

and low coefficient of friction by modifying the material, new designs for reducing 

the contact area (reduce the coefficient of friction), and surface modification by 

hardening and coating. 

Generally, the cutting tool is often coated with nitride and carbide layers such 

as titanium nitride (TiN), chromium nitride (CrN), titanium carbide (TiC), tungsten 

carbide (WC), etc., to increase the hardness and thermal stability [6]. Currently, the 

metal manufacturing industry has focused on the dry manufacturing process. This 

increases the wear rate of the protective coating due to the thermal expansion 

mismatch with the substrate, leading to damage of the cutting tool and sample [7]. 
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Therefore, many studies are trying to synthesize the new coating materials, with high 

hardness, low coefficient of friction, and high thermal stability. 

Superhard materials are materials with a hardness greater than 40 GPa [8]–

[10], such as diamond, diamond-like carbon (DLC), titanium diboride (TiB2), titanium 

boron nitride (TiBxN), titanium aluminum nitride (TiAlN), cubic boron nitride (c-

BN), tungsten hexanitride (WN6) and tungsten tetraboride (WB4), etc. [11]–[16]. 

Besides, these materials have corrosion resistance, a low coefficient of friction, and 

high thermal stability. These materials are studied, developed, and coated on cutting 

tools to reduce the damage, increase their service lifetime, and reduce the cost of 

maintenance. 

Diamond-like carbon (DLC) films belong to amorphous carbon materials  

(a-C) in a metastable state. The structure consists of a mixed bond of carbon 

hybridization sp3 and sp2 [17]. DLC films can be divided into many types depending 

on the proportion of sp3, sp2 and hydrogen, including doped elements [18]. The sp2 

carbon hybridization exhibits graphite properties, while the sp3 carbon hybridization 

exhibits diamond properties [19]. Therefore, DLC films have high hardness, low 

coefficient of friction, wear resistant and chemical inert. Hydrogenated amorphous 

carbon (a-C:H) have sp3 content of about 20 to 60 %, the hydrogen content of about 

10 to 50 %, the hardness of 10 to 45 GPa, the density of about 1.5 to 2.4 g/cm3 [18]. 

While tetrahedral amorphous carbon (ta-C) has a high sp3 content of 70 to 90%, the 

hydrogen content lower than 20%, the hardness 15 to 60 GPa, the density in the range 

of 2.7 to 3.2 g/cm3 [20]–[22], and the coefficient of friction 0.01 to 0.2 [23], [24].  

Due to these excellent properties, DLC films have a wide range of applications 

[25], especially as a hard coating to protect scratches on automotive parts, as a coating 

layer on cutting tools [26], [27], as a dielectric layer in electronic devices [28], as 

protective coatings on the recording media and read-write heads of magnetic storage 

devices to minimize mechanical wear and corrosion [20], [29], [30]. However, the ta-

C film has some defects for applied in the industry such as high internal stress, the 

thermal stability less than the metal nitride [31]–[33]. 

Decades ago, the interlayer and multi-layer coating designs are gaining great 

attention in the hard coating industry. X. Sui et.al, [34] study the mechanical and 

tribological properties of DLC single-layer film, CrN single-layer film, Cr/DLC film, 
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and CrN/DLC/Cr-DLC multilayer film. The multilayer film has high hardness and 

low coefficient of friction, due to the combination of the outstanding properties of 

ceramics and DLC material. However, this work used a chemical vapor deposition 

technique to prepare the DLC film layer, causing the multilayer film to have a 

hardness of lower than 10 GPa. While, Wei et.al, [23] prepare the multilayer ta-C film 

using the filtered cathodic vacuum arc technique with substrate bias to control the ion 

energy of carbon, which is correlated with the sp3 bonding. They found that the 

multilayer ta-C film had the maximum hardness of 59 GPa and the coefficient of 

friction around 0.04-0.08, due to posing alternately of the ta-C has high sp3 and low 

sp3 layer. Moreover, the film has good adhesion to the substrate because the carbon 

ions can implantation into the substrate, so the film has a strong bond with the 

substrate. Therefore, the design of the coating layer, deposition technique, and carbon 

ion energy is a very important parameter on the structure and properties of the DLC 

film [35], [36]. 

From the literature review, the ta-C film has good mechanical and tribological 

properties, which is suitable for the superhard coating material. This thesis will be 

developing the ionized physical vapor deposition system for synthesis of the 

superhard amorphous carbon films. The system consists of the filtered cathodic 

vacuum arc, magnetron sputtering, anode layer ion source and linear anode layer ion 

source, which installed in the deposition chamber. Also, the system has a special 

technique is plasma biasing, in which accuracy controls the ion energy of the carbon. 

The influence of ion energy of the carbon on the microstructure, mechanical, and 

tribological properties of the ta-C film was studied. The multilayer film with th 

alternating of ta-C layer and a-C:H layer was deposited on the silicon wafer and the 

stainless steel (SUS304) substrate. The morphology and microstructures were 

performed using scanning electron microscopy (SEM), Raman spectroscopy, x-ray 

photoelectron spectroscopy (XPS), x-ray reflectometer (XRR). The mechanical and 

adhesion properties were investigated using nanoindentation and scratch test 

respectively. The ion energy of carbon measured using a retarding field analyzer 

probe (RFA probe) works together with the source measure unit (SMU). 
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1.2 Objectives  

• Develop an ionized physical vapor deposition system for superhard 

amorphous carbon coatings. 

• Synthesis of the superhard amorphous carbon films by ionized physical vapor 

deposition system. 

• Link the plasma properties to properties of ta-C film deposited using filter 

cathodic vacuum arc. 

1.3 The scope of works 

• Development of the superhard amorphous carbon coating system under the 

ionized physical vapor deposition based on these deposition techniques. 

➢ Filtered cathodic vacuum arc (FCVA) deposition combined with plasma 

biasing and substrate bias technique for the synthesis of the ta-C film. 

➢ Linear anode layer ion source for a-C:H deposition. 

➢ Anode layer ion source for substrate cleaning. 

➢ Magnetron sputtering for metal deposition (Cr interlayer). 

• Development of a control system for equipment mounted on an ionized 

physical vapor deposition system by using a PXI controller base on the 

LabVIEW program. 

• Focus on the synthesis of the single layer ta-C, single layer a-C:H and 

multilayer Cr/ta-C/a-C:H films by using an ionized physical vapor deposition 

system. 

• Silicon wafers (P-type, 0.001-0.004 .cm) were used as the substrate for 

morphology and microstructure characterization. And stainless steel (SUS304) 

was used as the substrates for multilayer Cr/ta-C/a-C:H films, which 

investigated the mechanical properties. 

• Characterization technique 

➢ Plasma diagnostic  

▪ Retarding field analyzer 

➢ Film characterization 

▪ Surface and morphology 

- Field emission scanning electron microscopy (FE-SEM) 
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- Energy-dispersive X-ray spectroscopy (EDS) 

- Atomic force microscopy (AFM) 

▪ Microstructure 

- Raman spectroscopy 

- X-ray photoelectron spectroscopy (XPS) 

- X-ray diffractometry (XRD) 

- X-ray Reflectometry (XRR) 

▪ Electrical properties 

- Four point probe 

▪ Mechanical properties 

- Nanoindentation test 

▪ Adhesion properties 

- Scratch test 

1.4 The location of the research 

• Technological Plasma Research Unit (SC1-211), Department of Physics, 

Faculty of Science, Mahasarakham University, Thailand. 

• Laboratory Equipment Center (SC1-110), Faculty of Science, Mahasarakham 

University, Thailand. 

• Research instrument center, Khon Kaen University, Thailand. 

• Synchrotron Light Research Institute (Public Organization), Thailand. 

• National Science and Technology Development Agency (NSTDA), Thailand. 

• National Nanotechnology Center (NANOTEC), National Science and 

Technology Development Agency, Thailand. 

• HELMUT FISCHER (THAILAND) CO., LTD. 

1.5 Anticipated outcomes 

New Knowledge 

• From this thesis, we will have a hybrid ionized physical vapor deposition 

system for superhard amorphous carbon coatings. which this system responds 

with the many deposition materials due to it consists of four plasma sources; 

FCVA, L-ALIS, ALIS, and MS. 

• The concept and experience for the design and fabrication of plasma sources. 
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• Knowledge about the control system; vacuum devices, vacuum systems and 

IPVD systems using PXI-controller based on the LabVIEW program. 

• Knowledge for the synthesis of multilayer amorphous carbon films between 

ta-C and a-C:H using FCVA sources combined with L-ALIS. 

• Knowledge and production of the hybrid ionized physical vapor deposition 

system, RFA probe, and DLC films can be applied to the thin film coating 

industry (magnetic storage industry and manufacturing industry (protective 

coating on cutting tools)). 

New process 

• The synthesis process of multilayer Cr/ta-C/a-C:H films by using the FCVA 

sources and L-ALIS. 

• Time-resolved measurement of ion energy of the C+ in FCVA deposition with 

an RFA probe. 

New technology / New technique 

• Ionized Physical Vapor Deposition System 

• The RFA probe with excellent performance for plasma diagnostic. 

• High hardness amorphous carbon film. 

1.6 Outline of the thesis 

This thesis has been divided into 6 chapters, which are related to the 

development of an ionized physical vapor deposition system, ion energy measurement 

in FCVA deposition, the deposition and characterization of the morphology, 

microstructure, and mechanical properties of the DLC films were synthesized by an 

ionized physical vapor deposition system. The introduction to this thesis has already 

been described in Chapter I, including the background and motivation, objective of 

this thesis, the scope of the study, the location of the research, and outline of the 

thesis. The literature reviews and theoretical background in Chapter II provide the 

superhard coating materials, basic principles and a brief of the DLC films, 

hydrogenated amorphous carbon (a-C:H), tetrahedral amorphous carbon (ta-C), and 

multilayer DLC films. In addition, the basic of cathodic vacuum arc and filtered 

cathodic vacuum arc will give in detail. In Chapter III, there are the experimental 

detail, which consists of the concept, design and build of the ionized physical vapor 
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deposition system, plasma sources (anode layer ion source, linear anode layer ion 

source, magnetron sputtering, and filter cathodic vacuum arc), preparation of the 

substrates. Including the RFA probe for plasma diagnostics, (the ion flux, and ion 

energy measurement). Chapter VI is the result of the ion energy measurement of 

FCVA deposition which is related to the morphology, microstructure, electrical, 

mechanical and adhesion properties of the ta-C single layer film on Si substrate. 

Including the morphology, microstructure, and electrical properties of the a-C:H 

single layer film on Si substrate. In addition, the morphologies and mechanical 

properties of multilayer Cr/ta-C/a-C:H films have been investigated and disclosed. 

Chapter V is the conclusion of this work and Chapter IV is suggestion.  
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Chapter II  

Literature reviews and theoretical background 

This chapter describes the literature review related to this thesis, in which hard 

coating material, superhard coating material, and these properties will be compared 

the advantages and disadvantages. This will lead to the concept and design of an 

ionized physical vapor deposition system and superhard amorphous carbon films. 

2.1 Literature review 

Nowadays, the world has great technological advances. The large-scale 

manufacturing industry has developed machinery to meet the needs of consumers. 

And able to produce new technologies efficiently. Automotive parts manufacturing 

(ships, aerospace, automobiles, airplanes, etc.) including the electronics industry, is a 

manufacturing industry that is very important to driving global technology. 

Manufacturing large parts down to micrometer sizes requires efficient forming tools 

to reduce defects that may occur on the workpiece during the manufacturing process. 

Computer Numerical Control or CNC machining is a manufacturing process in 

which pre-programmed computer software dictates the movement of factory tools and 

machinery. The process can be used to control a range of complex machinery. With 

CNC machining, three-dimensional cutting tasks can be accomplished in a single set 

of prompts [37]. However, the main equipment used for forming the sample is 

machining tools.  

The machining tools is a machine for handling or machining metal or other 

rigid materials, usually by cutting, boring, grinding, shearing, or other forms of 

deformation [38]. The cutting tools such as cutting inserts, drills, end mills, taps, dies, 

and thread milling cutters are the main equipment for the forming of the sample 

(metals, alloys, plastics, ceramics). The quality of the cutting tools depends on 

hardness, elasticity, wear resistance, corrosion resistance, etc. Normally, the sample 

forming process has cooled to reduce heating by pair friction between the cutting tool 

and sample. Moreover, low thermal conductivity materials resulted in a rapid 

temperature rise in the cutting zone which enhances tool wear [39]. The use of cutting 

fluids in the machining process reduces friction between chip and tool. It also helps to 

carry away the wear debris from the machining zone. However, the use of cutting 
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fluid is harmful to ecology include human health. Because regulations and 

management that is not strict about cutting fluids. The used cutting fluid is then 

released into the environment.  Also, these fluids can cause skin and lung diseases 

among machine operators [40]. So, there is a strong need to shift towards sustainable 

manufacturing to have both financial and environmental benefits. 

In recent years a constant effort has also been made to reduce the use of 

cutting fluids [40]. Dry machining, which refers to completely avoid the use of cutting 

fluid in the manufacturing process has several advantages like no health issues to 

operators, no pollution, etc. [41]–[43]. However, the survice lifetime of the cutting 

tool in it during the dry process is reduced due to the high friction of the cutting tool 

and sample leading to the failure of the cutting tool [44]. Shokrani et al., 2012 

reported that the cost of cutting fluid is about 16% of the total machining cost. And 

the tooling cost amounts to 4% of the machining cost. It clearly, the cost of a 

reduction in the tool life than the much lower the costs associated with cutting fluids. 

Thus, these problems such as diseases to operators and disposal of cutting fluids in an 

environment-friendly manner can be reduced by adopting dry machining [45]–[47]. 

To alleviate the drawbacks of the dry machining process, several sustainable 

techniques in manufacturing have been adopted for cleaner technology production 

[48]. For enhancing the performance of the dry machining applications, the cutting 

tools were changed as follow: 

• The cutting tools have been designed in different ways to achieve 

sustainability. 

• The development of new cutting tool materials, applying coatings solid layer, 

and solid lubricants.  

• New design of the surface texture to reduce the friction coefficient by 

decreasing tool-chip and contact length [49]–[53]. 

Surface coating is the most method to increase the performance and life of 

cutting tools. In the market, we can see the cutting tools of different colors such as 

gold, blue, black, gray, brown, etc. These colors have not come from paint technique, 

but it comes from coating technology. Coating technology was applied to increase the 

performance and life of cutting tools. The coating material has high hardness, high 
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thermal stability, low friction coefficient, high corrosion resistance, etc., as shown in 

Error! Reference source not found.. The coating materials have different hardness 

and thermal stability. However, these materials have different applications, which 

must be used appropriately for the best benefit. 

 

Figure 2.1 Cutting tools [54]. 

The hardness level of the coating materials divided into 3 levels as shown in 

Table 2.2. It can be seen that the materials in Error! Reference source not found. 

such as TiN, CrN, TiC, and TiAlN are hard coating material, which these materials 

have high thermal stability and rough surface texture. Usually, the physical vapor 

deposition (PVD) technique is the most of nitride coating. In order to improve 

durability for mechanical and tribological applications, its were developed into the 

multilayer coating. Multilayer coating of nitride materials can be divided into 2 

categories: isostructural multilayers and non-isostructural multilayers. Isostructural 

multilayers contain individual layers that have the same crystallographic structure, 

such as TiN/NbN, TiAlN/ZrN, and TiN/CrN. Nonisostructural multilayers consist of 

layers with different crystallographic structures, such as TiN/AlN, TiN/TaN, and 

TiN/CNx, providing a further barrier to dislocation motion [55]. Moreover, 

superlattice multilayers exhibit significant hardness enhancement [56]–[60]. The 

hardness of nitride multilayer coatings is 30 to 60 GPa and gradually decreases when 

working temperatures higher than 500 °C [33], [61], [62]. 
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Table 2.1 Comparision of the coating material properties; Hardness (H), coefficient 

of friction (COF), Maximum application temperature (Tmax), and color. 

Coating material H (GPa) COF Tmax (C) Color 

Diamond 100 0.05 - Transparent 

c-BN 50 - - - 

TiN 24 0.55 400-1300 Gold 

TiAlN 28-32 0.5 800 Violet-black 

TiB2 40-70 - - - 

TiBxN 15 - 25 - - - 

WN6 57 - 1300 - 

WB4 40 - 1300 - 

TiC 30 0.3 - Black 

TiCN 32 0.2 400 Copper 

AlTiN 38 0.7 900 Black 

AlTiN/Si3N4 45 0.45 1200 Violet-Black 

CrN 18 0.3 700 Silver 

AlCrN 28-40 - 1100 Bright-gray 

ZrO2 8-8.5 - 1000-1500 Gray 

TiSiN 40 - 1000-1500 Metallic gold 

AlCrN 32 0.6 1000 Blue-Gray 

ta-C 35-80 0.02-0.4 

200-600 
Depend on 

the thickness 
ta-C:H 50 0.02-0.3 

Diamond-like carbon 10-80 0.01-0.5 

Table 2.2 Material hardness classification criteria. 

Classification criteria H (GPa) 

Hard coating < 40 

Superhard coating 40 - 80 

Ultrahard coating > 80 
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However, nitride coating has a disadvantage in the high coefficient of friction 

with the rough surface texture. While diamond-like carbon coating has high hardness, 

low coefficient of friction, and a wide range of properties. Therefore, it has gained a 

lot of attention from the coating industry. 

2.2 Diamond-like carbon 

Diamond is the metastable, highest density sp3 phase of solid carbon material. 

Diamond has excellent properties, such as a high Young’s modulus, a high hardness, a 

wide bandgap, a high thermal conductivity, good biocompatibility, and high carrier 

mobility as a semiconductor. In general, diamonds can be found in nature. Nowadays, 

the single crystals of diamond or polycrystalline diamond films can produce, but the 

production cost is very high. For micromechanical devices and biosensors 

applications, nanocrystalline diamond films are useful because of their greater 

smoothness at a lower cost. To reduce the production cost and still the properties of 

diamond, diamond-like carbon (DLC) material was studied and produced.  

Diamond-like carbon (DLC) has a low production cost, can deposit at room-

temperature, good mechanical properties, absence of grain boundaries, very smooth, 

and biocompatibility. This topic will describe the structure, production, mechanical 

properties, tribology properties, electrochemical properties, and applications of DLC. 

Physically, DLC is an amorphous carbon network solid, containing the content 

of carbon sp3 hybridization, sp2 hybridization, sp1 hybridization, and hydrogen 

content. Therefore, DLC has high hardness, low coefficient of friction, and chemical 

inert. From excellent properties, the DLC films have a wide range of applications as 

protective coatings such as optical windows, magnetic storage disks and read-write 

head of the hard disks, engine parts, biomedical coatings, food packaging, and micro-

electromechanical devices (MEMs). 

Normally, carbon forms a great variety of crystalline and disordered structures 

due to the carbon that can exist in three hybridizations sp3, sp2, and sp1 as shown in 

Figure 2.2 [63]. In the sp3 configuration, four valence electrons of the carbon atom are 

each assigned to a tetrahedrally directed sp3 orbital, resulting it makes a strong  bond 

with an adjacent carbon atom. In the sp2 configuration as in graphite, three of the four 

valence electrons of carbon atoms enter trigonally directed sp2 orbitals, which make 
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strong  bonds in a plane. The fourth electrons of the sp2 atom lies in a p orbitals, 

which lies normal to the  bonding plane. This p orbital forms a weaker p bond 

with an  orbital on one or more neighboring atoms. In the sp1 configuration, two of 

the four valence electrons enter  orbitals, each forming a strong  bond directed 

along the x-axis, and the other two electrons enter p orbitals in the y and z directions. 

 

Figure 2.2 The sp3, sp2, and sp1 hybridized bonding (modified from [20]). 

The good physical properties of diamond content in the DLC, derive from its 

strong  bonds. Diamond has a tetrahedral structure as shown in Figure 2.3(b) the 

carbon atom has a strong  bond. Therefore, it has the largest bulk modulus of any 

solid, the highest atom density, smallest thermal expansion coefficient, and largest 

limiting electron and hole velocities of any semiconductor [64]. While the graphite 

has strong  bonding and weak van der Waals bonding between the layers as shown 

in Figure 2.3(a). As the result, it has low hardness. A single graphite plane is a zero 

bandgap semiconductor. 

 

(a)                      (b) 

Figure 2.3 Structure of (a) graphite and (b) diamond. 
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Currently, the DLC coating has a large variety of carbon-based coating 

modifications, the types of DLC coatings are as follows [18]:  

• Hydrogen free amorphous carbon films (a-C)  

• Hydrogen free tetrahedral amorphous carbon films (ta-C) with a high fraction 

of tetrahedral coordinated sp3 bonded carbon atoms 

• Metal containing hydrogen-free amorphous carbon films (a-C:Me), where the 

metal often is a carbide forming metal like titanium or tungsten 

• Hydrogenated amorphous carbon films (a-C:H) 

• Hydrogenated tetrahedral amorphous carbon films (ta-C:H) 

• Metal containing hydrogenated amorphous carbon films (a-C:H:Me) 

• Modified hydrogenated amorphous carbon films (a-C:H:X), where X is related 

to non-metal elements such as silicon (Si), oxygen (O2), nitrogen (N2), fluorine 

(F), and boron (B).  

Also, DLC films can be prepared from a variety of processes and the 

properties of DLC films can be determined by the sp3 site, sp2 site, and hydrogen 

content. A comparison of the properties of carbon-based material prepared different 

techniques as shown in Table 2.3. 

The sp3 bonding of DLC films confers on it many of the beneficial properties 

of the diamond itself, such as its high hardness, chemical and electrochemical 

inertness, and wide bandgap. DLC consists not only of the amorphous carbons (a-C), 

but also of the hydrogenated amorphous carbon (a-C:H) which a ternary phase 

diagram as in Figure 2.4, description the relationship between sp3, sp2, and hydrogen. 

These lie in the lower left-hand corner, it consists of many a-Cs with disordered 

graphitic ordering, such as soot, chars, glassy carbon, and evaporated a-C. On the 

other hand, in the right-hand corner, if only the hydrogen content we have not found 

the film. Also, when the sp2 and sp3 content increase, it results in the hydrocarbon 

polymers polyethylene (CH2)n and polyacetylene (CH)n, But interconnecting C–C 

networks cannot form, and only molecules form. And the top of the triangle, when the 

film has high sp3 content, the sp2 and hydrogen content will be decreased and the film 

has high hardness.  
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Table 2.3 Comparison the properties of carbon-based material. 

 % sp3 % H  (g/cm3) H (GPa) Technique Ref 

Diamond 100 0 3.515 100 -  

Graphite 0 0 2.267 - -  

C60 0 0 - - -  

Glassy C 0 0 1.3 - 1.55 3 -  

a-C 21 - 51 0 2.3 - 2.7 13 - 23 HiPIMS [65] 

ta-C 80 - 88 0 3.26 80 S bend FCVA [66] 

a-C:H hard 40 30 - 40 1.6 - 2.2 6 - 23 RF-PECVD [67] 

a-C:H soft 60 40 - 50 1.2 - 1.6 16-26 PECVD [68] 

ta-C:H 70 30 2.4 50 Plasma source [69] 

Polyethylene 100 67 0.92 0.01 -  

From Table 2.3, the DLC films can be prepared by many techniques. RF-

PECVD and PECVD techniques use hydrocarbon gas as a precursor of carbon atoms 

such as CH4, C2H2, etc., the existence of hydrogen atoms cannot be avoided. 

Therefore, the films have low hardness and low friction coefficient. Likewise, the 

plasma source technique uses hydrocarbon gas to deposit the DLC films. This 

technique can deposit the ta-C:H film, in which high hardness, low friction 

coefficient, and good tribological properties because the plasma source can 

excitability the hydrocarbon gas and generate high plasma density, high ion fraction, 

and high ion energy, into optimizing condition for deposit the DLC films. 

In addition, the DLC films deposited by the magnetron sputtering technique 

are a hard coating, but low deposition rate because use a carbon target for the 

precursor of the carbon atom, in which the carbon target has a low sputtering yield. 

Moreover, the FCVA technique can deposit high density, ultra-hardness DLC films, 

which meets the objectives of this thesis. Therefore, the next topic will be discussed. 
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Figure 2.4 Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys 

[20]. 

2.3 Tetrahedral amorphous carbon 

Tetrahedral amorphous carbon (ta-C) has been studied intensively in the previous 

decade. Usually, the ta-C is deposited at room temperature. Fallon et al. [70] they 

were found that the properties of the ta-C film deposited using a 90° filter FCVA as a 

function of the ion energy of carbon ions, which the sp3 fraction, density, and stress of 

the films increase with the increase of ion energy. The ion energy of about 100 eV is 

an optimized condition for fabricating ta-C film with the highest sp3 fraction, density, 

stress, and optical bandgap. In addition, the films become more sp2-like at low and 

high ion energies.  

Chhowalla et al. [71] reported that the optical gap of the ta-C film depends on the 

ion energy. The ion energy of about 100 eV is optimized condition for fabricating ta-

C film with the wide optical bandgap. Teo et al. [72] found that optical absorption 

measurements were affected by the defect in ta-C films (related to surface roughness), 

in which the bandgap is larger once the defect in the film is removed. Corresponding 

with the studies of Xu [73], the ta-C films deposited on S-bend arcs with very low 

microparticle content have wide gaps of around 3.3 eV. It is seen that the optical gap, 

varies in proportion to the sp3 fraction. This is expected from the dependence on the 

sp3 fraction for all forms of a-C:H, ta-C:H, and ta-C. The bandgap is controlled by the 

ordering and distortions of  states on sp2 sites or graphite fraction [74], and this result 

confirms the findings of Raman that the sp2 ordering depends in a consistent way on 
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the sp3 fraction [75]. The bonding in ta-C film is described as follows. Its network is 

defined by the connectivity of its sp3 atoms. They form a network similar to that of a-

Si (tetrahedral structure), except that it contains a small fraction of rings (three and 

four membered), which would be unstable in a-Si [76]. The sp2 atoms act as defects 

within this network structure, they forming small clusters with an even number of 

atoms. The sp2 clusters tend to be chains (olefinic) rather than aromatic, due to not 

giving rise to a D peak in Raman is above the vibrational density of states (VDOS) 

band limit of graphite in UV Raman [75]. The sp3 network strains and disorder the sp2 

clusters. The bandgap is determined by the size of the clusters and the degree of their 

disorder. 

The sensitive application for example magnetic storage disks, the surface 

roughness of the ta-C film is an important parameter. The lower value of the 

roughness and good coverage quality of ta-C and other DLC films is a critical quality 

for their applications. Marks et al. [76] showed that the surface roughness of ta-C film 

measured using Atomic force microscopy (AFM) varies in a consistent with the ion 

energy. The ta-C film deposited with intense and energic bombardment with the 

energy of around 100 eV shows that it reaches a minimum roughness and maximum 

sp3 content correspond with the report of Lifshitz et al [77], [78]. From these reports, 

it suggested that ion energy is an important parameter, which determines the 

microstructure properties of the ta-C film. 

However, the properties of the ta-C film prepared by the FCVA technique 

depend on other factors as well. Figure 2.5 compares the variation of sp3 fraction of 

ta-C prepared by different FCVA systems. It is clear that the sp3 fraction is different 

for each FCVA system, it indicates that the properties of the films are different. 

Therefore, the sp3 fraction in the ta-C film does not depend on only ion energy. 

Development of the FCVA systems to give ta-C with a higher sp3 fraction and extends 

over a wider range of deposition ion energies is a very challenging job. 

In addition, for industrial applications, the substrate bias technique is not used 

to increase ion energy and enhance the properties of ta-C film, using only the plasma 

self-energy to give the ion energy (self-bias). Xu et al. [79] also found that the energy 

bandgap of ta-C film increased with a slower growth rate. Therefore, it is clear that 

the sp3 fraction is not a single valued function of the ion energy. Generally, the 
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maximum sp3 fraction occurs at an ion energy of about 100 eV, except for the data of 

McKenzie et al. [80]. 

 

Figure 2.5 Comparison of the variation of the sp3 fraction with ion energy for ta-C. 

showing the range of variations possible with the different FCVA filter systems and 

plasma duct sizes [20]. 

2.3.1  Mechanical properties 

The mechanical properties of DLC are of great importance properties because 

DLC films as a protective coating [81]. The mechanical properties consist of hardness 

(H) and elastic modulus (E). Usually, the mechanical properties of DLC films are 

correlated to their density, chemical composition, and sp3 content. For example, sp3-

rich DLC films grown with an energetic ion bombardment were reported to exhibit 

high hardness, while hydrogenated DLC films exhibit lower hardness, Young's 

modulus, density, thermal stability, and compressive stress when compared with 

hydrogen-free DLC films [65]. However, the interpretation of these values is 

straightforward and can't explain the physical meaning. Therefore, to interpret these 

values, a theory is needed for their explanation. Hardness is related empirically to the 

yield stress (Y) and elastic modulus (E) by 

 0.07 0.06
H E

Y Y

 
= +  

 
  (2.1) 

For materials with a low Y/E ratio such as diamond and other ceramics, the 

H/E is 1.8. In which, brittle materials like DLC, yield occurs by bond cleavage. In this 

case, the yield stress can be calculated by the Orowan approximation [82]. This means 
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that the yield stress is given by the load to break the bonding, approximating the force 

curve of a bond by a sine curve. This gives 

 
E

Y
=  (2.2) 

Combining these equations gives 

 0.16
H

E
=  (2.3) 

The H/E ratio, called elastic strain to failure (rupture), is a suitable parameter 

for predicting the wear resistance of materials (other than hardness). Materials with 

high H/E ratio values have better wear and failure resistance (high values of H/E ratio 

translate into high hardness and low elastic modulus). This parameter can be used to 

predict whether the films will crack or not under load. According to previous studies, 

coatings with H/E are considered to be resistant to cracking [83]. Moreover, the H3/E2 

ratio is a strong indicator of coating resistance to plastic deformation (proportional to 

the elastic deformation of coatings). This parameter is used for the prediction of shear 

banding under localized deformation. The films with a high H3/E2 ratio can be greatly 

resistant to plastic deformations.  

In conclusion for superhard coating, high hardness and low Young's modulus 

are desirable to increase the elastic strain to failure and resistance to cracking, 

allowing the applied load to distribute over an extended layer volume. 

The mechanical properties of DLC thin films can be estimated using 

nanoindenter test . In this technique, a small diamond tip is a pressed forced into the 

film, and the force-displacement curve is measured. The hardness is defined as the 

pressure under the tip, given by the ratio of force to the projected area of plastic 

deformation. Normally, the indentation depth must be limited to a fraction of order 

10% of the total film thickness for accuracy (avoid the effect of substrate) [84].  

Pharr et al. [85] show the corresponding variation of elastic modulus of ta-C 

deposited by laser arc as a function of the ta-C density. They found that the elastic 

modulus steady increases with the increase of film density. Due to the change from 

sp2 to sp3 bonding with increasing density. In addition, for hydrogen-free a-C, the 

elastic modulus is expected to vary with the bond-density N as N2/3 [82]. Moreover, 

Shi et al. [86] reported that the hardness increases with the increase of sp3 content and 
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the linear trend may be too steep when compared with the equivalent fall in elastic 

modulus found by Schultrich et al. [87]. 

 

Figure 2.6 Variation of nano-hardness of ta-C with sp3 fraction [82]. 

2.3.2 Tribological properties 

Tribology of the coating material involves the adhesion, friction, wear, and 

lubrication of solids in contact. The tribology properties are extremely dependent 

upon the physical, chemical, and morphology properties of the surface [88]. Tribology 

properties can be estimated by a ball-on-disk tribometer and pin-on-disk tribometer 

[21], [24]. This technique uses a ball or a pin for a pair contract with the sample, 

which a ball or a pin depends on the experimenter required. The data of the coefficient 

of friction (COF) and wear rate of the sample have been received. During the friction 

occurs by contact between the ball and film surfaces. The real area of contact is much 

less than the apparent area of contact so that the real contact pressure is much greater 

than the average load pressure. The friction force arises from adhesion, deformation, 

or abrasion at the contact. Adhesive contact dominates for elastic materials with high 

H/E ratios, in DLC materials. The friction then depends on the transfer layer, which is 

believed to be graphitic carbon [89].  

