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ABSTRACT 

  

The main objective of this work is to improve the mechanical properties 

and corrosion resistance of chromium-plated and NAB substrates by a-C:H coating 

using the RF-PECVD method. For the chromium-plated substrate, the silicon-based 

interlayers were prepared using the DCMS method. The a-C:H films with silicon-

based interlayers were characterized by X-ray photoelectron spectroscopy (XPS), 

Raman spectroscopy, field emission-secondary electron microscopy, nanoindentation, 

micro-scratching, and electrochemical corrosion measurements in terms of structure, 

morphology, mechanical and adhesive properties, and corrosion resistance. The 

surface morphology shows very homogeneous, smooth and dense microstructures 

without microparticle defects. The cross-sectional morphology between the a-C:H 

films and the interlayers shows a clear boundary at the interface without delamination 

and cracking, indicating good adhesive properties. The average thickness of the a-C:H 

films and the silicon-based interlayers was determined to be 317±12.99 and 

306±14.23 nm, respectively. The Raman spectra of the a-C:H films clearly show the 

presence of D and G peaks at 1,413–1,417 cm-1 and 1,562–1,569 cm-1 with the ID/IG 

of about 1.26, indicating the typical structure of the amorphous carbon films. The 

XPS results show that the bonding of C=C sp2 and C–C sp3 hybridizations with the 

carbon content of all samples is about 51.26±0.22 and 30.11±2.52%, respectively. 

The a-C:H films with a-Si:H interlayer exhibit the lowest corrosion current density, 

which is about 36 times lower than that of the uncoated chromium-plated substrate. 

Moreover, the hardness increases from 8.48 GPa for the uncoated substrate to 20.98 

GPa for the a-C:H/a-Si:H sample. The mixing with hydrogen gas could reduce the 

residual oxygen during the deposition process, which could reduce the Si–O and Cr–

O bonding and improve the adhesion between the a-Si:H interlayer and the a-C:H film 

and between the chromium-plated substrate and the a-Si:H interlayer. Therefore, 

based on the adhesive, hardness and corrosive properties, the a-C:H film with the a-

Si:H interlayer can be very useful to meet the multifunctional applications of the 
chromium plated products. 

For the NAB substrate, the multilayer DLC films were fabricated with the 

a-Si film as the adhesive layer. The a-Si interlayer was prepared by the DCMS 

method. A combination of DCMS and RF-PECVD was used to deposit the Si-doped 

DLC film. The a-Si interlayer has a high density of up to 93%, which is a good 
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quality for the adhesive layer. The DLC and Si-doped DLC films with density of 1.98 

and 1.86 g/cm3 were used as hard and soft layers, respectively. The multilayer design 

was investigated in terms of deposition period or stack (1, 3, and 5 stacks) with the 

same thickness. The surface morphology of the multilayer DLC exhibits a dense and 

smooth surface with an average total thickness of ~1,373±6.15 nm. The XPS and 

Raman spectroscopy results indicate that the silicon atoms are not bonded to the 

carbon atoms to form a Si–C bond, leading to an increase in graphite disorder in a Si-

doped DLC structure. The a-Si interlayer (5.43±0.35 GPa) has a higher hardness than 

the NAB substrate (3.71±0.34 GPa). All multilayer coatings have favorable adhesion 

strength on NAB with Lc3 value higher than 12 N. The multilayer DLC film with 5 

stacks (15.57±0.51 GPa) has about 4.2 times higher hardness and about 70 times 

lower corrosion current density (0.02 uA/cm2) compared to the uncoated NAB 

substrate. These good mechanical and corrosive properties can be explained by the 

thickness term of the top DLC layer and the number of interfaces of the coating. The 

protective coating with multiple DLC layers can positively influence the excellent 

mechanical properties and corrosion resistance of NAB. 

 

Keyword : Hydrogenated amorphous carbon film, Silicon-based interlayer, Radio-

frequency plasma-enhanced chemical vapor deposition method, Magnetron sputtering 

method, Adhesive properties, Mechanical properties, Corrosive properties 
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CHAPTER I 

Introduction 

 

1.1 Background and motivation 

Thin-film coating technology has been used in industrial applications such as 

microelectronic devices, automotive parts, metal surface coating, food packaging, and 

medical instruments and tools industries. The thin-film coating aims to enhance the 

material surface's properties because the thin films have some unique characteristics 

due to their structure [1]–[3]. The thin-film coating has been used as a protective layer 

in the surface coating and automotive parts industries to enhance the hardness and 

anti-corrosion properties and reduce the friction coefficient and wear rate. The 

protective thin-film coating significantly improves durability and extends the lifetimes 

of materials used in the abrasive and corrosive environments. A long time ago, several 

researchers attempted to investigate the enhancement of the surface coating 

technology with the thin film, especially the diamond-like carbon film or DLC film. 

DLC film, as an amorphous carbon material, has attracted much attention in 

the surface coating industry due to the combined properties of diamond and graphite. 

DLC films have unique and diverse properties, such as mechanical properties that can 

increase hardness, tribological properties that can reduce friction coefficient of the 

material surface, resulting in a low wear rate and improving performance and service 

life. The DLC film also offers excellent chemical inertness leading to high corrosion 

resistance [4]–[7]. The DLC film's outstanding properties result in applications in 

various industries, such as the magnetic data storage industry for the protective 

coating layer of magnetic storage disks and their read/write heads. In the automotive 

parts industry, the DLC is coated onto the piston ring and cylinder block to extend its 

service life and reduce the wear rate of continuously abrasive conditions. In the food 

packaging industry, the DLC film is applied to coat on to the PET bottle, fresh and 

dry food packaging due to the high atomic density of DLC film, so it acts as a gas 

diffusion barrier and then prolongs the shelf-life of food [8], [9]. These properties are 

mainly determined by sp2 and sp3 carbon hybridization, and hydrogen content of the 
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DLC film structure [4], [10]. The difference of sp2, sp3, and hydrogen content defines 

the following four types of DLC films; (i) tetrahedral amorphous carbon (ta-C), (ii) 

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

and (iv) hydrogenated amorphous carbon (a-C:H) [10]. The sp3 and sp2 hybridization 

of DLC confer many of the beneficial properties of diamond and graphite such as high 

hardness, low friction coefficient, low wear rate, and high corrosion resistance.  

The a-C:H film consists of sp3 carbon content of 0–50%, hydrogen content of 5–60%, 

density of 1.0–2.5 g/cm3, and hardness of 10–30 GPa (less than a diamond of 100 

GPa); however, the friction coefficient of a-C:H film (< 0.1) lower than diamond 

[10]–[12]. In addition, the properties of a-C:H film can adjust by the deposition 

method and process parameters; therefore, the a-C:H film has been widely applied 

and satisfies the need for specific applications. 

However, the major drawback of DLC's application is the poor adhesion to the 

substrate, especially to the ferrous alloy substrate. Due to the high internal 

compressive stress, mismatch in the chemical bonding, and incompatibility of thermal 

expansion coefficients between the DLC film (2.3 m/m.K) and substrates such as 

AISI 52100 hardened steel (11.5 m/m.K) and chromium (4.9 m/m.K), which leads 

to delamination and failure [13]–[18]. Therefore, the deposition of DLC film directly 

on ferrous alloy limits its industrial applications and the film's thickness. Several 

previous research has solved this problem; it was summarized into four methods.  

The first method is metal-doped into the diamond-like carbon network structure 

(metal-doped DLC); this method can directly reduce the internal stress and improve 

the film's adhesive and structural properties. The second method is the interlayer's 

growth on the substrate before DLC deposition; the atom of the interlayer can create 

strong chemical bonding at the interface between the substrate and DLC film.  

The third method is the plasma surface treatment on the substrate and interlayer to 

increase surface energy and dangling bond. The last method, the construction of the 

multilayer structure deposition between the soft and hard layers, which is a feasible 

approach to reduce internal stress, and also enhances the adhesion and film thickness. 

M. Nöthe et al. (2001) [19] and Z.-H. Xie et al. (2007) [20] reported that the silicon-

based interlayer coating could generate more robust and more chemical bonds at the 

interface than metal-doped DLC and plasma surface treatment [17], [18], [21]–[23]. 
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Although the multilayer design is a suitable method for DLC coating with a required 

thickness of more than 1 m. M. Cui et al. (2015) [24] reported that the multilayer 

design can coat the DLC film with a thickness of about 8.0 m, while the DLC single 

layer limits the thickness to a range between 1 and 3 m. However, the silicon 

transition layer was also needed improve the adhesive properties. Therefore, it can be 

generalized that the interlayers are necessary for DLC coatings with single and 

multiple layers. In recent decades, DLC coatings have attracted much attention in 

research and development for coating on various types of metal substrates. F. Cemin 

et al. (2016) [25] and S. Delfani-Abbariki et al. (2018) [26] reported the improvement 

of DLC adhesion on a steel substrate using a silicon-based interlayer. H. Cao et al. 

(2021) [27] deposited multilayer Ti-doped DLC films on an aluminum alloy and 

reported that the mechanical and adhesive properties of the films depend on the 

thickness of the Ti interlayer. Y. Lu et al. (2019) [28] investigated the improvement 

of tribological and mechanical properties of a copper substrate by multilayer DLC 

coating. S.S. Hadinata et al. (2013) [29] investigated and compared the DLC coatings 

on different materials such as stainless steel, carbon steel and brass in terms of their 

electrochemical behaviour. S.E. Mousavi et al. (2021) [30] recently investigated the 

DLC films coated with chromium carbide adhesive layers to enhance the mechanical 

properties, tribological behaviour, and corrosion performance of nickel-aluminum 

bronze alloys (NAB). All these literature reviews show that DLC films are being 

investigated and receiving attention as protective coatings on several types of 

substrates, especially metallic and alloy materials, to enhance mechanical and 

tribological properties and corrosion protection. However, according to our literature 

review, there are no studies on DLC protective coatings on chromium-plated 

substrates. For the materials of NAB, there was only one investigation, and that was 

in the form of single-layer DLC. 

A chrome plating is a chromium layer that is electroplated onto a substrate 

(metal, alloy, plastic, etc). Chromium (Cr) is a metal element with hard, brittle, high 

corrosion resistance, and blue-white colour. The chromium gains much attention to 

coat on the metal and plastic surface for decorative, shiny, anti-scratch, and anti-rust 

properties [31]–[33]. The electroplating method has been widely used for chromium 

coating. The electroplated layer of chromium is often referred to as chrome.  
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Chrome plating is mainly used for bathtub faucets, showers, and bathroom fixtures. 