Normally, DLC films are notable for their low friction coefficients. Many 

previous studies reported the coefficient of friction of the DLC films has a range of 

0.01-0.5 [90]–[93], which depends on the film properties. Ean et al. [94], deposit the 

ta-C films on the tungsten carbide cobalt by using an FCVA deposition and varying 

substrate bias potential. They found that the ta-C films deposited under the substrate 

bias -16 V have a hardness of 65 GPa. But the COF and wear rate is different 

depending on the condition parameter. The surface roughness is high for the ta-C film 
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deposited with non-substrate bias, related to the high wear rate. Moreover, the pair 

contact was damaged and generate the tribolayer, lead to severe corrosion on the 

surface. 

However, ta-C films have some limitations to their practical implications 

performance for superhard coating on cutting tools are that high residual compressive 

stress from the complicated cross-linked sp3 bonds in the films. This introduces to 

weakly adhesion to the substrate, therefore the thickness of the films has a maximum 

of 300 to 500 nm depending on sp3 content. Nowadays, to improve the adhesion of ta-

C films on the substrate and increase the thickness of DLC films, the interlayer and 

doping element methods will be applied. Moreover, multilayer coating is applied to 

enhance the mechanical, tribological, and corrosion properties of the DLC film. 

2.4 Multilayer DLC film 

Despite the many advantages characteristic of DLC films, there are some 

limitations to their practical implications performance for example, high residual 

compressive stress from the complicated cross-linked of sp3 bonds and sp2 bonds, 

thermal stress from the mismatches of the elastic modulus and expansion coefficient 

between the DLC films and the substrate give rise to weakly adhesion to the substrate 

and poor toughness. Especially under harsh cutting with high cyclic fatigue, DLC 

films with high compressive stress tend to fracture or failure in the initial phase of 

working, which significantly restricts their cutting application [95]–[97]. Nowadays, 

many studies aimed to increase the toughness, adhesion strength, tribological 

characteristics, corrosion and erosion properties of DLC coated cutting tools using 

various methods. These studies adjusted the sp3/sp2 ratio by changing deposition 

process parameters and designing the film material composition or structure, such as 

an alternated multilayer design, doping element with metal, un-metal, metal 

compound and interlayer deposition to improve the mechanical, tribological, 

corrosion and erosion of DLC films.  

From the plastic deformation mechanism of the multilayer architecture, the 

multiple interfaces constrain the dislocation and defects in crystalline lattices and free 

volumes in amorphous structures, which contributes to improving the hardness and 

toughness of amorphous carbon. In addition, the defect being pinned by multi-
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interface structures helps to prevent crack formation and propagation under 

complicated stress fields, where the multilayer interfaces act as barriers to stopping 

defect coalescence [98], [99]. Previous studies have reported that the multilayer 

structure design for DLC films provides a decrease of internal stress leading to the 

overcome the limitation of low thickness, including an increase of hardness, 

toughness, tribological, corrosion, and erosion properties. However, the properties of 

multilayer DLC films depend on design (composition of the soft and hard layer, 

modulation ratio, and interlayer). 

Some literature referred to multilayer films alternant layers of DLC/metal 

nitride such as TiN/a-C:H [100] and TiAlN/DLC [101]. They were found that the 

incorporation of carbon layers has effective to improving tribological properties. In 

addition, The number of nitride layers is the main parameter to confine the hardness, 

COF and wear resistance, these properties were improved with the increase of the 

number of nitride layers, but the fracture toughness decreased.  

The mechanical and tribological performances of the novel TiN/a-C:H 

multilayer coatings strongly depend on the bilayer period and thickness ratio [100]. 

Among them, the TiN/a-C:H coating with a bilayer period of 125 nm, and the 

thickness ratio of 1:1 or 1:2 exhibited the optimal properties in hardness, fracture 

toughness and good adhesion with the substrate, which showed better wear resistance. 

While the TiAlN/DLC multilayer film [101] obtained at the substrate bias potential of 

-150 V with a Cr/CrCX/CrC transition layer exhibited excellent adhesion (LC = 63 N) 

with the substrate, which is related to the surface morphology. The smooth surface 

obtained at a higher substrate bias is leading to intense and energetic ion 

bombardment, which affected on the diffusion of the adatom, which improves the 

adhesion. Moreover, adopting the gradually increasing biases and suitable 

composition of multilayer TiAlN/DLC, is helpful for fabricating the thick 

TiAlN/DLC multilayer coating (4.5 µm) without any interfacial failure. 
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Figure 2.7 The effects of a bilayer period on the mechanical properties. (a) Elastic 

modulus and hardness, and (b) residual stress of WC/DLC coatings for the bilayer 

period [98]. 

In some studies, the multilayer films composed of alternating layers of 

DLC/doped DLC and DLC/carbon-containing compounds for example, Ti-DLC/a-

C:H [101] and WC/DLC [98], were fabricated to further improve the mechanical 

properties (hardness and adhesion of film layer/substrate). The Ti-DLC/a-C:H 

multilayer film shows a lower sp3 content and a higher sp2 content compared to the 

monolayer a-C:H film, which confirms the compressive stress of the multilayer film 

can be effectively released by an alternating multilayer construction. In addition, the 

Ti-DLC/a-C:H multilayer film showed super adhesion to the substrate, high 

toughness, lowest COF and low wear rate, indicate that it has implying an excellent 

wear resistant performance superior to monolayer a-C:H film,  
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Nemati et al. [98] introduced a multilayer WC/DLC coating with the 

combination of superhard coating level (higher than 45 GPa), high H/E (~0.15), low 

compressive residual stress (lower than 3 GPa), and highly resistant wear behavior 

(wear rate lower than 10-13 mm3/nm) by optimizing the period number and adopting 

low-temperature annealing, which can improve the mechanical properties of the 

multilayer films. this result can be explained by the migration and diffusion of carbon 

from the WC layer to the DLC layer after annealing at 250 Celsius, which resulted in 

a rise in the fraction of sp3 bonds in the DLC layer. Hence, low temperature annealing 

lower than 400 Celsius, generated an increase in the mechanical properties of the 

coating through the thermally induced redistribution of carbon. Figure 2.7(a) and (b) 

showed that the hardness, elastic modulus and residual stress of the WC/DLC 

multilayer are significantly correlated with the bilayer periods. 

Wei et al. [23] reported that the multilayer ta-C films alternating of ta-C high-

sp3-content and low-sp3-content layers were synthesized using FCVA deposition 

combined with substrate bias voltages alternating. it was found that the M-1 

multilayer film has a hardness of 54.6 GPa and elastic modulus of 693.5 GPa. in 

addition, multilayer ta-C film with optimum period ratio showed lower residual stress 

(6.2 GPa), a lower wear rate (2.87×10-7 mm3/nm) and a lower coefficient of friction 

(0.06) than that of the single ta-C film. Moreover, the multilayer architecture 

effectively restricted spalling and peeling of ta-C film, which the wear rate and 

mechanical properties of the multilayer ta-C films as shown in Figure 2.8 
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Figure 2.8 The ta-C multilayer of alternating high-sp3-content and low-sp3-content 

layers, the sp3 content ratio of the sample is M-1: 51/60, M-2: 44:60, M-3: 36:60, 

YG6: substrate. (a) Wear rate, hardness and H/E ratio of the samples, (b) Friction 

coefficient curves against sliding times and (c) Average friction coefficient and wear 

rate of samples [23]. 
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Lin et al. [102] reported that a multilayer DLC coating comprising alternating 

hard and soft layers was fabricated using an unbalanced magnetron sputtering system. 

They were found that the bilayer periods and thickness ratios have affected on the 

wear rate of DLC coatings, which the SEM morphologies of the wear tracks at an 

applied load of 80 N, as shown in Error! Reference source not found. it was found 

that the 50% hard multilayer with a bilayer thickness of 61 nm show better toughness 

and anti-abrasive properties than the monolayer hard DLC coating, especially at a 

contact load of 3.65 GPa. Under the high load, toughness is crucial to influence the 

wear resistance, while under the low applied load, the wear rate is highly related to 

the hardness. The alternating of low-sp3-content layers in the multilayer construction 

contributes to plastic deformation by alleviating the high compressive stress. In 

addition, the interfaces between the soft and hard layers in the multilayer design 

provide barriers to reduce the initiation of cracks due to the it was propagation at the 

interface. 

Sui et al. [34] developed the CrN/DLC/Cr-DLC multilayer composite coatings 

prepared on a plasma-enhanced chemical vapor deposition (PECVD) device with the 

close field unbalanced magnetron sputtering ion plating (CFUBMSIP) technique. The 

Cr-containing DLC coating with a transfer layer with a CrN/DLC multilayer, which is 

characterized by hard Cr layers in combination with lubricant DLC layers. They were 

found that the CrN/DLC/Cr-DLC multilayer better fracture toughness in the 

indentation process, in comparison with the single DLC and CrN layer coatings with 

large cracks and delaminated regions. Moreover, the presence of interfaces in the 

transfer multilayer structure is conducive to restraining crack propagation. The 

CrN/DLC/Cr-DLC coating exhibited a low wear rate, which is attributed to the DLC 

lubricant layer, hard CrN load-support layers and interfaces in crack inhibition. Figure 

10 shows the indentation morphologies and 3D images and cross-sectional profiles of 

wear tracks sliding with an AISI 440C ball. It was found that the wear rate of 

CrN/DLC/Cr-DLC multilayer coating is 2.64×10-17 m3/(N.m), lower than CrN 

coating. However, the hardness of the multilayer has a value in the range of 9 GPa, 

due to the DLC layer deposited using PECVD has a high sp2 content, which reduces 

the internal stress but decreases the hardness of the coating as shown in Figure 2.9. 

 



 

 

 

 27 

 

Figure 2.9 (a) hardness and average wear rate of the DLC, CrN, CrN/DLC/Cr-DLC. 

(b) 3D images and cross-sectional profiles of wear tracks sliding with an AISI 440C 

ball. And (c) SEM images of wear tracks (top view) and EDS mapping results 

(bottom view) of the coatings, sliding with an AISI 440C ball  [34]. 
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Considering the effects of the multilayer design on the mechanical and 

tribological properties of the DLC coating can be the conclusion as follows: 

(i)  The multilayer DLC films provide an increase in hardness and toughness, 

decrease in internal stress, and further increases the tribological 

properties, due to the multi-interface structures. 

(ii)  The interfaces of multilayer coating has a role is barriers to defect 

coalescence, prevent crack formation and propagation under a 

complicated stress field, which improves the toughness of the coating. 

(iii)  Both the bilayer period and the thickness ratio are important parameters 

to control the performance of the multilayer DLC coating. 

(iv)  The sp3 content in the hard layer important parameter to control the 

mechanical properties of the multilayer coating. 

(v)  The adhesion of multilayer DLC film/substrate depending on interlayer 

material and deposition process. 

The literature review showed that the mechanical properties (hardness) are 

determined by the properties of the hard layer such as WC layer, TiAlN layer, TiN 

layer and CrN layer. While the tribological properties (friction coefficient or COF) are 

determined by the soft layer and the properties of top layer. Therefore, to improve the 

mechanical properties this thesis focus on the synthesis of multilayer amorphous 

carbon films alternating of ta-C layer and a-C:H layer or multilayer Cr/ta-C:/a-C:H 

films, in which ta-C layers deposited using filter cathodic vacuum arc. 

2.5 Cathodic vacuum arc 

Cathodic arc deposition or Arc-PVD is a physical vapor deposition technique 

in which an electric arc is used to vaporize material from a cathode target. The 

vaporized material then condenses on a substrate, forming a thin film. The technique 

can be used to deposit metallic, ceramic, and composite films. 

The arc evaporation process begins with the high current and low voltage arc 

mode on the cathode target that gives rise to a small, leading to a high density and 

energetic emitting plasma area, this area is called the cathode spot. The arc discharge 

current at the cathode surface, forming non-stationary locations of extremely high 

current density (order 1012 A/m2). The high current density is associated with an 
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extremely high areal power density (order 1013 W/m2) and extremely high temperature 

(around 15000 °C), which in turn provides the conditions for the localized phase 

transformation from the solid (the cathode material) to a fully ionized plasma [103]. 

Hence, cathodic arc plasmas contain multiply ionized ions. The ion charge state 

distributions are enhanced at early discharge times, and they become quasi-stationary 

for discharge times greater than 100 ms and leaving a crater behind on the cathode 

surface, then it self-extinguishes and re-ignites in a new area close to the previous 

crater. This behavior causes the apparent motion of the arc as shown in Figure 2.10. 

 

Figure 2.10 Schematic physical model of the emission of particles from the surface of 

the cathode spot of the arc discharge. 

Brown [104] study the plasma properties and characteristics of 50 cathode 

elements.  The data have been explained in the form of a periodic table of material 

and plasma properties, it has been shown that ion charge states are different in each 

material. Also, the ion density can be enhanced by magnetic fields and other methods 

[105]. Usually, the neutral flux is negligible compared to the ion flux, and therefore 

the technique name has been changed with a strict physics point of view from “arc 

evaporation” is “cathodic arc plasma deposition”. 

The arc process has an extremely high power density resulting in a high level 

of ionization (30-100%), in which the multiply charged ions, neutral particles, 

clusters, and macroparticles (droplets) were generated at the same time. If a reactive 

gas is introduced to the deposition chamber during the arc process, it can have 

interactions with the ions (dissociation, ionization, and excitation) and deposit on the 

substrate into compound films. The plasma produced at cathode spots expands rapidly 
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into the vacuum ambient. Interestingly, the observed final ion velocities are in the 

range of 1.2104 m/s, almost independent of the cathode material and ion charge state 

due to electron/ion coupling [106], [107]. The directed ion velocities are supersonic 

and correspond to approximately 20 eV for light elements and 200 eV for heavy 

elements. These high ion energies are the major reason for the different film 

properties obtained by cathodic arc plasma deposition. 

One downside of cathodic vacuum arc, the cathode spots are not only the 

source of fully ionized plasma but also of droplets and debris particles, commonly 

referred to as macroparticles. Many studies reported the production and size 

distribution of microparticles, e.g. [108]. Although most reports quote the size range 

of 0.1 to 10 mm and difficult to detect and characterize. The macroparticles are 

particles that are much larger than ions, atoms, and clusters. Macroparticle prevention 

or removal is perhaps the most important issue for the future of cathodic arc plasma 

deposition. The conventional and most successful approach is magnetic filtering to 

separate the droplets from the coating flux. 

Cathodic arc deposition was applied on the coating industrial, to synthesize 

extremely hard, superhard, and hard films to protect the surface of cutting tools and 

extend the life of their significance. Hard, Superhard coatings, and nanocomposite 

coatings such as TiN, TiAlN, CrN, ZrN, AlCrTiN, and TiAlSiN can be synthesized by 

this technology. 

Also, this technology is used quite extensively for carbon ion deposition to 

create diamond-like carbon films. Because the high density ions are discharged from 

the cathode surface, single atoms and microparticles are ejected. Thus, this kind of 

system requires a filter to remove macroparticles from the plasma beam before 

deposition. The DLC films deposited by filtered cathodic vacuum arc contain an 

extremely high percentage of sp3 diamond which is known as tetrahedral amorphous 

carbon (ta-C films). 

2.6 Filtered cathodic vacuum arc 

It is known that the cathodic vacuum arc will be generated microparticles, 

causing the defect in the films. To remove this probe, the cathodic vacuum arc was 

developed by using the filter such as a mechanical filter and magnetic filter. 
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Therefore, this technique is called “Filtered cathodic vacuum arc or FCVA”. But the 

design, characteristics, shape, and mechanics of the filter have different depending on 

the development timeline and purpose of the work. 

The basic objective of macroparticle filtering is to prevent line-of-sight of the 

particle to the substrate and to guide the plasma efficiently to the substrate. For 

practical applications, the filtering system employed is required to be as efficient as 

possible. A practical definition of this efficiency is the “system coefficient”  

( , /system I filter arcI I = ) which is the filtered ion current normalized by the arc current 

[109]. 

The combination of an applied magnetic field (to control electrons) and an 

electric field (to control ions) is used to induce the plasma to the deposition area. The 

electrons are magnetized, i.e. forced to spiral along the magnetic field lines due to 

their gyration radius ( /cr mv qB⊥= − ) being less than the filter size. On the other 

hand, the ions have a much larger gyration radius and are unmagnetized but follow 

the guided electrons in order to maintain a quasineutral state of the plasma. Simple 

magnetic solenoidal systems have been demonstrated to reduce the macroparticle 

content in the films. These filters are of the form of a tube with an axial magnetic 

field. The macroparticles are ejected at low angles to the cathode surface [110], travel 

in straight trajectories and impact the walls of the tube. Whereas the plasma was bent 

towards the substrate. The number of macroparticles is reduced by the solid angle 

occupied by the substrate. In a recent device [111], the application of a magnetic field 

of 15 mT was found to increase the ionization of metal vapor and macroparticles. The 

net effect was to produce smoother coatings and the deposition rate is low.  

Nowadays, the cathodic vacuum arc is being developed for use in industry, in 

which the system was installed the different filter coils for different work. The details 

are as follows. 

2.6.1 Classic 90° duct filter 

To completely eliminate particles by placing the cathode out of sight from the 

substrate. Most often, the plasma is magnetically guided in curved filters. Electrons 

and ions in the plasma are ionized from particles based on the huge difference in 

charge-to-mass ratio. While the plasma can easily be bent, the relatively massive 
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particles move along almost straight trajectories. Anders [112] introduced a 90° duct 

filter as shown in Figure 2.11. The duct filter consists of a curved tube which is 

surrounded by magnetic field coils generating a curved axial field, the 90° duct can 

also be considered as a quarter magnetic torus. To reduce particle transport by 

multiple reflections inside the duct was inserted baffles. Moreover, they found that 

biasing the duct positive voltage can improve plasma transport and filter efficiency. 

This type of filter has been widely used in a cathodic arc over the last decade. This 

model can be developed and extended to a large system for dc plasma operation (duct 

length about 1 m), which easily be scaled. Small systems are suitable for pulsed arc 

operation (duct length about 10 cm) but it shows the same principal features. 

However, Storer et al. [113] they found that plasma transport efficiency 

decreases exponentially with the increase of the length of the filter. For good plasma 

transport, the duct must be biased about +10 to +25 V concerning the plasma, 

corresponding with the report of Bilek and coworkers [114], who showed that 

applying a positive bias to a strip electrode that is located near the outer wall of the 

interior of the duct produces a similar effect. With optimized bias (about +20 V ) and 

at relatively strong magnetic fields (of order 100 mT ), system coefficients of 90° duct 

filters as high as 2.5% have been found [115]. 

 

Figure 2.11 Schematic of the classic 90°-duct filter [112]. 

2.6.2  Knee-filter 

To reduce the plasma losses become less for a larger bent angle of the filter, a 

non-line-of-sight filter that has a relatively small bending angle and is otherwise 

straight was designed. In this concept the particle refection is reduced by baffles 

inserted in the two straight duct sections as in the classic 90°-duct filter. The 

commercial Knee-filter is designed for d.c. operation. 
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Figure 2.12 Schematic of the 45° Knee-filter [116]. 

2.6.3  Freestanding 90° filter 

From the problem of particle refection or “bouncing" in the classic 90°-duct 

filter. There is still a non-negligible probability that a particle is transmitted through 

the filter, although there is no direct line-of-sight. 90° Freestanding or open-

architecture filters improve the situation (Figure 2.13). this filter is no duct present, 

and the magnetic field is produced by only a few turns of a field coil. The current 

through the filter coil must be high to obtain a magnetic field. Often, the arc current 

(positive polarity) is conveniently used for this purpose [113], [117]. Particles may 

either leave the filter through openings areas between the turns of the field coil. 

However, some macroparticles will be refected from a turn of the filter coil and come 

to the substrate. Therefore even freestanding filters do not guarantee completely 

macroparticle-free film deposition. 

 

Figure 2.13 Freestanding 90° filter, operating with the arc current (200 A), Platinum 

plasma. [112]. 
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2.6.4  S-duct filter 

In an effort to further reduce the flux of residual particles, filters have been 

developed with a bend angle exceeding 90°. For example, bend the filter to 180° or 

any other large angle [118]. resulting in the plasma losses in such filters become 

severe, and these filters are suitable for ultrathin-film coating applications only (hard 

disk drive). It is known that the plasma in a 90° filter is offset from the filter axis, it 

caused by several reasons such as asymmetry in the magnetic field, E×B fields, and 

action of the centrifugal force. The S-shaped filter (Figure 2.14) was created to 

compensate for the distortion of the plasma. The S-shaped filter has been carried out 

with some success, a system coefficient of 0.6% [119]. And the residual particle flux 

to the substrate was greatly reduced. 

 

Figure 2.14 Schematic of an S-duct filter [112]. 

2.6.5  Freestanding S-filter 

A freestanding S-filter was developed with the same objective as the 

freestanding 90° filter. This model is an excellent research tool because it can use for 

study plasma characteristics (plasma position and plasma density as a function of 

various parameters) [120]. Figure 2.15 shows a freestanding S-filter with an 

extremely well-collimated plasma, illustrating the magnetic guiding of the plasma. 
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Figure 2.15 Freestanding S-filter, operating with a pulsed high arc current (1 kA), and 

Titanium plasma [112]. 

2.7 New filtered cathodic vacuum arc system 

In this section, innovative filtered arc systems are described. Figure 2.16 

shows the 120 bend filter, which has been developed for preparing ta-C films for the 

protective top-layer coat on a  hard disk system by the IBM group [121], [122]. The 

vacuum arc plasma is operated in the pulsed high-current mode [108], [123], [124]. In 

this system, the generation of droplets is suppressed by rapidly chopping the current 

(reducing the effect of the surface heating), and the droplets are trapped with many 

baffles placed on the inner wall of the duct during the plasma transport to the exit of 

the 120 bent duct. Graphite droplets are not simple to filter by using a conventional 

filter system, since the solid droplets bounce off the duct wall.  

 

Figure 2.16 Photograph of 120 filter with high-current arc source [125]. 
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In the past decade, it has been demonstrated that ta-C film is very available as 

a protective coating on cutting tools for aluminum dry machining [126]. Cathodic arc 

deposition is the only technique to prepare the ta-C films on an industrial scale. For 

longer tool life of the cutting tools, the thicker ta-C film is required. Although the 

DLC, or hydrogen-free DLC, can be prepared on flexible rubber substrates [127], 

[128]. But, it is difficult for the thick ta-C film to adhere to solid materials, due to its 

high elastic modulus. Therefore, the interlayer is sometimes introduced between the 

substrate and the DLC film. In order to prepare thick ta-C with a bonding interlayer, 

an X-shape filtered arc deposition system (X-FAD) has been designed and developed 

[129], [130]. Which is an integrated system combining T-FAD [131], [132] and 

crank-FAD. Figure 2.17(a)-(c) shows schematic sketches of FCVA, Y-FAD, and T-

FAD, respectively.  

Figure 2.17(b) shows another filtered arc system with Y-shape plasma 

transporting duct (Y-FAD). The two cathodic arc sources are connected to the Y-duct, 

which has been developed for two purposes. (i) high-speed deposition with double 

cathodes. and (ii) to prepare multi-metal composite film and multilayer film, using 

two different cathodes. Two plasma beams are not easily combined, since their 

electrical polarities are the same and they tend to remain separate from each other. 

Therefore, to mix the two plasma beams, a magnet is placed downstream of the Y-

duct. The film grows up by incident ions, the films have high density and residual 

stress. 

T-FAD (see Figure 2.17(c)) has been designed particularly for DLC 

preparation using graphite cathode with the idea is the transportation direction of 

plasma and the trajectory of droplets (macroparticle) will be separated from each 

other, using a T-shape filter duct. In T-FAD, the carbon plasma generated between the 

cathode and the anode is transported with a freestanding 90 filter, in which the 

droplet travels in a straight direction away from the bend plasma.  
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Figure 2.17 Schematic sketches of new filter cathodic vacuum arcs. (a) FCVA [23], 

(b) Y-FAD and (c) T-FAD [125].  
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Chapter III 

Experimental Procedures 

As described in the introduction, the main objectives of this thesis are to 

develop an ionized physical vapor deposition (IPVD) system for superhard the 

concept of the multilayer Cr/ta-C/a-C:H film. In order to achieve these goals, the 

plasma sources for film deposition and ion sources for substrate cleaning have been 

completely designed, manufacturing, installed on the deposition chamber, operated, 

and used for thin films deposition. 

In this chapter, the main features of an IPVD system are exposed such as 

vacuum system, vacuum component control, and installation of any component. 

Along with a brief introduction to the deposition techniques used for the thesis: 

Filtered cathodic vacuum arc (FCVA), for deposition of ta-C films; anode layer ion 

source (ALIS), for substrate cleaning; and magnetron sputtering (MS), for the 

production of the interlayer of the multilayer film. In addition, the concept of ion 

energy measurement and RFA probe built and the sample preparation will give in 

detail. 

3.1 An ionized physical vapor deposition system 

The DLC films with the hardness in the range of superhard coating, it can be 

prepared using the FCVA and the plasma source technique [23], [35]. Therefore, an 

IPVD system was designed based on the FCVA technique and plasma source. In 

addition, this system must be responded to many works and applications. Thus, this 

system was developed in the concept of the hybrid system. The system was divided 

into seven sections; the vacuum system, the vacuum component control system, the 

plasma and ion sources, substrate transfer system, gas line, substrate holder system 

and discharge power supply. 

3.1.1 Vacuum system 

Figure 3.1 shows a diagram of an IPVD system, the vacuum chamber consists 

of a 304 stainless steel cylindrical chamber (diameter 600 mm, high 540 mm, volume 

113 liters), and the base pressure is a very high vacuum (10-4 Pa measured by the wide 

range gauge). The vacuum system used o-ring sealings to seal the flanges and the 
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vacuum devices. The chamber was pumped using a PFEIFFER TMP1001P 

turbomolecular pump backed by one of LEYBOLD D40B TRIVAC VACUUM 

PUMP (rotary pump). Also, the copper coil was installed in the import flange of the 

rotary pump to trap the oil vapor. The pendulum control & isolation valve (VAT, 650 

series) was installed between the chamber and the turbomolecular pump to adjust the 

pumping rate (position control mode) and the pressure (pressure control mode) inside 

the deposition chamber.  

In addition, the side of deposition chamber was installed with four plasma 

sources (FCVA, L-ALIS, ALIS, and magnetron sputtering), a substrate transfer 

system and a view port. The substrate holder system was installed at an ISO200 flank 

in the bottom flank of deposition chamber. The substrate transfer system was installed 

at port number 8 of deposition chamber, and the pressure in the deposition chamber 

and load lock chamber is liked by three ways valve. 

 

Figure 3.1 Diagram of the ionized physical vapor deposition system. 

3.1.2  Vacuum component control system  

The vacuum component of an IPVD system was controlled by PXI control. 

The vacuum device, power supply, mass flow controller, and pressure gauge, it can 

control by the IPVD control version 7 software based on the LabVIEW program, the 

control panel of as shown in Figure 3.2. The control program has five zones; the 
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vacuum control center, gas control, DC power supply control, substrate holder 

control, and FCVA source control. The software can operate in manual mode. The 

following equipment and components can be controlled as desired at any time: 

• ON/OFF the solenoid valve at the backing valve, roughing valve 

• ON/OFF the solenoid valve and key the flow rate value to control the gas flow 

rate into the deposition chamber.  

• ON/OFF the solenoid valve at the wide range gauge to see operating pressure 

in the deposition chamber. Pressure in the deposition chamber (wide range 

gauge with the full scale of 1 Pa to 10-6 Pa) shows in the numeric displays. 

• The operating pressure in the deposition chamber was controlled by the 

pendulum valve, which has two modes of control: fixed position of the angle 

valve or pressure regulation. 

• All pressure and flow readings are available in real-time updates. 

• ON/OFF rotation of the substrate holder and should the port position for 

cleaning, film deposition and load-unload the sample. 

Safety of the system:  

• When the backing valve shows an open status, the roughing valve is disabled 

status. 

• When the pendulum valve is closed while the turbomolecular pump is running 

and inside the deposition chamber is high pressure, the pendulum valve is not 

changing status because it has an interlock. 

• The pendulum valve is closed in the case of a power failure. During the load 

and unload of the sample during venting of the deposition chamber, the 

pendulum valve is closed and the turbomolecular pump is turned ON. This 

function is very important to safety the surge of pressure from the atmosphere 

to high pressure, which directly damages on the blade of the turbomolecular 

pump. 

• The gate valve is closed in the case of a power failure. 

• The backing and roughing valve are closed in the case of a power failure, it 

protects the reverse of the vacuum oil into the deposition chamber. 
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• The venting valve is closed in the case of a power failure, it protects the air 

leak into the deposition chamber, in which reduces contamination of moisture 

and the pumping time for the next experiment. 

 
Figure 3.2 The graphical user interface of the reactor controller of the main process 

and control view. 

 
Figure 3.3 Concept of the control system of a filtered cathodic vacuum arc system. 

The control system consists of the monitor, the NI PXI-1042 unit, and the 

devices.  The concept of control as shown in Figure 3.3, the PXI unit is a processor 
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similar to the CPU, operating by Windows 7. The LabVIEW program is used to 

control the PXI card. The PXI card has specific options such as generating the analog 

output, digital output and signal for controlling the devices, detecting analog input and 

the digital input from the devices. The NI PXI-1042 unit was installed the NI PXI-

8108, NI PXI-2565 and NI PXI-6251 card, which has the role as follows: 

NI PXI-8108 
The NI PXI-8108 is a modular PC in a PXI 3U-size form factor, consists of 

the following logic blocks on the CPU module and the I/O module. The CPU module 

has the following logic blocks:  

• Socket 479 CPU is the socket definition for the Intel® Core™ 2 Duo 

processor T9400. 

• The SO-DIMM block. 

• The Mobile Intel GM45 Express Chipset connects to the CPU, DDR2 

SDRAM, DVI-I video and GPIB. 

• The SMB to PXI Trigger provides a routable connection of the PXI triggers 

to/from the SMB on the front panel. 

• The Watchdog Timer block consists of a watchdog timer that can reset the 

controller or generate a trigger.  

• The Chipset ICH9M (I/O Controller Hub) connects to the PCI, USB, SATA, 

LPC buses, and Ethernet.  

• The USB Connectors are connected to the ICH9M chipset.  

• The PXI Connector connects the NI PXI-8108 to the PXI/CompactPCI 

backplane.  

• The Super I/O block represents the other peripherals supplied by the NI PXI-

8108. 

• The NI PXI-8108 has one serial port, and an ECP/EPP parallel port.  

• The Gigabit Ethernet connects to either 10 Mbit, 100 Mbit, or 1,000 Mbit 

Ethernet interfaces. 

• The GPIB block contains the GPIB interface.  

• The Express Card/34 slot accommodates an Express Card/34 module.  

• The SATA block connects a Serial ATA hard drive to the ICH9M. 
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The NI PXI-8108 uses the LabVIEW program, combine with leading 

hardware drivers such as NI-DAQmx to provide exceptional control of the hardware. 

In which, LabVIEW is a powerful and easy-to-use graphical programming, use to 

acquire data from thousands of different instruments including USB, IEEE 488.2, 

VXI, serial, PLCs, and plug-in boards. The LabVIEW will be convert acquired data 

into meaningful results using powerful data analysis routines [133]. Although NI PXI-

8108 has many CPU modules and the I/O modules, the control system for FCVA uses 

some I/O interfaces and external connectors as Error! Reference source not found.: 

Table 3. 1 I/O interfaces and external connectors of NI PXI-8108 for the control 

system. 

I/O interfaces external connectors Role 

USB (four points) 
USB 4-pin Series A stacked 

receptacle 

For USB Flash Drive, 

USB mouse and keyboard 

Video DVI-I (24-pin DSUB) Connect with the monitor 

Serial COM1 (9-pin DSUB)  
Control the pendulum 

valve 

Ethernet LAN (RJ45) Connect the internet 

 

Figure 3.4 National Instruments PXI-8108 2.53 GHz Dual-Core Embedded 

Controller [134]. 
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The pendulum valve was controlled by NI PXI-8108 through COM1 (9-pin 

DSUB). In which the LabVIEW diagram for setting the pendulum valve open, close, 

set position, and set pressure as shown in Figure 3.5. The concept for controlling the 

pendulum valve is running as follows: 

Open the valve, use the VISA write item for writes the data from a buffer to 

the device or interface, in which the data is C:0100\r\n, then the data will be through 

the Sequence Structure (to ensure that a subdiagram executes before or after another 

subdiagram) into the VISA read item (reads the specified number of bytes from the 

device or interface and returns the results as string data). After that string data was 

sending into the VISA write item again to write a new data (O:\r\n where O is open), 

and the code was sent to read again before sending to the pendulum valve. Is causing 

the pendulum valve is open. 

Close the valve, use the same concept of the open valve, but change the code 

in the third step is C:\r\n code (C is close). When the data has been written again It 

will be sent to the pendulum valve to close the valve. 

 

Figure 3.5 The LabVIEW diagram for control the pendulum valve (open and close 

valve). 

Set the position of the pendulum valve, for controlling the valve position, use 

the same concept as before. But the input data in the third step with the details as 

follows: the data divided into 2 sets by use concatenate strings for data integration. 

Data set 1 is the command for open the valve, and data set 2 is the setpoint of the 
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valve position. When integration data and the data was written to new data and send 

to the pendulum valve, the valve position can adjust by the LabVIEW. 

 Set pressure in the chamber, use the concept similar to the set position of the 

valve. But initial strings (S:) received from the sensor (capacitance gauge). In 

addition, the value of pressure must convert the unit in torr, Pa, etc., depending on the 

user.  

 

Figure 3.6 The LabVIEW diagram for control the pendulum valve (set the position of 

the valve and set pressure in the deposition chamber). 

NI PXI-2565 

NI PXI-2565 is the electrical and mechanical relay switch card [135], have 16-

channel can see in Figure 3.7(a). It can use the NI-SWITCH driver software for 

writing the LabVIEW diagram to open or close the relay. The major components of 

the NI PXI-2565 module are general-purpose relays, relay switch control circuitry, 

random scanning, PXI bus interface, and triggers. 

The concept for operation the relay as shown in Figure 3.7(b). The front side 

of NI PXI-2565 connects with the source (DC power supply and pulse generator) 

when the relay switch is closed, the power can transfer to the devices, so the device 

can operate. On the outer hand, when the relay switch is open. on the other hand, 
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when open relay the circuit is an open circuit causing the device to stop working. The 

vacuum valve (backing and roughing valve) is the solenoid valve, in which needs 24 

VDC power for driven. So, to operate the solenoid valve, the LabVIEW diagram 

(Figure 3.8), must be consist of NI SWITH for receiving input power and select the 

direction of the relay (close relay and open relay). For close relay case, the solenoid 

valve receives 24 VDC from the power supply, the valve is opened state and the 

chamber was pumped when the rotary pump is running. On the outer hand, when the 

relay switch is open, the power transfer is stopped, it is causing the solenoid valve is 

closed state, so the chamber is not pumped.  

 

(a) (b) 

Figure 3.7 (a) the NI PXI-2565 [136], (b) diagram of an electrical circuit for use NI 

PXI 2565 to control the working of the device. 

A wide range gauge, mass flow controller of Argon and Nitrogen gas and 

venting valve has the solenoid valve for close or open to connect with the deposition 

chamber. Therefore, the channel of the relay should be unique. In addition, the gate 

valve needs 24 VDC to open and close, the gate valve was connected with the relay 

24 VDC. While the motor for rotating the substrate uses 24 VDC and square pulse 

(amplitude 5.0 V) for operation. Therefore, it can the power combined with the 24 

VDC power supply to the vacuum devices and any component. But the pulse 

generator, use the external function generator. 
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Figure 3.8 The LabVIEW diagram for close or open the solenoid valve and gate 

valve. 

NI PXI-6251 

NI PXI-6251 is a DAQ card (see Figure 3.9), have a multifunction as follow: 

Read the input signal 

- Analog input 

- Digital input 

Generate the output signal 

- Analog triggers 

- Analog output 

- Digital output 

- Digital PFI 

Trigger  

- Analog triggers 

- external digital triggers 

- device-to-device trigger bus 

Generator 

- Frequency generator  

- power requirements 
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Characteristics 

- Physical 

- Electrical 

- Static 

- Waveform 

NI PXI-6251 uses NI DAQ driver for writing the LabVIEW program to run 

this card [137]. This can be applied to the setpoint flow rate of the gas and arc 

frequency. Also, the pressure in the deposition chamber can use analog input to 

measure the output voltage of a wide range gauge and convert it to pressure by using 

the equation for each pressure gauge. 

The mass flow controller (MFC) has information for control the flow rate is 

different. In this case of MKS Type 1179B Mass-Flow Controller (for control argon 

gas) and MKS Type M100B Mass-Flow Controller (for control nitrogen gas), it was 

controlled by the voltage in the range of 0 – 5 VDC. The voltage received from the 

analog output function (NI PXI-6251) and use NI DAQ write the voltage output and 

send to the MFC. The LabVIEW diagram for the setpoint flow rate of the argon gas as 

shown in Figure 3.10.  The while loop was used to control ON/OFF of the solenoid 

valve, the analog output channel ao0 was sent to DAQmx write to determine factor 

for the flow rate setpoint.  

 

Figure 3.9 NI PXI-6251 card and pinout. 
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 The factor of setpoint value is 50 due to the 0 - 5 V of MFC as 0 – 250 sccm. 

Therefore, the setpoint value in DBL Numeric is divided by 50, to order the card to 

supply voltage in the range 0 – 5 V for MFC. In the case of the MFC being closed, the 

0 VDC was auto send to MFC. It indicates that the flow rate of argon gas is zero. 

 

Figure 3.10 The LabVIEW diagram for the setpoint flow rate of the argon gas. 

3.1.3  Plasma sources 

The plasma source is a very important device for film coating. Each plasma 

source has its advantages and disadvantages, thus it is designed to be specific to each 

application to increase efficiency and reduce the wear rate that may occur from 

misuse. This work focus on an anode layer ion source, linear anode layer ion source, 

magnetron sputtering, and filter cathodic vacuum arc. The principle and design of 

these plasma sources will be explained.  

3.1.3.1 Anode layer ion source 

Anode layer ion source (ALIS) is a physical vapor deposition and cleaning 

source. The diagram of an ALIS as shown in Figure 3.11, consists of four main parts; 

anode electrode, cathode electrodes, outer magnet, and inner magnet. This source 

needs a positive power supply with a high voltage and low current to generate the 

plasma or ion beam. The principle of an ALIS uses the E×B field to trap primary 

electron, excitation gas and generate plasma on the discharge gap of the cathode, then 
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the positive ions (Ar+ for use argon gas is a precursor) move out from the anode 

electrode due to the electric force on an anode electrode. Therefore, the ion has kinetic 

energy around the applied voltage such as the applied voltage of 2 kV, the initial 

kinetic energy of 2 keV (for the ideal case). However, the ion energy will be 

decreased with the increase of distance from the anode surface due to collision with 

other particles. The characteristic of an ion beam generated using an ALIS is a 

cylindrical beam (tube beam), the thickness of the ion layer depends on the electrode 

gap design. 

 

Figure 3.11 Overview assembly and structure diagram of an anode layer ion source. 

An in-house ALIS as shown in Figure 3.12. The base of the ALIS is an 

ISO100 flange, an anode electrode and the magnetic holder uses stainless steel grad 

316. The inner and outer cathode electrodes use stainless steel grad 410 material due 

to it being ferromagnetic material, the magnetic field between the inner and outer 

cathode was induced and causes a strong magnetic field in the discharge gap, which is 

an important condition for generating the plasma. The discharge gap has a diameter of 

62 mm. 

The anode electrode and base of the source (ground) were separated with the 

ceramic wisher, the gap distance of both electrodes is 1 mm (less than the mean free 

part of an electron). So, the ALIS can be applied to a voltage of higher than 2 kV. In 

addition, an ALIS has a water cooling in at the base of magnetic holder. Therefore, 

this source can operate for a long time. Moreover, the gas is conveyed directly to the 

discharge area, which increases the ionization of the gas. 

Figure 3.13 shows the plasma characteristic generated using an ALIS. The 

plasma as a cylindrical beam with a diameter of around the discharge gap diameter. 

The plasma beam is long and directly ejects on the sample. However, the cylindrical 
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plasma beam has affected on the uniformity of argon ions cleaning and a-C:H 

deposition. Therefore, the characteristic of the discharge gap should be changed to a 

rectangular gap. 

 

Figure 3.12 Anode layer ions source for substrate cleaning. 

 

Figure 3.13 The plasma characteristic generated using an ALIS. 
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3.1.3.2 Linear anode layer ion source 

To increase the uniformity of the ion cleaning and a-C:H deposition, an ALIS 

has upgraded the discharge gap from the cycle to a rectangular gap. Figure 3.14 shows 

the assembly of the Linear anode layer ion source or L-ALIS. The concept design like 

an ALIS, the only change is the characteristics of the discharging gap from cycle to 

rectangular. The discharge gap has a height of 200 mm and a width of 30 mm. 

Therefore, the plasma beam generated using L-ALIS has a size higher than 200 mm × 

30 mm (height × width). The plasma beam characteristic was generated using L-ALIS 

as shown in Figure 3.15(a). It was found that the plasma beam has a characteristic like 

the discharge gap (rectangular layer), and ejaculation from the anode electrode with 

uniformly. Moreover, the uniformity of plasma has directly to the uniformity of the  

a-C:H film. Figure 3.15(b) shows the a-C:H film on Si substrate and SUS316 holder, 

it can be seen that the film has a goal color covering the substrate and holder indicates 

that the film has uniformity. 

 

Figure 3.14 Assembly of linear anode layer ion source. 
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Figure 3.15 (a) The argon plasma beam generated using L-ALIS with the discharge 

potential of 1200 V. And (b) the a-C:H film deposited using L-ALIS with the 

discharge potential of 1200 V and discharge current of 13.5 mA. 

3.1.3.3 Magnetron sputtering source 

Magnetron sputtering is a popular technology for metal and compound 

material deposition. Nowadays, it was used in wide applications for the 

manufacturing of innovative products such as magnetic storage disks, flat displays, 

smart windows, thin-film solar cells, cutting tools, etc., The magnetron sputtering 

source has the advantages of economic: deposition even on large areas, and the ability 

to coat very temperature-sensitive plastic substrates. 

 
                  (a)                    (b) 

Figure 3.16 (a) Position and polarity of the permanent magnet and (b) magnetic force 

lines generated by permanent magnets. 
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The magnetron sputtering source consists of an important part; the permanent 

magnet (e.g., NdFeB), it has a role in generating the magnetic field as shown in 

Figure 3.16(b). Electrons are trapped by the Lorentz force ( )BF q v B=  , which 

reaches a maximum in the area where 
xB  (the parallel component to the target 

surface). It decreases toward the center and the outer areas of the target surface  

( B v  ). The trajectories of electrons are obtained by solving the differential equation 

as follows. 

 ( )
dv

m qE q v B
dt

= +   (3.1) 

According to Figure 3.16(b), the electrons form a ring-shaped current on the 

target surface called the ‘race track’. Due to the trapping of the electrons in the race 

track area, the formation of ions is substantially enhanced, resulting in a remarkable 

drop of target voltage (lower plasma impedance) and a jump in deposition rate. The 

process pressure can be reduced leading to an increase of the mean free path. 

Also, the sputtering yield and deposition rate for different target materials as a 

function of power density [138]. Generally, the target has three types as follows: pure 

metal, alloy, and compound target. The size and shape of the target depend on the 

design of the magnetron source (cycle, rectangular and cylindrical). An inherent 

drawback of the planar magnetron source is the nonuniform erosion (high erosion on 

the race track region), it causes a nonuniform of film thickness distribution, which is 

caused by the nonuniform ion current density (ion flux on the substrate). In particular, 

this holds if the substrate is resting below the magnetron during deposition. Rotation 

and pass substrate was applied to solve this problem. So, uniformity problems can be 

easily eliminated. The main advantages of magnetron sputtering are as follows: 

• Low thermal sputtered atom to the substrate 

• Film good uniformity (rotation and pass substrate) 

• Easy to scale up (size of magnetron source) 

• Dense films and well-adherent between the films and substrate 

• The large variety of film materials available (nearly all metals and 

compounds) 

• The film properties can adjust by the deposition process parameter 
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With a wide range of applications and excellent properties of the films 

deposited by magnetron sputtering, the filtered cathodic vacuum arc system will 

install the magnetron sputtering source on side of the deposition chamber to deposit 

the interlayer of the superhard amorphous carbon film.  

The magnetron sputtering source (see Figure 3.17) has a diameter of 70 mm 

and a length of 80 mm, and can be moved in the z-axis during the experiment without 

stopping the vacuum system, consisting of a handle (diameter of 1 inch, length of 300 

mm) sealing with ultra torr NW40. The cathode electrode was formed by copper 

material, Teflon ring for was separated the cathode electrode and handle (ground). 

The target material (2-inch diameter, 6.0 mm thickness, and cylindrical shape) is 

placed on top of the cathode electrode, using a stainless steel clamp and M3 male nut 

to attach the target on the cathode electrode. The permanent magnet was placed is the 

cycle characteristic under the cathode electrode. The inner permanent magnet and the 

outer permanent magnet are unbalanced magnetic fields, so this source is an 

unbalanced magnetron sputtering source. This induces the ion and electron to the 

substrate more than the balanced magnetron sputtering source, it causing the 

deposition rate, ion flux, and electron flux to be higher. The cathode electrode and the 

permanent magnet have been cooled by 17 water, so it can operate for a long time.  

For driving the magnetron sputtering source, the pinnacle power supply 

(ADVANCED ENERGYDC) is used. The pinnacle power supply has 2 functions as 

follows: DC mode and asymmetric bipolar pulsed mode. For DC mode, the maximum 

voltage is 1000 V which is sufficient for the sputtering process. In the bipolar pulsed 

mode, the duty cycle is 10%, frequency, and pulse width can adjust in the range of 0 – 

100 kHz and 1.0 – 5.0 µs respectively. Moreover, this magnetron source can support 

high power modes by using high power impulse magnetron sputtering (HiPIMS) 

power supply.  
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Figure 3.17 Assembly of an unbalanced magnetron sputtering source. 

3.1.3.4 In-house filtered cathodic vacuum arc source 

In this thesis, the cathodic arc source was operated in pulsed mode. This topic 

will be discussed about the pulsed vacuum arc and filtered cathodic vacuum arc 

source. 

The pulsed vacuum arc is a high-density plasma source arc. For operation in 

pulsed mode, the process parameters such as pulse width and duty cycle play a very 

important role. At a low duty cycle, can be applied for temperature-sensitive substrate 

coating such as plastic sheets. One difficulty that appears with the pulsed operation is 

the need for rapid arc triggering in all pulsed (1 triggering = 1 pulsed). To avoid this 

problem, this thesis uses the pulsed vacuum arc source, it doesn't have a mechanical 

trigger.  

The pulsed vacuum arc source was applied to carbon film deposition with a 

concept of a conductive path between anode and cathode electrode such as a carbon 

coating on the ceramic provides a means for Joule heating of the coating-cathode 

interface. This results in rapid plasma formation as soon as the arc voltage is applied 

to the cathode electrode as shown in Figure 3.18. So, neither a trigger electrode nor a 

specific electrical trigger pulse generator is required. The method was called 

‘‘triggerless’’ arc initiation.  
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Figure 3.18 Schematic of triggerless vacuum arc initiation (ion extraction system not 

shown) [139]. 

Triggerless arc initiation can be considered as taking the ‘‘pencil mark’’ to the 

extreme: the pencil mark is well known to aid the occurrence of surface flashover 

across an insulator in a vacuum. The slightly conducting graphite mark defines the 

path of lowest resistance and allows the operator to achieve flashover with moderately 

high voltage (typically of order 10 kV) [140]. As indicated in the inset of Figure 3.18, 

the current flow between the conducting path and the cathode takes place at only one 

or a few contact points at the path-cathode interface. As shown in [141], the current 

density at the contact points can be extremely high (of order j = 1x1011 A/m2), and 

hence the power density is also high. The power associated with Joule heating of one 

contact point can be estimated by 

 2 2dP IdU I dU I dl
A


= = =  (3.2) 

where I  is the current flowing through a contact point having a cross-sectional area 

A : 

 ( )( ) ( )' ' '/R T l A l dl =
   (3.3) 

Where R  is the resistance of the contact point,   is the temperature-dependent 

specific resistivity of the contact material, ( )'A l  is the cross-section of the contact 

point, and 'dl  is an infinitesimal section of the contact path length.  

For simplicity, we may consider a contact of cylindrical shape with length l  

and cross-section 2A r= . For l =10 µm and r1=5 µm we obtain A =78 µm2, and R
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=6.9 m, for tungsten at room temperature, for example. If we further assume that the 

initial current is of order 10 A, limited by the resistance of the circuit including the 

conducting path, the current density would be j=1.3x1011 A/m2, and the Joule heating 

power 0.7 W. The power is concentrated in a small volume of only 780 µm3 and the 

volume power density is 9x1014 W/m3 in this example. Joule heating increases the 

temperature of the contact material and its specific resistivity. For most metals, the 

resistivity increases by one order of magnitude if the temperature rises by 1000 K and 

is even greater at higher temperatures when phase transitions are taken into account 

(solid/liquid and metal/dielectric). Thus, the power density also increases by an order 

of magnitude or more, reaching 1016 W/m3, a value known to cause the explosive 

formation of plasma [142]. It can be concluded that metal plasma can be formed at the 

cathode with a relatively low voltage (for instance, 500 V) due to the concentration of 

power in a microscopically small volume. 

Because a conductive path between cathode and anode electrode is not only 

acceptable but required, this arc initiation method is well suited for a vacuum arc 

geometry in which macroparticles and atoms from the plasma are deposited on the 

insulator separating the electrodes. Normally, the deposition of conducting and carbon 

material on the insulator separating the electrodes is beneficial since it ‘‘repairs’’ the 

conducting path, which is subject to erosion by the action of cathode spots. The repair 

and erosion process is the balance created after many arc pulses, and the resistance 

will vary around a steady-state average value. 

By using the triggerless arc initiation principle, the requirements for a high-

voltage trigger generator, isolation transformer, and trigger electrode are eliminated. 

However, triggerless triggering does not come for free. In order to precisely specify 

the instant of arc initiation, the arc power supply needs to be equipped with a switch, 

which will be discussed in the topic “Pulsed forming network”. 

From the triggerless arc initiation principle, the pulsed vacuum arc source was 

designed by the triggerless model as shown in Figure 3.19. It consists of the graphite 

rod (diameter 6.35 mm), graphite rod holder (formed by copper material), and anode 

electrode (formed by stainless 316). The ceramic rod was applied to separate the 

graphite rod (cathode) and the anode electrode. 
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Figure 3.19 Assembly of the pulsed vacuum arc source. 

The resistance between the graphite rod and the anode electrode can reduce by 

using the pencil mark on the surface of the ceramic. It causes the resistance of about 

400  (in the range of 300 to 800 ). However, the resistance between the cathode 

and anode electrode increased with the increase of operating time due to the ceramic 

being coated with the carbon film. Therefore, the ceramic should be cleaned when the 

operating time is 1200 pulsed. 

Many previous studies have characteristics of arc plasma and characteristics of 

DLC film prepared by cathodic arc technique. For DLC coating, the cathodic vacuum 

arc generated the macroparticle into the defect (droplets, pores, and spikes) on the 

surface of the films [143], [144]. The defect directly affected on properties and quality 

of the film leading to a failure during work. So, to reduce the macroparticle, the 

pulsed vacuum arc source has a filter coil.  

3.1.3.5 Principle of magnetic filtering 

In the presence of an axial magnetic field, the motion of electrons is bound to 

magnetic field lines. While the electrons spiral around the field lines, they have the 

collision with another particle. For the magnetic field is bent, such as the field inside a 
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curved solenoid, electrons follow the curvature. On the other hand, ions are usually 

not magnetized because their gyration radius are much larger than the gyration radius 

of electrons and larger than the characteristic size of the filter. Nevertheless, ions are 

forced to follow the magnetic field lines due to the electric fields between electrons 

and ions which form if ions are shifted from electrons. The plasma stays 

macroscopically electrically neutral. Plasma transport along magnetic field lines is 

therefore a combined magnetic (electrons) and electric (ions) mechanism. 

Although, the macroparticles may be slightly charged, but the mass to charge 

ratio is greater than, which corresponds with electrons and ions density in the plasma. 

Therefore, macroparticles have high momentum and move along almost straight 

trajectories part. The important parameter the macroparticle will be separated from the 

plasma is the plasma, electrons and ions must be separate from the line of the cathode 

surface. Resulting in, complete macroparticle removal by magnetic filtering would 

have been accomplished. However, this process causes significant plasma losses and 

nanoparticle transport by plasma particle interaction. Thus, the plasma density drops 

when was deviate from the filter coil [145].  

3.1.3.6 Design of magnetic macroparticle filters 

To reduce the macroparticles on ta-C films, the pulsed vacuum arc source has 

a bent magnetic filter (a curved solenoid). The filter coil has an open architecture, in 

which the macroparticles can leave the area of the solenoid filter coil during the 

plasma generating and transporting. In addition, the advantage of a free-standing 

magnetic field coil reduces the scattered and sticking to walls of macroparticles. The 

filter coil is made in the copper tube (diameter 3/16 in, thick 0.5 mm), the coil is 90 

curved solenoid, 31 round, the major and minor radius is 150 mm and 29 mm 

respectively. The coil has the water (17 Celsius) flow inside the copper tube to cool. 

To build the magnetic field for bending the plasma, a high current is required to flow 

through the coil. The complete pulsed filter cathodic vacuum arc source is shown in 

Error! Reference source not found.. In addition, the pulsed vacuum arc source and 

filter were installed in the T-shape adapter to protect the macroparticles that come to 

the deposition chamber. However, an in-house FCVA source has a limitation for ta-C 
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deposition. The carbon target can’t slide and adjust the position during the deposition 

process, the maximum lifetime for ta-C deposition of about 5000 pulses. 

 

Figure 1. Assembly of the pulse filtered cathodic vacuum arc source. 

3.1.3.7 Commercial filter cathodic vacuum arc source 

To operate the plasma and increase the maximum lifetime for ta-C 

deposition by FCVA source. The FCVA source must be a carbon rod slide and zero 

sets. Figure 3.20 shows a diagram of the commercial FCVA source. The FCVA 

source consists of a pulse cathodic arc (triggerless model), cathode electrode, anode 

electrode, and filter coil. The electrodes have water colling, it builds up by copper 

material to increase cooling efficiency. These electrodes were separated from the 

ground electrode by ceramic. The filter coil is 90 free-standing magnetic field coil, 

the solenoid has 22 turns, a major and minor radius of 80 mm and 16 mm 

respectively. Moreover, this source has a sliding target option, indicating that the 

target can adjust the target position during the arc plasma operation. As a result, the 

lifetime of arc operation is long (more than 100000 pulses). Therefore, this source can 

be used to coat thick ta-C films, which is suitable for this work. 
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Figure 3.20 The commercial filtered cathodic vacuum arc source. 

3.1.3.8 T-shape adapter 

 The nature of the arc, especially the arc of the carbon target, generates the 

macroparticle. The 90 filter coil can reduce the number of macroparticles. In 

addition, the structure and design of the FCVA source have affects the efficiency of 

the microparticles filter. In the literature review, the new design of FCVA deposition 

such as T-FAD, Crank-FAD, X-FAD and Y-FAD was applied to reduce the 

contamination of macroparticles on the films. The design of the commercial FCVA 

source and deposition chamber match the T-shape adaptor. Therefore, to install a 

commercial FCVA source in an IPVD system, the T-shape adapter was designed and 

built. 

Assembly of the T-shape adaptor as shown in Figure 3.22, it has three flanges 

consists of two ISO250 and ISO 00 flanges. The stainless steel grad 316 tube with a 

diameter of 10 inch and length of 600 mm to use T head and the stainless steel grad 

316 tube with a diameter of 8 inch and length of 120 mm to use T-base. All parts use 

the thick welded process to increase the efficiency of receiving pressure. Due to the 

high weight of the FCVA source itself. 
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Figure 3.21 T-shape adaptor for support the commercial FCVA source. 

 The t-shape adaptor must be matched with the commercial FCVA source. To 

confirm the size and position of the T-shape adaptor, both assemblies were matched 

using the mate function in the SolidWorks program. The assembly of the commercial 

FCVA source on T-shape adaptor as shown in Figure 3.22. It was found that the 

commercial FCVA source matched with the T-shape adapter. The center of the filter 

coil has an offset is 20 mm to reduce the plasma loss rate due to the direction of the 

plasma beam is not perpendicular to the plane of the FCVA cover plate. In addition, 

the Al plate with a diameter of 200 mm was sticked on the cover plate of the FCVA 

source to separate the arc chamber and deposition chamber. With this design, the 

macro particle was filtered by filter coil and blocked by this plate. Thus, the 

macroparticles during ta-C deposition are decreased. 

  



 

 

 

 64 

 

Figure 3.22 Assembly of installation of the commercial FCVA source on T-shape 

adaptor. 

Moreover, to increase the operating lifetime of the FCVA source and reduce 

the maintenance cycle, the target slide and zero adjust position option was applied. 

Figure 3.23(a) shows an overview of commercial FCVA source installation. The T-

shape adaptor was installed at port 1 of the deposition chamber. The target slide 

system was installed at KF70 flange of the FCVA source, which same center as the 

carbon target rod. To slide the carbon target rod in and out, and target scratch, we use 

the concept of a CNC controller with the two axes.  

The target slide system consists of a stepper motor, T8 lead screw rod, Nuts 

and 3-axis slide rail with a length of 400 mm. While the target scratch consists of a 

stepper motor, T8 lead screw rod, Nuts and 2-axis slide rail with a length of 100 mm. 

The two parts work together efficiently. 

The Nema23 stepper motor (J-5718HB4401, 2.5 N.m, 4.4A) is used to turn a 

lead screw rod or adjust the position of the carbon target rod and scratch blade. The 

stepper motor was driven by TB6600 and controlled using Candle GRBL Controller. 

The Candle GRBL software was used to CNC machine control with GRBL source 

code or G code (X, Y and Z) which is related to the stepper of the motor. The G code 

is passed to the Arduino Nano 3.0 CH340 USB Driver and CNC Shield V4.0 3-axis 
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board, to process and convert the G code to pulse data. The pulse frequency and the 

direction of the pulse determine the rotation or movement of the motor. Therefore, it 

can work together and work concurrently depending on the working code. 

 

Figure 3.23 (a) installation of the FCVA source on T-shape adaptor and ionized 

physical vapor deposition, (b) and (c) carbon rod target scratch and zero adjust 

system. 
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3.1.3.9 Focusing coil 

In order to confine as much plasma to accumulate on the substrate as 

possible, the focusing coil will be added to the gap between the FCVA source and 

deposition chamber as shown in Figure 3.24.  The focusing coil is made by a copper 

tube (diameter 3/16 inch, thick 0.5 mm) in solenoid coil characteristic as shown in 

Figure 3.25. The turn number of a focusing coil is 22 turns, diameter of 130 mm, and 

a length of 18 mm. The coil has the water with a temperature of 17 Celsius flow 

inside the copper tube to cooling. Also, the focusing coil contact with the filtering coil 

by the M4 nut and skull to hold it firmly to prevent falling off during the experiment. 

To induce the magnetic field to confine the plasma, a high current (positive) from the 

PFN flowed through the focusing coil. Which the positive current from the PFN into 

the focusing coil, and then flows into the filtering coil to induce the magnetic field to 

filter only the plasma used for deposition.   

The result of the focusing coil is the plasma was confined and ejected on the 

sample as seen in Figure 3.25. For the old FCVA source, the ta-C film has a very low 

deposition rate because the plasma diffuses and non-ejects on the sample. While the 

FCVA source with a focusing coil can produce the ta-C film with a high deposition 

rate due to the plasma being focused on the sample. 

 

Figure 3.24 Installation concept of the focusing coil at the gap of FCVA source and 

deposition chamber. 
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Figure 3.25 Installation and operation of the focusing coil. 

 

Figure 3.26 Characteristics of the ta-C film on stainless steel deposited by FCVA 

source (a) do not have the focusing coil and (b) use the focusing coil. 

3.1.4 Pulse forming network 

 To operate the plasma of the carbon target rod with a high density, the FCVA 

source was driven by a pulse forming network or PFN. In this work we use the 

VEECO pulse forming network as shown in Figure 3.27, to operate the commercial 

FCVA source.  
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Figure 3.27 VEECO pulse forming network. 

The PFN is an electric circuit that accumulates electrical energy over a 

comparatively long time and then releases the stored energy in the form of a relatively 

square pulse of comparatively brief duration. In a PFN, energy storage components 

such as capacitors, inductors or transmission lines are charged by means of a high-

voltage power source, then rapidly discharged into a load through a high-voltage 

switch. PFNs are used to produce uniform electrical pulses of short duration to power 

devices such as pulsed lasers, particle accelerators, and high-voltage utility test 

equipment [146].  

The concept of the PFN as shown in Figure 3.28, consists of the charger power 

supply (1000 VDC maximum), relay, diode, the network of capacitance and 

inductance, and Silicon Controlled Rectifiers (SCR). The charger power supply will 

transfer the energy into the LC network to charge the capacitor when the relay is 

closed. The diode has a role block the reverse current. Charge and discharge were 

controlled by the SCR, the frequency of charge and discharge was determined from 

the external trigger. 

 

Figure 3.28 The box diagram of the PFN. 
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The LC network of the PFN used radar modulators is the Guillemin Type E 

network, in which the Type E network capacitance is the same in each mesh and there 

is mutual inductance between adjacent coils. The squareness of the output pulse is a 

function of the mesh number. The risetime is determined by the risetime of the first 

mesh in the network, closest to the load. The pulse width is twice the one-way transit 

time of the wave.  

 

Figure 3.29 Schematic showing a 10-stage Type E PFN, output switch, and load. 

The design of the PFN is very important, especially radar modulators, 

capacitors, and inductors. The impedance of the PFN is an important parameter 

because energy transfer from the PFN to the load depends on the impedance of the 

PFN. If the impedance of the PFN is matched to the load impedance, the energy 

transfer will be almost completely dissipated in the load (no reflection), and the 

voltage across the load will be one-half the charge voltage of the PFN capacitors 

[147]. On the other hand, if the impedance of the PFN mismatch to the load 

impedance, the energy transfer will be the reflection. The impedance of PFN is 

calculated as follow: 

 PFNZ N LC=  (3.4) 

Where Z is the impedance of the PFN, N is the number of stages (10 stages), 

L  is the inductance (3.75 µH), and C is the capacitance (100 µF). So, the impedance 

of the PFN is: 

 ( ) ( )6 610 37.5 10 100 10PFNZ − −=      (3.5) 

 6.0PFNZ =   ohm (3.6)  

The impedance of the plasma depends on many parameters such as arc 

current, operating pressure, etc. To operate the PFN, the equipment in the box 

diagram (see Figure 3.30) is required such as the stabilizer and DC power supply for 
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charging the power during the PFN working. In addition, The PFN needs support 

devices to operate as shown in Figure 3.31, which consists of the following: 

• A pulse generator has a role in the trigger.  

• 5 VDC power supply has a role in the open/close gate of the SCR.  