There are two types of chromed layer: decorative chrome plating and hard chrome 

plating. The decorative chrome plating with a thin layer (~1 m thick) of chromium 

has the purpose of improving the shiny luster or mirror-like shine, aesthetic appeal, 

and as a protective coating that is easy to clean, making it desirable for various 

consumer products. While the hard chrome plating is thicker than decorative chrome 

and the goal of hard chrome is to increase the corrosion and wear resistance of 

equipment components in many industrial applications. Although the decorative 

chrome plating gives the corrosion resistance in most environments, it tends to form 

the microscopic cracks at the grain boundary due to stress, which leads to the 

corrosion at the grain boundary [34], [35]. These cracks form a pattern that 

intertwines with and sometimes reaches the base metal. A corrosive liquid or gas may 

penetrate the base substrates. Some studies have shown that the use of DLC coatings 

instead of chrome plating could improve the mechanical, tribological, and corrosive 

properties of the material [36], [37]. However, besides this substitution, it is also 

possible to use the DLC coating directly on a chromium layer, maintaining the 

esthetics and bright properties of the chromium layer. In addition, the DLC coating 

can solve the corrosion problem of the chromium layer and also improve the 

mechanical and tribological properties of the base substrates. Therefore, their service 

life will be prolonged even if they are used near the coast. Although the color of 

chrome plating changes from blond to shiny black after coating, they can be used for 

decorative applications to enhance the product value. 

Besides, the nickel aluminum bronze as an alloy material mainly consists of 

copper, aluminum, nickel, and iron, which show an excellent combination of 

mechanical and corrosion resistance properties. The NAB material most widely used 

in the marine parts such as water end entry valves and fittings, tubing, ship propellers, 

and oil rig equipment in the shipbuilding industry and offshore oil/gas petrochemical 

industries [38], [39]. The oxide layer of both aluminum and copper identifies the 

corrosion resistance of NAB. However, after prolonged exposure times to seawater 

and under conditions where seawater flows at high velocity or turbulence, the 

protective oxide layer may be damaged, reducing corrosion resistance [40]. DLC 

coating is one of the ways to protect the NAB material. The excellent chemical 
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inertness of DLC film can improve the corrosion resistance of the coated substrates. 

Moreover, the mechanical and tribological properties of the substrate surface also 

improve. For the application of corrosion resistance, the multilayer DLC coating is 

more suitable than a single layer because of the higher thickness and the larger 

number of interfaces.  

Therefore, the aim of this work is to improve the corrosion resistance and 

mechanical properties of chrome plating and nickel aluminum bronze by coating the 

a-C:H film with the silicon-based interlayer for adhesion enhancement. This thesis 

was divided into 2 parts; (i) chromium-plated substrate and (ii) NAB substrate. For 

the chromium-plated substrate, the four different types of amorphous silicon (a-Si), 

amorphous silicon nitride (a-Si:N), hydrogenated amorphous silicon (a-Si:H) and 

hydrogenated amorphous silicon carbide (a-SixCy:H) were deposited as interlayers by 

direct current magnetron sputtering (DCMS), while the a-C:H films were deposited by 

radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) under the 

same conditions. The DLC film with different silicon-based interlayers in the form of 

a single layer is studied because the focus is on improving the adhesive and corrosive 

properties. While the NAB substrate focuses on the mechanical and corrosive 

properties, the multilayer DLC is selected. The multilayer DLC films were designed 

and fabricated to be studied in terms of deposition period or stack (1 stack, 3 stacks 

and 5 stacks) with the same controlled of the total thickness for NAB. The a-Si film 

was used as an adhesive layer while the DLC and silicon doped DLC (Si-doped DLC) 

films were used as the hard and soft layer. A combination of DCMS and RF-PECVD 

method was used to deposit the Si-doped DLC film. The effect of different silicon-

based interlayers for chrome plating and deposition stack for NAB will be 

systematically investigated and described using the characterization of field emission-

secondary electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), 

X-ray reflectivity (XRR), Raman spectroscopy, nanoindentation, micro-scratching, 

and electrochemical corrosion measurements in terms of morphology, structural, 

mechanical properties, adhesive properties, and corrosion resistance. The ultra-low 

friction coefficient and high corrosion resistance of a-C:H film has an excellent 

potential to improve the lifetimes, energy-saving, diminish the expenses, and satisfy 

the use of marine parts. 
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1.2 Research objectives 

The objectives of this thesis are split into two points as follows. 

1. To improve adhesive properties of a-C:H film on chrome plating and nickel 

aluminum bronze using the silicon-based interlayer prepared by the DCMS 

method.  

2. To enhance the mechanical properties and corrosion resistance of chrome 

plating and nickel aluminum bronze by coating the a-C:H and multilayer 

DLC films based on the RF-PECVD method. 

 

1.3 Research scope 

This research focuses on the deposition of a-C:H and multilayer DLC films 

based on RF-PECVD method, and the silicon-based interlayer based on the DCMS 

method. The research scope for chromium-plating and nickel-aluminum bronze parts 

were given as follows. 

1. The chrome plating and nickel aluminum bronze are used as the substrate for 

mechanical, corrosion and adhesion measurement. 

2. The p-type silicon substrate is used for morphology and structural properties 

measurement. 

3. The p-type silicon with copper backing plate (2 inches diameter and 0.125 

inch thick, 99.999% purity) is used as the sputtering target. 

4. The DC power supply is used to drive the magnetron sputtering source for 

interlayer coating. 

5. The radio frequency of 13.56 MHz is used as the power source for a-C:H 

coating. 

6. The importance deposition parameters were given by: 

• Base pressure 

• Distance between the target and substrate 

• Gas flow rate 

• Sputtering power 

• RF power 

• Deposition time 
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7. Analytical techniques 

• Surface and cross-sectional morphology  by: 

- FESEM 

• Structural properties by: 

- XRR 

- XPS 

- Raman spectroscopy 

• Adhesive properties by: 

- Micro-scratching 

• Mechanical properties by: 

- Nanoindentation test 

• Corrosive resistance properties by: 

- Electrochemical corrosion test (3.5 wt% NaCl solution) 

 

Characterization techniques used to identify the film properties such as 

morphology, structural, adhesive, mechanical and corrosion resistance are 

summarized in Table 1.1. 

 

Table 1.1 Characterization techniques and corresponding film properties. 

Techniques Film properties 

Field emission-secondary electron microscopy 
Surface and cross-sectional 

morphologies 

X-ray reflectivity Density, thickness 

X-ray photoelectron spectroscopy 
Chemical bonding, element 

content 

Raman spectroscopy ID/IG ratio 

Micro-scratching 
Critical load, morphology of 

scratch marks 

Nanoindentation test Hardness, elastic modulus 

Electrochemical corrosion test 
Corrosion current density, 

corrosion potential, porosity 
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1.4 Anticipated outcomes 

This thesis's expected outcomes are to gain experience in being involved in a 

large project and develop research about the synthesis and characterization of the a-

C:H film on chrome plating and nickel aluminum bronze with the silicon-based 

interlayer. The films prepared can enhance the anti-corrosion, mechanical and 

adhesive properties of these alloys. In addition, the knowledge of synthesis and 

analysis of this thesis publish in international publication.  

 

1.5 Research timeline 

The research schedule corresponding to the academic year was started from in 

June 2019 and completed in May 2022. The steps to learn and perform this research 

topic shown in Table 1.2. 

 

Table 1.2 Schedule of this research. 

Activities 

2019 

S
u

m
m

er
 2020 

S
u

m
m

er
 2021 

1 2 1 2 1 2 

Literature review         

Development of the hybrid RF-PECVD 

system 
        

Thesis title and thesis advisor appointment         

Qualifying Examination (QE)         

Writing the thesis chapter 1-3         

Thesis proposal examination         

Design an experiment         

Deposition of the a-C:H film with silicon-

based interlayer 
        

Characterization of the a-C:H film with 

silicon-based interlayer 
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Activities 

2019 

S
u

m
m

er
 2020 

S
u

m
m

er
 2021 

1 2 1 2 1 2 

First draft manuscript paper         

Submit manuscript paper         

Writing the thesis chapter 4-5         

Thesis defense examination         

 

 

1.6  The location of the research 

The main places for doing this research are located as follows. 

- Technological Plasma Research Unit (TPRU), Department of Physics, 

Faculty of Science, Mahasarakham University (MSU), Maha Sarakham, 

Thailand. 

- Department of Physics, Faculty of Science, Khon Kaen University (KKU),  

Khon Kaen, Thailand. 

- Beamline 3.2a and 3.2b, Synchrotron Light Research Institute (SLRI) Public 

Organization, Nakhon Ratchasima, Thailand. 

 

1.7 Outline of the thesis 

This thesis is divided into six chapters that relate to the general research 

process. Chapter I covers the background and motivation of this thesis, thin-film 

coating technology for industrial applications, different types, and properties of DLC 

films, previous work, problems of DLC adhesion, objectives and scope of the 

research. Anticipated outcomes of this research are clearly pointed out. Chapter II 

presents the theoretical background and literature reviews on DLC films, the problems 

with the adhesive properties of DLC to metal substrates, and the approach used to 

solve the problem. The disadvantages and problems of using chromium-plating and 

NAB substrates in seawater or corrosive conditions are highlighted. Chapter III 

explains the methods of interlayer coating by magnetron sputtering and DLC coating 
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by RF-PECVD. The hybrid RF-PECVD/MS system, which consists of the vacuum 

system, magnetron sputtering source, bottom electrode, and vacuum control system, is 

described in detail. This chapter also covers the details of substrate preparation and 

cleaning, and the thin-film deposition process. Chapter IV shows the results of a-C:H 

films with different silicon-based interlayers deposited on a chromium-plated 

substrate. The analysis of the morphology, structural, mechanical, adhesive, and 

electrochemical corrosion of the coating has been shown and discussed. Chapter V 

shows the results of the multilayer DLC coatings deposited on the NAB substrate. The 

characterization of the morphology, structure, mechanics, adhesive and 

electrochemical corrosion of the multilayer was shown and discussed. Finally, 

Chapter VI summarizes the main conclusions of this thesis and offers suggestions for 

future work. 



 

 

 

CHAPTER II  

Literature reviews and theoretical background 

 

In this chapter, the theoretical background regarding the DLC film, the 

principle of the RF-PECVD method, the magnetron sputtering, and the analytical 

techniques are given in detail. This chapter consists of the following six issues as 

follows: (i) literature review, (ii) chromium-plated and nickel-aluminum bronze 

substrates, (iii) amorphous carbon, (iv) hydrogenated amorphous carbon films, (v) 

preparation of a-C:H film using RF-PECVD method, and (vi) preparation of interlayer 

using magnetron sputtering technique. 

 

2.1 Literature reviews 

As is well-known, the diamond-like carbon film has mostly been investigated 

in the scientific community and industry due to its excellent properties such as high 

hardness and elastic modulus, low coefficient of friction, good biocompatibility, good 

anti-corrosion, and high wear resistance. DLC film is commonly applied as a 

protective coating in the microelectronic device, magnetic data storage, biomedical 

component, automotive parts, food packaging, and marine part, etc. [41]. Moreover, a 

critical review by Mahmud et al. (2015) [22] reported the DLC can be used as a dry 

solid lubricant in the part that cannot be lubricated by wet lubricants such as 

biological, food processing, and chemical pump applications. Most of all, the ultimate 

goal of DLC coating on substrates is to increase their lifetime. Despite the DLC film 

being studied and developed for more than two decades, many restriction problems 

remain unresolved for the practical application. Recently, the deposition of DLC film 

on ferrous and ferrous alloy substrate has attracted great interest because their 

mechanical, tribology, and anti-corrosion properties can be improved significantly. Li 

et al. (2019) [23] has reported that the thick DLC film often fails to protect the 

substrate material due to the coatings tend to delaminate after a critical thickness is 

reached. In general, thick films can achieve high performance in a wide range of 

applications. However, Cui et al. (2015) [24] concluded that the DLC film’s thickness 
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is limited by the high internal stress, mismatch of the chemical bonding, and 

incompatibility of thermal expansion coefficients. These factors result in DLC film’s 

poor adhesion on substrates, causing films to delaminate and peel off, reducing 

industrial applications [41]. The DLC film can present the desired property if the 

adhesion between the substrate and coating materials is strong enough. On the ferrous 

and ferrous alloy substrate, the weakly bonded carbon at the DLC film/substrate 

interface usually leads to a spontaneous separation of the DLC film from the 

substrates. Thus, the substrates request assistance from the third party of the 

intermediate layer or interlayer to improve the adhesion [38]. 