• 12 VDC power supply uses drives the fan and open relay of the PFN. 

 

Figure 3.30 The box diagram of the operating pulsed vacuum arc source. 

 

Figure 3.31 Diagram of Pulsed Forming Network (PFN) and support devices. 
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However, we still lacked a power supply to drive the PFN, so it was built. The 

high voltage DC power supply was designed by using the power amp concept as 

shown in Figure 3.32. The amplifier needed the sinewave 10 kHz generator, the 

sinewave was extended the amplitude by the amplifier and the energy was transferred 

through the transformer. And then the energy was transferred to the bridge diode, 

which the negative electrode connects with the resistor (current limit). From the 

design, this power supply can operate in a long time for the charger voltage lower 

than -600 V. 

 
Figure 3.32 The box diagram of high voltage DC power supply (600 V maximum). 

3.1.5 Plasma and substrate bias power supply 

To increase the ion energy of the depositing ions in ta-C deposition, the 

plasma biasing and substrate bias technique is required. Therefore, to support the 

energy to the electrode during the arc process, a high current pulse power supply is 

required (around 300 Vmax, and 100 Amax), but its a high value. To reduce the cost of 

power supply, the DC bias power supply with a capacitor stores energy is one of its 

many applications would be supplying that energy to a circuit, just like a battery. The 

upside of capacitors is capable of delivering energy much faster than a battery, which 

makes them good for applications that need a short, but a high burst of power (pulse).  

Therefore, the biased power supply uses the concept of capacitor stores 

energy, diagram as shown in Figure 3.33 and Figure 3.34. This technique requires is 

DC power supply (HSPY-400-01, 400 Vmax, 1 Amax), two capacitors with the 

capacitance of 100 µF, two capacitors with the capacitance of 1000 µF, and the diodes 

(120 V, 60 A). The capacitor was parallel-connected with the DC power supply to 

storage energy in the plasma off (charge) and drive energy in the plasma on 
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(discharge). While the diode has a role to block the reverse current from the PFN and 

the plasma. 

 

Figure 3.33 An electrical schematic of the plasma biasing power supply. 

 

Figure 3.34 An electrical schematic of the substrate bias power supply. 

3.1.6 Substrate holder 

The substrate holder as shown in Figure 3.35, it was installed at an ISO200 

flange in the bottom flange of the deposition chamber (same center as the deposition 

chamber). The substrate holder can support the 2D and 3D samples with a maximum 

diameter of 170 mm. To support many studies, the substrate holder is designed 

independently of the ground electrode. Therefore, this substrate holder has three 

options for thin film coating state is grounded, floated, and substrate bias. In addition, 

the position of the sample can adjust in the x-direction (move closer to or away from 

the source) and the z-direction (shift up or shift down) to control the uniformity of the 

films. 

The substrate holder can be rotated around the x-axis using a nema17 stepper 

motor (17HS8401S series, 52 N.cm, 1.8A), where the rotation frequency is controlled 

by the pulse frequency from the generator function.  
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Figure 3.35 SOLIDWORK assembly and photo of the substrate holder. 

Moreover, it can be rotated with 360 around the z-axis, the directional of the 

substrate holder can determine by a nema23 stepper motor (J-5718HB6401 series, 3.6 

N.m, 4A) to select the plasma source or ion source for coating and cleaning sample. 

The nema23 was driven by TB6600 and controlled using Candle GRBL Controller. 

Normally, the Candle GRBL software was used to CNC machine control with GRBL 

source code or G code (X, Y, and Z) which is related to stepper of the motor. The G 

code is passed to the Arduino Nano 3.0 CH340 USB Driver and CNC Shield V4.0 3-

axis board, to process and convert the G code to pulse data. The pulse frequency and 

the direction of the pulse determine the rotation or movement of the motor. 
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Figure 3.36 Stepper motor driving diagram for substrate holder system. 

 

3.1.7 Substrate transfer  

To reduce sample loading time, the substrate transfer system is required. The 

substrate transfer system as shown in Figure 3.37, consists of a load lock chamber 

with a diameter of 100 mm, a magnetic load lock transfer arm (600 mm), HV gate 

valve with the neumatic actuator (VAT, series 091 DN 100 mm) and Rotary vane 

dual-stage mechanical vacuum pump (Edwards, RV12). 

The magnetic load lock transfer arm is the industrial transfer arm. It adopts the 

magnetic induction principle of outer magnet and inner magnet as shown in Figure 

3.38. Thus, it can be able to slide in and slide out of the substrate holder. be able to 

slide in and slide out. 

The sample load-lock system was installed at port number 8 of the deposition 

chamber, it reduces sample loading time and non-stop the pumping system of the 

deposition chamber (5 – 10 min for sample loading time). The load-lock chamber was 

pumped by a rotary pump, the pressure in the load-lock chamber of about 1 Pa, while 

the base pressure inside the deposition chamber of 10-4 Pa. Before opening the HV 

gate valve, the pressure inside the load lock chamber was adjusted to low pressure by 

a manual three ways valve (leak valve). It reduces the pressure gradient between the 

two chambers and reduces the probability of damage to the blade of the 

turbomolecular pump.  
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Figure 3.37 Load lock transfer substrate system. 

 
Figure 3.38 Model of the magnetic transfer arm. 

 

3.2 Retrading filed analyzer probe 

Plasma diagnostic is the study of interactions between the plasma surface of 

the substrate, particle-particle, etc. It is an important process of linking plasma 

parameters with the structure of the DLC film. The ion energy, ion flux, and ion 

density of carbon directly affect on the properties of the ta-C film. This topic will 

explain the study of the plasma parameter by using the Retarding field analyzer probe 

or RFA probe. 
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3.2.1 Langmuir probe 

The RFA probe is one of the Langmuir probes. Therefore, the basis of the 

Langmuir probe is important. Langmuir probe is a simple and conventional 

instrument for determining the basic characteristics of the plasma [148]. Normally, 

the Langmuir probe has many designs such as the spherical probe, cylindrical probe, 

flat probe, double probe, hot probe, and capacitively coupled probe, etc. [149][150]. 

However, these probes use to study the properties of electrons in the plasma such as 

electron temperature, electron density, and electric potential [148]. 

Usually, I-V characteristics of obtained with a collecting Langmuir probe in a 

cold plasma as shown in Figure 3.39. In order to give a qualitative interpretation, we 

will consider an idealized non-equilibrium collision less, Maxwellian and 

unmagnetized plasma. Thus, the collisional mean free paths of all particles are larger 

than all characteristic lengths ( >> pr , 
D ) and also the electron temperature 

B e B i B ak T k T k T  is higher than those of ions and neutrals. 

I-V characteristic obtains from scanning the potential (
PV ) at the corrector and 

measurement the current (
PI ) at the corrector. The probe current     p i eI I I= +  is 

composed of ion current 
iI  and electron currents 

eI . The I-V characteristic is divided 

into three-zone as follows: 

• At the left of point A, the electrons are repelled, while ions are attracted by the 

probe. The drained ion current from the plasma is limited by the electric 

shielding of the probe and 
PI  decreases slowly. The probe current p isI I , 

where 
isI  is the ion saturation current. 

• At the right of point C, where p spV V   the ions are repelled and the electrons 

are the attracted charges. In this case, the electrons are responsible for the 

electric shielding of the probe and p esI I   are called the electron saturation 

current. At 0pI =  is the floating potential 
FV  (point B) where the 

contributions of the ion and electron currents are equals. 

• At point B-C is a transition region, the electron has kinetic energy to overcome 

the electrical force from the probe. But the probe potential is less than that of 
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the plasma potential p spV V . If the electron has a Maxwell-Boltzmann 

distribution, the electron current increases (exponential decay) with the 

increase of probe potential. 

 

Figure 3.39 An idealized I-V characteristic of obtained with a collecting Langmuir 

probe in a cold plasma. 

To study the properties of the ion in the plasma and interaction on the 

substrate surface, the Langmuir probe needs to be modified to repel the electron and 

only allow the ions on a corrector. In this case, the I-V characteristic is shown in 

Figure 3.40. Therefore, the probe for this thesis will be a specific design for the 

measurement of the ion properties (ion flux and ion energy), which are explained in 

the next topic. 

 

Figure 3.40 An I-V characteristic obtain from a probe for measuring the ion. 
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3.2.2 Configuration of the RFA probe design 

 The design of the RFA probe is a very important section due to the probe 

design related to the performance of ion energy measurement. The consideration of 

RFA probe design as follows; 

• The grid space must be less than the Debye length, to protect the plasma on 

the front side penetrative to the corrector. 

• Grid-to-collector distance must be less than the mean free path of electron 

ionization collisions. Usually, the plasma sheath on the front of the probe is 

planar, and the thickness is sh  was formed nearly with the probe (critical 

value: 2 sh ). So, if the grid-to-collector distance higher than the mean free 

path of electron ionization, the plasma can be penetrative and generated in 

this space. 

 

Figure 3.41 Model of the front grid for the ion energy measurement probe. 

3.2.3 Structure of retarding field analyzer 

The structure of the RFA probe as shown in Figure 3.42. Th RFA probe 

consists of the main components as follows: G1 electrode (use a Ni grid, 200 

line/inch), has a role in macroparticle protection. G2 electrode (use Ni grid, 2000 

line/inch) has the role is protect the plasma penetrative to the corrector, it connects 

with the G1 electrode and can select the ground surface or floating surface. G3 

electrode (use Ni grid, 600 line/inch) connects with the negative power supply to repel 

the electrons from the probe and allows ions to move in the ion corrector. G4 

electrode (use Ni grid, 600 line/inch) connect with GUARD electrode of SMU to 
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reduce secondary electrons. Therefore, the probe current is the ion current only. The 

ion corrector connects with the FORCE Hi of the source measure unit (SMU) for 

detecting the ion current and scanning voltage.  

 

Figure 3.42 Diagram and cross-section of the RFA probe. 

 

Figure 3.43 Characteristic of the grids for the RFA probe. 

Table 3.2 Specific data of the grids. 

Type Cat# 
Pitch 

(µm) 
Hole 

(µm) 
Bar 

(µm) 
Transparency 

200 mesh 
EMS200-

Ni 
125 95 35 0.53 

600 mesh 

(square) 
T601-Ni 42 37 5 0.78 

G2000HA 

circular mesh 
G2000HA-

Ni 
12.5 ~6.5 ~6 0.27 
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Figure 3.44 An in-house RFA probe for ion energy measurement in the FCVA 

deposition. 

Figure 3.43 and Table 3.2 show the characteristic and specific data of the 

grids. It was found that the G2000HA is the circular mesh and thin Ni wire (6 m), 

which is extremely fragile. Therefore, for the probe assembling process, a lot of 

caution is required to avoid damage to it. This will directly affect the ion energy 

measurement data. In addition, the G2 grid was protected by the G1 grid (EMS200-

Ni), which is stronger. 

 From the ideal and design, the RFA is built to ion energy measurement. An in-

house RFA probe as shown in Figure 3.44, consists of eight components; four Cu 

electrodes, a probe body, a backing plate, the backing plate of the electrode, and a 
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connector. The body of the probe uses PEEK material to protect the short circuit of 

the electrodes. The electrodes were separated by a PEEK washer. The RFA probe 

complete version as shown in Figure 3.44(b). The probe was connected with the 

handle, which uses stainless steel tube with a diameter of ¼ inch to convey the wires 

from the outside to the inside of the probe. Besides, the probe is threaded through an 

ultra-torr vacuum seal to install in the deposition chamber. 

3.2.4 Analysis of data from the RFA probe 

The data received from the RFA probe is I-V characteristics can use 

calculations and interpretation to find the ion energy distribution function, the kinetic 

energy of the ion, the ion density, etc. Which has the following process: 

1. Smooth the I-V graph to reduce the noise of the measurement. 

2. Find the 1st derivative of 
PI   compare pV  , it corresponds with the ion velocity 

distribution function as the equation: 

 
2

( )
pi

p p

dIM
f v

ye A dV
= −   (3.7) 

Where  
iM  is the ion mass 

pA  is aperture area 

y   is total transparency of grid electrodes 

e  is electron charge 

3. Plot graph between velocity ( v ) in the horizontal axis and ion velocity 

distribution function or ( )f v  in the vertical axis. 

4. The ion density (
in ) calculated by 

 
2

0 0

( )
pi

i

p p

dIM
n f v dv

ye A dV

 

= = −   (3.8) 

5. The average ion velocity v  by 

 
0

1
( )

i

v vf v dv
n



=    (3.9) 

6. The most population velocity (
mostv ), can find from the x-intercept when 

/ 0p pdI dV =   
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7. root mean square velocity 
2

v , the ion flux (
i ), and kinetic energy (

kE ) 

calculated by 

  

 2 2

0

1
( )

i

v v f v dv
n



=    (3.10) 

 
i iv n =   (3.11) 

 21

2
k iE M v=  (3.12) 

8. Calculate the kinetic energy of ion distribution function ( )f    by 

 1
( ) ( )

2 i

f f v
M




=   (3.13) 

Where   is kinetic energy estimated by peV =  for C+ only and the G1 grid is 

ground. On the outer hand, if the G1 grid is floating, f PeV eV = −  where fV  is 

floating potential. 

9. Plot graph between kinetic energy ( ) in the horizontal axis and kinetic energy 

of ion distribution function ( )f    in the vertical axis. 

10. The average kinetic energy of the ion is calculated by 

 
0

1
( )

i

f d
n

   


=    (3.14) 

From the calculations and interpretation of I-V characteristics, the important 

plasma parameters were known. Which, these parameters correspond with the 

superhard coating process, structure, properties, and performance of the superhard 

coating films. 

3.3 Sample preparation 

The silicon wafer (n-type) and stainless steel (SUS304) will be used as the 

substrate. This topic will be presented in the sample preparation (cutting, polishing, 

and cleaning process). 
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3.3.1 Silicon wafer preparation 

 N-type silicon wafer resistivity 0.001-0.004 .cm (with a thickness of 52515 

µm) are cleaned by air dry, followed by a deionized water (DI) rinse, followed by 

acetone clean, followed by methanol clean and DI water and blow-dry. All processes 

will be made under basic INRF safety certification. 

 Materials needed 

• Acetone 

• Methanol 

• DI water 

• Pyrex bath containers 

• Beaker 500 ml, 250 ml, and 100 ml 

• ULTRASONIC cleaner model UC-5180L 

• Safety equipment such as neoprene gloves, safety glasses, mask, and acid 

apron 

Silicon cleaning process  

1. Use air to blow the silicon sample to remove the microparticles on the surface. 

Followed by rinsing the DI water through the silicon surface for 10 rounds. 

And then, blowing hot air. 

2. Place the silicon sample in pyrex containers. And then, pour the acetone (50 

ml) into a pyrex container and place the pyrex container in the ultrasonic 

cleaner. Setup the aneling temperature does not exceed 55 degrees Celcius and 

ultrasonic cleaning time is about 10 minutes. Put on to start and wait for 10 

minutes to complete the process. After the ultrasonic stop, dr the acetone out 

from the pyrex containers into the beaker. 

3. pour the methanol (50 ml) into a pyrex container and place the pyrex container 

in the ultrasonic cleaner. Followed, state the ultrasonic cleaner and wait for 10 

minutes. After the ultrasonic stop, pour the methanol out from the pyrex 

containers into the beaker.  And then, pour the methanol (50 ml) into a pyrex 

container to clean the silicon sample with methanol again. When the complete 

process, drain the methanol from the pyrex container. 
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4. pour the DI water (50 ml) into a pyrex container and place the pyrex container 

in the ultrasonic cleaner. The silicon sample was cleaned in DI water for 3 

rounds (10 minutes per round and change the DI water every round). 

5. Blow dry with a hot air gun to remove the moisture and store in a desiccator. 

3.3.2 Stainless steel preparation 

 Stainless steel grad 304 with the size of 17 mm × 17 mm and thickness of 5.0 

mm are polished with sandpaper number 100 to 5000, then alumina grinding with the 

aluminum oxide powder with the size of 0.5 µm and 0.05 µm. The unpolished 

SUS304 and polished SUS304 as shown in Figure 3.45. The SUS304 sample is 

polished on all sides. which has a mirror-like shine. In addition, the edge of the 

sample is chamfered to prevent arcing on the sample during the film deposition. 

After the polished process, the SUS4304 samples are cleaned by air dry, 

followed by a deionized water (DI) rinse, followed by methanol clean and DI water 

and blow-dry. All processes will be made under basic INRF safety certification. 

 

Figure 3.45 Comparison of the unpolished and the polished SUS304. 

 Materials needed 

• Methanol 

• DI water 

• Pyrex bath containers 
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• Beaker 500 ml, 250 ml, and 100 ml 

• ULTRASONIC cleaner model UC-5180L 

• Safety equipment such as neoprene gloves, safety glasses, mask, and acid 

apron 

SUS304 cleaning process  

1. Use air to blow the SUS304 sample to remove the microparticles on the 

surface. Followed by rinsing the DI water through the silicon surface for 10 

rounds. And then, blowing hot air. 

2. Place the SUS304 sample in pyrex containers. And then, pour the methanol 

(50 ml) into a pyrex container and place the pyrex container in the ultrasonic 

cleaner. Setup the aneling temperature does not exceed 55 degrees Celcius and 

ultrasonic cleaning time is about 10 minutes. Put on to start and wait for 10 

minutes to complete the process. After the ultrasonic stop, pour the methanol 

out from the pyrex containers into the beaker. And then, pour the methanol (50 

ml) into a pyrex container to clean the silicon sample with methanol again. 

When the complete process, drain the methanol from the pyrex container. 

3. Pour the DI water (50 ml) into a pyrex container and place the pyrex container 

in the ultrasonic cleaner. The silicon sample was cleaned in DI water for 3 

rounds (10 minutes per round and change the DI water every round). 

4. Blow dry by a air to remove the moisture and stored in a desiccator. 
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Chapter IV 

Result and discussion 

The purpose of this work is to demonstrate that operation with an IPVD 

system with the four plasma sources (FCVA, Magnetron sputtering, L-ALIS, and 

ALIS) enables an energy-enhanced deposition process of superhard amorphous 

carbon thin films (hardness >40 GPa, very low surface roughness and thickness >1 

µm).  The morphologies, structural and mechanical properties of the films deposited 

on a Si substrate and SUS304 were systematically investigated and linking the film 

properties with the plasma properties measurement by using the RFA probe. 

Therefore, this chapter will give in the result of the plasma diagnostics by RFA probe, 

ta-C deposition, a-C:H deposition, Cr interlayer deposition and multilayer Cr/ta-C/a-

C:H deposition including the result of morphologies, structural and mechanical 

properties characterization of the films. 

4.1 Plasma diagnostics 

The properties of DLC films such as structural, mechanical, tribological, 

optical and electrochemical are related to sp3 content in the films. Which sp3 content 

can be controlled by the energy of depositing C+ ions for non-hydrogenated DLC and 

CmHn
+ ions for hydrogenated DLC [20]. Mass spectrometry is popular for ion energy 

characterization due to it can measure mass-to-charge ratio of ions. However, with the 

big size, complex component and high price, the other probes such as Langmuir and 

RFA probes were studied and built for use in laboratories due to their small size and 

simple structure. Therefore, this topic focuses on ion energy measurement by RFA 

probe. 

4.1.1 RFA probe test 

For ion energy measurement in the FCVA system, the RFA probe must be 

checked the contact between four electrodes (G1, G3, G4, and ion corrector) to ensure 

that the probe is in a ready-to-use state. The process of probe check as follows: 

1. Use the ohmmeter to check the contact of G1, G3, G4, and ion corrector 

electrodes with the center pin of the BNC connector for each electrode (it must be 

non-contact). 
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2. Use the ohmmeter to check the contact ground shield of the BNC connector of 

G1, G3, G4, and ion corrector electrodes with the ground electrode of the FCVA 

system (it must be in contact). 

3. Then, install the RFA probe in the deposition chamber of the IPVD system 

and recheck the contact of G1, G3, G4, and ion corrector electrodes.  

4. Before the ion energy measurement, the plasma current on G1, G3, G4 and 

corrector will be measured using OSC as shown in Figure 4.1.  

 

Figure 4.1 Diagram of RFA probe checking. 

 

Figure 4.2 Measured current on the G1, G3, G4, and ion corrector electrodes. 

This process uses the arc current 720 A and a repetition rate of 1 pulse/s. The 

signal of the measured current on G1, G3, G4, and corrector electrodes as shown in 

Figure 4.2(a). The measured current has a different pulse signal, which average probe 

current as shown in Figure 4.2(b). It was found that the average probe current at G1 
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electrode is electron current. The electron current decrease at G3, G4 and corrector, 

which the ions will be introduced due to the number of particles was reduced by the 

grid 200 line/inch and grid 2000 line/inch on G1 and G2 electrodes, grid 600 

line/inch, in which use for G3 and G4. Moreover, the electron current decreased due 

to it was absorbed by the front electrode of the measuring electrode. From this 

process, the RFA probe is ready for the ion measurement process. 

5. Check the performance of electron repelling in the G3 electrode by using a 

diagram as shown in Figure 4.3. The G1 electrode is grounded, and the ion corrector 

electrode was connected to OSC for current measurement (probe current). On the 

other hand, the G3 electrode was connected to the DC negative power supply (HSPY-

400-01) for repelling the electrons out from the probe due to only an ion current being 

required.  

Figure 4.4 shows the probe current as a function of applied electron repelling 

voltage. It was found that for low electron repelling voltage of 0 V to -10 V can’t 

repel the electrons due to the measured current present electron current. On the other 

hand, for applied electron repelling voltage of -20 V to -100 V, the probe current is an 

ion current. Therefore, for ion energy measurement the G3 electrode should have been 

applied a negative voltage higher than -60 V to ensure repelling electrons and allow 

only the ions to enter the ion corrector electrode. 

 

Figure 4.3 Diagram of electron repelling performance. 
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Figure 4.4 Measured current on the ion corrector electrode as a function of electron 

repelling voltage. 

6. The complete process for RFA probe check 

4.1.2 Ion energy measurement 

The process parameter for DLC deposition is a very important parameter, such 

as the ion flux and ion energy of carbon ions during the film growth. In order to study 

the influence of the ion energy on morphologies, structural, and mechanical properties 

of the ta-C films deposited using FCVA deposition. This topic will give in detail of 

ion energy measurement in FCVA deposition combined with plasma biasing 

technique and substrate biasing.  

4.1.2.1 Plasma biasing technique 

 The plasma biasing technique is one of increasing the energy of depositing 

ions in the FCVA technique to improve the properties of the film. Andre and Oks 

(2007) studied the influence of biased plasma potential in the range of 0 V to +30 V 

on the charge-state-resolved ion energy distribution functions in pulsed vacuum arcs 

plasma using an electrostatic energy analyzer and a quadrupole mass spectrometer. 

They found that the ion energy distributions of Mg+ and Mg2+ were broader and 

shifted to higher energy at the beginning of each arc pulse, indicating that the mean 

energy of the depositing ions increases [151]. Moreover, Andre et al. used the plasma 

biasing technique (pulsing bias) to control the growth conditions of ta-C films 

deposited with pulsed filter cathodic vacuum arcs (PFCVA). They found that plasma 
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biasing can contribute to the production of ta-C films with a high density of 3.36 

g/cm3 and sp3/(sp3+sp2) of 0.690.02 [152]. However, the influence of plasma biasing 

on the ion distribution function of C+ ions, including the structural and mechanical 

properties of ta-C films prepared with a pulsed filter cathodic vacuum arc, has not 

been studied. Therefore, this topic presents the setup, measurement, analysis, and 

discussion of the influence of plasma biasing on the energy of C+ ions produced using 

an IPVD system.  

Figure 4.5 shows the schematic diagram of an ion energy measurement in the 

part of the plasma biasing technique. The RFA probe was connected with the SMU 

(Keithley 2450) and placed at 15 cm from the focusing coil. The G1 electrode can 

switch between floating surface or ground surface. The G3 electrode was applied with 

-80 VDC to repelling the electrons. The G4 electrode contract with the guard of SMU 

to reduce the secondary electron emission from the ion corrector. And the ion 

corrector was connected to the SMU to detect the ion current. While the digital delay 

generator (STANFORD RESEARCH SYSTEM Model DG645) receives a trigger 

signal from PFN to generate the trigger signal to SMU for determining the aperture 

time for ion current detection. The ion energy in this part is divided into two parts; (i) 

measurement of the ion energy of C+ ions on the grounded sample, and (ii) 

measurement of the ion energy of C+ ions on the floating sample due to many 

literature reviews found that the ta-C films deposited on the floating sample have a 

high density [153].  

 

Figure 4.5 Diagram of ion energy measurement for plasma biasing technique 
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Ground surface 

 In most ta-C film deposition by the FCVA technique, the substrate is grounded 

due to the FCVA deposition has a high ionization ratio of carbon atoms (90%) and the 

mean energy of ions has a value in the range of 10 to 40 eV  [36], [71]. Which 

improves the properties of ta-C films to high density and low surface roughness 

because of intense and energetic bombardment by C+ ions.  

 The advantage of the ground surface is support the transition of the charge 

particle for example electrons, positive ions, and negative ions including molecular 

ions. It reduces the population of arc process on the films during the film growth. It 

means that the error of the sample is reduced. 

This topic will present the enhanced energy of C+ ions in FCVA deposition by 

using the plasma biasing technique, in which the energy of C+ ions as a function of 

anode bias potential. The plasma generated parameter, probe setup and SMU setup as 

shown in Table 4.1. 

Table 4.1 Setup parameter of ion energy measurement for ground surface. 

Plasma generated parameter Value 

Operate pressure Vacuum arc: 210-6 torr 

Arc current maximum 720 A 

Arc frequency 1 Hz 

Pulsed width 1200 µs 

Probe setup  

Probe distance 15 cm 

Probe position Same center with the focusing coil 

G1 grid Ground 

SMU setup  

Scanning voltage range -20 to +190 V (400 points) 

Current range for scan 1 mA 

NPLC of SMU 0.05 (Aperture time is 1250 µs) 

The ion current was detected at the same time with arc plasma operated, the 

aperture time for ion current detecting of 1250 µs, which covers the on-time of plasma 
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(pulse width 1200 µs) as shown in Figure 4.6. Therefore, the measured ion current is 

the average ion current in one are pulsed.   

 

Figure 4.6 Trigger and notify signal for ion energy measurement. 

The data of the arc process is an important parameter, which correlates with 

the plasma properties. Therefore, the data of the arc process was measured. Figure 4.7 

(a) shows the arc current signal measured using a PEARSON CURRENT MONITOR 

Model 101. The maximum current of about 720 A and the pulse duration of 1450 µs, 

which is higher than the calculated pulse duration for PFN (1200 µs). Moreover, to 

control the maximum arc current at about 720 A, an increase of anode bias potential 

requires a decrease of charger voltage for PFN from -504 V to -384 V. Figure 4.7(b) 

shows the arc voltage signal measured using an Agilent model 10076B at the output 

cathode electrode compared to the ground electrode of the PFN. It can be seen that the 

arc voltage signals shift up to high positive voltage, but the amplitude is dose not 

different. 

Figure 4.7(c) shows the signal of the anode bias current measured using a 

PEARSON CURRENT MONITOR Model 101. The amplitude and shape of the 

signals are significantly different when the anode bias potential increases from 0 V to 

+70 V, For the anode bias potential higher than +70V, the signals are slightly 

different. Figure 4.7(d) shows the signals of the anode bias potential as a function of 

time that were measured using a voltage probe (Agilent Model 10076B). The anode 
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bias potential signal shows the setpoint or constant value before the FCVA source is 

discharged (t < 0 µs). After FCVA is discharged, the anode bias potential linearly 

decreases as a function of time with the increase of anode bias potential higher than 

+20 V. This behavior is due to during the generated plasma, the resistance of the load 

(plasma) increased, therefore, the bias power supply cannot support full energy to the 

anode electrode resulting in the anode bias potential being reduced. 

The raw data of the ion energy measurement are present in the I-V 

characteristic as shown in Figure 4.8(a). The ion saturation current has a value 

ranging from 12 µA to 40 µA depending on the anode bias potential, and the position 

of the transition curve of the I-V characteristic shift to a high positive scanning 

voltage, indicating different plasma properties [154], [155]. In addition, the electron 

current does not appear, indicating that the RFA probe can effectively reduce the 

primary electrons from the plasma and secondary electrons in the probe structure. 

This is an important condition that indicates the accuracy of the probe [156]–[158]. As 

a result, the measured probe current is only the ion current.  

To identify the properties of the ions in plasma (density and mean energy), the 

I-V characteristics were calculated and transferred to the ion distribution function and 

the kinetic energy distribution function using as shown in  Figure 4.8(b). The 

characteristic of the kinetic energy distribution function is the Maxwell–Boltzmann 

distribution, the peak position shifts to higher kinetic energy (shift to the right), and 

the area under the peak decrease with the increase of anode bias potential. This means 

that the kinetic energy of the C+ ions increases with the increasing the anode bias 

potential. 

The ion density (
in ) was estimated from the area of the velocity distribution 

function or f(v). Figure 4.9(a) shows the ion density as a function of anode bias 

potential, it was found that the ion density significantly decreases from 5.121016 m-3 

to 8.131015 m-3 with the increase of the anode bias potential from 0 V and +120 V. 

This can be explained by the electron absorption of the anode electrode. Normally, the 

ion density in the plasma is equal to the electron density (
i en n ) [159], [160]. 

Therefore, applying a positive potential to an anode electrode of the FCVA source 

(including a filtering coil and a focusing coil), the electrons are absorbed by the anode 
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electrode. As a result, the electron density in the plasma decreases, which means that 

the ion density also decreases. 

 

Figure 4.7 (a) Arc current signal, (b) arc voltage signal, (c) anode bias current signal, 

and (d) anode bias potential as a function of anode bias potential. 

 

Figure 4.8 (a) the average I-V characteristic measured by the RFA probe, and (b) 

kinetic energy distribution function as a function of an anode bias potential. 
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Figure 4.9 (a) density, (b) mean energy, and (c) flux of the C+ ions measured using 

an RFA probe. 

Figure 4.9(b) shows the mean energy ( ) of the C+ ions. The mean energy of 

C+ ions increased from 16 to 115 eV with the increasing of anode bias potential from 
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0 to +120 V. This result can be explained by an increase of the plasma potential when 

the positive potential was applied to the anode electrode of FCVA source [151]. The 

mean energy of the C+ ions coming to the substrate is a summation of the plasma 

potential ( ) and the floating potential ( ) as the equation , where 

the substrate is grounded (the floating potential is zero), therefore the mean energy 

only depends on the plasma potential ( ). Therefore, the mean energy of the ion 

increased with the increasing of applied anode bias potential. Moreover, the flux of C+ 

ions during the film growth decreased with the increase of the anode bias potential, as 

shown in Figure 4.9(c), because the ion flux is directly related to the ion density. In 

the plasma diagnostics with an RFA probe, it was found that the plasma biasing 

technique had a significant effect on the ion density, ion energy, and ion flux.  

Floating surface 

 For the ion energy measurement on the floating surface, the G1 electrode of 

the RFA probe will be connected using the OCS to detect and monitoring the floating 

potential signal. To compare the plasma parameter such as ion density and ion energy 

with the ground surface case, the arc condition is the same as the previous topic. 

 

Figure 4.10 (a) I-V characteristic and (b) floating potential signal as a function of 

anode bias potential (the G1 of a RFA probe is floated). 

 The probe current and floating potential signal as shown in Figure 4.10. The 

probe current showed that the ion current saturation has the same value as the ground 

surface case (10 to 40 µA), which means that the floating sample is not affected on 
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the bulk-plasma properties. However, the floating potential signal (see in Figure 

4.10(b)) shift to a high positive potential with the increasing of anode bias potential. 

Indicate that the properties of depositing C+ ions are different with the increase of 

anode bias potential.  