The adhesion is the interaction of chemical bonding with atoms and molecules 

at the interface between two surfaces. The strength of the interfacial chemical bonding 

has a significant influence on the adhesion [41]. The DLC films can be coated over 

the adhesion supported interlayer, so the interlayer should be appropriately selected. 

The interlayer materials must be strongly attached to the substrate and coating film. 

Boeira et al. (2018) [17] and Crespi et al. (2019) [42] recapitulated that interlayers 

can be classified into two main groups. The first group is pure metallic interlayer, 

such as Ti, Cr, W, Al, and Mo. Sometimes the compound metallic interlayer can be 

added by the N and C to create the metallic nitrides and carbides such as TiN, CrN, 

and WC prepared by the PVD methods. The second group is nonmetals, and 

semiconductor materials such as N, C, B, F, and Si-containing interlayers. They can 

be implanted and deposited by the nitriding/carburizing techniques and PECVD/PVD 

processes [17], [42]. Silicon and chromium-based interlayers are frequently used as 

the interlayer of DLC films. Furthermore, the SiNx and SiNx:H are very reassuring as 

the interlayer because they have not only given the high adhesion and wear resistance 

but also significantly improved the corrosion resistance and the stability of DLC films 

[41], [43]. Yang et al. (2019) [44] investigated the effect of silicon-based interlayer on 

the microstructure, adhesion, in vitro corrosion resistance, and tribological behaviour 

of DLC film coated on titanium substrate. They found that the DLC with interlayer 

shows the high critical load, low friction coefficient, and good in vitro corrosion 

resistance compared with the DLC without interlayer. Azzi et al. (2010) [45] studied 

the corrosion performance and mechanical stability of DLC films on the medical 

grade 316L stainless steel substrate in the context of their biomedical applications in 
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which the DLC prepared using RF-PECVD. They also investigated the effect of the 

amorphous hydrogenated silicon-based materials such as a-Si, a-SiNx, a-SiCx, a-

SiCxNy, and a nitride interlayer to optimize its adhesion strength. The nitride 

interlayer was created using the plasma nitriding process. The substrate was exposed 

in the pure nitrogen plasma, while the silicon-based interlayer was prepared by the gas 

precursor of silane (SiH4). They reported that the a-SiNx interlayer shows the 

significant improvement of adhesion. Moreover, it was still found to significantly 

increase the corrosion resistance of medical grade 316L stainless steel and 

substantially improve this coating system's mechanical stability in the simulated body 

fluid environment. Boeira et al. were published a series of research work about the 

process parameters of the silicon-containing interlayer preparation on the adhesion of 

DLC film deposited on ferrous alloy substrates [17], [18], [42], [46], [47]. They used 

hexamethyldisiloxane (HMDSO), tetramethylsilane (TMS), and tetraethoxysilane 

(TEOS) as the liquid precursors. The results showed that the high deposition 

temperature of at least 300 °C is still needed to provide adequate adhesion, which will 

adversely affect the substrates with a low melting point. In addition, the oxygen in the 

liquid precursors resulting in low adhesion. The nitrogen and hydrogen plasma 

treatments are necessary to reduce the oxygen in the interlayer structure. Chen et al. 

(2015) [48] were investigated the effect of difference Si, SiNx, and CNx interlayer 

prepared using magnetron sputtering on the performance of DLC films on Si 

substrate. They found that the DLC deposited on the SiNx interlayer shown the 

highest uniform surface micrograph and least ID/IG ratio. The highest full wave at full 

width at half-maximum (FWHM) is observed, suggesting the lowest disordering 

among all the samples. While the DLC film without interlayer shows significant stress 

due to the interdiffusion of C atoms into the Si substrate and leads to the stress 

accumulation on the surface. The addition of an interlayer can decrease the internal 

stress and improve the DLC's adhesion on various substrates. It is promising which 

can push forward the DLC films for a wide variety of industrial applications. 

Silicon-containing interlayers can be prepared using gaseous, liquids, and 

solids as a source of silicon atoms. However, poison gases such as SiF4 and SiH4 were 

often used in which high safety processes are required. Vaporized liquids such as 

TMS, HMDSO, and TEOS need a high substrate temperature to provide adequate 
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adhesion. Moreover, some precursor contains oxygen, which results in a significantly 

degrade of interface bonding between the interlayer and substrate or DLC film. In 

comparison, magnetron sputtering could be a potentially beneficial technique for 

applying silicon based thin-film coatings on metal substrates. The advantages of the 

magnetron sputtering technique are nontoxic and non-dangerous of sputtering gas. 

Therefore, in this work, the magnetron sputtering technique is an excellent choice for 

the deposition of the silicon-based interlayer. Plasma enhanced chemical vapor 

deposition is a technique that can extend the applicability of the method for various 

precursors, reactive organic and inorganic materials as well as inert materials. In thin-

film processes for microelectronic applications, radio frequency (RF) glow discharges 

are used almost exclusively. Practically all plasma etching and deposition processes in 

thin-film technology utilize RF rather than dc or low-frequency glow discharges. The 

reasons for this are severalfold. Electrons gain sufficient energy during oscillation in 

the alternating field to ionize molecules during impact collisions. Therefore, unlike 

low-frequency plasmas, the discharge can be sustained even with low secondary 

electron yield. Electron oscillations also enhance ionization efficiency so that low 

pressures can be invoked. Finally, since surfaces in contact with plasma are 

bombarded with electrons and positive ions on alternate half cycles of the RF, 

insulators can be used as electrode materials.  

Chrome plating is the chromium deposition obtained by electrolysis, which is 

of great importance in the field of decorative and industrial coatings. However, 

chrome plating containing minute cracks resulting in corrosive substance may 

penetrate into the cracks [49]. NAB is a metallic alloy widely applied for ship valves 

and marine components. While displaying a good combination of corrosion resistance 

and strength, NAB is still apt to different forms of corrosion, such as stagnant 

seawater corrosion, selective phase corrosion, and cavitation erosion [50], [51]. 

Therefore, if these metallic alloys are to be used in the saltwater or under the 

corrosive circumstances, the solution to avoid the problem of samples is to process the 

high corrosion resistant DLC films on the top of the interlayer and specimens. 

A few research works have been investigated on the anti-corrosion property of 

a-C:H film on the chrome plating and NAB in seawater. Most research is focused on 

the mechanical and tribology properties for the engine component in the mechanical 
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industry. Another interesting way to enhance the corrosion and other DLC properties 

is the design of the multilayer structure. Cui et al. (2015) [24] investigated the 

corrosion and tribocorrosion properties of multilayer DLC film on steel substrate 

compared with the steel substrate and single layer DLC on a steel substrate. The 

results show that the multilayer DLC film is a superior protective material for 

improving corrosion and wear performance due to the lower corrosion current density 

compared to the substrate and single layer DLC film leading to extremely low wear 

rate under NaCl conditions. In general, the multilayers achieved by periodically 

alternating deposition of hard and soft of DLC layers; the hard DLC layer produces 

large elastoplastic deformation, while the soft DLC layer can alleviate the high stress 

of the hard layer [23]. Wang et al. (2013) [52] described that the hard layer's residual 

stress is the tensile stress, whereas that for the soft layer is compressive stress. Thus, 

the directions of strains occurring in soft and hard layers are opposite. The adhesion 

strength between these layers is sufficient; the stress does not cause the soft and hard 

layer peeling off each other. Therefore, an in-house hybrid RF-PECVD system is 

mainly used for the silicon-based interlayer coating and non-conductive materials, 

especially the a-C:H film to improve the corrosion resistance of chrome plating and 

NAB. Further studies will be conducted on a multilayer DLC film to enhance the 

superior anti-corrosion property. 

 

2.2 Chromium-plated and nickel aluminum bronze substrates 

The main substrates used in the thesis for DLC's deposition with silicon-based 

interlayer and multilayer DLC films are the chrome plating and NAB. These 

substrates are coated with DLC films to enhance the anti-corrosion property of 

components used under seawater conditions. The chrome plating was coated on 

consumer products such as the faucet, part of a marine boat, furniture, household, 

appliances, etc. that require esthetic, brightness, and corrosion resistance [53]. In the 

oil, petroleum, and chemicals industry, the chrome plating was used for interior and 

exterior coating of highly strained parts and interior coating of transport pipes [54]. 

While the NAB material is extensively used in the marine parts such as water valves, 

ship propellers, fittings, tubing, and oil rig equipment in the shipbuilding industry and 
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offshore oil/gas petrochemical industries due to its excellent anti-corrosion property 

[38]. However, it is necessary to enhance the anti-corrosion property of theses 

substrates under advanced usability conditions. Thus, to overcome this drawback, the 

DLC coating's multifunction is considered an excellent choice as a protective layer 

coating to enhance the corrosion resistance. 

Chromium is the metal in the transition metal category, which was first 

discovered by the France chemist Nicolas Louis Vauquelin in 1780. He accidentally 

discovered while experimenting with extracting a material known as Siberian red lead 

or also known as the mineral crocoite (PbCrO4) [55]. The detail of chromium reveals 

that it is a blue-white metal that is hard, brittle, and good corrosion resistance. 

Chromium can be polished to be a very lustrous surface and is often coated to other 

metals to form a protective coating layer. Also, chromium can be added or doped into 

steel to improve the hardness. The chrome plating is the material thin layer of 

chromium material that is coated onto the object surface of other metal such as 

aluminum, brass, stainless steel, copper, or plastic. This coatings' objective is to 

increase the bulk material's surface properties, usually referred to as a substrate. The 

chromium coating offers several benefits that can improve equipment performance. It 

can enhance amongst other features, decorative, scratch resistance, adhesion, 

wettability, and reduces friction coefficient, reduces wear and damage from corrosion, 

reduces erosion, etc. In general, the chromed layer was coated on the surface using the 

electroplating method, and the chromed layer on the surface is often referred to as 

chrome or chrome plating. Chrome plating conducts the brightness, blue-colour, and 

mirror-like of the surface. The chrome plating is classified into two types: (i) hard 

chrome plating and (ii) decorative chrome plating. 

The hard chrome plating is thicker than decorative chrome plating, and a 

typical thickness of hard chrome plating is in the range of 10−200 m. The hard 

chrome layer is directly coated on the bare metal surface to achieve the unique 

properties due to the thick layer of chromium. The hardness of this is in the range of 

46−74 R.C. depending on the electroplating condition. This hard chromium-plated 

layer can enhance the hardness, durability, corrosion resistance, and wear resistance 

of metal components for more effective machinery use. The hard chromium-plated 
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applications are the hydraulic rods, thread guides, mold surfaces, and piston rings 

[56]. 

The decorative chrome plating is commonly coated on top of either copper or 

nickel layer as the sub-layer. These sub-layers incline to protect the substrates from 

the micro-cracking chrome plating. The typical thickness for the decorative 

chromium-plated layer is in the range of 0.5−2 m, and the total thickness of 

including the sub-layers and chromium-plated layer is typically 10 m [56]. 

Decorative chrome plating provides a surface to a glossy, mirror-like shine, aesthetic 

appeal, smooth, and protective coating appearance desirable for various consumer 

products. Its smooth surface of the chromium-plated layer does not trap the dust 

particles and dirt. Therefore, the products are easy to clean and can keep on shining 

for long-term use. Decorative chrome plating can protect the products against wear 

and rust when products get exposed to the corrosive condition. For consumer products 

like the faucet, household, furniture, musical instruments, and car parts, the decorative 

chrome plating can increase products' perceived value and attractiveness. 

The corrosion resistance of hard and decorative chrome plating depends on 

forming a thin layer of the oxide film, which protects it from further oxidation. The 

oxide film is sometimes called passive film. Also, the poor wettability of chrome 

plating protects easy access of corrosive liquid [57]. Even though the decorative 

chrome plating achieves the wear and corrosion resistance in environments but 

sometimes it tends to occur the microscopic cracks, which leads to corrosion and 

wear. 

The aluminum bronze materials are the alloy metal of the copper-based alloys 

containing approximately 5−11% of aluminum [58]. Since 1850 of the first 

production of aluminum bronze, there is developed in elemental additions to improve 

the mechanical and corrosion resistance properties [39]. The binary system of early 

aluminum bronze consists of copper and aluminum, with aluminum content ranging 

from 5−11%. The increase of aluminum to about 8−9% results in higher strength, 

which is ascribable to a hard face-centered cubic (fcc) phase, improving their 

properties. In addition, some materials such as iron, nickel, silicon, and manganese 

can be added into aluminum bronze. All aluminum bronzes offer the best combination 

of mechanical and corrosion resistance properties, depending on their metallurgical 
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structure and composition. Consequently, these aluminum bronzes produce wide 

properties that are beneficial to a diverse range of industries. The other alloying 

elements also adjust the properties and modify the microstructure. Iron acts as a grain 

refiner and increases tensile strength, while the nickel enhances the properties of yield 

strength and corrosion resistance. Both of nickel and manganese adjust the 

microstructure stabilizers [38]. 

The nickel aluminum bronze has been used in various aerospace, architecture, 

marine part, offshore oil/gas and petrochemical, and desalination and water condenser 

systems applications. NAB is widely used in marine applications, particularly as the 

valves and fittings, valve stems, pump casings, pump shafts, ship propellers, etc. The 

NAB’s corrosion resistance relies on forming the oxide layer in both copper (Cu2O) 

and aluminum oxides (Al2O3), which perhaps about 900 to 1000 nm thick of the oxide 

layer. The oxide layers of nickel and iron also tend to occur after longer exposure 

times in the seawater. More oxygen concentration leads to a more protective oxide 

layer. These oxide layers act as a protective barrier and can self-repairing even in the 

very low oxygen levels in the seawater environment. While the alumina film (Al2O3) 

has high hardness, it creates higher resistance to erosion and abrasion. The oxide layer 

on the NAB surface achieves corrosion protection resulting in corrosion resistance. In 

general, at the recommended value of 4.3 m/s velocity, the oxide layer has an initial 

thickness of ~0.001 mm. The thickness will increase with time resulting in a steady 

corrosion rate of ~0.05 mm per year [38]. Moreover, under seawater conditions 

flowing at high speed and intermittent or with a high degree of turbulence, and 

oxygen is present enough, the protective oxide layer has time to repair itself. 

However, if the seawater’s flow rate is persistent high or turbulent, the protective 

oxide layer unable to self-repair. Then shear stresses can be created, which may be 

degraded of the protective oxide layers, locally uncover the unprotected bare metal, 

and cause higher corrosion when the protective oxide layer formation rate is lower 

than the corrosion rate [38], [59]. If NAB’s surfaces of or chrome plating get the 

corrosion, that can reduce the product’s lifetime. Changing these products frequently 

is also not undesirable because of the high cost involved [60]. 
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2.3 Structure and classification of amorphous carbon 

Amorphous carbon is a non-crystalline solid forming based on the chemical 

element of carbon allotropic. The carbon is the sixth element in the periodic table, and 

it is one of the fourth most abundant species behind hydrogen, helium, and oxygen 

[61]. The isotopes of carbon have three: 12C, 13C, and 14C, and the 12C and 13C are 

the stable isotopes. Most of Earth’s carbon (~98.89%) occurs as the 12C isotope 

contains six protons and six neutrons that the two electrons closed the inner shell, and 

the four electrons closed the outer shell acting as a valence electron [62], [63]. The 

electron states of carbon can be classified by the principal quantum number of n = 1, 2 

and by the angular momentum values of s orbital for n = 1, 2 with two states of spin 

directions and p orbital for n = 2 with six states corresponding to the three possible 

orientations of px, py, and pz with two spins. The ground state of a carbon atom 

consists of two core electrons in the 1s orbital and four valence electrons in the 2s and 

2p orbital with corresponding to 1s2, 2s2, 2p2. The electron density distribution for s 

and p state is represented in Figure 2.1 [10]. 

 

 

 

Figure 2.1 The distribution schematic of the density of carbon valence electrons in 

the s and px state. 

 

The carbon compound’s structure is based on the covalent bonding of pi () 

bond and sigma () bond by the overlap of localized electron distributions of 

neighboring atoms. The bonding can be mixed or hybridized by the redistribution of 

carbon’s valence electron. As shown in Figure 2.2 (a), the redistribution of electron 

states may be separate as three sequences. In the first step, in the ground state of a 

carbon atom (1s2, 2s2, 2p2), the one-electron in 2s orbital is excited from the ground 
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state and transferred to 2p orbital with the excitation energy of 2.4 eV and lead to the 

excited state of a carbon atom. However, the energy of this exciting electron at 2p-

subshell is higher than 2s-subshell. Therefore, in the second step, 2s and 2p orbitals of 

excited state are mixed or hybridized, and this hybridized state has lower energy than 

2p orbitals. The number of hybridized orbitals usually is the same as the number of 

mixed orbitals, and the hybridized orbitals results of one 2s and three 2p orbitals are 

four orbitals. These hybridized orbitals refer to called sp3 hybridization because it is 

formed with one s orbital and three p orbitals. In the final step, the sp3
 hybridization 

interacts with a neighbored electron result in the reduction of electron energy, and 

then the carbon atoms are bonded with a  bond. In the same way, the sp2 

hybridization has occurred with the mixture of 2s orbital and only two 2p orbitals, 

while the 2s orbital of carbon’s excited state is merged with only one of three 2p 

orbitals that called the sp1 or sp hybridization [10], [64], [65]. 
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Figure 2.2 Scheme of (a) the electron states redistribution, (b) the hybridization of s 

and p orbitals of the electron distributions, + and − denote the signs of the wave 

functions, (c)  the overlap of p orbital with covalent  and  bonding [10]. 

 

Figure 2.2 (b) represents the schematic example of the redistribution of s and p 

orbital by the hybridization, + and – denote the signs of wave functions. The s (+) 

orbital hybrid with the p (–) orbital and s (+) orbital hybrid with the p (+) orbital 

resulting in a different shape. The electron clouds overlap directly between the atom’s 

p orbital, leading to a strong bond or  bond. While the  bond is formed with 

sidewards or side by side overlap oriented of p orbitals leading to a weak bond, as 

shown in Figure 2.2 (c). 
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As shown in Figure 2.3, most carbon allotropic forms are crystalline and 

amorphous, such as diamond, graphite, graphene, single-walled carbon nanotubes 

(SWCNTs), multi-walled CNTs (MWCNTs), carbon nanobud, fullerene or buckyball, 

amorphous carbon or DLC, etc. They are found in nature and synthesis in a laboratory 

[66], [67]. The amorphous carbon form is also often named as the diamond-like 

carbon that contains the sp2 and sp3 hybridization. In the sp2 hybridization of the 

graphite structure, three of the four valence electrons of the carbon atom are bonded 

with another electron to the trigonal planar geometry with three strong  bonds in the 

same plane. The angle between these atoms is 120o, and the distance between 

neighbor atoms is 0.142 nm. The fourth valence electron is linked with the carbon 

atom’s electron at another plane of trigonal planar geometry with  bond and angle of 

90o. This bonding of  bond is a weak force called the van der Waals forces, and the 

distance between layer by layer is 0.335 nm. This weak force of  bonding results in 

the graphite layer easy to slide when receiving the external forces and is why the low 

coefficient of friction of the graphite structure. In the sp3 hybridization of the diamond 

structure, all the valence electrons of carbon atoms are occupied with their neighbors’ 

electron to generate the tetrahedral geometry with strong  bonds. The distance 

between the neighbor atoms is 0.154 nm, and the bond angle between every carbon 

atom is 109.5o. All four valence electrons are strongly localized with  bond as the 

tetrahedral structure results in a diamond is very high hardness and stiffness [10], 

[68]. 
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Figure 2.3 Structures of all carbon allotropes [69], [70]. 

 

Aisenberg and Chabot [71] have first discovered amorphous carbon films for 

over five decades, which prepared the diamond-like carbon films by the ion beam 

deposition method. After that, amorphous carbon films have been continuously 

developed until now. DLC is one of the amorphous carbon forms with a metastable 

state containing a significant fraction of sp3, sp2 hybridizations, and sometimes with 

or without hydrogen content. Generally, the sp3, sp2 fractions, and hydrogen content 

represent the fundamental characteristics of amorphous carbon films. The variety of 

Diamond Graphite Graphene

SWCNT MWCNT Carbon nanobud

Fullerence Amorphous carbon
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sp3 and sp2 hybridizations and hydrogen content result in the different types of DLC 

structures and properties. Hence, the different types of DLC can be classified by the 

position of C−sp3, C−sp2, and H in the ternary phase diagram by Robertson (2002) 

[4], as shown in Figure 2.4, as first reported by Jacob and Moller (1993) [72]. 

 

 

 

Figure 2.4 Ternary phase diagram of amorphous carbon films [4]. 

 

As indicated in Figure 2.4, the ternary phase diagram consists of three main 

regions using the quantitative measurement of three phases: C−sp3, C−sp2, and H 

concentration. Jacob and Moller compared and summarized the published data of the 

composition of amorphous carbon films. For the determination of C−sp3/C−sp2 ratio, 

the infrared (IR) analysis, electron energy loss spectroscopy (EELS), and nuclear 

magnetic resonance (NMR) have been used. While the hydrogen content has been 

measured by the ion beam analysis (IBA) and combustion analysis (Co) in the 

literature. These data of the ternary phase diagram are normalized to the atomic 

fraction of 100 at% [72]. The first region lies in the lower left-hand corner in which 

the glassy carbon is located. It is not DLC films with the sp2 rich usually prepared by 

the pyrolysis of hydrocarbon polymers or by an evaporation method. Up to the left 

corner, the conventional sputtering was used to prepare the higher sp3 a-C film with or 

without hydrogen. This method can extend the sp2 bond towards the sp3 bond. The a-
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C film with higher sp3 fraction (> 80%) denoted as the ta-C, which can produce with 

the filtered cathodic vacuum arc (FCVA), unbalanced magnetron sputtering, and pulse 

laser deposition (PLD). the lower right-hand corner. This region is closed to the 

hydrogen-rich in which the amorphous carbon films can not be formed a C-C 

network. The third region lies in the middle of the ternary phase diagram, the a-C:H 

and ta-C:H films is a combination of C−sp3, C−sp2, and H fraction. The PECVD 

method can synthesis the a-C:H film by the hydrocarbon precursor gas, and the ta-

C:H can be achieved by adjusting the process parameters of the PECVD process. 