Figure 4.11 shows the kinetic energy distribution function as a function of 

anode bias potential. It can be seen that the peak position of distribution shifts up from 

20 to 40 eV, which is lower than the ground surface case. Indicate that the kinetic 

energy of depositing ions income the floating surface lower than the the ground 

surface. 

 

Figure 4.11 Kinetic energy distribution function as a function of an anode bias 

potential for G1 electrode as floated. 

The ion density (
in ) was estimated from the area of the velocity distribution 

function or f(v). Figure 4.12(b) shows the ion density as a function of anode bias 

potential, it significantly decreases from 5.061016 m-3 to 2.41016 m-3 with the 

increase of the anode bias potential from 0 V and +120 V. This result can be 

explained as the same reason with the ground surface case.  

Figure 4.12(c) shows the mean energy of the C+ ions depositing on the floating 

surface. The mean energy of C+ ions have two transition zone; (i) for anode bias 

potential 0 to +50 V, the mean energy increases from 18 to 45 eV with the increase of 

anode bias potential from 0 V and +50 V and (ii) for the anode bias potential of +60 

0 20 40 60 80 100 120 140 160 180 200

0.0

5.0x1023

1.0x1024

1.5x1024

2.0x1024

2.5x1024

3.0x1024

3.5x1024

4.0x1024

K
in

et
ic

 e
n

er
g

y
 d

is
tr

ib
u

ti
o

n
 f

u
n

ct
io

n

Kinetic energy (eV)

 0 V

 10 V

 20 V

 30 V

 40 V

 50 V

 60 V

 70 V

 80 V

 90 V

 100 V

 110 V

 120 V



 

 

 

 98 

to +120 V, the mean energy have value in the range of 45 eV to 49 eV. This result can 

be explained by an increase of the floating potential at the substrate [152], [153]. The 

mean energy coming to the substrate is a summation of the plasma potential (
PV ) and 

the floating potential ( fV ) as ( )i P fE e V V= − , the average floating potential floating 

are positive values as shown in Figure 4.12(a). Therefore, even if the initial energy is 

high, but the sum P fV V−  is not different, this indicates that the mean energy of the C+ 

on the floating surface is not increase. Moreover, as the same ground surface case, the 

flux of C+ ions depositing on the floating surface decreased with the increase of the 

anode bias potential as shown in Figure 4.12 (d), because the ion flux is directly 

related to the ion density.  

The result of ion energy measurement in FCVA deposition combined with 

plasma biasing technique for ground and floating surface can be discussed in Figure 

4.13. For the ground surface case, the ion energy only dependent on the plasma 

potential (the second term is zero), in which A. Anders and E. Oks using a hot probe 

measure the plasma potential, and they were found that the plasma potential increased 

with the increase of anode bias potential [151]. Which the plasma potential will be 

introduce the increase of initial energy. Therefore, the mean energy of C+ ions will be 

increased with the increase of anode bias potential.  

While the floating surface the ion energy of C+ ions in the plasma sheath as

( )i P fE e V V= − . The plasma potential as the same value of ground surface case 

(considering from 2nd derivative of the I-V characteristic of both experiment). But, the 

second term of an equation is the floating potential, in which the floating potential is 

the positive potential value and continues to increase with the increase of anode bias 

potential. However, although the anode bias or plasma bias technique can increase the 

initial ion energy (increase plasma potential), but the sum value of P fV V− is slightly 

different. Therefore, the mean energy of the C+ ions on the floating surface will be 

lower than ion energy on the ground surface, as see in Figure 4.13. 
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Figure 4.12 (a) average floating potential, (b) ion density, (c) mean energy and (d) 

flux of the C+ ions measured using RFA probe (G1 as floated). 
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From the result it can conclusion that the plasma biasing technique can 

enhance the ion energy of depositing ions, but ion density and ion flux decrease with 

the increase of anode bias potential. Which may be affected on properties of the ta-C 

films 

 

Figure 4.13 Comparison of the potential profile of the ground and floating surface. 

4.1.2.2 Time-resolved ion energy measurement 

To study the parameter and behavior of C+ ions during the plasma operation, 

the time-resolved technique will be used. In this technique, the delay generator has a 

role in delaying the trigger time from 0 to more seconds. The NPLC was set of 0.01 

correlated to an aperture time of 250 µs. The probe setup is the same previous topic, 

the G1 electrode is grounded. The arc current of about 720 A and repetition rate of 

about 1 pulse/s. The anode bias potential of 0 V, +30 V, +60 V, +90 V, and +120 V, 

was applied to an anode electrode of the FCVA source. In the measurement process, 

the trigger signal was shifted up in step of 100 µs to detect the ion current at this time 

of the arcing process, which covered 0 to 1200 µs as shown in Figure 4.14. The raw 

data of each time and condition were calculated to kinetic distribution function and 

plotted in a contour graph. 
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Figure 4.14 Delay signal for time-resolved ion energy measurement. 

 The result of the time-resolved ion energy measurement was presented in the 

contour graph as shown in Figure 4.15, the x-axis is the time, the y-axis is ion energy, 

and the ribbon bar is the relative ion density. It was found that the population of C+ 

ions has ion energy and density different along plasma operating time, which can be 

observed from the green clusters with different characteristics, positions, and areas. 

From the analysis, the most population of C+ ions have mean energy of about 15 eV, 

25 eV, 70 eV, 95 eV and 120 eV for applied anode bias potential of +0 V, +30 V, +60 

V, +90 V and +120 V respectively. While the maximum ion density shift down to 

lower plasma operating time, which has maximum density at about 600 to 800 µs, and 

then shift down to 200 µs for increasing anode bias potential from 0 V and +120 V 

respectively. In addition, the observations, the mean energy of the C+ ions population 

like a characteristic of the anode bias potential signal (see Figure 4.7(d)). From the 

time-resolved ion energy measurement technique, it was found that the energy and 

density on the C+ ions change with time. This allows us to understand the behavior of 

depositing ions on the substrate in microseconds. 
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Figure 4.15 Time-resolved ion energy contour graph as a function of anode bias 

voltage. 

4.1.2.3 Substrate biasing technique 

 The substrate bias technique is a popular method for improving the properties 

of films, especially DLC films due to its simple and high performance [17], [161], 

[162]. Moreover, the ta-C films deposited using FCVA deposition combined with the 
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substrate bias technique have a high quality such as high density, high hardness, good 

mechanical properties, and very low surface roughness [163], [164]. Due to the 

substrate bias technique enhanced the energy of the C+ ions and subplantation occurs 

[20], [36]. Therefore, to prove that the substrate bias technique can increase the 

energy of the deposition ions. This topic will give in detail about ion energy 

measurement in FCVA deposition combined with the substrate bias technique. 

Figure 4.16 shows the schematic diagram of an ion energy measurement in the 

part of the substrate bias technique. The RFA probe was connected to the SMU 

(Keithley 2450) and placed at 15 cm from the focusing coil. The G1 electrode is 

connected to DC negative power supply (HSPY-400-01). The G3 electrode was 

applied with -80 VDC to repel the electrons. The G4 electrode contract with the guard 

of the SMU to reduce the secondary electron emission from the ion corrector. And the 

ion corrector was connected to the SMU to detect the ion current. While the digital 

delay generator (STANFORD RESEARCH SYSTEM Model DG645) receives a 

trigger signal from PFN to generate the trigger signal to SMU for determining the 

aperture time for ion current detection. The ion energy measurement parameter as 

shown in Table 4.2. 

 

Figure 4.16 Diagram of ion energy measurement for substrate bias technique. 

The I-V characteristic as a function of substrate bias potential as shown in 

Figure 4.17(a). It can be seen that the ion saturation current has a value in the range of 

16 to 40 µA depending on the substrate bias potential, and the position of the 
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transition curve of the I-V characteristic shift up to a high positive scanning voltage, 

indicating different plasma properties [154], [155]. The electron current in the I-V 

curve can be not observed, indicating that the applied bias potential on the G1 

electrode does not affect on the ion energy measurement performance of the RFA 

probe.  

Table 4.2 Setup parameter of ion energy measurement for substrate bias technique. 

Plasma generated parameter Value 

Operate pressure Vacuum arc: 210-6 torr 

Arc current maximum 720 A 

Arc frequency 1 Hz 

Pulsed width 1200 µs 

Probe setup  

Probe distance 15 cm 

Probe position Same center with the focusing coil 

SMU setup  

Scanning voltage range -20 to +190 V (400 points) 

Current range for scan 1 mA 

NPLC of SMU 0.05 (Aperture time is 1250 µs) 

Investigated parameter Substrate bias potential 

 

Figure 4.17 (a) I-V characteristic measurement by RFA probe and (b) kinetic energy 

distribution function as a function of an anode bias potential.  
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The kinetic energy distribution function as shown in Figure 4.17(b). The 

characteristic of the kinetic energy distribution function is the Boltzmann distribution, 

the peak position starts at about 13.5 eV and the peak position shift up to higher 

kinetic energy, which means that the kinetic energy of the C+ ions increases with the 

increase of the anode bias potential. But the area of the peak of the distribution peak 

slightly decrease when compared with the kinetic distribution function for the part of 

plasma bias potential. Indicate that the influence of the substrate bias technique 

affected on the ion density lower than the plasma biasing technique.  

This observation is consistent with the calculated ion densities, which are 

shown in Figure 4.18(a). The ion density smaller decreases from 5.61016 m-3 to 

3.061016 m-3 with the increase of the substrate bias potential from 0 V and -120 V. 

Figure 4.18(b) shows the mean energy of the C+ ions. The mean energy increased 

from 15 eV to 128 eV with the increase of substrate bias potential from 0 V and -120 

V. In the substrate bias technique case, the bulk plasma properties as the same in each 

substrate bias potential. But the mean energy of the C+ ions coming to the substrate is 

a summation of the plasma potential (
PV ) and the substrate bias potential (

sV ) as 

( )i P sE e V V= −  , where the substrate was biased with the negative potential, the mean 

energy as ( )i P sE e V V= + , Therefore, the mean energy of the ion increased with the 

increase of substrate bias potential.  

Although the ion density will be decreased with the increase of substrate bias 

potential. But the flux ion tends to slightly increase from 9.961020 m-2s-1 to 

1.361021 m-2s-1  with the increase of the substrate bias potential as shown in Figure 

4.18(c), because the ion flux as the cross of the density and velocity of the ions, which 

the ion density in substrate bias case higher than the plasma biasing case, leads to the 

higher ion flux toward the RFA probe. 
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Figure 4.18 (a) density, (b) mean energy, and (c) flux of the C+ ions as a function of 

substrate bias potential. 

4.1.2.4 Deposition profile 

 In the ion energy measurement section, it was revealed that the plasma biasing 

and substrate biasing techniques effected on the density, mean energy, and flux of the 

C+ ions. This parameter is directly related to the deposition parameter for example 

deposition rate and deposition profile. In order to support and confirm the data of ion 
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energy measurement, the deposition profile of ta-C films will be studied. The 

influence of plasma biasing and substrate bias techniques are compared. 

 The ta-C films were deposited on SUS316 substrate with a diameter of 175 

mm, the substrate installed at x, y, and z positions is 15 cm, 0 cm, and 0 cm 

respectively. In the pre-deposition, to improve the adhesion of the film/substrate, the 

substrate was cleaned by Ar+ using L-ALIS with the discharge potential and discharge 

current of +1.4 kV and 8.8 mA. Then the ta-C films were deposited using FCVA 

deposition, the plasma was generated by applied charger voltage of -504 V to PFN, 

which related to arc current maximum of about 720 A. Other parameters as shown in 

Table 4.3. 

Table 4.3 Process parameter for ta-C deposition on the SUS316 to study deposition 

profile. 

Plasma generated parameter Value 

Operate pressure Vacuum arc: 210-6 torr 

Arc current maximum 720 A 

Arc frequency 1 Hz 

Pulsed width 1200 µs 

Deposition time 2400 pulses 

Substrate Non-ratate 

Investigated parameter 
• Anode bias potential 

• Substrate bias potential 

The deposition profile of ta-C films deposited on the SUS316 plate by varying 

the anode bias potential as shown in Figure 4.19. The ta-C films have the color of blue 

and brown edges. It can be seen that the anode bias potential has more effect on the 

deposition rate and position profile, in which the deposition rate has a high ratio for 

the increase of anode bias potential from 0 to +60 V, while the anode bias potential is 

higher than +60 V, the color, center and the profiles are very similar. But the substrate 

bias potential slightly effect on the deposition rate and deposition profile of the ta-C 

films as shown in Figure 4.20. The color and the center of the film slightly changes. 

While the angle of the film zone is warped when the increase of substrate bias 

potential. This result corresponds to the ion energy measurement section. It confirms 
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that the ion density will be decreased with the increase of anode bias potential leading 

to a low deposition rate of the films. So it takes a very long time for the synthesis of 

the ta-C film with a thickness of 200 nm.  

However, the deposition rate of the films is still high for the substrate bias 

technique, its corresponding with the ion energy measurement section. Which the ion 

density slightly decreases with the increase of substrate bias potential. The decrease of 

ion density causing by a change of the center of the plasma beam. The RFA probe has 

a small aperture area, which a diameter of 2 mm, so a slightly change of the center of 

the plasma beam leads to a very different measurement result. 

The plasma diagnostics by the RFA probe found that the plasma properties 

depend on the process parameter. The plasma biasing and substrate bias technique can 

enhance the energy of C+ ions in FCVA deposition. Therefore, the influence of 

plasma biasing and substrate biasing on the morphologies, structural properties and 

mechanical properties were investigated in the next part. 

 

Figure 4.19 The ta-C deposition profile on SUS316 plate (diameter 175 mm). The 

films deposited by varying anode bias potential.  
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Figure 4.20 The ta-C deposition profile on SUS304 plate (diameter 175 mm). The 

films deposited by varying substrate bias potential. 

4.2 ta-C coating 

4.2.1 Plasma biasing technique 

From the plasma diagnostic, the deposition profile of the ta-C films deposited 

by varying anode bias potential is different in each condition, in which directly affects 

on deposition rate, uniformity, microstructure, and properties of the film. A survey 

study is required, to control these parameters. As a guideline for high quality film 

deposition. 

4.2.1.1 Survey of the ta-C deposition   

 P-type silicon (100) wafers (size of 2.0 cm × 2.0 cm, and 1.0 cm × 1.0 cm) 

with a thickness of 545 ± 15 µm were selected as substrates and was installed on a 

substrate holder and loaded in the deposition chamber. The position of a substrate 

holder has x offset is 15 cm, y and z offset are 0 cm. The Si substrate was cleaned at 

10 min by using an anode layer ion source (ALIS) with the discharge potential and 

discharge current being 1.4 kV and 8.8 mA respectively. The substrate holder rotates 

around the x-axis as well as the cleaning time. And then, the ta-C film is deposited on 

the Si substrate by using an FCVA source, the graphite rod with high purity 
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(99.999%) with diameters 6.35 mm was used as a target. The process parameter as 

follows. 

• Operating pressure  :  Vacuum arc: 210-6 torr 

• Charger voltage  : -504 V 

• Maximum arc current  : -720 A 

• Arc frequency  : 1 Hz 

• Duration time   :  1200 µs 

• Deposition pulse  : 4800 to 6000 pulses 

• Substrate distance  : 15 cm 

• Substrate state  : holder is grounded and floated 

• Study parameter  : anode bias potential (0 to +150 V) 

Figure 4.21 and Figure 4.22 show the profile of the film on the sample and 

substrate holder, the number label is an anode bias potential. The blue zone is the 

thick ta-C film and the yellow zone is the thin ta-C film, in which the diameter of the 

blue zone decreased with the increase of anode bias potential. It means that the 

plasma profile has changed and was strongly influenced by anode bias potential. It 

can be extended by the plasma fluid model, for high density plasma and low energy of 

the ion, the ions disperse, and the plasma beam will be widened. On the other hand, 

for high density plasma and high energetic ions, the ions are able to maintain the path 

of movement and the size of the plasma beam is not different from the size of the 

primary plasma beam (jet beam).  

Moreover, the color of the ta-C film on the Si substrate changed from blue to 

purple for a sample deposited with anode bias 0 V and +50, +60 V respectively. This 

means that the thickness of the film trend to decrease with the increase of anode bias 

potential. This result corresponds with the plasma diagnostic part, the ion density 

decreased with the increase of anode bias potential, which means that the number of 

depositing ions and atoms of the carbon decreased leading to a low deposition rate in 

high applied anode bias potential. Therefore, it is necessary to increase the number of 

pulses so that the film thickness does not differ much. 
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Figure 4.21 The ta-C films profile deposition on the sample and substrate holder by 

varying the anode bias potential (holder is grounded). 

 

Figure 4.22 The ta-C films profile deposition on the sample and substrate holder by 

varying the anode bias potential (holder is floated). 

To find the deposition rate of the ta-C film on grounded and floated samples, 

X-ray reflectometry or XRR is used. The mass densities and thickness of the ta-C 

films were determined by XRR (Bruker D8 Advance) measurements performed with 

Cu-Kα monochromatic radiation (λ=0.15406 nm). The density values were obtained 
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by fitting the measured XRR data with a simulated XRR curve using the Leptos 7.0 

software. X-ray reflectivity was measured in the range of an incident angle, 2, from 

0 to 4.0 by a step of 0.005. Which, the mass densities relate to the critical angle and 

film thickness relate to the oscillation period of the XRR profile. 

Figure 4.23 shows the XRR profiles, the black line is raw data and the red line 

is the simulation curve; (a) is the ta-C films deposited on the grounded sample and (b) 

is the ta-C films deposited on the floated sample. The XRR profile presents the 

critical angle around 0.5, which shifts to a more critical angle with the increase of 

anode bias potential. This means that the mass density may be increased with the 

increase of anode bias potential. Moreover, the oscillation period of the XRR profile 

is different, which indicated the difference in film thickness.  

 

Figure 4.23 XRR profiles of ta-C films (a) ground sample and (b) floating sample. 

Figure 4.24 shows the density of the ta-C film as a function of ion energy. For 

ta-C film deposited on the ground sample, the density of the ta-C films linearly 

increases with the increase of the anode bias potential, which a minimum value of 

3.14 g/cm3 at an anode bias potential of 0 V and a maximum value of 3.37 g/cm3 at an 

anode bias potential of +150 V. For the grounded sample, the film deposited with the 

energetic ion will be proved overcome of the subplantation threshold, are leading to a 

significant increase of the film density.  
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But, for the ta-C films deposited on the floating sample, the density of the 

films has a maximum value is 3.27 g/cm3 (anode bias potential +120 V). Moreover, 

the mass densities have a cluster distribution in the range of 3.20 to 3.27 g/cm3 (anode 

bias potential +50 to +150 V). Due to for the floating sample case, the ion energy of 

C+ ions has a value in the range of 16 eV to 46 eV for anode bias potential 0 V to 

+150 V. This indicates that the carbon ion energy around 46 eV can’t create the 

subplantation and optimize condition for growing the ta-C film with the high density. 

 

Figure 4.24 Film density as a function of the mean energy of carbon ions. 

Moreover, the deposition rate of the film trend to decrease in exponential 

decay as shown in Figure 4.25, which looks the same for the grounded sample and the 

floated sample. The deposition rate of the films decreased from 0.015 to 0.010 

nm/pulse with the increase of anode bias potential from 0 to +150 V. This result 

corresponds with the ion density in the part of plasma diagnostic, the ion density 

decreased with the increase of anode bias potential. This means that the plasma 

density decreased, and the number of carbon ions, carbon atoms, and electrons will be 

decreased, leading to decreasing of the deposition rate of the ta-C film.  
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Figure 4.25 Influence of plasma biasing technique on the deposition rate of ta-C film. 

From the survey deposition, the deposition profile of the ta-C films deposited 

by varying substrate bias potential is different in each condition, in which directly 

affects on deposition rate, uniformity, microstructure, and properties of the film. To 

study the influence of anode bias potential on surface morphology, microstructure, 

and mechanical properties. The ta-C film must be the same thickness.  

The Si wafer with the size of 30 mm  30 mm was installed on a substrate 

holder and loaded into the deposition chamber. The position of a substrate holder has 

x offset of 15 cm, y and z offset of 0 cm. The Si substrate was cleaned at 10 min by 

using an anode layer ion source (ALIS) with the discharge potential and discharge 

current being 1.4 kV and 8.8 mA respectively. The substrate holder rotates around the 

x-axis as well as the cleaning time. And then, the ta-C film is deposited on the Si 

substrate by using an FCVA source, and the graphite rod with high purity (99.999%) 

with diameters 6.35 mm was used as a target. The process parameter as follows.  

• Operating pressure  : Vacuum arc, 210-6 torr 

• Charger voltage  : -504 V 
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• Maximum arc current  : -720 A 

• Arc frequency  : 1 Hz 

• Duration time   :  1200 µs 

• Substrate distance  : 15 cm 

• Substrate state  : holder and sample is grounded 

• Study parameter  : anode bias potential 

Table 4.4 Deposition pulse for the synthesis of the ta-C film with the thickness of 

about 85 nm 

Anode bias potential (V) Deposition pulse (pulse) 

0 7257 

+30 7331 

+60 8482 

+80 8547 

+90 8554 

+100 9141 

+120 9208 

+150 9276 

Figure 4.26 shows the ta-C films on Si substrate by varying anode bias 

potential and controlling the thickness of 85 nm by using deposition pulse are present 

in Table 4.4. This is the sample with the size of 10 mm  10 mm, the color of the film 

is blue sky, which is the same color for all samples, which indicates that the film 

thickness is close. The surface morphology, microstructure, electrical properties, and 

mechanical properties were investigated by AFM, Raman spectroscopy, XPS, XRR, 

four point probe, and nanoindentation test. 

4.2.1.2 FE-SEM result 

The surface and cross-section morphology of the ta-C film deposited on Si 

substrate by applied anode bias potential of +80 V, it was characterized by field 

emission scanning electron microscope (FESEM, Hitachi SU8030) at NSTDA CO., 

LTD., Thailand.  
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Figure 4.27(a) shows the surface morphology of the film. The surface of the 

film is smooth, with free micro pinholes, and macroparticles. That means that the 

design of the T-shape adaptor and the filtering and focusing coil has performance for 

filtering the macroparticle of the arc process from the FCVA source. Moreover, anode 

bias with higher potential does not affect and generate the arc on the anode electrode, 

which introduces the macroparticle of metal in the anode electrode.  

In order to confirm the thickness of the film, the sample was mechanical 

cracked and investigated the cross-section as shown in Figure 4.27(b). The film has a 

thickness of 85.17 nm and non-observe the columnar grain, indicating that the film is 

amorphous characteristic and dense. 

 

Figure 4.26 The ta-C films on Si substrate deposited by varying anode bias potential, 

which controls the thickness of 85 nm. 

 

Figure 4.27 (a) surface and (b) cross-section of the ta-C film deposited on Si substrate 

by applied substrate bias potential of +80 V. 
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4.2.1.3 AFM result 

The effect of anode bias potential on the topography of the films was 

investigated using atomic force microscopy (AFM), using Bruker: Dimesion Icon. For 

Si wafer and each ta-C sample, the mean value of the root mean square surface 

roughness (RRMS) value was calculated by scanning two random areas of 10×10 

μm2. Microscope controlling, acquisition, processing, and analysis of the recorded 

data were done using Nasoscope analysis 2.0 software. 

Figure 4.28(a)-(d) shows the 3D AFM images of ta-C films deposited by the 

plasma biasing technique at an anode bias potential of 0, +60, +100 and +150 V, 

respectively. AFM inspection of the ta-C films deposited with different mean energies 

and fluxes of C+ ions shows a different topography, revealing a very fine and evenly 

distributed grain structure of the surface of the film. The ta-C film deposited with an 

anode bias potential of 0 V (mean energy of 16 eV) exhibits a predominant small 

columnar grain-like surface morphology as shown in figure 7(a). While the number of 

small columnar grains was reduced when the anode bias potential increased, as shown 

in Error! Reference source not found.(b)-(d). Although the film growth occurs at 

low ion flux, the high-energy ion bombardment during the arc pulse interrupts the 

continuous growth of the columnar grains, resulting in a high density and smooth 

surface of the ta-C films. The estimated values of RRMS as shown in Figure 4.29. 

The surface roughness of the ta-C films gradually decreases from 0.164 to 0.067 nm 

with increasing anode bias potential from 0 to +150 V. For an anode bias potential of 

+150 V, the RRMS exhibits the lowest value of about 0.067 nm. 

The surface roughness and morphology of the ta-C films are related to the 

significant increase in the mean energy of the C+ ions, as shown in Error! Reference 

source not found.(b). The high energetic ion bombardment in the PFCVA combined 

with the plasma biasing technique leads to increased mobility and diffusivity of the 

adatoms on the substrate surface, including re-nucleating grains. This result facilitates 

and reduces the gaps between each column, leading to increasing the density of the 

nucleation sites and a change in the surface morphology of the film [165], [153]. 
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Figure 4.28 3D AFM images of ta-C thin films deposited with PFCVA technique 

combined with plasma biasing technique. 

 

Figure 4.29 The estimated values of the root mean square surface roughness (RRMS) 

of the ta-C films deposited on the Si substrate as a function of anode bias potential. 
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4.2.1.4 Raman spectroscopy 

Most of the structural and mechanical properties of DLC thin films, such as 

density, hardness, elastic modulus, and stress, are directly correlated to the sp3 

content. Raman spectroscopy is the most popular technique for quantitative estimation 

of sp3 content in DLC films because it can be processed quickly without damaging the 

test sample. The microstructural properties of ta-C films were estimated by using 

Raman spectroscopy (Bruker, SENTERRA). The laser wavelength of 532 nm was 

used and pointed into the films (laser power is 12 mW and resolution 9 to 12 cm-1), 

measurement in the range of 500 to 2700 cm-1. The Raman spectra were curve-fitted 

by ORIGIN-2018, which through subtracting background to evaluate the ID/IG ratio, 

the G peak position, which can tell the trend of the sp3 contents in the ta-C films. The 

parameters of Raman spectra such as position, width, and intensity of the D and G 

peaks (ID/IG) are closely related to the density, size, and structure of the sp2 clusters 

which are, in their turn, closely related to the sp3 content [166]. 

The intensity ratio of the D and G peaks or ID/IG, was used for only a 

qualitative estimation of sp3 content in the film, due to ID/IG being proportional to the 

number of rings at the edge of the grain. The G peak is due to resonance of all sp2 

sites, but the D peak is only due to resonance of six-fold rings in the DLC film. 

Therefore, if ID/IG is decreased, the number of rings per cluster will be decreased, 

which means that the fraction of chain groups rise in the DLC film [19].  

Figure 4.30(a) shows the Raman spectra of the ta-C films deposited with 

different anode bias potentials. Raman spectra of the ta-C films were first treated with 

linear background removal and D and G peaks were deconvoluted using two Gaussian 

functions. The Raman spectra have nonsymmetric Raman intensity distribution in the 

range 1060-1840 cm−1 and centered around 1554 cm−1, which includes the structure 

information of sp2 and sp3 sites, this also confirms the amorphous carbon 

characteristic of the films [167]. The analyzed data are listed in Table 4.5, the D peak 

and G peak appears at the position of 1390 cm-1 with the FWHM of 173.88 to 237.34 

cm-1 and 1562.94 to 1579.02 cm-1 with the FWHM of 219.70 to 234.69 cm-1 

respectively. 



 

 

 

 120 

 

Figure 4.30 (a) Raman spectra and (b) double plot of the ID/IG ratio and G peak 

position of the ta-C film deposited with the different anode bias potential. 

The values of ID /IG and G peak position are shown in Table 4.5 and plotted in 

Figure 4.30(b) as a function of the applied anode bias potential. The ID/IG values 
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decrease from 0.18 to a minimum value of 0.12 with the increase of anode bias 

potential from 0 to +80 V and then increase again to 0.15 for a film deposited by 

applied anode bias potential of +150 V. This means that proportional to the number of 

rings at the edge of the grain decreased with the increasing of anode bias potential 

from 0 to +80 V and was introduced with higher anode bias potential [168]. While the 

G-peak position shows the opposite trend with ID/IG ratio. The G peak position 

significant shift up from 1562.92 to 1579.02 cm-1, indicating the changes of the sp2 

configuration from mainly rings to short chain [166], [169]. This can be explained 

from a three-stage model proposed by Ferrari et al [168]. That means the ta-C films 

deposited by applied a substrate bias potential +80 V, the film rich sp3 content. 

Therefore, the energy enhanced of C+ ions by substrate bias technique during the film 

growth, as a result in rearrangement of sp2 (amorphous carbon) to sp3 (tetrahedral 

amorphous carbon). 

Table 4.5 Analyzed data of Raman spectra; Position, FWHM, area of D and G peak 

including ID/IG ratio. 

Vab (V) 
D position 

(cm-1) 

FWHM 

of D 

(cm-1) 

G position 

(cm-1) 

FWHM 

of G 

(cm-1) 

ID IG ID/IG 

+0 1386.63 237.34 1562.94 230.99 15.30 84.70 0.18 

+30 1389.00 214.22 1565.95 230.17 14.13 85.87 0.16 

+60 1390.00 209.30 1567.26 231.49 12.88 87.12 0.15 

+80 1390.00 183.11 1579.02 234.62 11.20 88.80 0.13 

+90 1390.00 173.88 1577.52 224.62 11.60 88.40 0.13 

+100 1390.00 179.07 1576.61 219.70 11.98 88.02 0.14 

+120 1384.08 176.96 1574.92 226.06 11.97 88.03 0.14 

+150 1390.00 204.04 1572.77 226.44 12.92 87.08 0.15 

 

4.2.1.5 XPS result 

The chemical bonding, chemical states, and electronic structures of the films 

were determined by X-ray photoelectron spectroscopy (XPS). The XPS measurement 

was performed using a PHI5000 Versa Probe II, ULVAC-PHI, Japan at the SUT-

NANOTEC-SLRI joint research facility, Synchrotron Light Research Institute 
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(SLRI), Thailand. The monochromatic AlK X-ray (1486.6 eV) was used as an 

excitation source. All binding energies of the samples were calibrated with the C1s 

peak at 284.8 eV. The data were fitted by using Shirley background subtraction and 

sub-peak with Gaussian-Lorentzian function. 

The XPS measurement is popular for measuring the percentage of atom bonds 

within the film or material because it can indicate the binding energy of 

photoelectrons on the film surface. The photoelectron will be generated when X-rays 

incident the surface of the material. Which, these photoelectrons will be measured 

kinetic energy by the detector and converted to the binding energy of these 

photoelectrons, which corresponds with a specific bond in the film surface. Therefore, 

the XPS will be used to estimate the chemical bonding, chemical states, and electronic 

structures.  

The XPS measurement was divided into two parts: survey scanning and finely 

scanning. In the case of survey scanning, it is used to measure binding energy in a 

wide range from 0 to 1400 eV, in which atoms of various elements are present on the 

film surface. The survey spectra of ta-C films deposited on Si wafer by varying anode 

bias potential as shown in Figure 4.31, the photoelectrons with the binding energy 

285±0.5 eV and 532±0.5 eV can be observed which corresponds to C1s and O1s 

respectively [170], [171]. It indicates that the film surface is not contaminated by 

other elements. In addition, the detection of photoelectrons with the binding energy of 

980 and 1220 eV corresponds with O KLL and C KLL respectively [172]. 

To study the chemical bonding of the carbon atoms, the XPS measurement in 

finely scan (resolution is 0.05 eV) was used. C1s spectra as shown in Figure 4.32, the 

spectra were background-subtract by Shirley function and then deconvoluted by 

Gaussian function fitting. The C1s spectra were deconvolved into four peaks located 

at about 284.10.2 eV, 285.00.2 eV, 286.50.3 eV and 288.50.3 eV, which 

originate from C=C sp2 bond, C-C sp3 bond, C-O bond, and C=O bond, respectively 

[173]. Moreover, one of the finely scan is O1s spectra, which indicate the bonds of 

atoms on the surface of films. O1s spectra as shown in Figure 4.33, the spectra were 

background-subtract by Shirley function and then deconvoluted by Gaussian function 

fitting. Under the C1s spectra presenting the C-O bond and C=O bond at about 

531.40.2 eV and 532.50.2 eV respectively [174], [175]. From the XPS spectra, 
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metal atoms such as copper, aluminum and stainless steel including the insulating 

ceramics atoms of the FCVA source not detectable. It means that the FCVA source 

does not generate the contamination atoms on the films. 