Furthermore, the electron cyclotron resonance (ECR), magnetron sputtering and 

inductively coupled plasma can be generated high-density plasma to produce the high 

sp3 fraction of ta-C:H films [4], [10], [72]. 

Therefore, the DLC films can be classified by the C−sp3, C−sp2, and H content 

into four main types described below in detail. The characteristic of different DLC 

types compared with diamond and graphite is shown in Table 2.1. 

(i) Amorphous carbon (a-C) is the hydrogen-free DLC film, consist of  

0−5% C−sp3, less than 1% hydrogen content, and 10−20 GPa hardness.  

(ii) Hydrogenated amorphous carbon (a-C:H) is the DLC film with hydrogen, 

consist of 40−60% C−sp3, 20−60% hydrogen content, and 10−20 GPa 

hardness.  

(iii) Tetrahedral amorphous carbon (ta-C) is the hydrogen-free DLC film, 

consist of 80−88% C−sp3, 20−60% hydrogen content, and 50−80 GPa 

hardness.  

(iv) Tetrahedral hydrogenated amorphous carbon (ta-C:H) is the DLC film 

with hydrogen, consist of 70% C−sp3, 30% hydrogen content, and 50 GPa 

hardness. 
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Table 2.1 The characteristic of the diamond, graphite, and different DLC types [73]. 

 sp3 (%) 

Hydrogen 

content 

(%) 

Density 

(g/cm3) 

Hardness 

(GPa) 

Young’s 

modulus 

(GPa) 

Diamond 0 0 2.267 0.2−2 10 

Graphite 100 0 3.515 100 1000 

a-C 0−5 <1 1.9−2.2 10−20 100−200 

a-C:H soft 60 40−60 1.2−1.6 <10 100−300 

a-C:H hard 40 20−40 1.6−2.2 10−20 100−300 

ta-C 80−88 0 3.1−3.3 50−80 300−500 

ta-C:H 70 30 2.4 50 300 

 

 

2.4 Hydrogenated amorphous carbon films 

The hydrogenated amorphous carbon films belong to the class of materials 

called diamond-like carbon. As is well known, the a-C:H films are formed by the 

cross-linking of the amorphous carbon network, which has a lower sp3 content 

(maybe up to 60%) and the presence of a fraction of hydrogen atoms bonded to the 

carbon network in the range of 20−60%. The a-C:H films have attracted much 

attention to many industries due to their unique properties, a-C:H films can be coated 

on various substrates to protect the surface substrate material. However, it has limited 

tribological applications to deposit a-C:H films on the alloy steels when the film’s 

thickness reaches the critical value. Therefore, this topic gives the feasible approach 

to enhancing the adhesion, increasing film thickness, and reducing residual stresses by 

adding an interlayer or multilayer between substrate and DLC films. 
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2.4.1 a-C:H films on metal alloys with the interlayers 

Most a-C:H applications were synthesized onto tool steel substrates. 

Problems associated with the surface roughness and poor adhesion due to the high 

internal compressive stress have limited their use in tribological applications. Several 

techniques, including optimization of the process parameters, can reduce these 

limitations. One method of improving film to substrate adhesion has been through the 

deposition of interlayers. Cemin et al. (2005) [74] used the a-SiCx:H interlayer for the 

steel substrate, the a-C:H coated on steel substrate without interlayer showed the 

spontaneous delamination of the DLC film from the steel surface after the deposition 

process. This spontaneous cracking is characteristic of seriously stressed films that 

break down in contact with the atmosphere and temperature shock. When the 

interlayer was grown on the steel substrate, the a-C:H films can completely adhere to 

the steel surface, as seen in Figure 2.5. 

 

 

 

Figure 2.5 Surface characteristics of (a) the AISI 4140 steel polished, (b) DLC 

without interlayer on steel, and (c) DLC with a-SiCx:H adhesion interlayer on steel 

[74]. 

 

The process parameters of the interlayer coating also affect on the a-C:H’ 

adhesion. Bonetti et al. (2006) [75] reported the influence of self-bias voltage on the 

DLC growth with silicon interlayer on Ti6Al4V substrate. The addition of a silicon 

interlayer successfully reduced the films’s intrinsic stress and the self-bias voltage 

resulting in the different stress and structural property of the films. Jeon et al. (2007) 

[76] studied the effect of different metals (Cr, Ni and Ti) interlayers on the 

tribological property. The result shows that the residual stress of a-C:H decrease with 

the addition of the metals interlayer, as seen in Figure 2.6. In addition, the friction 
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coefficient of a-C:H films with metals interlayer is lower than without interlayer. The 

interlayer’s thickness should be appropriated because more thickness may induce 

residual stress and crack formation between the interlayer's innermost and outermost. 

 

 

 

Figure 2.6 Residual stress of the DLC films with and without metals interlayer [76]. 

 

 

2.4.2 Multilayer a-C:H films 

DLC films’ thickness is an essential parameter because the thicker DLC 

coating provides excellent corrosion resistance, ultrahigh load-bearing capacity, and 

high wear resistance. In general, thick films can achieve better anticorrosion due to 

prevent corrosion penetration. However, the residual stress, mismatch of thermal 

expansion coefficient, and the chemical bonding limit the film thickness at only 1−3 

m. Ye et al. (2018) [77] investigated the anticorrosion and tribological behaviours in 

seawater of thin and thick DLC films prepared by an unbalanced magnetron 

sputtering technique on 304L stainless steel. The Cr interlayer was used to improve 

the adhesion force between DLC films and the substrates. The thicknesses of thin and 

thick DLC films are about 449 nm and 1.76 μm, respectively. The result shows that 

film thickness is significantly affected on the properties of the DLC film. The 

corrosion test, the thick DLC film, presents the lower corrosion current density and 
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higher impendence than the thin DLC film corresponding to the excellent anti-

corrosion property. However, the thickness of the DLC film with interlayer remained 

less than 2 nm.  

Recently, the multilayer DLC film design has drawn much attention in 

various applications. Many literature pieces have defined that the multilayer DLC film 

consists of the alternating hard and soft DLC layer could interestingly reduce stress,  

leading to an increase in the film thickness up to 50 m [23], [52]. In research cases 

of Wang et al. (2013) [52] showed that the deposition of Six-DLC/Siy-DLC multilayer 

prepared by the PECVD method in which the SiH4 gas was used to regulate the soft 

and hard DLC layer and transition layer. The total thickness of Six-DLC/Siy-DLC 

multilayer is about 52.2 m. The multilayer residual stress with 52.2 m thick (-0.05 

GPa) is lower than pure DLC with 1 m thick (-0.45 GPa). The describes of the low 

residual stress with multilayer coating is shown in the schematic in Figure 2.7. The 

residual stress for the Six-DLC film is compressive stress, while the Siy-DLC and 

DLC films are tensile stress. Arrow direction indicated the characterize of stress. 

Therefore, the directions of strains occurring in Six-DLC and Siy-DLC are opposite. 

Thus, the residual stress reduction in this approach is successfully achieved. 

 

 

 

Figure 2.7 Schematic illustration of the mechanism of low residual stress in a 

multilayer DLC film [52]. 

 



 

 

 

 30 

2.5 Preparation of a-C:H film using RF-PECVD method 

Hydrogenated amorphous carbon can be deposited by various techniques such 

as plasma immersion ion implantation (PIII) via the hydrocarbon and inert gases [78], 

reactive magnetron sputtering via the graphite target and hydrogen or hydrocarbon 

gases [79], [80], and plasma-enhanced chemical vapor deposition (PECVD) via the 

hydrocarbon gas [81]. The conventional CVD or thermal CVD process, external 

energy like a heating source is required to excitation atoms and molecules (precursor). 

This process relies on thermal energy in which precursor gas was flown over the 

substrates, and the growth of thin films on the surface occurs due to the chemical 

reaction in the vapor phase. The PECVD is a well-known technique for preparation of 

a-C:H films at low temperatures. The electrical discharge utilizes for plasma will 

promote the CVD processes by enhancing the chemical reaction rates of the 

precursors.  

 

2.5.1 PECVD process 

The electrical discharge is often driven at the DC, low frequency (<1 

MHz), radio frequency (1–500 MHz, commonly 13.56 MHz), and microwave (0.5–10 

GHz, commonly 2.45 GHz). The harmonic of 13.56 MHz frequency is a popular 

choice and set aside for medical and industrial applications [82]. The RF discharge is 

suitable for the insulating film deposition, especially the DLC film. In 1976, Holland 

and Ojha [83] reported that DLC film’s high resistivity would limit the film growth 

rate due to the accumulated charges on the film surface. The radio-frequency glow 

discharge can overcome this problem by supplying the electrons to neutralize the ions. 

The plasma will be generated between the parallel electrodes or the chamber wall. 

One of the electrodes is connected to the RF power supply in which the substrate is 

mounted, and the other one is typically connected to the earth's ground. In RF plasma, 

the electrons can respond with the radio frequency better than ions due to the electron 

mass lower than ion. Therefore, the electrons move with much higher velocity 

(mobility) than ions. The plasma sheath will be generated near the surface of the RF 

power electrode with high ion density. This area is formed of the positive space 

charge barrier for the incoming electrons. Thus, the plasma creates a positive voltage 
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with regards to the electrodes, which equilibrium the average ion and electron current 

to the wall. The plasma sheath performs as the diode's characteristic, in order to 

balance the electrode voltage with the DC self-bias voltage and their peak RF voltage. 

The RF voltage is distributed between the electrodes’ plasma sheath of both, just like 

in a capacitive divider that according to their inverse capacitance. Therefore, the 

voltage of DC self-bias changes inversely with the surface area of the electrode. The 

smaller electrode has a smaller capacitance. Thus the self-bias voltage is generated 

higher than the larger electrode, as shown in equation 2.1 [4], and the smaller 

electrode is usually acting as the substrate holder. The negative voltage of a plasma 

sheath will increase the high acceleration of positive ion to enhance the sp3 bonding 

on the substrate. 
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The common precursor of hydrocarbon gasses used for a-C:H formation is 

the methane (CH4), acetylene (C2H2), benzene (C6H6), ethylene (C2H4), propane 

(C3H8), butane (C6H12), etc. In addition, silane (SiF4) has been used in the precursor 

mixtures for the doped-DLC. The operating pressure is essential for a-C:H deposition 

due to the ion energy may be reduced by the collision when accelerated across the 

plasma sheath. Robertson reported that the ions are only about 10% of film-forming 

flux at 50 mtorr pressure. Ryu at al. (2000) [84] reported when the deposition 

pressure increase results in decreased deposition rate due to the enhanced scattering of 

film-forming species at higher deposition pressure. The ions’ mean free path is 

associated with the operating pressure expressed as Equation 2.2. In the PECVD 

system, the mean free path of ions and the energy transfer to the substrate are related 

to the pressure. The sheath thickness decreases while the ion mean path decreases 

with the increasing pressure [84]. 
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The plasma density, ion energy, and electron temperature are strongly 

affected to the properties of the DLC film. At low RF power input, the plasma density 

is relatively low in the range of 109–1010 cm3. However, the plasma density can 

increase with the RF power input increase while the electron temperature is only a 

slightly varying function of RF-power gain [85]. Moreover, increasing the critical RF 

input power results in a high DC self-bias (sheath voltage), the DLC structure has 

more graphite-like due to the too high ion energy. Therefore, the enhance of plasma 

density by increasing the RF power result in the limited application of this process 

[86]. Mahanti et al. (2014) [87] reported the hardness of a-C:H film depends on the 

RF power. The films’ hardness increases from 13.45 to 15.90 GPa with the increasing 

of RF power in the range of 30−60 W, as shown in Figure 2.8. 

 

 

 

Figure 2.8 The hardness of a-C:H films as a function of RF power [87]. 

 

In addition, the high plasma density can be assisted with the magnetic 

field to confine the plasma and then enhance plasma density effectively. The magnetic 

plasma confinement will reduce the residual contamination from the chamber walls, 

prevent the film deposition on the chamber walls, and also can provide a more 

uniform electric field [86]. This configuration allows a capacitively coupled plasma 

system to generate the plasma stability at the very low operating pressure (510-4 

torr). In this situation, the ion mean free path exceeds the plasma sheath thickness, 
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and the ion energy now becomes a narrow distribution at high ion energy, as shown in 

Figure 2.9. 

 

 

 

Figure 2.9 Ion energy distribution in (a) conventional PECVD and (b) magnetic 

confinement PECVD [4]. 

 

 

2.5.2 Process parameters 

The properties of a-C:H films depend on the deposition parameters such 

as the precursor gas, frequency of power supply, substrate temperature, operating 

pressure, gases flow rate, and deposition time. These parameters influence the 

structural, mechanical, tribological, anti-corrosion property of a-C:H films. 

 

Precursor gases effect 

The difference of precursor gases on the growth of a-C:H films 

significantly affects their properties, especially the deposition rate. The precursor gas 

of a-C:H deposition consists of the carbon and hydrogen, which is often referred to as 
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hydrocarbon gas. The hydrocarbon gases such as methane (CH4), ethane (C2H6), 

propane (C3H8), ethylene (C2H4), butane (C4H10), pentane (C5H12), hexane (C6H14), 

cyclohexane (C6H12), acetylene (C2H2), and benzene (C6H6) can be used to deposit a-

C:H films. As shown in Figure 2.10, the growth rate of a-C:H film prepared based on 

the PECVD technique strongly depends on precursor gases. The difference in 

precursor gas has different ionization energy due to chemical bonding. The molecular 

species (C H )x y  are reflected by the composition of the hydrocarbon ions ' '

*(C H )
m n

 and 

radicals ' '(C H )
m n

+ . In Figure 2.10, it can be seen that the deposition rate decreases 

roughly exponentially with the higher ionization energy and lower carbon content. 

The highest deposition rate can be achieved by the benzene gas 
6 6(C H ) , due to the 

hydrogen per carbon (H/C)  ratio of benzene gas is one, and ionization energy is 9.2 

eV, which lower than other gases. For mechanical properties, the maximize in 

hardness can be accomplished by minimizing the incorporation of hydrogen. 

However, the energy per carbon atom in the benzene discharge can be much smaller 

even if the ion energy is assumed to be the same at the same value of pressure. It is 

well known that the a-C:H films properties rely on the ion energy per carbon atom. 

The ion energy of a carbon atom can accelerate by the bias voltage. The required bias 

voltage of a benzene ion 6(C H )n

+  is more than acetylene ion 2(C H )n

+  due to the 

benzene ion having six carbons atom while the acetylene has two. The benzene ion, 

therefore, requires a high bias voltage to reach the desired energy per atom. Thus, the 

acetylene gas is usually selected because they are the smallest H/C  ratio and lowest 

ionization energy with high energy per carbon atom [4], [10]. 
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Figure 2.10 Deposition rate of a-C:H film prepared by PECVD method with different 

precursor gases [4]. 

 

 

Frequency effect 

For the RF-PECVD system, the plasma density ( )pn  is around 109−1010 

cm3, the permittivity of free space 
0( )  is 8.8510-12 F/m, electric charge ( )e  is 

1.610-19 C, and the electron mass is 9.110-31 kg. Thus, the plasma frequency for the 

electrons is 895 MHz. While the frequency of methane 4(CH )+  and benzene 6 6(C H )+  

ions are 5.4 MHz and 2.37 MHz, respectively. The responsibility of electron and ion 

to the input frequency is different. The acceleration of ions is based on the input 

frequency, which affects the plasma frequency ,( )p ef  of the electrons and ,( )p if  ions. 

The plasma frequency is expressed as Equation 2.3 [10], [88]. 
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In case the plasma frequency more than the input frequency ( )pf f , the 

particles follow nearly immediately. With the RF frequency of 13.56 MHz, the 

plasma frequency is less than the input frequency ( )pf f . The particles can hardly 

follow the fast field oscillations. It means that the ions at a frequency above 10 MHz 

only slightly oscillate and at a frequency below 1 MHz keep pace with the changing 

field [10]. 

Many input frequencies of power sources are used to deposit the a-C:H 

films, including the DC, low-frequency (LF) (1−100 Hz), mid-frequency (30−100 

kHz), RF (1−100 MHz), and microwave (1−30 GHz). The low-frequency has not 

been widely adopted in depositing thin films. However, the generated plasma by low 

frequency has a relatively higher electron temperature than radio frequency (13.56 

MHz), resulting in the growth mechanism. Moreover, the molecular excitation energy 

using an RF source is lost more than using DC and low-frequency sources. The low-

frequency and RF power sources are possible to deposit the dielectric film. The effect 

of input frequency on the plasma parameters and thin-film processes is summarized in 

Table 2.2 [89]. 

 

Table 2.2 Comparisons for the properties of plasma excitation using DC, low-

frequency (60 Hz), and RF (13.56 MHz) power source [89]. 

Parameters DC LF RF 

Power frequency 0 60 Hz 13.56 MHz 

Discharge pattern Continuous Discrete Continuous 

Ionization mode -mode -mode /-mode 

Metal deposition Possible Possible Possible 

Dielectric deposition Difficult Possible Possible 

Plasma parameters Similar in DC to RF 

Deposition rate Higher in RF and DC than LF 

Energy loss Higher in RF in DC and RF 
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2.6 Preparation of interlayer using magnetron sputtering method 

Various techniques with different sources can prepare silicon-containing 

interlayer. The liquid source required a high substrate temperature. The oxygen-

containing in the vapor phase results in the failure adhesion. The gaseous of silicon 

required the high safety process, and the gas composition may contain the other atoms 

that result in difficulty controlling the film’s properties. While the magnetron 

sputtering technique commonly used the solid source as the silicon target. It is easier 

to control film properties by adjusting the process parameters. This technique can 

produce the difference silicon-based interlayer such as a-Si, a-Si:N, a-Si:H, and a-

SixCy:H films by introducing the reactive gases such as nitrogen hydrogen, 

hydrocarbon gases. In addition, it can be used to produce the Si-doped DLC in the 

multilayer DLC film. Moreover, the process parameters are used to achieve good 

adhesive properties in DLC deposition. 

Magnetron sputtering technique has developed rapidly over the two decades 

following the increasing industrial demand for high-quality functional films. This 

magnetron sputtering is a vacuum coating process. It is classified into the physical 

vapor deposition (PVD) like the pulsed laser deposition and thermal evaporation. 

Magnetron process can deposit a thin film of metals, alloys, insulators, and other 

material. The sputtering process's physical meaning is the ejection of atoms by the 

bombardment of a solid or liquid target by energetic particles, mostly ions [90]. 

The basic processes of sputtering are given as follows. As called the target, the 

precursor material is bombarded by the energetic ions of an inert gas such as argon, 

helium, neon, and krypton, which is accelerated with the negative voltage of the 

power source or power supply. The target material is referred to as the cathode since 

the target material is connected to the power supply's negative voltage. While the 

deposition chamber is also called the anode that is connected to the earth's ground. 

This negative voltage will generate the electric field to accelerate the energetic ion. 

The energetic ions are generated by the collision between the primary electron and 

inert gas and then create the secondary electron. The energetic ions with a positive 

charge will move toward the target material's cathode with the electric field. The 

energetic ions bombard and transfer the momentum to the target surface result in the 
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neutral atoms of the target source be dislodged. At the same time, this process emits 

the secondary electron from the target surface due to the ion bombardment. These 

electrons play an essential role in sustain the plasma. The sputtered atoms are then 

deposited and formed on a substrate. The conventional sputtering method has been 

successfully deposited many metals material. However, this process is limited to low 

conductivity materials with a low deposition rate and ionization efficiency in the 

plasma. These drawbacks can succeed by developing magnetron sputtering in which 

the magnetic field is used to trap the electron and then sustain the discharge in the 

near vicinity of the target. The cathode can be driven in different ways, including the 

DC signal for the conductive target, RF signal for the non-conductive target, pulsed 

signal for the conductive and non-conductive targets. While the high power impulse 

signal is suitable for many targets to achieve in the excellent film’ properties [90]–

[92]. 

 

 



 

 

 

CHAPTER III  

Experimental procedure 

 

The deposition and characterization of the a-C:H film with the silicon-based 

interlayer are described in this chapter. The chrome plating and nickel aluminum 

bronze are used as the substrate for adhesion and electrochemical corrosion testing, 

while the p-type silicon substrate is used for morphology and structural properties 

analysis. The experimental procedure is shown in Figure 3.1, and this chapter is 

divided into two sections and described in detail (i) the hybrid RF-PECVD/MS 

system, which consists of vacuum system, magnetron source, bottom electrode, and a 

vacuum control system. (ii) The thin-film deposition process is involved in substrate 

preparation, oxygen plasma cleaning process, and deposition process. 

 

 

 

Figure 3.1 Flowchart of the experimental procedure. 