 

Figure 4.31 Survey spectra of the ta-C films with the thickness of about 85 nm 

deposited by varying anode bias potential. 

 

Figure 4.32 C1s spectra of the ta-C films with the thickness of about 85 nm deposited 

by varying anode bias potential. 
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Figure 4.33 O1s spectra of the ta-C films with the thickness of 80 to 90 nm deposited 

by varying anode bias potential. 

Table 4.6 shows the composition of C=C or sp2 bond, C-C or sp3 bond, C-O 

bond, and C=O bond. The obtained C-C or sp3 contents in the ta-C films are further 

depicted in Figure 4.34. It can be seen that adjusting of the anode bias potential from 

0 V to +80 V leads to a monotonic increase in sp3 content from 75.41% to 83.44%. 

And decrease to 80.11% again for substrate bias potential higher than +90 V. In 

addition, the oxygen content on the films slightly different, due to the base pressure in 

the deposition chamber as the same value. 

Raman spectroscopy and XPS test showed that the plasma biasing technique 

can be enhanced the sp3 content of the ta-C films. This was described by the 

densification model of Robertson [20]. For an anode bias potential of 0 V, the mean 

energy of C+ ions of 16 eV, it does not have enough energy to penetrate and just sticks 

to the surface of the film and remains in its lowest energy state with is sp2 bonded. 

The anode bias potential is higher than +80 V leads to high sp3 content in the films 

due to the mean energy of depositing ions higher than surface penetration threshold 

energy, this increases the probability to penetrate the surface and enter a subsurface 

interstitial site during the film growth. This will decrease the poor or pin hole and 

increase the probability to reform around carbon atoms at the surface of film 

according to the new structure and density. 
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Table 4.6 The fraction of chemical bonding in the ta-C films deposited by varying 

anode bias potential. 

Anode bias potential (V) C=C (sp2) C-C (sp3) C-O C=O 

0 14.05 75.41 6.54 4.00 

+30 16.02 77.25 5.24 1.49 

+60 12.21 80.91 4.78 2.10 

+80 10.92 83.44 4.37 1.27 

+90 11.08 83.01 4.61 1.30 

+100 11.61 82.34 4.44 1.61 

+120 10.71 81.33 5.99 1.96 

+150 13.69 80.11 4.26 1.94 

 

Figure 4.34 sp3 content of the ta-C films as a function of anode bias potential. 

4.2.1.6 XRR result 

From Raman spectroscopy and XPS measurement, the ta-C films are high sp3 

content, while for the general case, high sp3 content leads to a denser ta-C film [164]. 

To confirm and compare the influence of anode bias potential (ion energy) on the 

mass density of the films, X-ray reflectometry or XRR was used for estimates the 

density of the films.  

The mass densities of the ta-C films were investigated by XRR (Bruker D8 

Advance) measurements performed with Cu-Kα monochromatic radiation (λ=0.15406 
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nm). The density values were obtained by fitting the measured XRR data with a 

simulated XRR curve using the Leptos 7.0 software. X-ray reflectivity was measured 

in the range of an incident angle, 2, from 0 to 3.0 by a step of 0.005. Which, the 

mass densities relate to the critical angle and film thickness relate to the oscillation 

period of the XRR profile. 

 

Figure 4.35 The XRR profiles of ta-C films deposited on Si substrate by varying 

anode bias potential. 

Figure 4.35 shows the XRR profile of the ta-C films deposited on Si substrate 

by varying anode bias potential and controlling the thickness in the range of 80 to 90 

nm. The critical angle is slightly shifted to higher 2, while the oscillation period has 

the same range, indicating that the film has the same range of films thickness 

corresponding to the analyzed data as shown in Figure 4.36(a). The thickness of the 

films has a value in the range of 82.5 to 84.3 nm. Therefore, the density of the films 

can be compared. 

Densities of the ta-C films were calculated using the critical angle for the total 

external reflection as shown in Figure 4.36(b). It was found that the density of the ta-
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value (ρ = 3.01  0.015 g/cm3) and a maximum value (ρ = 3.32  0.02 g/cm3) for the 

ta-C films deposited by applying an anode bias potential of 0 V and +80 V, 

respectively. The mass densities are similar to those found by Andre et al [152].  

The mass densities of the films were improved by energetic bombardment 

with C+ ions during film growth, which overcame the subplantation threshold, 

resulting in a significant increase in the density of the films when increasing the anode 

bias potential was increased from 0 V to +80 V. However, the density of ta-C films 

deposited with an anode bias potential higher than +120 V decreases. It can be 

discussed by the thermal spike model, the excess energy of the ion is converted to 

thermal energy at the point of trajectory and diffuses outward by thermal diffusion in 

the film structure. This phenomenon creates an expanding front in which all the atoms 

are inside the film. This allows the atoms to diffuse back to the surface to relax the 

density of sp3 density to the lower sp2 density [20]. 

 

Figure 4.36 (a) thickness of the ta-C films estimated by the period oscillation of XRR 

curve. And (b) density of the ta-C films deposited on Si substrate as a function of 

substrate bias potential. 

4.2.1.7 Electrical properties 
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Raman spectroscopy, XPS, and XRR test found that the sp3 content in the ta-C 

films as a function of ion energy, which control by anode bias potential. The sp3 

content increase with the increase of anode bias potential. It indicates that the sp2 

content in the film decreased. Normally, the electrical properties of the ta-C films are 

strongly affected by the different possible sp2 hybridization of the carbon atoms in the 

ta-C films. Due to in the sp2-rich carbon films or graphite like carbon containing of 

free electrons within the structure. Therefore, the electrical conductivity of the ta-C 

thin films decreased by 2.5 times 8.1610-5 S/cm to 2.8410-5 S/cm with increasing 

the sp3 content from 75.41% to 83.44%. The values of the electrical conductivity 

indicate an insulator character of the ta-C coating. 

 

Figure 4.37 Electrical conductivity of the ta-C film as a function of anode bias 

potential. 
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mechanical properties, while Young's modulus has also a significant role in wear 

behavior, in which use estimates the damage of the material or the film under load.  

The hardness (H) and elastic modulus (E) of the ta-C films deposited on Si 

substrate were assessed by instrumented indentation, using Fischerscope HM2000 

from NANOTECH (THAILAND) CO., LTD., Thailand, equipped with a diamond 

Berkovich geometry three-sided pyramidal tip. Before the measurement stage, the tip 

calibration was performed using quartz, in order to overcome the effect of tip 

rounding. To avoid the affectation of the substrate on mechanical properties of the ta-

C coating response, the load was determined penetration depths lower than 10% of the 

coating thickness, which maximum loading is 600 µN. A minimum of 5 indentations 

were performed on each sample, and the results were averaged. The loading-

unloading curves were processed using the Oliver & Pharr method. 

Figure 4.38(a) shows the hardness of the ta-C films deposited by varying 

anode bias potentials. The result shows that the hardness of ta-C film increase by 

increasing the anode bias potential, which the maximum value is 47.191.67 GPa 

were deposited at anode bias potential +80 V. While Figure 4.38(b) shows the elastic 

modulus of the films, it has the same pattern with the hardness and the maximum 

value is 245.353.17 GPa, it can be extended, the films deposited with the energetic 

ions (80 to 100 eV) and low ion flux (low heat flux) rich sp3 content leading to 

properties like the diamond. 

 

Figure 4.38 (a) hardness and (b) elastic Modulus of the ta-C film as a function of 

anode bias potential. 
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Moreover, another parameter used to predict the wear resistance of film or 

predicting whether the film will crack or not under load, it is the H/E ratio (elastic 

strain to failure (rupture)) [32], [33]. The physical meaning of the H/E ratio is the 

gradual wear of materials, caused by plastic deformation in combination with fracture 

of material, than by elastic deformation within the material. Materials with a high H/E 

ratio have a small plasticity index, meaning that their deformation under load is more 

likely to be elastic than plastic, meaning that the coatings can exhibit improved 

fracture toughness. According to previous studies, the coatings with H/E ≥ 0.1 are 

considered to be resistant to cracking [180].  

While the H3/E2 ratio is a strong indicator of coatings resistance to plastic 

deformation (proportional to the elastic deformation of coatings),  This parameter 

cannot use for predicting the wear and failure resistance of coatings material, but it 

uses to estimate well their elasticity of coating material [181], [182]. The coatings 

material with a high H3/E2 ratio (high hardness and low values of Young's modulus), 

it increases the elastic strain to failure and resistance to cracking under the load, in 

which the applied load to distribute over an extended layer volume. It caused the 

coating material will be well resistant to plastic deformations. 

Table 4.7 Summary of estimated mechanical and tribological parameters: indentation 

hardness (H), elastic modulus (E), H/E, and H3/E2 ratios. Standard deviations are also 

listed in this table.   

Anode bias 

potential (V) 
H (GPa) E (GPa) H/E H3/E2 

0 41.67±0.32 229.21±2.32 0.182±0.003 1.378±0.059 

+30 42.29±2.20 232.78±3.00 0.182±0.008 1.402±0.194 

+60 44.31±2.51 234.34±3.32 0.189±0.013 1.600±0.303 

+80 47.19±1.67 245.35±3.17 0.192±0.006 1.750±0.172 

+90 45.48±1.85 243.14±3.32 0.187±0.007 1.595±0.173 

+100 45.16±2.99 238.39±6.54 0.189±0.008 1.626±0.242 

+120 44.96±2.82 236.42±6.39 0.190±0.016 1.649±0.385 

+150 42.71±2.20 235.03±5.76 0.182±0.013 1.425±0.277 
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Table 4.7 presents the values H/E and H3/E2 ratios. Analyzing these values, it 

can be seen that for the ta-C films deposited by the PFCVA technique assisted with 

the plasma biasing technique, the H/E and H3/E2 ratios increase by increasing the 

anode bias potential. Which, the films exhibit H/E and H3/E2 ratios higher than 0.1 

indicating that the plasma biasing technique allows growing ta-C films with good 

elastic strain to failure and resistance to cracking and high resistance to plastic 

deformation which makes them excellent candidates for hard and wear resistance 

coating applications.  

The enhanced mechanical properties are mainly attributed to a high sp3 

content and high density, as a result of an intense and energetic bombardment with 

carbon ions during the deposition process. In the case of the plasma biasing technique, 

this bombardment can be controlled through the anode bias potential (positive 

potential), thus controlling the ion energies and fluxes towards the substrate. 

4.2.2 Substrate biasing technique 

From the plasma diagnostic, the deposition profile of the ta-C films deposited 

by varying substrate bias potential is different in each condition, in which directly 

affects on deposition rate, uniformity, microstructure, and properties of the film. A 

survey study is required, to control these parameters. As a guideline for high quality 

film deposition. 

4.2.2.1 Survey of the ta-C deposition   

 The Si wafer with the size of 30 mm  30 mm was installed on a substrate 

holder and loaded into the deposition chamber. The position of a substrate holder has 

x offset is 15 cm, y and z offset are 0 cm. The Si substrate was cleaned at 10 min by 

using an anode layer ion source (ALIS) with the discharge potential and discharge 

current being 1.4 kV and 8.8 mA respectively. The substrate holder rotates around the 

x-axis as well as the cleaning time. And then, the ta-C film is deposited on the Si 

substrate by using an FCVA source with the process parameter as follows.  

• Charger voltage  : -504 V 

• Maximum arc current  : -720 A 

• Arc frequency  : 1 Hz 
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• Duration time   :  1200 µs 

• Deposition pulse  : 3600 pulses 

• Substrate distance  : 15 cm 

• Substrate state  : holder and sample is grounded 

• Study parameter  : substrate bias potential 

The ta-C sample was investigated by an X-ray reflectometer or XRR (Bruker 

D8 Advance) measurements performed with Cu-Kα monochromatic radiation 

(λ=0.15406 nm). The thickness and density of the films were obtained by fitting the 

measured XRR data with a simulated XRR curve using the Leptos 7.0 software. X-ray 

reflectivity was measured in the range of an incident angle, 2, from 0 to 3.0 by a 

step of 0.005. Which, the mass densities relate to the critical angle and film thickness 

relate to the oscillation period of the XRR profile. 

The XRR profile is present in Figure 4.39, this topic focuses on the deposition 

rate of the film, in which calculated thickness of the film. The thickness of the film 

corresponds with the oscillation period of the XRR profile, in which is different for 

each substrate bias potential. The density and deposition rate of ta-C films as shown 

in  Figure 4.40, the density of the films increased with the increase of substrate bias 

potential. But, this density is not compared due to the thickness of the film is not the 

same. While deposition rate of the film is divided into two parts; (i) the deposition 

rate increase with the increase of substrate bias potential from 0 V to -100 V because 

the depositing C+ ions were induced by a strong electric field from a substrate holder 

and change the direction of moving into the center point of a substrate holder, as 

result the deposition rate higher than. And (ii) the deposition rate decreased with the 

increase of substrate bias potential from -100 V to -150 V. It can be explained from 

sputter events on the sample due to higher substrate bias potential leading to high 

energetic C+ ions into the film layer and sputter surface of the films. Therefore, the 

deposition rate of the film will be decreased. 
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Figure 4.39 The XRR profiles of ta-C films deposited on Si substrate by varying 

substrate bias potential (survey study). 

 

Figure 4.40 Density and deposition rate of the ta-C films deposited by varying 

substrate bias potential (survey study). 
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The survey deposition profile of the ta-C films deposited by varying substrate 

bias potential shows the non-uniformly and different deposition rates of ta-C films 

deposition. To study the influence of substrate bias potential on surface morphology, 

and microstructure, the same thickness must be required.  

 The Si wafer with the size of 20 mm  20 mm (3 samples) was installed on a 

substrate holder and loaded into the deposition chamber. The position of a substrate 

holder has x offset is 15 cm and y offset is 0 cm. The Si substrate was cleaned at 10 

min by using an anode layer ion source (ALIS) with the discharge potential and 

discharge current being 1.4 kV and 8.8 mA respectively. The substrate holder rotates 

around the x-axis as well as the cleaning time. And then, the ta-C film is deposited on 

Si substrate by using an FCVA source, which the graphite rod with high purity 

(99.999%) with diameters 6.35 mm was used as a target. The process parameter as 

follows.  

• Operating pressure  : Vacuum arc, 210-6 torr 

• Charger voltage  : -504 V 

• Maximum arc current  : -720 A 

• Arc frequency  : 1 Hz 

• Duration time   :  1200 µs 

• Substrate distance  : 15 cm 

• Substrate state  : holder and sample are grounded 

• Deposition time  : 3600 pulses 

• Study parameter  : substrate bias potential 

To control the uniformity of the ta-C films covering the sample area (diameter 

10 cm), the z position of the substrate holder must be offset as shown in Table 4.8. 

The reference position is the center of the deposition chamber. 

Figure 4.41 shows the samples with the size of 10 mm  10 mm of the ta-C 

films on Si substrate deposited by varying substrate bias potential and controlling the 

thickness of about 90 nm. The samples have the color is blue sky and the same color 

tone for all samples, indicating that the film thickness is close. The surface 

morphology, microstructure, and electrical properties were investigated by FESEM, 

Raman spectroscopy, XPS, XRR, and four point probe. 
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Table 4.8 The z offset position of the substrate holder for synthesis of the ta-C films 

with the thickness of about 90 nm by varying substrate bias potential. 

Substrate bias potential 

(V) 

The z offset position of the substrate holder 

(mm) 

0 -30 

-30 -27 

-60 -24 

-80 -21 

-90 -18 

-100 -15 

-120 -13 

-150 -10 

 

Figure 4.41 The ta-C films on Si substrate deposited by varying substrate bias 

potential, which controls the thickness of about 90 nm, which label is the substrate 

bias potential. 

4.2.2.2 FE-SEM result 

The surface and cross-section morphology of the ta-C film deposited on Si 

substrate by applied substrate bias potential of -80 V, wes characterized by field 

emission scanning electron microscope (FESEM, Hitachi SU8030) at NSTDA CO., 

LTD., Thailand.  

Figure 4.42(a) shows the surface morphology of the film. The film surface is 

smoot, free micro pin hole and the macroparticles. The film thickness was 

investigated the cross-section as shown in Figure 4.42(b). The film has a thickness of 

92±0.34 nm and non-observe the columnar grain, indicating that the film is 

amorphous characteristic and dense. 
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Figure 4.42 (a) surface and (b) cross-section of the ta-C film deposited on Si substrate 

by applied substrate bias potential of -80 V. 

4.2.2.3 Raman spectroscopy 

As the same ta-C films deposited by plasma biasing technique. The 

microstructural properties of ta-C films of ta-C films deposited using FCVA 

combined with substrate bias technique were estimated by using Raman spectroscopy 

(Bruker, SENTERRA). The laser wavelength of 532 nm was used and pointed into 

the films (laser power is 12 mW and resolution 9 to 12 cm-1), measurement in the 

range of 50 - 2700 cm-1. The Raman spectra were curve-fitted by ORIGIN-2018 

program, which through subtracting background to evaluate the ID/IG ratio, the G peak 

position, which can tell the trend of the sp3 contents in the ta-C films. The parameters 

of Raman spectra such as position, width, and intensity of the D and G peaks (ID/IG) 

are closely related to the density, size, and structure of the sp2 clusters which are, in 

their turn, closely related to the sp3 content [166]. 

Figure 4.43 shows the Raman spectra of the ta-C films deposited with 

different substrate bias potentials. The Raman spectra of the ta-C films were first 

treated with linear background removal and the D and G peaks were deconvoluted 

with two Gaussian functions. The Raman spectra show an asymmetric Raman 

intensity distribution in the range of 1060 to 1880 cm-1 with a center around 1556 cm-

1, which contains the structural information of the sp2 and sp3 sites and also confirms 

the amorphous carbon characteristic of the films [167].  
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Figure 4.43 Normalized Raman spectra and of the ta-C films deposited with the 

different substrate bias potential. The label at tail of spectra is applied substrate bias 

potential. 

The values of ID /IG and G peak position are shown in Table 4.9 and plotted in 

Figure 4.44 as a function of the applied substrate bias potential. The ID /IG values 

decrease from 0.46 to a minimum value of 0.29 with the increase of substrate bias 

potential 0 to -80 V and then increase again to 0.42 for a film deposited by applied 

substrate bias potential of -150 V. This means that proportional to the number of rings 

at the edge of the grain decreased with the increase of substrate bias potential from 0 

to -80 V and increase again for applied substrate bias potential higher than -90 V. 

While the G-peak position shows the opposite trend with ID/IG ratio.  

The result can be explained by a three-stage model proposed by Ferrari et al 

[168]. This case uses the model in stage 3 (sp2 a-C to sp3 ta-C), decrease of the ID/IG 

ratio and increase of the G peak position indicate that the changes of the sp2 

configuration from mainly rings to short chain [19], [169]. Which the G peak position 

in the range of 1580 – 1600 cm-1 related to the bond length of chains is shorter than 

that of the rings [183]. That means the ta-C films deposited by applying a substrate 

bias potential of -80 V, the film rich sp3 content. Therefore, the energy enhanced of 

C+ ions by substrate bias technique during the film growth, as a result in 

rearrangement of sp2 (amorphous carbon) to sp3 (tetrahedral amorphous carbon). 
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Table 4.9 Analyzed Raman parameter of ta-C films deposited by varying substrate 

bias potential. 

Vsb (V) 

D 

position 

(cm-1) 

FWHM 

of D 

(cm-1) 

G 

position 

(cm-1) 

FWHM 

of G 

(cm-1) 

ID IG ID/IG 

0 1460.00 280.14 1573.28 222.43 31.64 68.36 0.46 

-30 1448.93 243.82 1579.50 218.42 28.36 71.64 0.40 

-60 1448.52 242.54 1579.96 218.81 26.86 73.14 0.37 

-80 1445.57 235.38 1585.37 219.90 22.54 77.46 0.29 

-90 1427.92 225.48 1584.44 216.87 24.30 75.70 0.32 

-100 1444.09 239.50 1583.44 221.26 25.99 74.01 0.35 

-120 1440.04 234.93 1583.66 214.96 27.29 72.71 0.38 

-150 1445.12 252.97 1582.48 205.28 29.54 70.46 0.42 

 

Figure 4.44 Double plot of the ID/IG ratio (black dot) and the G peak position (red 

square) of the ta-C films deposited on Si substrate with a thickness of about 90 nm. 

4.2.2.4 XPS result 

As the same with the ta-C deposited by plasma biasing technique.  The 

chemical bonding, chemical states, and electronic structures of the ta-C films 

deposited by varying substrate bias potential were determined by X-ray photoelectron 

spectroscopy (XPS). The XPS measurement was performed using a PHI5000 Versa 
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Probe II, ULVAC-PHI, Japan at the SUT-NANOTEC-SLRI joint research facility, 

Synchrotron Light Research Institute (SLRI), Thailand. The monochromatic AlK X-

ray (1486.6 eV) was used as an excitation source. All binding energies of the samples 

were calibrated with the C1s peak at 284.8 eV. The data were fitted by using Shirley 

background subtraction and sub-peak with Gaussian-Lorentzian function. 

The XPS measurement was divided into parts: survey scanning and finely 

scanning. The survey scanning mode was used to detect the binding energy of 

photoelectron in a wide range from 0 - 1400 eV, in which cover the atoms of various 

elements are present on the film surface. In the survey spectra of ta-C films as shown 

in Figure 4.45, the photoelectrons with the binding energy at about 285±0.5 eV and 

532±0.5 eV can be observed which corresponds to C1s and O1s respectively [170], 

[171]. It indicates that the film surface is not contaminated by other elements. In 

addition, the detection of photoelectrons with the binding energy of 980 and 1220 eV 

corresponds with O KLL and C KLL respectively [172]. 

 

Figure 4.45 Survey spectra of the ta-C films deposited on Si substrate with the 

thickness of about 90 nm. The label at the tail of spectra is applied substrate bias 

potential during the film growth. 
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To study the bonds of the carbon atoms within the film, the XPS measurement 

in finely scan was used. C1s spectra as shown in Figure 4.46, the spectra were 

background-subtract by Shirley function and then deconvoluted by Gaussian function 

fitting. The C1s spectra were deconvolved into four peaks located at about 284.10.2 

eV, 285.00.2 eV, 286.50.3 eV and 288.50.3 eV, which originate from C=C or sp2 

bond, C-C or sp3 bond, C-O bond, and C=O bond, respectively [173]. Moreover, one 

of finely spectra is O1s, which indicate the bonds of oxygen atoms on the surface of 

films. O1s spectra as shown in Figure 4.47, the spectra were background-subtract by 

Shirley function and then deconvoluted by Gaussian function fitting. Under the C1s 

spectra presenting the C-O bond and C=O bond at about 531.40.2 eV and 532.50.2 

eV respectively [174], [175]. Which correspond to the observed bonds of C1s spectra. 

The oxygen on the surface and content of the film is derived from the remaining 

oxygen atoms in the deposition chamber, which are sensitive to the reaction. When 

the plasma discharge occurs, these oxygens are also excitation and ionization to the 

oxygen ions, bonding with carbon atoms and depositing on the substrate. This result 

showed that the films don’t have the contamination of metal atoms, this may be 

caused by atomic scattering from arcing on the surface of the substrate holder during 

the film's growth with the higher substrate bias potential (-80 to -150 V). 

 

Figure 4.46 C1s spectra of ta-C films deposited on Si substrate with a thickness of 

about 90 nm. The label at the tail of spectra is applied substrate bias potential. 
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Figure 4.47 O1s spectra of ta-C films deposited on Si substrate with a thickness of 

about 90 nm. The label at the tail of spectra is applied substrate bias potential. 

Table 4.10 shows the composition of C=C or sp2 bond, C-C or sp3 bond, C-O 

bond, and C=O bond. The obtained C-C or sp3 contents in the ta-C films are further 

depicted in Figure 4.48, which clearly shows that adjusting the substrate bias potential 

from 0 V to -80 V leads to the increase of the sp3 content from 75.99% to 83.46%. 

And decrease to 79.80% again for substrate bias potential higher -90 V. 

Raman spectroscopy and XPS test showed that the substrate bias technique 

can be enhanced the sp3 content of the ta-C films as the same plasma biasing 

technique. This was described by the densification model of Robertson [20]. For the 

low substrate bias potential (0 V to -60 V), the ions have low energy (15 eV to 62 eV) 

and do not have enough energy to penetrate the surface of the film, so they will just 

stick to the surface and remain in its lowest energy state with is sp2 bond. The 

substrate bias potential is higher than -80 V leading to high sp3 content in the films 

due to the energy of depositing ions higher than surface penetration threshold energy, 

this increases the probability to penetrate the surface and enter a subsurface interstitial 

site during the film growth. This will decrease the poor or pin hole and increase the 

probability to reform around carbon atoms at the surface of the film according to the 

new structure and density [20].  
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Table 4.10 The fraction of chemical bonding in the ta-C films deposited by varying 

substrate bias potential. 

Substrate bias potential (V) C=C (sp2) C-C (sp3) C-O C=O 

0 13.42 75.99 7.19 3.40 

-30 12.70 79.61 5.23 2.46 

-60 11.32 80.37 5.86 2.44 

-80 7.71 83.46 5.79 3.04 

-90 8.75 82.29 6.23 2.73 

-100 10.87 81.42 5.39 2.32 

-120 11.03 80.84 4.85 3.28 

-150 11.81 79.80 5.69 2.70 

 

Figure 4.48 The sp3 content of ta-C films as a function of substrate bias potential. 

4.2.2.5 XRR result 

The structure of the ta-C films was related to sp3 content, which controls by 

applied substrate bias potential. Therefore, the mass density of the ta-C films 

deposited of Si substrate with the thickness of 85 nm was investigated by X-ray 

reflectometry. 

The process parameter for XRR measurement is the same as the part of the 

plasma biasing technique. The XRR (Bruker D8 Advance) measurements were 

performed with Cu-Kα monochromatic radiation (λ=0.15406 nm), and the reflection 
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of X-rays were measured in the range of an incident angle, 2, from 0 to 3.0 by a 

step of 0.005. The density values were obtained by fitting the measured XRR data 

with a simulated XRR curve using the Leptos 7.0 software. Which, the mass densities 

relate to the critical angle and film thickness relate to the oscillation period of the 

XRR profile. 

The XRR profile of ta-C films as shown in Figure 4.49. The oscillation period 

of the XRR curve is nearly, it means that the thickness of the films is nearly. Figure 

4.50(a) shows the thickness of films, it has values in the range of 82.7 nm to 85.2 nm. 

It indicates that the thickness of the film can be controlled by the process parameter 

(the offset of z position) due to the center of the deposition profile is not the same 

position in each substrate bias potential. 

 

Figure 4.49 The XRR profiles of ta-C films deposited on Si substrate by varying 

substrate bias potential. 

Moreover, the critical angle of the reflection curve shift up to high 2, related 

to the increase of density of the ta-C films from 3.08 g/cm3 to a maximum value of 
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decrease again for applied the substrate bias potential higher than -90 V during the 

film growth.   

The mass densities are in good agreement with the measured C+ ion energies, 

proving that the bombardment of the energetic C+ ions can overcome the 

subplantation threshold, resulting in a significant increase in the density of the films 

with the increase of substrate bias potential from 0 V to -80 V. Which the applied 

substrate bias potential as -80 V is an optimized condition for inducing the optimize 

energy of depositing ions leading to a bond rearrangement from the a-C to the ta-C, 

facilitating the densification of ta-C films. However, the density of ta-C films was 

decreased for substrate bias potential higher than -90 V. This result can be discussed 

by the thermal spike model, due to the kinetic energy of depositing ions transfer to 

thermal energy at the point of trajectory and diffuses outward by thermal diffusion in 

the film structure. As a result, creates an expanding front in which all the atoms are 

inside the film. This allows the atoms to diffuse back to the surface to relax the 

density of sp3 density to the lower sp2 density [20]. 

  

Figure 4.50 Thickness of the ta-C films estimated by the period oscillation of XRR 

curve. And (b) density of the ta-C films deposited on Si substrate as a function of 

substrate bias potential. 

4.2.2.6 Electrical properties 

From Raman spectroscopy, XPS, and XRR analysis, the sp3 content in the ta-C 

films as a function of substrate bias potential, in which sp3 content increase with the 

increase of substrate bias potential. It indicates that the sp2 content in the film 

decreased. The electrical properties of the ta-C films are strongly affected by the 
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different possible sp2 content in the ta-C films. Due to the sp2-rich carbon films or 

graphite like carbon containing of free electrons within the structure. Therefore, the 

electrical conductivity of the ta-C thin films decreased by two times with increasing 

the sp3 content from 75.99% to 83.46%. The values of the electrical conductivity 

indicate an insulator character of the ta-C coating. 

 

Figure 4.51 Electrical conductivity of the ta-C films deposited on Si substrate with 

the thickness of about 85 nm by varying substrate bias potential. 

4.2.2.7 Uniformity of ta-C film 

 The problem for PVD deposition, especially the FCVA technique is the 

uniformity of the film due to the incident plasma on the sample are the beam 

characteristic leading to non-uniformity of the film. The system in this work has only 

one focusing coil, the mechanical technique was used for adjusting the substrate 

holder position in the z-axis of the system to prove the uniformity of the film. 

Therefore, this topic will present the result of the ta-C film uniformity.  

 The Si wafer was placed on the substrate holder at three-point as shown in 

Figure 4.52, the substrate holder has the offset as -2.5 cm (reference by a center of 

deposition chamber). The process parameter for ta-C deposition is as follows; the 

maximum arc current 720 A, repetition rate of 1 pulse/s, and deposition pulse 3600 

pulses, in which the substrate holder is always rotated. Figure 4.52 shows the photo of 

the ta-C films sample on the SUS316 holder. The blue color zone is the ta-C film with 
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a thickness of 50 nm, which covers samples 1, 2, and 3. To confirm the uniformity of 

the film, the film was characterized by the XRR and XPS analysis. 

 

Figure 4.52 Distribution of ta-C film on the substrate holder (grounded). 

 Figure 4.53 shows the XRR profile of the ta- C films at positions 1, 2, and 3, it 

showed that the oscillation curve has the same pattern, indicating that the film has the 

same properties. The analyzed data as shown in Figure 4.54, the thickness of the films 

is 49.43 nm, 49.89 nm, and 50.01 nm, while the density of the films is 3.103 g/cm3, 

3.102 g/cm3, and 3.106 g/cm3 for the sample at position 1, 2, and 3 respectively. 

Therefore, the thickness and density of the film are uniforms.  

 

Figure 4.53 The XRR profiles of ta-C films deposited on Si substrate. The label is the 

position of the sample on a substrate holder. 
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Figure 4.54 Thickness and density of the ta-C films deposited on Si substrate were 

estimated by XRR analysis. 

Moreover, the chemical bonding at each position was revealed by the XPS 

test. The C1s spectra of the film at positions 1, 2, and 3 as shown in Figure 4.55, the 

spectra were background-subtract by Shirley function and then deconvoluted by 

Gaussian function fitting. The C1s spectra were deconvolved into three peaks located 

at 284.10.2 eV, 285.00.2 eV, 286.50.3 eV and 288.50.3 eV, which originate 

from C=C sp2 bond, C-C sp3 bond, C-O bond, and C=O bond, respectively [170], 

[171]. The sp3 content of the films is 76.72%, 76.54%, and 76.8% for ta-C film 

positions 1, 2, and 3 respectively. Moreover, the characteristic of the C1s spectra is 

very nearly, which C1s spectra of ta-C film at three points were plotted in the same y 

scale as shown in Figure 4.56. The line of spectra are closely overlapped, This means 

that the films have the same structure, chemical bonds, and the same amount of 

bonds.  

Therefore, the films are uniform, which uniform of the film can adjust by the 

offset of the substrate holder position. So, for each process parameter (substrate bias 

potential) must be fine the optimized offset position.  
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Figure 4.55 C1s spectra of the ta-C films deposited on Si substrate. The label is the 

position of the sample on a substrate holder. 

 

Figure 4.56 Comparison of C1s spectra of the ta-C films deposited on Si substrate at 

three positions on a substrate holder. 

4.3 a-C:H deposition 

 This topic will be discussed about a-C:H deposition such as the process for  

a-C:H deposition, process parameter, characteristics of the film, and analyzed result.  

4.3.1 Survey for a-C:H deposition 

In this work, the a-C:H film will be deposited by a linear anode layer ion 

source and use the C2H2 gas and Ar gas for the precursor of carbon atoms and excited 
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gas respectively. From the previous study, we know that the plasma beam 

characteristic generated by the anode layer ions source or linear anode layer ion 

source is cone circular beam and cone rectangular beam respectively [184]–[186]. In 

addition, the distribution of the depositing atom and ions depends on applied 

discharge potential [187], [188]. Therefore, to understand the behavior and process 

parameter of a-C:H deposition by using a linear anode layer ion source (L-ALIS), 

Therefore, it is necessary to study in the preliminary first. 

 

Figure 4.57 Diagram for a-C:H deposition. 

The p-type silicon (100), size 10 mm × 10 mm with a thickness of 52515 µm 

is used as a substrate, it was installed on a substrate holder and loaded in the 

deposition chamber. The position of a substrate holder has x offset or substrate 

distance is 15 cm, y and z offset is 0 cm. Before the film deposition, Si substrate was 

cleaned at 10 min by using an anode layer ion source (ALIS) with the discharge 

potential and discharge current being 1.4 kV and 8.8 mA respectively to remove 

contamination and oxide layer on the Si surface. The substrate holder rotates around 

the x-axis as well as the cleaning time. And then, the a-C:H film is deposited on Si 

substrate by using an L-ALIS source. The substrate holder is swing mode as shown in 

Figure 4.57, (the holder swing to 0 is 40 degrees reference with normal line) and the 

substrate holder life in the rotate state. The process parameter as follows. 

• Ar gas flow rate  : 10 sccm 
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• C2H2 gas flow rate  : 30 sccm 

• Operating pressure  : 0.0024 torr 

• Substrate distance  :  15 cm 

• Deposition time  : 10 minuet, 15 minuet for +800 V 

• Study parameter  : discharge potential 0 to +1600 V 

 

Figure 4.58 The a-C:H films deposited on Si substrate by varying discharge potential. 

The physical characteristics of a-C:H films as shown in Figure 4.58. From the 

observation, the film has good uniformity due to an ALIS with the size of 30 mm  

200 mm, the plasma beam will be covered the size of the substrate holder. Moreover, 

it means that the substrate holder system has the performance for controlling the 

uniformity of the films. 

The thickness of the samples was investigated by an X-ray reflectometer or 

XRR (Bruker D8 Advance) measurements performed with Cu-Kα monochromatic 

radiation (λ=0.15406 nm). The thickness and density of the films were obtained by 

fitting the measured XRR data with a simulated XRR curve using the Leptos 7.0 

software. X-ray reflectivity was measured in the range of an incident angle, 2, from 

0 to 3.0 by a step of 0.005. Which, the thickness of the film is related to the 

oscillation period of the XRR profile. 

The XRR profile of a-C:H films are present in Figure 4.59, found that the 

period oscillation of the XRR curve is narrow down, which means that the thickness 

of the film increased with the increase of applied discharge potential. Therefore, the 

deposition rate of the a-C:H film will be increased with the increase of applied 

discharge potential as shown in Figure 4.60.  
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 It can be explained that for the generating process of the ion beam, electrons 

are an important parameter to gas ionization and excitation. When gas will be excited 

and ionized into ion and free-electron, the electrons move to the anode electrode and 

the ion pushed out from the anode electrode due to the gradient of potential (
2V ). 

Poisson’s equation can explain and use to find the ion current density in the simplest 

approach, the maximum current density is given by the classical Child-Langmuir law 

[189]–[191]. 
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Where 0  is the vacuum permittivity, D  is the gap distance between the anode and 

cathode electrode, q  and m  are the charge and mass of the extracted particle 

respectively, and dV   is the applied discharge potential. We can use equation 4.1 to 

consider the incident ion flux on the surface of sample combined with consideration in 

conjunction with other plasma physics knowledge as follows. 

o Ion current density /i iJ I A=   

o Ion current in the material 
i i iI n ev A=   

o The ion flux at the sample is 
i i in v =   where 

in  is ion density and 
iv  is ion 

velocity. 

The above considerations enable the writing of ion flux equations as 

 
3/2

2

i i d
i

I J V
C

eA e D
 = =    (4.2) 

Where C  is constance, so the ion flux direct variation with discharge applied 

or discharge potential. The ion flux is the numbering of bombardment ions on the 

sample, which is directly proportional to the deposition rate. Therefore, the deposition 

rate will be increased with the increase of applied discharge potential [192].  
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Figure 4.59 XRR profile of the a-C:H films deposited on Si substrate by varying 

applied discharge potential. 

 

Figure 4.60 Deposition rate of the a-C:H films as a function of applied discharge 

potential. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1600 V

1400 V

1200 V

1000 V

800 V

600 V

In
te

n
si

ty
 (

a
.u

.)

2

 Raw data

 Sim curve

600 800 1000 1200 1400 1600

0

1

2

3

4

5

D
ep

o
si

ti
o

n
 R

a
te

 (
n

m
/m

in
)

Discharge Potential (V)



 

 

 

 153 

4.3.2 a-C:H film properties 

From the survey study, the deposition rate of a-C:H films increased with the 

increase of applied discharge potential. To compare the microstructure of a-C:H films, 

the thickness of the films must be the same. Therefore, this topic will be given in 

detail of a-C:H deposition with a thickness of 90 nm. The deposition process is the 

same as the survey study. But, to control the thickness of the films, the deposition 

time has changed as shown in Table 4.11.  

Table 4.11 Process parameter of a-C:H deposition 

Discharge  
Ar (sccm) C2H2 (sccm) deposition time 

Potential (V) Current (mA) 

800 8.6 10 30 37 min + 18 sec 

1000 10.5 10 30 35 min + 41 sec 

1200 12.9 10 30 31 min + 14 sec 

1400 14.4 10 30 22 min + 42 sec 

1600 16.8 10 30 21 min + 16 sec 

Figure 4.61 shows sub of the a-C:H films on Si substrate deposited with a 

LAIS by varying discharge potential and controlling the thickness of 90 nm by using 

deposition pulse are present in Table 4.11. The color of the films is blue sky, which is 

the same color for all samples. It means that the thickness of the films is close. The 

microstructure, electrical properties, and mechanical properties were investigated by 

Raman spectroscopy, XPS, XRR, and four point probe respectively. 

 

Figure 4.61 The a-C:H films on Si substrate deposited by varying discharge potential, 

which controls the thickness of 90 nm. 

4.3.2.1 Raman spectroscopy 

The microstructural properties of a-C:H films were estimated by using Raman 

spectroscopy (Bruker, SENTERRA). The laser wavelength of 532 nm was used and 
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pointed into the films (laser power is 5 mW and resolution 9 to 12 cm-1), measurement 

in the range of 50 to 2750 cm-1. The Raman spectra were curve-fitted by ORIGIN-

2018, which through subtracting background to evaluate the ID/IG ratio, the G peak 

position, which can tell the trend of the sp3 contents in the a-C:H films. 

In order to describe the microstructure of the a-C:H films it is necessary to 

discuss the intensity ratio ID/IG, the full width at half maximum of the G-band 

(FWHM of G peak) and G peak position. These parameters are closely related to the 

density, size and structure of the sp2 clusters, which in turn are closely related to the 

sp3 content in the a-C:H films.  

First, it has to be considered, that the ID/IG ratio is a measure of the size of the 

sp2 phase organized in rings [193]. If the ID/IG ratio becomes lower or zero, the sp2 

phase is organized rather in chains, whereas a higher ID/IG ratio is an indication of an 

increase of the sp2 phase in aromatic rings. Thus, if no D-band is visible, no sp2 

carbon rings exist in the material [194]. For a-C:H films, a lower ID/IG ratio is 

connected with higher overall sp3 content [166], [194]. However, carbon is sp3 

bonded in a-C:H films also to hydrogen, an increase in sp3 content does not always 

mean an increase in density, hardness, and other mechanical properties of the films 

[193], [194]. 

For a-C:H with hydrogen contents over 25% the overall of sp3 content can be 

increased, which the sp3 content is the sum of C–C sp3 and C-H sp3 bonded [195], 

[196]. Thus, utilizing the ID/IG ratio only, it is difficult to estimate the bonding 

regimes in a-C:H films. To investigate the structure of the films in more detail it is 

necessary to focus also on the FWHM of G peak. The FWHM of the G peak is a key 

parameter of monitoring structural disorder in amorphous carbon films. This 

structural disorder of the film arises from the bond angle and bond length distortions.  

The lower FWHM of G peak is related to a more defect-free and ordered of film 

structure, while a higher FWHM of G peak is related to an increase in disorder. The 

effect originates in the higher bond length and higher bond angle in more disordered 

material [193].  
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Figure 4.62 Normalized Raman spectra and of the a-C:H films deposited with the 

different discharge potential. The label at the tail of spectra is applied discharge 

potential for an anode electrode of an L-ALIS.  

Figure 4.62 shows the Raman spectra of a-C:H films deposited using an  

L-ALIS by varying applied discharge potentials. The Raman spectra of the films were 

first treated with linear background removal and the D and G peaks were 

deconvoluted with two Gaussian functions. The Raman spectra show an asymmetric 

Raman intensity distribution in the range of 930 to 1800 cm-1 with a center around 

1524 cm-1, which contains the structural information of the sp2 and sp3 sites and also 

confirms the amorphous carbon characteristic of the films [167]. In addition, in some 

spectra found symmetric Raman intensity distribution is centered around 960 cm-1, 

which corresponds to the Si 2nd order [197], [198]. 

Table 4.12 Analyzed Raman parameter data of the a-C:H films. 
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position 
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ID IG ID/IG 

800 1350.00 355.00 1531.84 203.27 45.55 54.45 0.84 

1000 1350.00 365.00 1532.17 201.23 45.56 54.34 0.84 

1200 1352.24 380.00 1534.66 199.83 45.58 54.42 0.84 
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Table 4.12 and Figure 4.63 shows the analyzed data of Raman spectra as a 

function of the applied anode bias potential. The ID/IG ratio of the films as shown in 

Figure 4.63(a), an increases from 0.84 to 0.89, while the G peak position shifts up to a 

high Raman shift, indicating that an increase of the sp2 phase in aromatic rings or sp3 

trend to decrease with the increase of discharge potential from 800 V to 1600 V 

 

Figure 4.63 Double plot of the ID/IG ratio (black dot) and the G peak position (red 

square) of the a-C:H films deposited on Si substrate with a thickness of about 90 nm. 
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In order to confirm the trends derived from the intensity ratios and G peak 

position, the FWHM of the G peak is used to reveal information about the structural 

variance induced by changes in the process parameters. For films deposited at a 

discharge voltage of 800 V, a FWHM of the G peak of 203.27 cm−1, which decreases 

linearly to 197.16 cm−1 for a discharge voltage of 1600 V as shown in Figure 4.63(c). 

The trends in FWHM of G peak completely confirm the observed behavior that the 

films at the lowest discharge voltage have increased structural disorder. Indicate that 

an increase of discharge potential leads to a decrease in disorder (increase sp2 phase in 

aromatic rings), which can here be linked to an increase in sp3 content in the films. 

The high FWHM of G peak of 203.27 cm−1 (fitted with a Gaussian function) for the 

most disordered film deposited at the lowest ion energy (lowest discharge potential) 

suggests the classification of the deposited film to the structural class of ta-C:H film 

[193].  

4.3.2.2 XPS result 

The chemical bonding and chemical state of a-C:H films were investigated by 

the X-ray Photoelectron Spectroscopy technique or XPS. The process parameters for 

XPS as the same as topic 4.2.1. The XPS measurement was divided into two parts: 

survey scanning and finely scanning. In the case of survey scanning, it is used to 

measure binding energy in a wide range from 0 to 1400 eV, in which atoms of various 

elements are present on the film surface. The survey spectra of a-C:H films deposited 

on Si substrate by varying discharge potential as shown in Figure 4.64, the 

photoelectrons with the binding energy 285±0.5 eV and 532±0.5 eV can be observed 

which corresponds to C1s and O1s respectively [199]–[201]. In addition, the detection 

of photoelectrons with the binding energy of 980 and 1220 eV corresponds with  

O KLL and C KLL respectively [172].  

Although, the photoelectrons of other elements cannot be observed on XPS 

spectra. But the design, structure, and high-discharge potential mechanism of L-ALIS, 

it have a probability of metal atom (iron, Fe) emission at the cathode electrode of the 

source and deposition in the a-C:H films. Therefore, to confirm this result must be use 

any technique of detecting these elements such as an Emission Dispersive X-ray or 

EDX etc., 
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Figure 4.64 Survey spectra of a-C:H films with the thickness of 85 to 90 nm 

deposited by varying discharge potential. 

The finely scan mode of the XPS measurement was used to study the bonding 

of the carbon atoms within the film. C1s spectra as shown in Figure 4.65, the spectra 

were background-subtract by Shirley function and then deconvoluted by Gaussian 

function fitting. The C1s spectra were deconvolved into four peaks located at 

284.10.2 eV, 285.00.2 eV, 286.50.3 eV and 288.50.3 eV, which originate from 

C=C sp2 bond, sp3 bond, C-O bond, and C=O bond, respectively [173]. The sp3 peak 

under C1s spectra is the sum of C-C and C-H due to the binding energy are closely of 

284.9 eV and 285.1 eV respectively [195], [196]. In addition, the shape of C1s peaks 

of the a-C:H films are different from the C1s peaks of the ta-C films, indicating that 

the sp3 and sp2 content in the films are different. 

Figure 4.66  shows the O1s spectra of the a-C:H films, the spectra were 

background-subtract by Shirley function and then deconvoluted by Gaussian function 

fitting. Under the O1s spectra presenting the C-O bond and C=O bond at 531.40.2 

eV and 532.50.2 eV respectively [174], [175]. This result corresponds with the 

bonds in the C1s spectra. 
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Figure 4.65 C1s spectra of the a-C:H films with the thickness of 85 nm deposited by 

varying discharge potential. 

 

Figure 4.66 O1s spectra of the a-C:H films with the thickness of 85 nm deposited by 

varying discharge potential. 

Table 4.13 shows the composition percentage of C=C or sp2 bond, C-C and C-

H in sp3 bond, C-O bond, and C=O bond. The C-O content and C=O content has 

value in the range of 8.24 to 8.45 % and 5.43 to 5.88 % respectively, in which closely 

content and non-significant in each the a-C:H films. The obtained C=C or sp2 and C-C 

or sp3 contents in the a-C:H films were plotted with the double y plot as shown in 

Figure 4.67.  
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The sp2 content increased from 51.43 to 56.34 % and sp3 content decreased 

from 34.45 to 29.97 % with the increase of the discharge potential, which the content 

of these bonds significantly related to the discharge potential. This result corresponds 

with Raman spectroscopy analysis. 

Table 4.13 The fraction of chemical bonding in the a-C:H films deposited by varying 

discharge potential. 

discharge potential (V) C=C (sp2) C-C, C-H (sp3) C-O C=O 

800 51.43 34.45 8.25 5.87 

1000 53.74 32.45 8.38 5.43 

1200 55.22 30.52 8.45 5.81 

1400 55.88 30.00 8.24 5.88 

1600 56.34 29.97 8.26 5.44 

 

Figure 4.67 The sp2 and sp3 content of a-C:H films as a function of discharge 

potential. 

The a-C:H films deposited by an L-ALIS, the films growth under the high flux 

(in the range of 1016 m-2s-1) [187], [202], which can be discussed from equation 4.2. 

The flux of depositing ions will be increased with the increase of discharge potential. 

Moreover, the means energy of depositing is higher than the ions generated by FCVA, 

magnetron sputtering, PECVD and RF-PECVD. Murmu et al showed that the energy 

per atom of CmHn
+ generated by ALIS has a value in the range of 2000 to 7000 eV for 
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the discharge potential of 8000 V [203]. This result leading to penetration of the 

depositing ions in the films. But the means energy of depositing ions is higher than 

the surface penetration threshold energy (Ei >> Ep), the kinetic energy of depositing 

ions transfers to thermal energy and diffuses over the film surface leading to the 

relaxation of carbon structure in the films. These results affected on microstructure in 

a bond rearrangement from sp3 to sp2 bonded and introduce the transfers from 

diamond like carbon (DLC) to graphite like carbon (GLC) [20], which gives rise to a 

decrease in the local density of the films. 

4.3.2.3 XRR result 

Raman spectroscopy and XPS measurement show that the a-C:H films are 

high sp2 content and low sp3 content. In order to find the relation between discharge 

potential and density of the a-C:H film deposited by an L-ALIS, the XRR 

measurement was used for estimates the density of the films.  

The density of a-C:H films were investigated by XRR (Bruker D8 Advance) 

measurements performed with Cu-Kα monochromatic radiation (λ=0.15406 nm). The 

density values were obtained by fitting the measured XRR data with a simulated XRR 

curve using the Leptos 7.0 software. XRR was measured in the range of an incident 

angle 2 from 0 to 3.0 by a step of 0.005. Which, the mass densities related to the 

critical angle and film thickness relate to the oscillation period of the XRR profile. 

 

Figure 4.68 XRR profile of a-C:H films deposited by varying discharge potential. 
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Figure 4.68 shows the XRR profile of the a-C:H films deposited on Si 

substrate by varying applied discharge potential and controlling the thickness in the 

range of 90 nm. The critical angle smaller shift to lower 2 with the increase of 

discharge potential, while the oscillation period has closely period, indicating that the 

film has the thickness as the same, corresponding to the analyzed data as shown in 

Figure 4.69(a). The thickness of the films has a value in the range of 85.78 to 90.39 

nm. Therefore, the structural properties of the films can be compared. Densities of the 

a-C:H films were calculated using the critical angle for the total external reflection as 

shown in Figure 4.69(b). Densities of a-C:H films decrease from 2.31 to 2.22 g/cm3 

with the increase of the applied discharge potential.  

This result corresponds with the Raman spectroscopy and XPS analysis due to 

the density of DLC film related to sp3 content in the film [20]. Most properties of a-

C:H depend on the incident ion energy per C atom [35]. Although the maximum in 

density for a-C:H can be prepared from acetylene gas [20]. However, the depositing 

species is molecular ion CmHn
+, which the hydrogen is the main composition. For this 

reason, the film have complex structure and disorder [20]. Especially the flux and 

energy of depositing molecular ion is higher than other deposition techniques, leading 

to thermal heating during the film growth and relaxation of sp3 density to low sp2 

density. 

 

Figure 4.69 (a) Thickness and (b) density of a-C:H films on Si substrate deposited by 

a LAIS. 
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4.3.2.4 Electrical properties 

Raman spectroscopy, XPS, and XRR test found that the sp3 content decrease 

with the increase of applied discharge potential. It indicates that the sp2 content in the 

film increased. Normally, the electrical properties of the ta-C films are strongly 

affected by the different possible sp2 hybridization of the carbon atoms in the a-C:H 

films.  

Therefore, to estimate the electrical properties of the a-C:H films, an in-house 

four point probe will be used. The DC source meter unit (SMU, Keithley 2450) was 

connected with the probe, which uses ohmmeter mode and 4-wire sensing. For each 

sample was measured in 20 points. The measured data is sheet resistance, which can 

calculate to electrical resistivity and electrical conductivity.  

The electrical conductivity of a-C:H films is shown in Figure 4.70. Therefore, 

the electrical conductivity of the a-C:H films increased by 5 times from 3.010-5 S/cm 

to 2.310-4 S/cm with decreasing the sp3 content from 34.45% to 29.97%. Due to an 

increase of free electrons in the graphite structure or sp2 bonded.  

 

Figure 4.70 Electrical conductivity of a-C:H films deposited on Si substrate by an  

L-ALIS. 
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technique was used to fabricate Cr films. DC, bipolar, HiPIMS and Bipolar HiPIMS 

power was applied to the target to generate Cr vapor. HiPIMS and Bipolar HiPIMS 

techniques are the best for high-quality Cr film deposition (dense and smooth surface) 

due to the high ionization rate of Cr atoms. The Cr atoms are deposited in the layer by 

layer leading to a high density and smooth surface with the influence of ion 

bombardment [204]. Therefore, multilayer amorphous carbon has a Cr layer with a 

thickness of about 250 nm to improve adhesive properties with the SUS304 substrate. 

This topic will be given in detail of Cr deposition. 

In order to find optimized conditions for Cr interlayer (structure and 

deposition rate), there should be a survey study. For the survey study, p-type silicon 

(100), size 10 mm × 10 mm with a thickness of 52515 µm is used as a substrate, it 

was installed on a substrate holder and loaded in the deposition chamber. The x offset 

or substrate distance is 12 cm (form sample to Cr target on magnetron source), y and z 

offset is 0 cm. Before the film deposition, the Si substrate was cleaned at 10 min by 

using an ALIS with the discharge potential and discharge current being 1.4 kV and 

8.8 mA respectively to remove contamination and oxide layer on the Si surface. The 

substrate holder rotates around the x-axis as well as the cleaning time. And then, the 

Cr film is deposited by a magnetron sputtering source with the process parameter as 

follows. 

• Target material   : Cr (diameter 2-inch, purity 99.99%) 

• Ar gas flow rate  : 100 sccm 

• Angle valve position : open 15% 

• Operating pressure  : 2 Pa 

• Substrate distance  :  12 cm 

• Discharge power  : Pavg = 240 W, 1 Hz, 200 s 

• Deposition time  : 1 minuet 

• Study parameter  : substrate bias potential (Vb) 

The DC power supply (HSPY-400-01, 400 Vmax, and 1 Amax) was applied to 

substrate bias potential, which controls the potential of 0 V, -100 V, -200 V, and -300 

V. The substrate bias current depending on the applied substrate potential as shown in 

Table 4.14.  
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Table 4.14 Process parameter of the Cr deposition in survey study part. 

Sample 
Vb 

Ar flow rate (sccm) Deposition time (min) 
V (V) I (A) 

Cr_HiPIMS_0 0 0 100 

1 
Cr_HiPIMS_100 -100 0.034 100 

Cr_HiPIMS_200 -200 0.043 100 

Cr_HiPIMS_300 -300 0.055 100 

To study the influence of the substrate bias potential on the deposition rate of  

Cr films, the process parameter for Cr deposition such as operating pressure and 

sputtering power is an important parameter. Operating pressure in the deposition 

chamber is related to the deposition rate, purity, and structure of the films. If the 

operating pressure is higher than the setpoint value, indicating a system malfunction 

(micro leak, mass flow controller error), it leads to different plasma properties and 

film properties (oxygen contamination). Therefore, a system must be controlling the 

operating as the same value for each experiment, which the ionized physical vapor 

deposition system has an option for pressure control by adjusting the opening 

percentage of the pendulum valve into two functions as position control and pressure 

control.  

In addition, the HiPIMS power supply is an in-house HiPIMS power supply. 

The power, frequency, and pulse duration can adjust to optimize condition for the 

work. For fabricating Cr films, the average power, frequency, and pulse duration of 

about 240 W, 1 Hz, and 200 s respectively. Figure 4.71(a) shows the voltage signal 

measured using an Agilent model 10076B. The maximum amplitude of -885 V and 

stable voltage of 750 V. Figure 4.71(b) shows the arc current signal measured with a 

PEARSON CURRENT MONITOR Model 3972. The maximum current amplitude of 

26 A and drop into the stable current of about 15 A. The discharge power signal as the 

cross of voltage and current signal as shown in Figure 4.71(c). For a duration of time, 

the plasma will be generated with high power of 10 kW. Therefore, the plasma has a 

high density and high ionization of the Cr atoms, which can be seen in the color of the 

plasma. In addition, the discharge voltage, discharge current and discharge power 

signal are non-different shapes and amplitudes. It indicates that the substrate bias 
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potential does not affect on the discharge power. Which average discharge power has 

value in the range of 240 W and independent substrate bias potential. This data 

indicates that the plasma properties as the same for deposited Cr films. 

 

Figure 4.71 (a) discharge potential signal, (b) discharge current signal, (c) discharge 

power signal and (d) average discharge potential as a function of substrate bias 

potential. The label in the flame is the substrate bias potential. 

The analyzed data of discharge parameter confirm the properties of plasma as 

the same. To study the influence of substrate bias on the deposition rate of Cr films. 

The Cr films was investigated by XRR (Bruker D8 Advance) measurements 

performed with Cu-Kα monochromatic radiation (λ=0.15406 nm). XRR was 

measured in the range of an incident angle 2 from 0 to 3.0 by a step of 0.005. The 

identifies the thickness of films is related to the oscillation period of the XRR profile. 

The oscillation period of the XRR profile was obtained by fitting the measured XRR 

data with a simulated XRR curve using the Leptos 7.0 software. It was found that the 

deposition rate of Cr films decreased from 0.158 to 0.113 nm/s with the increase of 
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substrate bias potential from 0 to -300 V as shown in Figure 4.72(b). This result can 

be explained by the sputtering phenomenon on the substrate during the films growth. 

The HiPIMS discharge has high plasma density (high electrons density and high ions 

density), and the ion in plasma consists of argon ions and chromium ions. These ions 

will be moving to the substrate and form to the film layer. For a lower substrate bias 

potential, these ions will be induced with the weakly electric field and bombard the 

film surface with low energy. On the other hand, a higher substrate bias potential 

induces these ions with a strong electric field or increases the kinetic energy of the 

ions [205].  

The bombardment of energetics positive ions (Ar+) causes sputtering, which 

sputtering rate of the film can be considered from substrate bias current due to 

measured current at substrate holder as the sputtering current, the low sputtering 

current related to low sputtering rate and high sputtering current related to high 

sputtering rate [204], [206], [207]. Therefore, the deposition rate of Cr films will be 

decreased with the increase of substrate bias potential. 

 

Figure 4.72 (a) substrate bias current and (b) deposition rate of the Cr films deposited 

on Si substrate using HiPIMS deposition. 

In order to study the influence of substrate bias potential on the structure of Cr 

films. The Cr films were deposited on Si substrate with the same process parameter as 

the survey study. The thickness of the films was controlled of about 200 nm, which 

uses the deposition time as Table 4.15. 
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Table 4.15 Deposition time for Cr films with the thickness of 200 nm. 

Substrate bias potential (V) 
Deposition time 

Minute Second 

100 21 0 

100 23 58 

100 27 56 

100 29 24 

 The Cr films with a thickness of 200 nm as shown in Figure 4.73. The color of 

films is different, the Cr film has the gray metallic color for substrate bias potential of 

0 V and shiny metallic color for higher substrate bias potential. This indicates the 

different structural properties of the films. Moreover, the sample and substrate holder 

is hot after export from the deposition chamber due to intense and energetic 

bombardment, the kinetic energy of the ions transfer to thermal energy causing heat at 

the substrate holder during the film growth.  

 

Figure 4.73 The Cr films deposited on Si substrate using HiPIMS deposition by 

varying substrate bias potential. 

The crystal structure of the Cr films was analyzed by X-ray diffraction (XRD, 

Bruker D8 Advance) with Cu-Kα monochromatic radiation (λ=0.15406 nm). The 

angle of detector position from the incident X-ray beam (2) scanning from 20 to 70 

by a step of 0.005. The crystal structure is related to the FWHM of the diffraction 

peak at the diffraction line. 

The XRD patterns of the Cr films as shown in Figure 4.74. The diffraction 

peak at 44.5 is presented in all diffraction patterns, which correspond (110) Cr with 

fcc structure. But diffraction peaks at about 64.2 corresponding (200) Cr with fcc 

structure are present in the diffraction pattern of Cr film deposited by applied 
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substrate bias of -200 and -300 V [208]. It indicates that the Cr films deposited by 

applied substrate bias potential of 0 and -100 V are Cr single crystals, while the 

applied substrate bias potential of -200 and -300 V introduce the recrystallization of 

the Cr atoms leading to Cr polycrystalline structure. 

  

Figure 4.74 XRD pattern of the Cr films deposited on Si substrate with HiPIMS 

deposition technique. The label at the tail of the diffraction pattern as substrate bias 

potential. 

Figure 4.75 and Table 4.16 show the crystalline size of (110) Cr and (200) Cr 

structure in the Cr films, calculated by the Scherer equation. The grain size of (110) 

Cr increases from 0.17 to 0.182 nm with the increase of substrate bias potential from 

0 to -100 V and decreases again to 0.166 nm for substrate bias potential higher than -

200 V. While the gain size of (200) Cr increase from 0.127 to 0.162 nm with the 

increase of substrate bias potential from -200 to -300 V.   

In addition, an increase of substrate bias potential causes a significant shift of 

(110) Cr to the lower 2θ value, while (200) Cr shifts up to a higher 2θ value. Similar 

changes of the preferred orientation have been found on titanium nitride films [209]–

[213]. This result can be concluded that applying substrate bias potential increases the 

substrate temperature with the intense and energetic ion bombardment leading to high 
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mobility and high higher kinetic energy of adatoms leading to epitaxial growth of fine 

grain structure and recrystallization to new structure [209]–[213]. Moreover, shifting 

of the peak position to lower 2θ values, usually indicates the formation of 

compressive stresses [204]. Therefore, the Cr films deposited with the higher 

substrate bias potential have high compressive stress. 

Table 4.16 Analyzed data of diffraction pattern of Cr films. 

Substrate 

bias 

potential 

(V) 

2 
FWHM 

(110) 

() 

FWHM 

(200) 

() 

crystalline 

size of 

(110) 

crystalline 

size of 

(200) 
(110) (200) 

0 44.51 - 22.25 - 0.17 - 

-100 44.28 - 22.14 - 0.18 - 

-200 44.23 64.43 22.11 1.57 0.17 0.13 

-300 44.21 64.54 22.14 1.30 0.17 0.16 

 

Figure 4.75 Crystalline size of (110) Cr and (200) Cr structure in the Cr films as a 

function of substrate bias potential. 
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Figure 4.76 (a) top surface and (b) cross-section of Cr films deposited at the substrate 

bias of −100 V, the deposition pressure of 0.016 torr, and the HiPIMS average power 

of 240 W, frequency of 1 Hz, and pulse width of 200 µs respectively. 

The surface and cross-section morphology of the Cr film deposited on Si 

substrate by applied substrate bias potential of -100 V, was characterized by field 

emission scanning electron microscope (FESEM, Hitachi SU8030) at NSTDA CO., 

LTD., Thailand.  

Figure 4.76(a) shows the top surface morphology of the film. The film has 

smooth surfaces and free macroparticles. Moreover, the edge of grain is not present, 

indicate that the film has a fine grain structure corresponding with the XRD result. 

Figure 4.76(b) shows the cross-section of the film. It can be found that the film has a 

dense granular column structure and a thickness of 249.37±1.04 nm. This reveals that 

applying substrate bias potential effectively enhances the kinetic energy of incident 

ions and subsequent mobility of adatoms, which introduce the dense Cr films and 

smooth surface.  