NAB and Si substrates
Chromium-plated and Si 

substrates

Design the experimental conditions

Develop the hybrid RF-PECVD/MS system

Prepare the silicon-based interlayer by MS technique

Characterize the silicon-based interlayer

Prepare the a-C:H on silicon-based interlayer by RF-PECVD technique

Characterize the a-C:H film with silicon-based interlayer

Analyze data and conclusion

NAB and Si substrates
Chromium-plated and Si 

substrates
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 Hybrid RF-PECVD/MS system 

In this thesis, a novel hybrid deposition system is presented that uses a 

combination of radio frequency-plasma enhanced chemical vapor deposition (RF-

PECVD) and magnetron sputtering (MS) techniques, which will be called the hybrid 

RF-PECVD/MS system. The a-C:H film with a silicon-based interlayer in which the 

silicon-based interlayer was deposited on the chromium-plating, NAB, and p-type 

silicon substrates using the MS technique, and then followed by the deposition of a-

C:H film using the RF-PECVD method. The hybrid RF-PECVD/MS system used in 

this work is located at the technological plasma research unit, Mahasarakham 

University, Maha Sarakham, Thailand, as shown in Figure 3.2. The schematic 

diagram of all components, including the power supply, vacuum parts, gases flow 

controller, and system controller, is shown in Figure 3.3. The details of each part will 

be given on the topic of 3.1.1 to 3.1.4. Figure 3.4 shows a drawing of the hybrid RF-

PECVD/MS system.   
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Figure 3.2 A photo of a hybrid RF-PECVD/MS system used for a-C:H with silicon-

based interlayer deposition. 



 

 

 

 42 

 

 

Figure 3.3 A schematic diagram of the hybrid RF-PECVD/MS system used for a-C:H 

with silicon-based interlayer deposition. 
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Figure 3.4 A drawing of the hybrid RF-PECVD/MS system used for a-C:H with 

silicon-based interlayer deposition. 
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3.1.1 Vacuum system 

The vacuum system composes of the vacuum chamber, scroll pump, 

turbomolecular pump, control pendulum valve, wide range gauge, and capacitance 

gauge. The vacuum chamber was made of AISI 304 stainless steel cylinder with an 

inner diameter of about 295 mm and a height of 362 mm. The top of the vacuum 

chamber was installed with the magnetron source while the bottom of the vacuum 

chamber was installed with the bottom electrode, as shown in Figure 3.5. The details 

of the magnetron source and bottom electrode are given in the topics of 3.1.2 and 

3.1.3. The distance between the magnetron source can be adjusted in the range of 80 

mm to 200 mm. The pumping speed at the vacuum chamber can be controlled by the 

control pendulum valve (VAT, 65040-PHCP) for maintaining the operating pressure, 

which is installed between the chamber and the turbomolecular pump. In addition, the 

control pendulum valve was used together with a backing valve, and a roughing valve 

enable the venting process without breaking the vacuum pumps. The vacuum pump 

includes two pumps: (i) a scroll pump (Edwards, nXDS10i) and (ii) a turbomolecular 

pump (Pfeiffer, TC600). A scroll pump acts as a primary pump or backing pump for 

pressure above 5.25 mtorr (0.70 Pa) with the pumping speed of 3.17 l/s to achieve the 

pressure for turbomolecular pump operation. The scroll pump is the dry vacuum 

pump that uses two Archimedean spirals shape to pump or compress the gases, which 

one of the Archimedean spirals is fixed, while the other one orbits eccentrically 

without rotating. The gas enters the opening between two Archimedean spirals, and 

the volume between the spirals is expanded and eventually sealed off and transported 

the gases away [93], [94]. This scroll pump was connected to the turbomolecular 

pump and vacuum chamber to serve as the backing and roughing pump, respectively. 

A turbomolecular pump acts as a secondary pump or high vacuum pump for the base 

pressure of this hybrid system about 110-5 torr (1.3310-3 Pa) with the pumping 

speed of 920 l/s. It was connected to the side of the vacuum chamber through the 

control pendulum valve. The turbomolecular pump works by transferring kinetic 

energy to gas molecules using high speed rotating, angled blades that propel the gas at 

high speeds [93], [95], [96]. The rotating speed of the Pfeiffer-TC600 model is 660 

Hz that a typical ultimate pressure of 7.510-9 torr (110-6 Pa) can be achieved. 
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Two types of gauge pressure monitored the vacuum pressures in the 

vacuum chamber comprise of the wide range gauge (Pfeiffer, PKR361) and the 

capacitance gauge (Brooks, CMX45). The wide range gauge is used to measure the 

base pressure. This gauge has two sensors in one housing that consists of Pirani and 

cold cathode modes which can measure the pressure from the atmosphere or 760 torr 

(105 Pa) to 10-8 torr (1.3310-6 Pa) [97]. In addition, it is used to determine the proper 

pressure for performing of the turbomolecular pump. The capacitance gauge is used to 

measure the operating pressure in the cleaning and deposition process. This gauge can 

measure the pressure from 1 torr (133 Pa) to 10-4 torr (0.01 Pa) [98]. This capacitance 

gauge can measure the pressure to extremely precise levels because it measures the 

absolute pressure (force per unit area). Regularly, other vacuum gauges such as 

Pirani, cold cathode, and thermocouple gauges must be calibrated for each specific 

process gas. However, the capacitance gauge reading is not affected by changes or 

differences in gas composition and therefore overcomes the disadvantages of specific 

gas calibration [99]. The vacuum system is a central component of the hybrid RF-

PECVD/MS system that is very necessary for thin-film processing. 
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Figure 3.5 The drawing of the vacuum chamber, including the magnetron source and 

the bottom electrode.  
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3.1.2 Magnetron source 

The drawing of the magnetron source's cross-section is shown in Figure 

3.6, corresponding to the diameter and height of 71.30 mm and 60.50 mm, 

respectively. The magnetron source's outermost is the cylindrical aluminum tube, 

which is grounded to prevent the sputtering effect on the target's edge. A stainless-

steel clamp is used to hold the target to be close to the cathode. The cathode or power 

electrode acting as the magnetic holder consists of the one-sided hollow cylinder 

copper block (68 mm in diameter and 30 mm in height) and the copper plate (50.25 

mm in diameter and 10 mm in thickness). The cylindrical permanent magnets are 

arranged in sockets inside the magnetic holder, as seen in Figure 3.7. The outer 

sockets contain 24 magnets with a 5 mm diameter, while the inner socket consists of 

one magnet with a diameter of 12 mm. The permanent magnets are stacked inside 

these sockets in which the pole of outer magnets and inner magnet be opposite to 

generate an unbalanced magnetic field configuration. The cooling water system with a 

temperature range of 15−18 C is connected inside the magnetic holder to cool the 

target and permanent magnets during the deposition process.  

The next component is the stainless-steel plate ( 50.85 mm in diameter 

and 10 mm in thickness) with external thread used to attach the magnetic holder. This 

component is locked with the inner thread of the copper block. The Teflon hollow 

cylinder (inner diameter of 33 mm, an outer diameter of 50.85 mm, and height of 28 

mm) and Teflon ring (inner diameter of 53 mm, an outer diameter of 70 mm, and 

thickness of 5 mm) have employed the insulator to separate the cathode from the body 

of the anode. The anode body is made from the stainless steel and used to attach the 

anode through a Teflon hollow cylinder. For this configuration of the magnetron 

source, the cathode is driven to a negative voltage power supply while the anode and 

the vessel wall are grounded. The DC, pulsed DC (Advanced energy, DC pinnacle 

plus), and the HiPIMS supplies can be employed to deliver the electrical power to the 

magnetron source.  
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Figure 3.6 The cross-section diagram of the magnetron source. 

 

 

 

Figure 3.7 The schematic diagram of the magnetic holder; the outer magnets (south 

pole) are shown in green colour, while an inner magnet (north pole) is shown in blue. 
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3.1.3 Bottom electrode 

The bottom electrode is used as the power electrode for generating the 

hydrocarbon plasma and is used as the substrate holder. The overall size of the bottom 

electrode is 191 mm in diameter and 115 mm in height. It is divided into 4 

components, as shown in the schematic diagram in Figure 3.8. The first part is the 

main power electrode with a 180 mm diameter and 10 mm thickness. The frontside of 

this part is a flat planar to support the substrates, while the backside is gouged out as a 

groove for the cooling water. The second part is the sub-electrode with the same size 

as the main power electrode, sandwiched into the main power electrode to seal the 

water with the O-ring. Two of the tube fitting in the backside of this part are 

connected to the water inlet and outlet ports. The third part is a Teflon ring used as an 

insulator to keep the less gap distance between the power electrode and the ground 

shield. The O-ring with an inner diameter of 120 mm and a thickness of 5 mm is used 

as the insulator to separate the power electrode from the ground shield. The last part is 

the ground shield, which consists of a hollow cylinder and a 1-inch pipe. This pipe 

was fixed at the bottom of the vacuum chamber. The ground shield and the power 

electrode are locked together by the polyether ether ketone (PEEK) hexagon head 

screws acting as the insulator separator. The bottom electrode is connected to the 

matching box or matching network (AT-10, Seren IPS Inc.) and the automatic 

matching network controller (MC2, Seren IPS Inc.). The matching network is used to 

reduce the reflected power for achieving the maximum power dissipation in the 

discharge between the power and bottom electrodes. The RF generator or RF power 

supply (R1001, Seren IPS Inc.) of the fixed frequency at 13.56 MHz can provide 

power up to 1000 W. This RF power supply can be used in continuous mode and 

pulse mode. For RF on in pulse mode, the duty cycle and pulse frequency can be 

adjusted from 1−100% and 1−10 kHz, respectively. 
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Figure 3.8 The drawing of all components of the bottom electrode. 
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3.1.4 Vacuum control system 

A control panel, as seen in Figure 3.9 is used to regulate the hybrid RF-

PECVD/MS system. This control system was developed using many advanced 

functions in LabVIEW program. It is used together with the National Instrument 

(PXIe-1062Q), as seen in Figure 3.10. The National Instrument system controller unit 

was installed with the main module NI PXIe-8102, the module NI PXIe-6124 (S-

Series), the module NI PXI-2564, and the module NI PXI-6733.  

 

 

 

Figure 3.9 The schematic diagram shows the control panel of the hybrid RF-

PECVD/MS system. 
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Figure 3.10 A photo of the National Instruments (PXIe-1062Q). 

 

The NI PXIe-8102 module (see Figure 3.11) consists of a DVI-I port 

connected to the monitor, and the DVI-to-HDMI adapter was used to connect the 

monitor’s HDMI port. The USB port was used to support USB devices such as a 

mouse and keyboard to control the NI-PXIe unit and an external flash drive for saving 

the data. The Ethernet port was connected to the Lane line for online data access and 

online system control. 

 

 

 

Figure 3.11 The panel of NI PXIe-8102 module [100]. 
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The flow rate of Ar and C2H2 gases can be controlled using the instrument 

BROOKS 0254, as shown in Figure 3.12. The flow rates of Ar and C2H2 gases were 

calibrated for the mass flow controllers of Ar (Brooks, GF040) and C2H2 (Brooks, 

GF040) corresponding to the flow rate range of 0−92 and 0−10 sccm, respectively, 

with Ar gas was connected to channel 1 and C2H2 gas was connected to channel 2 of 

the instrument BROOKS 0254. The BROOKS 0254 instrument was used as a power 

supply with 24 VDC for mass flow controllers and was used for setpoint control and 

flow rate display. For Ar and C2H2 gases, the current signal is used to control the 

setpoint controller for the model of Ar and C2H2. The current signal in the range of 

4−20 mA from the BROOKS 0254 instrument was converted to the flow rate in the 

range of 0−92 sccm for Ar and 0−10 sccm for C2H2. The flow rate of O2, N2, and H2 

gases can be controlled by the analogue output card (NI PXI-6733). The flow rates of 

these gases were calibrated for the mass flow controllers of Ar (Brooks, GF040), 

C2H2 (Brooks, GF040), O2 (Brooks, GF040), N2 (Brooks, GF040), and H2 (Brooks, 

GF040) according to the flow range of 0−40 sccm, 0−40 sccm, and 0−200 sccm, 

respectively. For O2, N2, and H2 gases, the voltage signal from the analogue output 

card was used to control the setpoint controller. The voltage signal in the range of 0−5 

VDC from the analogue output card was converted to the flow rate in the range of 

0−40 sccm for O2, 0−40 sccm for N2 and 0−200 for H2. Also, the external power 

supply of 24 VDC was used to drive the mass flow controllers of O2, N2 and H2 gases.  