4.5 Multilayer amorphous carbon deposition  

The aim of this work is the superhard amorphous carbon films, it's very 

challenging, due to the DLC film with the hardness in the range of superhard coating 

having high internal stress. Moreover, if coating thickness is higher than 1 µm, special 

techniques must be used to reduce the residual stress in the film layer and maintain 

high hardness including good adhesion to the substrate. Interlayer deposition, doping 

elements, and multilayer structure are effective methods to reduce the residual stress 

of DLC film. However, element doping introduces non-homogeneous distribution of 
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the doped atoms. Many works of literature have elucidated that the multilayer DLC 

alternating hard and soft layers could remarkably reduce stress and hardness in the 

range of superhard coating [204]. To achieve the goals of this work, the multilayer 

amorphous carbon film with the structure of alternating ta-C (hard) and a-C:H (soft) 

layers will be synthesized. This idea corresponds with the performance of an FCVA 

system, which can variety of DLC film coatings, including ta-C, a-C:H, and a-

C:H:Me. Therefore, this topic will be given the detail of the preparation morphologies 

and mechanical properties of multilayer amorphous carbon (Cr/ta-C/a-C:H) films 

compared with a-C:H single layer film (700 nm).  

 Topic 4.2 showed the properties of ta-C films as a function of ion energy, 

which controls by anode bias potential and substrate bias potential. However, ta-C 

films deposited by the plasma biasing technique have a lower deposition rate. 

Therefore, the ta-C layers in multilayer films were prepared using FCVA deposition 

combined with the substrate bias technique to improve the mechanical properties of 

the multilayer films. This topic will be given the detail of the preparation 

morphologies and mechanical properties of a-C:H single layer and multilayer films, 

which preparation process as follows.  

The SUS304 and p-type silicon (100) with a resistivity of 0.40 ohm.cm were 

used as the substrate. The Si substrate has been cleaned by the standard process with 

acetone, methanol, and DI water, while for SUS304 use methanol and DI water in an 

ultrasonic to remove organic contamination. And the substrate was installed on a 

grounded substrate holder. The pre-deposition, surfaces of the substrate were cleaned 

by argon ions generated using ALIS with the applied discharge potential and 

discharge current of 1.4 kV and 8.8 mA respectively, to remove the native oxides 

formed on  surface of the substrate and increase the adhesive of the film layer with the 

substrate.  
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Figure 4.77 Assembly cross-section model of the a-C:H single layer and multilayer 

Cr/ta-C/a-C:H films. 

Model of the a-C:H single layer and multilayer films as shown in Figure 4.77. 

Normally, the performances of the multilayer system could be tailored by regulating 

components of adjacent layers. To improve the adhesion of the film-substrate, the Cr 

film with a thickness of 250 nm was deposited on the substrate for use as the 

interlayer. 

 The Cr interlayer was deposited by a HiPIMS technique. The average power 

of 140 W was applied to the Cr target for generating vapor of the Cr atoms. The 

substrate bias potential of -100 V was applied during the film growth.  

The a-C:H single layer with a thickness of 700 nm was deposited using an  

L-ALIS with the discharge potential of +1200 V under a working pressure of 0.13 Pa, 

in which uses argon gas (99.999%) and acetylene gas (99.99%) with a flow rate of 10 

sccm and 30 sccm respectively. The deposition time of 4 hours. The substrate has a 

swing coating mode to control the uniformity of the films. 

The multilayer films consist of ta-C layers alternated with a-C:H layers with 

many 22 layers. The first layer contacted with the interlayer was set as the ta-C layer 

with a thickness of 50 nm deposited using FCVA deposition and applied substrate 

bias potential of -200 V to improve the film-interlayer-substrate adhesion. The a-C:H 

layers were deposited using an L-ALIS with the discharge potential of +1200 V under 
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a working pressure of 0.13 Pa, in which uses argon gas and acetylene gas with a flow 

rate of 10 sccm and 30 sccm respectively. The deposition time for a-C:H layer of 15 

minutes and 40 seconds, and the substrate holder has a swing coating mode. While the 

ta-C layers were deposited using FCVA deposition, and the charger voltage of -504 V 

was applied to PFN for operating the FCVA source. Which generate stable arc pulses 

had a current amplitude of 720 A, a pulse duration of 1200 µs, and a repetition rate of 

1 pulse/s. The number of deposition pulses for the ta-C layer of 2400 pulses. To 

investigate the influence of C+ ions energy on the mechanical properties of multilayer 

films, the substrate bias potential of 0, -60, -80, -100 and -120 V was applied during 

the ta-C layer growth.  

Table 4.17 shows the detail of multilayer films, the modulation ratio of the ta-

C and a-C:H layers were set as 1:1 and the modulation period was about 50 nm.  In 

addition, the ta-C layer was always selected as the top layer for wear protection. The 

top ta-C has high hardness could provide high load carry capacity and contribute to 

long wear life. The multilayer thickness was determined higher than 1000 nm. 

Table 4.17 Specific information of the a-C:H single layer and multilayer films. 

Sample 

ta-C layer a-C:H layer 

Thickness 

ratio 

(nm) 

Film 

Thickness 

(nm) 

Substrate 

bias 

potential 

(V) 

sp3 

content 

Discharge 

potential 

(V) 

sp3 

content 

S-1 - - 1200 30.52 - 700 

M-1 0 75.99 

1200 30.52 50:50 >1000 

M-2 -60 80.37 

M-3 -80 83.46 

M-4 -100 81.42 

M-4 -120 80.84 

 The physical characteristics of a-C:H single layer and multilayer films on the 

SUS304 substrate as shown in Figure 4.78. In each condition, all 5 samples were 

produced at the same time. From the observation, it was found that the a-C:H single 

layer film has black color and gradient color non-observation. While the multilayer 
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films has green color tone and gradient color non-observation which indicates that the 

films has uniformity. However, the color of the samples is different, which depend on 

refrective index of the ta-C top layers. 

 

Figure 4.78 Physical characteristics of multilayer amorphous carbon films (Cr/a-

C:H/ta-C). The label is the code of the sample. 

4.5.1 FE-SEM result 

 The surface and cross-section morphologies of the a-C:H single layer and 

multilayer films were observed by field emission scanning electron microscope (FE-

SEM, Hitachi SU8030) as shown in Figure 4.79. The surface morphologies of S-1, M-

1, M-2 and M-3 films deposited on the Si substrate are shown in Figure 4.79 (a), (c), 
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(e) and (g) respectively. The surface of the films is very smooth, porous and pin-hole 

free, with grain structure not present, indicating an amorphous characteristic surface. 

In addition, microscale surfaces are non-significantly different. 

 The cross-sectional microstructure of S-1, M-1, M-2 and M-3 films deposited 

on the Si substrate are shown in Figure 4.79(b), (d), (f) and (h) respectively. The 

thickness of the films was analyzed using the ImageJ program, a minimum of 20 

points were performed on each sample, and the results were averaged as shown in 

Table 4.18. It was found that the a-C:H single layer film contains an a-C:H single 

layer film with a thickness of 676.35±3.58 nm on a Cr interlayer with a thickness of 

325.66±2.69 nm.  

While the multilayer films contain the alternating 22 coating layers of ta-C 

layers and a-C:H layers, which the first layer as a Cr interlayer with a thickness of 

260±6 nm and shows the columnar structure and good adhesion with the substrate. 

The multilayer film has a well-defined layered composition and a dense uniform 

structure. In addition, the interface between the multilayers is tightly bonded, and no 

significant peeling occurs. The darker (yellow) is the a-C:H layer and the brighter 

(green) is the ta-C layer. The contrast difference is produced by the difference in 

density between heterogeneous layers with different sp3 content [23], [214]. The 

carbon layer of M-1, M-2 and M-3 samples has a thickness of 1332.54±4.97 nm, 

1155.45±4.48 nm and 1165.51±2.95 nm respectively. However, M-4 and M-5 films 

on Si substrate is failure off during the film growth. Due to the higher substrate bias 

potential leading to micro-arc at the interface of Kapton tap and Si substrate, 

including the edge of Si substrate. But the M-4 and M-5 films on SUS304 did not peel 

due to the edge of SUS304 is chamfered in the sample preparation process, which 

decreases the probability of micro-arc occurring on the sample. 
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Table 4.18 Analyzed thickness data of the a-C:H single layer and multilayer films. 

Sample 
Thickness (nm) 

Film Thickness 
Cr interlayer Multilayer 

S-1 325.66±2.69 676.35±3.58 1002.00±4.49 

M-1 265.72±4.60 1332.54±4.97 1598.26±8.28 

M-2 262.39±1.82 1155.45±4.48 1417.84±5.07 

M-3 261.21±3.36 1165.51±2.95 1426.72±4.65 

M-4 

 

Fail 

M-5 

 

Fail 

Figure 4.80 shows the element depth distribution of the M-3 film measured 

using an EDS line scan. It can be found that the film has C, O, and Cr element 

compositions. The carbon element composition appears at the scanning depth of about 

0 to 1200 nm. In addition, the carbon element composition in the film changes with 

the alternating changes of the ta-C layer and the a-C:H layer. At the scanning depth of 

about 1200 nm presented intensity of the Cr element, which corresponds to the Cr 

interlayer. While the intensity of oxygen element increased with the increase of 

scanning depth and higher composition at the Cr interlayer due to the Cr interlayer 

deposited using operating pressure of 2 Pa, the oxygen composition in the deposition 

chamber will be increased. Therefore, this oxygen will be discharged, reacted, and 

deposited during the Cr layer growth. 
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Figure 4.79 The surface and cross section morphology of multilayer amorphous 

carbon films. (a) and (b) are S-1 sample, (c) and (d) are M-1 sample, (e) and (f) are 

M-2 sample, and (g) and (h) are M-3 sample. 
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Figure 4.80 EDS spectrum in line scan mode of the M-3 sample. 

4.5.2 Nanoindentation test 

The mechanical properties of multilayer DLC films such as hardness and 

Young's modulus are correlated with their composition, sp3 content, density, and 

modulation ratio [23], [215]. For example, DLC multilayer film with the alternation 

of the ta-C hard layer and ta-C soft layer exhibit high hardness and compressive stress 

[29]. The DLC multilayer with the alternation of hydrogenated DLC/metal-doped 

DLC films exhibits lower hardness (H), Young's modulus (E), density, thermal 

stability, and compressive stress [214], [216]–[218]. While the DLC multilayer film 

with the alternation of metal nitride/DLC and metal carbide/DLC films exhibit high 

hardness (H), Young's modulus (E), density, thermal stability, compressive stress and 

low adhesion with the substrate [98], [219], [220].  

Hardness is a significant parameter suggesting mechanical properties, while 

Young's modulus has also a significant role in wear behavior, in which use estimates 

the damage of the material or the film under load [221]. The hardness (H) and elastic 

modulus (E) of the multilayer films deposited on the SUS304 substrate were 

estimated by instrumented indentation, using a Hysitron: TI Premier, which is 

equipped with a three-sided pyramidal diamond tip in Berkovich geometry. Before the 

measurement stage, the tip calibration was performed using quartz, in order to 
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overcome the effect of tip rounding. To avoid the affectation of the substrate on the 

mechanical properties of the ta-C coating response, the load was determined to 

penetration depths lower than 10% of the coating thickness, which maximum loading 

is 10 mN. A minimum of 5 indentations were performed on each sample, and the 

results were averaged.  

The hardness and elastic modulus of the substrate, a-C:H single layer and 

multilayer films are summarized in Figure 4.81 and Table 4.19. The result shows that 

the SUS304 has a hardness and elastic modulus of 4.98±0.14 GPa and 202.09±4.22 

GPa respectively. The a-C:H single layer has a hardness and elastic modulus of 

22.29±0.17 and 162.11±2.24 GPa respectively. While the multilayer films has a 

hardness and elastic modulus higher than, the hardness and elastic modulus increases 

from 32.32±2.89 GPa to 37.61±0.93 GPa and 202.09±4.22 GPa to 300.61±1.31 GPa 

with the increase of the substrate bias potential from 0 V to -80 V. Then the substrate 

bias potential for the ta-C layer deposition higher than -100 V, the hardness and 

elastic modulus decrease again to 36.07±0.49 GPa and 273.34±2.44 GPa respectively.  

Besides the hardness and elastic modulus, indentation plasticity, defined as the 

ratio (hp/hmax) of the plastic displacement (hp) divided by the total displacement (hmax), 

can also be determined from load displacement curves. The plasticity values are 

tabulated in Table 4.19. It was found that the a-C:H single layer film showed the 

lowest plasticity of 21.20%, while the multilayer M-3 film showed the highest 

plasticity of 42.30% and the plasticity decreases with the increase of the substrate bias 

potential. It implies that the multilayer M-3 film is more capable of resisting plastic 

deformation. 

Figure 4.81 shows the load-displacement curves of indentations for films. The 

peak load is kept at 600 uN. The maximum penetration depth of 283.39±4.11 nm 

corresponds with the SUS304 substrate. The DLC coating increases the hardness of 

the substrate, the penetration depth will be decreased, which the a-C:H showed a 

penetration depth of 132.26±1.17 nm and the multilayer M-3 film showed a 

penetration depth of 121.06±3.35 nm. The hardness significantly increases from 22.29 

GPa to 37.61 GPa, which is ~ 68% increase. In a word, the multilayer design with the 

alternating of the hard-layer (ta-C) and soft-layer (a-C:H) could increase the hardness, 

elastic modulus and plasticity. 
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It is clearly that the multilayer film coating can improve the hardness and 

elastic modulus, which these parameters were controlled with sp3 content in the film.  

The a-C:H single layer film has the sp3 content of about 30%, while the multilayer 

films have the sp3 content in the ta-C layer higher than 75% (average sp3 content 

higher than 50%). Therefore, the multilayer films will have high hardness. Especially, 

the applied substrate bias potential of -80 V during ta-C layer deposition in the 

multilayer film leads to the highest hardness and elastic modulus. Due to the substrate 

bias potential of -80 V is optimized for deposited ta-C coating rich sp3 content and 

diamond-like characteristic.  

Moreover, another parameter used to predict the wear resistance of the film or 

predicting whether the film will crack or not under load, it is the H/E ratio (elastic 

strain to failure (rupture)). According to previous studies, the coatings with an H/E ≥ 

0.1 are considered to be resistant to cracking [180]. In addition, the H3/E2 ratio is a 

strong indicator of the resistance of coatings to plastic deformation (proportional to 

the elastic deformation of coatings), this parameter cannot be used to predict the wear 

and failure resistance of coating materials, but it is used to estimate the elasticity of 

coating materials well [181], [182]. The coating material with a high H3/E2 ratio 

increases elastic strain to failure and resistance to cracking under the load or well 

resistant to plastic deformation. 

The H/E and H3/E2 ratios as shown in Table 4.19Table 4.19. It showed that the 

H/E ratios have values in the range of 0.12 to 0.13 and non significantly different, 

indicating that the a-C:H single layer and multilayer films with good elastic strain to 

failure and resistance to cracking. The H3/E2 ratios have values in the range of 0.42 to 

0.63, and the a-C:H single layer film has the lowest H3/E2. While the multilayer films 

have a higher H3/E2 (>0.47). Therefore, the multilayer films have resistance to plastic 

deformation. This result proved that the multilayer films alternating of the ta-C and a-

C:H layer have good elastic strain to failure and resistance to cracking under the load 

because the ta-C layers have a role of absorbing the pressure from the applied load. 

And the a-C:H layers have a role of distributing the force into the volume of the film. 

As a result, the coating material will be well resistant to plastic deformation. 
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Figure 4.81 (a) hardness and elastic modulus and (b) load-displacement curves of 

indentations for the SUS304, a-C:H single layer and multilayer films. 
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Table 4.19 Summarized data of nanoindentation test. 

Sample H (GPa) E (GPa) H/E H3/E2 Plasticity 

(%) 

Penetration 

depth (nm) 

SUS304 4.98±0.14 202.09±4.22 0.0247 0.0030 84.98 283.39±4.11 

S-1 22.29±0.17 162.11±2.24 0.1375 0.4218 21.20 132.06±1.17 

M-1 32.32±2.89 267.94±1.51 0.1206 0.4703 40.08 130.71±4.79 

M-2 35.99±1.18 271.88±5.90 0.1324 0.6309 39.49 126.65±1.66 

M-3 37.61±0.93 300.13±1.31 0.1253 0.5906 42.30 121.06±3.35 

M-4 35.58±0.23 279.16±4.28 0.1275 0.5779 41.60 125.71±0.87 

M-5 36.07±0.49 273.34±2.44 0.1319 0.6282 40.32 126.39±0.55 

4.5.3 Scratch test 

The adhesion of the multilayer films to the SUS304 was assessed by scratch 

tests using a FISCHER: HM2000 equipped with a Rockwell C Spherical diamond (tip 

radius 200 μm). Repeat 3 scratch tests were performed on each sample and the results 

were averaged. The scratch protocol was progressive linear loading, starting load 0.5 

N, final load 20 N, scratch length 5 mm and loading rate 10.0 N/min. the samples 

were tested at an environment condition: temperature of 28.0 C and relative humidity 

of 40.00%. The results of interest were the loads necessary for the occurrence of 

destructive events: crack formation, partial delamination and total film failure. 

The micrographs in Figure 4.82 show the failure of the substrate/coating 

system when subjected to a scratch test with a progressive linear load of up to 20 N. 

The behavior of the film subjected to scratch tests can be divided into three groups. 

The first group is a-C:H single layer film, the crack after 3.1 N of sliding with an 

arrow shows the buckling spallation. Then at about 3.5 N, the film shows the 

delamination from the interlayer surface. The second group is multilayer films related 

to the sample codes M-1, M-3, M-4 and M-5. The crack after 4 N to 6 N of sliding 

with an arrow shows an angular crack, then the film shows the bucking spallation and 

coating chipping being generated along the track borders when the applied load is 

higher than 11 N. But the film did not present the severe crack in radius on surface of 

the film. And the third group is M-2 film, the top layer of the film is severely 

delamination from the second layer (the top layer).  
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Figure 4.82 Multilayer Cr/ta-C/a-C:H film failure after scratch testing. 

The wear behavior was investigated in the scratch test. The critical load is a 

strong parameter of total film failure, which is identified by using an acoustic 
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emission signal during the scatch test combined with wear characteristics on the film. 

The film consists of three main film layers: substrate, Cr interlayer and carbon layer. 

Therefore, the adhesive/cohesive failure must be divided into three sections: 

• The minimum load of cracking that occurs is called cohesive failure (LC1). 

• The load of the film beginning to peel off from the Cr interlayer 

continuously is called adhesive failure (LC2). 

• The load of the interlayer beginning to peel off from the substrate is called 

adhesive failure (LC3). 

 

Figure 4. 83 The acoustic emission signal of the scratch test. 

The critical load critical loads of adhesive/cohesive failure of the films as 

shown in Figure 4. 84. It was found that the critical loads of cohesive failure of the  

a-C:H single layer films of 3.16±0.31N and the critical loads of adhesive failure of the 

films of 3.53±0.52 N. While the multilayer films exhibit the critical loads of cohesive 

failure in the range of 4.21 N to 6.03 N and the critical loads of adhesive failure of the 

films of 11.69 N to 13.15 N, which the M-3 film exhibit the highest value of 

13.15±0.27 N.  
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However, the critical loads of adhesive failure of the Cr interlayer on SUS304 

have values in the range of 17.54 N to 18.28 N, not depending on the carbon coating 

layer. This means that the deposition condition of the carbon layer does not affect on 

properties of the Cr interlayer. Moreover, the similar value of the critical loads of 

adhesive failure indicates that the deposition process is stable.  

 

Figure 4. 84 Critical load of the a-C:H single layer and multilayer films deposited on 

the SUS304 substrate. 

The higher values for the critical loads indicate better adhesive/cohesive 

behavior of the substrate/coating system. This shows that the adhesive/cohesive of the 

multilayer film is higher than a-C:H single layer. Due to the a-C:H single layer film 

having a low sp3 content, the single layer has a high residual compressive stress from 

the long and complicated cross-linked sp3 bonds, including the mismatches of the 

elastic modulus and expansion coefficient between the DLC and the substrate giving 

rise to weak adhesion to the substrate and poor toughness as shown in Figure 4.85. 

While the multilayer film with good elastic strain to failure and high resistance to 

plastic deformation and cracking from the multilayer architecture, the multiple 

interfaces restrict the dislocation and defects in crystalline lattices and free volumes in 

amorphous structures, which contributes to improving the hardness and toughness. In 

addition, the defect being pinned by multi-interface structures helps to prevent crack 
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formation and propagation under complicated stress fields, where the multilayer 

interfaces act as barriers to stopping defect coalescence. The schematic illustration of 

the stopping cracks mechanism of the multilayer design is shown in Figure 4.85 

In addition, the multilayer films exhibit a high value of the critical load (LC1), 

this result indicates that the capacity of load-bearing of the film/substrate system of 

the film is greater than a-C:H single layer film, leading to potentially superior impact 

resistance. This result corresponds with the H/E ratio and H3/E2, in which low values 

of this ratio are associated with samples that exhibit much greater delamination. 

Although the values of the H/E ratio between the a-C:H single layer and multilayer 

films are relatively close, the relatively better adhesive behavior of the multilayer film 

can be associated with the higher value of the H3/E2 ratio. 

 

Figure 4.85 Comparison of cracks mechanism of the a-C:H single layer and 

multilayer film. 
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Chapter V 

Conclusion 

The aim of this work is to development of ionized physical vapor deposition 

system for superhard amorphous carbon coating. The importance conclusion of this 

Ph.D. thesis has been divided into four parts. (i) the development of ionized physical 

vapor deposition system, this system was designed in the concept of the hybrid system 

of physical vapor deposition, which supports the many works and applications. The 

plasma source consists of an anode layer ion source (ALIS), a Linear-anode layer ion 

source (L-ALIS), a magnetron sputtering source and a filter cathodic vacuum arc 

source (triggerless model), which a responsible for substrate cleaning, metal and 

compound deposition, and ta-C film deposition respectively. These plasma sources 

were installed on the side of the deposition chamber. The system can be controlled 

using PXI unit with the NI PXI-8108, NI PXI-2565, and NI PXI-6251card. The 

control panel on display it is written based on the LabVIEW program, in which the 

graphic of the panel is related to the actual characteristics of the system. Moreover, 

the deposition area and uniformity of the film can be controlled by the adjusting 

directional of the substrate holder, it can rotate and move in two-directional.  

(ii) The plasma diagnostics part, the plasma parameter such as ion energy, ion 

density and ion flux were characterized using an RFA probe. It was found that the 

initial energy of C+ ions (generated using an FCVA source) has a value in the range of 

15 eV. To improve the properties of the film, the plasma biasing and substrate bias 

techniques were applied in the FCVA deposition to increase the energy of depositing 

ions. For the plasma biasing technique, the mean energy of the C+ ions income to 

ground surface linearly increases with the increase of anode bias potential, due to the 

plasma potential will be increased. While the floating surface, the mean energy of the 

C+ ions increases from 18 eV to 45 eV with the increase of anode bias potential from 

0 V to +50 V, then the mean energy of the C+ ions enter a steady state for higher anode 

bias potential because the charges capacitance of ions on the surface lead to the 

resistance electrical force, then the energy of depositing ions will be decreased. Which 

can be observed from the floating potential on the surface is positive potential. 

Although the plasma biasing technique can increase the mean energy of the depositing 
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ions. But the density of the C+ ions was greatly reduced from 5.121016 m-3 to 

8.131015 m-3 due to the electrons in the plasma was absorbed by anode electrode of 

the FCVA source indicate that density of the plasma and ions decrease lead to 

decreased of ion flux. This affected on the deposition profile and deposition rate of 

the ta-C films. For the substrate bias potential technique, the mean energy of the C+ 

ions linearly increases with the increase of substrate bias potential due to surface 

potential drops. Moreover, the density of the C+ ions smaller decrease with the 

increase of substrate bias potential. It can be explained by the change of center of ta-C 

deposition area (the center of deposition area is the maximum ion flux which is 

related to the maximum bombardment of C+ ions). Therefore, an increase of substrate 

bias potential leads to an increase of mean energy, but it is not affected on the ion 

density (high energy high ion flux).  

(iii) It is well known that the structure and properties of diamond-like carbon, 

and in particular the sp3 content, can be controlled by the energy of C+ ions. 

Therefore, in the ta-C deposition, the morphologies, structural, and mechanical 

properties of the ta-C film deposited using FCVA deposition combine with the plasma 

biasing and substrate bias were compared. It was found that the ta-C films deposited 

using plasma biasing technique by applied anode bias potential of +80 V has a very 

low surface roughness, high sp3 content of 84%, high hardness of 47 GPa and low 

electrical conductivity of 2×10-5 S/m. However, the deposition rate of the film is low. 

While the ta-C films deposited using the substrate bias technique by applied substrate 

bias potential of -80 V has a smoother surface, high sp3 content of 83% and low 

electrical conductivity of 2×10-5 S/m. It can be seen that the plasma biasing and 

substrate bias technique can improve the structural and mechanical of the ta-C films. 

This was described by the densification model of Robertson [20]. When the energy of 

the depositing species is higher than the surface penetration threshold energy, the 

entering atoms penetrate through the surface of the film and subplantation occurs 

[222]. This leads to a rearrangement of the bonds from sp2 to sp3, resulting in an 

increase in the local density and hardness of the films. It can conclude that the sp3 

content in the ta-C films can be tailored by controlling energy of the depositing 

species (C+ ions). 
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In addition, structural properties of the a-C:H deposited using L-ALIS 

deposition by varying the discharge potential, were investigated. It was found that the 

deposition rate of the films increased with the increase of discharge potential, due to 

the increasing of discharge potential directly affected on E×B field in the discharge 

gap of the L-ALIS. With the higher discharge potential, the electrons were induced 

with the stronger E×B field and moved with the high energy on the discharge gap. As 

a result, the probability of an ionization rate of the C2H2 atoms increases. Therefore, 

the higher CmHn
+ is related to high ion flux and high deposition rate. However, the 

intense and energetic CmHn
+ deposition has more effective in the structure of a-C:H 

films. The Raman spectroscopy, XPS and XRR analysis found that the a-C:H films 

has an amorphous characteristic with a higher disorder in the films. The ID/IG has a 

value in the range of 0.84 to 0.89 for the discharge potential of 800 to 1600 V. In 

addition, the FWHM of G peak linearly decreased from 203.27 to 197.16 cm−1 with 

the increase of discharge voltage from 800 to 1600 V. The result completely confirm 

the observed behavior that the films at the lowest discharge voltage have increased 

structural disorder. Indicate that an increase of discharge potential leads to a decrease 

in disorder (increase sp2 phase in aromatic rings), which can here be linked to an 

increase in sp3 content in the films that correspond with the XPS test. The XPS test 

found that sp3 content (C-C and C-H bonded) decreased from 34% to 30% with the 

increase of discharge potential. Moreover, the XRR analysis confirms that the 

decreasing of sp3 content leads to a decrease of the density of films, which is a 

decrease from 2.31 to 2.22 g/cm3 with the increase of applied discharge potential of 

800 to 1600 V. This result can be discussed by the relaxation model of Ferrari and 

Robertson [20]. In the nature of L-ALIS discharge, the energy of depositing ions is 

higher (100 to 1000 eV depending on discharge potential and operating pressure) 

[ref]. When the energy of depositing ions higher than the surface penetration 

threshold energy (Ei >> Ep), the kinetic energy of depositing ions transfers to thermal 

energy and diffuse over the film surface leading to the relaxation of carbon structure, 

the microstructure in a bond rearrangement from sp3 to sp2 bonded and introduce the 

transfers from diamond-like carbon (DLC) to graphite-like carbon (GLC), which 

gives rise to a decrease in the local density of the films. 
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(iv) To produce a superhard amorphous carbon film with a thickness of more 

than 1 µm on the 304 stainless steel substrates. The multilayer design of alternating of 

ta-C layer and a-C:H layer was used. The multilayer films consist of Cr interlayer 

with a thickness of 260 nm and the alternating of ta-C layers and a-C:H layers with a 

thickness ratio 60 : 50 nm. The a-C:H layers were deposited using L-ALIS by applied 

discharge potential and discharge current of 1200 V and 13.5 mA respectively. While 

the ta-C layers were deposited using FCVA deposition by applying charger voltage -

504 V to the PFN, which generates the arc current with a maximum amplitude of 

about 720 A. The morphologies and mechanical properties were investigated using 

FE-SEM, nanoindentation tests, and scratch tests. It was found that the multilayer 

films have a thickness higher than 1000 nm and do not peel on the SUS304 substrate. 

The SEM image shows the surface of the films very smoother. The cross-sectional 

image shows the alternating of darker related to a-C:H layers and the brighter related 

to ta-C layers. The contrast difference is produced by the difference in density 

between heterogeneous layers with different sp3 content. In addition, the hardness of 

the multilayer films depends on applied substrate bias potential during ta-C layer 

deposition, in which the M-3 sample has a maximum hardness of 37.6 GPa due to the 

ta-C layers were deposited using substrate bias of -80 V.  Which we are proved that 

the ta-C films deposited using applied substrate bias potential of -80 V rich sp3 

content. Therefore, the M-3 films will be had a high hardness and high elastic 

modulus. Moreover, the multilayer films have high H/E and H3/E2, it indicates that the 

multilayer films have good elastic strain to failure and resistance to cracking under the 

load or well and resistant to plastic deformation.  

The scratch test showed that the critical loads of adhesive failure of the a-C:H 

single layer film of about 3.53 N. While the multilayer M-3 film exhibited the highest 

critical loads of adhesive failure of the films of about 13.15 N. In addition, the critical 

loads of adhesive failure of the Cr interlayer on SUS304 have values in the range of 

about 18 N. This result indicates that the adhesive/cohesive of the multilayer film is 

higher than a-C:H single layer due to the multilayer film have multiple interfaces, 

which helps restrict the dislocation and defects in crystalline lattices and free volumes 

in amorphous structures, leads to the prevents crack formation and propagation under 

complicated stress fields, which contributes to improving the hardness and toughness. 
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While the a-C:H single layer film has a high residual compressive stress from the long 

and complicated cross-linked sp3 bonds, including the mismatches of the elastic 

modulus and expansion coefficient between the DLC and the substrate giving rise to 

weak adhesion to the substrate and poor toughness.  
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Chapter VI 

Suggestion and further studies 

 

The future prospects of carbon based-materials, especially DLC films. this 

thesis has proposed a variety of investigations relating to system and plasma sources 

design to synthesis ta-C single layer, a-C:H single layer and multilayer amorphous 

carbon films which it is very much hoped will play an important part in increasing 

knowledge and providing a good foundation for further research and development in 

related areas. The ionized physical vapor deposition system with hybrid four plasma 

sources concept has been responded to be a promising system in developing industrial 

applications. In addition, the multilayer amorphous carbon film alternating of ta-C 

layers and a-C:H layers has been proved to be a promising method in developing new 

materials with exceptional properties in engineering and industrial applications. A 

specific analytical technique is, however, essential to clearly explain certain 

phenomena. Furthermore, the improvement of focusing coil of the FCVA source and 

PFN (for drive focusing coil) is required to achieve a better performance. Further 

studies, therefore, should be conducted into the following items:  

(i) The magnetron sputtering source should be upgrade to rectangular 

magnetron sputtering source to support industrial sample. 

(ii) The charger power supply for PFN should be high voltage spec power 

supply to produce highly density plasma and increase deposition rate of target 

material and improve properties of the films. 

(iii) The focusing coil of FCVA source should be external induction coil, 

which install outer the deposition chamber to reduce the influence on the plasma 

properties. 

(iv) To increase performance of macroparticle filter, the new PFN is requeued 

for drive only the filtering coil. 

(v) The PXI controller need the new PXI card such as SMU Gard, DMM 

Gard, and DEQ Gard to increase the data analysis option from the power supply, 

plasma diagnostic, mass flow controller and PFN. 
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(vi) The interface of ta-C/a-C:H layers and ta-C/Cr interlayer of the multilayer 

amorphous carbon films were investigated the nanostructure using cross-sectional 

transmission electron microscopy (TEM). 

(vii) X-rays photoelectron spectroscopy in depth profile is required to confirm 

the alternating of sp3 content in the multilayer amorphous carbon films. 

(viii) For practical implications the multilayer amorphous carbon films were 

investigated using wear test, corrosion test and erosion test. 

(viiii) in addition, it will be interesting to compare the influence of interlayer 

material such as CrSi2 including plasma treatments to increase the adhesion. 
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