 

 

 

Figure 3.12 Brooks 0254 instrument for mass flow controller. 
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The pneumatic valves including the backing valve (k0), the roughing 

valve (k1), the wide range gauge (k2), the capacitance gauge (k3), the individual gas 

inputs for Ar (k4), C2H2 (k5), O2 (k6), N2 (k7) and H2 (k8), the main gas inlet (k9) and 

the leakage valve (k10) are controlled by the relay module card (NI PXI-2564) with 

16 channels (CH0−CH15). The relay module card with channels 0−9 was used for 

switches k0−k9, respectively. The external power supply of 24 VDC was connected to 

the load (solenoid valve) as shown the diagram in Figure 3.13 to control the relay 

(closing the relay and opening the relay). When the relay is closed, the relay switch 

(COM0-COM10) is connected to the load (CH0−CH10) (close the relay) and then the 

valve is opened. For example, to close the relay of channel 1 (roughing valve), the 

relay switch of channel 1 is controlled by the LabVIEW diagram, whereupon this 

entry closes the relay between CH1 and COM1 and the pneumatic valve is opened. In 

case of opening the relay, the relay switch (COM0-COM10) is disconnected (open 

relay) and the valve was closed. 

In addition, this vacuum control system can be used to open and close 

(on/off) the scroll pump switch and control the position of the pendulum valve to 

adjust the operating pressure. 

 

 

 

Figure 3.13 A hardware diagram of the NI PXI-2564 for pneumatic valves. 
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 Thin-film deposition process 

In this thesis, the experimental details have been divided into two parts, for the 

chromium-plated substrate and the NAB substrate. For this topic, the substrate 

preparation and chemical solution cleaning process of silicon wafers, chromium-

plated and NAB substrates are described in detail. Then the thin-film deposition 

processes, including plasma cleaning and thin-film deposition of chromium-plated 

and NAB parts, are explained in detail. 

 

3.2.1 Substrate preparation 

In this study, the mirror-polished p-type silicon wafer, chromium-plated, 

and NAB pellets were used as the substrates for the a-C:H film with silicon-based 

interlayer coating. The ultrasonic cleaner with a frequency of 40 kHz (UC-5180L), as 

shown in Figure 3.14, was used to remove the contamination of oils and organic 

residuals that appear on the substrates. The details of each step used for the cleaning 

and preparation of substrates before coating are given below. 

 

 

 

Figure 3.14 A photo of the ultrasonic cleaner for substrate cleaning. 
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Preparation of silicon wafer 

The silicon wafers of 76 mm in diameter and 0.05 mm thickness were cut 

into two rectangular sizes of 1010 mm2 and 2020 mm2, as shown in Figure 3.15, by 

using the diamond-head ballpoint cutter. These sizes are suitable for all analytical 

techniques. The cleaning process of silicon wafers are given as follows; 

1. The silicon wafer was placed into the glass container, then pour acetone 

and put the glass container in the ultrasonic bath. The silicon wafer was 

first cleaned with ultrasonic agitation. This setup time for this step is 

about 10 minutes. 

2. Remove the acetone into the waste bottle and then pour the methanol 

into the ultrasonic bath. 

3. The silicon wafer was second cleaned with ultrasonic agitation by the 

methanol for 10 minutes to remove the acetone and then repeat this step 

one time. 

4. Remove the methanol into the waste bottle and then pour the deionized 

water into the ultrasonic bath. 

5. The silicon wafer was third cleaned with ultrasonic agitation by the 

deionized water for 10 minutes to remove the acetone and then repeat 

this step two times. 

6. In the last step, the silicon wafer was dried with dry air follow blow 

with warm air to get rid of moisture. 
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Figure 3.15 A photo of the silicon wafer substrates with the size of (a) 1010 mm2, 

and (b) 2020 mm2. 

 

 

Preparation of the chrome plating and NAB 

The chromium-plated substrate, as shown in Figure 3.16, was 

electroplated onto the brass substrate. The electroplating process was performed on a 

brass sample with a diameter of 20 mm and a height of 4 mm. A thick nickel layer 

was electroplated for corrosion resistance, followed by a thin chromium layer for 

decorative purposes. The nickel-plated brass was prepared from a solution bath of 

nickel chloride, nickel sulphate, and boric acid with a DC voltage of -5 V and an 

immersion time of 8 minutes. The coating thickness of the nickel was adjusted to 

about 5 µm. Then the chromium coating was prepared from a chromate solution 

(chromium sulphate) with a DC voltage of -7 V and an immersion time of 2.5 

minutes. The coating thickness of the chromium was adjusted to about 0.5 µm. It is 

used to increase the reflectivity of nickel coating on a substrate. Therefore, in this 

work, chromium-plated substrate means nickel-chromium plating, in which nickel and 

chromium were electrodeposited to form a two-layer surface on a brass substrate. The 

chemical cleaning of the chrome-plated substrate follows the same procedure as the 

cleaning of silicon wafers (see above). 

 

(a) (b)
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Figure 3.16 A photo of the chromium-plated substrate (a) front view and (b) side 

view. 

 

 

The unpolished and polished NAB substrates, as shown in Figure 3.17, 

were machined from the NAB rod and prepared by grinding and polishing. The 

cylindrical NAB bulk was lathed into the same size as the chrome plating. The NAB 

was a single side mirror-polished to reduce the surface roughness using the standard 

metallographic method. The silicon carbide (SiC) sandpapers (Grit size of 100, 200, 

600, 800, 1000, 1500, 2000, 2500, 3000, 4000, and 5000) as shown in Figure 3.18 

were used for grinding process and then the alumina powder suspension in DI water 

as shown in Figure 3.19 (Grain size of 0.5 m and 0.05 m) were used for polishing 

process. This step is necessary to accomplish a suitable surface roughness about 100 

nm observed by the surface profilometer. After polishing, the NAB substrate was 

thoroughly rinsed with DI water to remove the alumina suspension and then immersed 

in a methanol solution. The cleaning process of the NAB substrate is described below, 

where only methanol solution was used to clean the NAB substrate. 

1. The methanol solution was poured into the glass container and then the 

NAB substrate was placed in the glass container. 

2. The NAB substrate was cleaned with ultrasonic agitation. The setup 

time for this step is about 10 minutes. 

3. Finally, the substrates were suddenly dried with microfiber wiper and 

then blown out with warm air to remove the moisture. 

(a) (b)
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Figure 3.17 A photo of (a) unpolished and (b) polished NAB substrate. 

 

 

 

Figure 3.18 The SiC sandpapers with grit sizes of 100, 200, 600, 800, 1000, 1500, 

2000, 2500, 3000, 4000, and 5000. 

 

(a) (b)

#100 #5000
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Figure 3.19 The alumina powder with particle size of 0.5 m and 0.05 m used for 

suspension in DI water. 

 

 

3.2.2 Argon-hydrogen plasma cleaning process 

Before the deposition procedure, the chamber and the substrate holder 

were thoroughly cleaned with a cleanroom wiper wetted with methanol to remove any 

loosely attached flakes of previously deposited materials repeatedly. Then the 

chamber was cleaned by a dry cleanroom wiper. Afterward, the substrates which were 

pre-cleaning by the ultrasonic process will be loaded into the deposition chamber. 

These substrates were placed on the stainless-steel plate that serves as the substrate 

holder as shown in Figure 3.20 (a) for the chromium-plated substrate and (b) for the 

NAB substrate. Then the substrate holder with the substrates was placed on the 

bottom electrode. The substrate holder was cooled using the cold water circulated in 

the center of the bottom electrode. In the next step, the deposition chamber was 

pumped down to a base pressure of about 10-3 Pa for about 60 minutes using the 

turbomolecular and scroll pumps. The plasma cleaning process is necessary to remove 

the scrupulous contamination and oxide layer on the top of the substrate surface. The 

substrates were physical and chemical cleaning by the bombardment of the mixture 
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argon and hydrogen plasma. The RF power of 300 W was used to generate the Ar-H2 

plasma. During the plasma cleaning, the argon, and hydrogen flow rates of 10 sccm 

with operating pressure of 0.1 Pa , and the processing time of 10 min were controlled 

to achieve the ultra-high cleaning substrate. The other parameters are shown in Table 

3.1. and the photo for argon-hydrogen plasma during the cleaning process for 

chromium-plated and NAB substrates is shown in Figure 3.21. 

 

  

 

Figure 3.20 A photo of the (a) chromium-plated substrates and Si wafer (b) NAB 

substrates and Si wafer were placed onto the stainless-steel plate. 

 

 

Table 3.1 The parameters used for argon-hydrogen plasma cleaning process. 

 Cleaning parameters 

RF power (W) 300 

DC self-bias voltage (V) 600−800 

Argon flow rate (sccm) 10 

Hydrogen flow rate (sccm) 10 

Operating pressure (Pa) 6.67 

Valve position (%) 100 

Cleaning time (minutes) 10 

 

Si wafer

Chromium plating

Substrate holder
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Substrate holder
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Figure 3.21 A photo of Ar-H2 plasma during the cleaning process of (a) chromium-

plated substrates and Si wafer (b) NAB substrates and Si wafer. 

 

 

3.2.3 Deposition process 

The deposition process is divided into two parts for chromium-plated and 

NAB substrate. The deposition processes including the interlayer coating and a-C:H 

coating operated via the hybrid RF-PECVD/MS system are given in detail below. For 

chromium-plated part, the a-C:H layer was regulated for the same condition while the 

different silicon-based interlayer coating was studied. For NAB part, the amorphous 

silicon interlayer was regulated for the same condition while the deposition period 

(stack) of the multilayer was studied. Multilayer DLC films were deposited using the 

DLC film (DLC) as the hard layer, and silicon doped DLC film (Si-doped DLC) as 

the soft layer. 
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Deposition process for chromium-plated part 

The hybrid RF-PECVD/MS system was used to prepare a two-step 

process of a-C:H films with a silicon-based interlayer. In the first process, the silicon-

based interlayer was deposited using the magnetron sputtering technique. The 

magnetron source is used to deposit the silicon-based interlayer via the pure silicon 

target of 2 inches (Kurt J Lesker Company) as shown in Figure 3.22. In the second 

process, the a-C:H layer following was deposited using the RF-PECVD technique. 

For different silicon-based interlayer, the a-Si, a-Si:N, a-Si:H, and a-SixCy:H were 

deposited using different process parameters, the magnetron source with the pure 

silicon target was installed on the top of the vacuum chamber. The Pinnacle Plus 

power supply was employed to deliver the DC power to the magnetron source with 

the power of 100 W. During the silicon-based interlayer deposition, inert argon gas 

was fed into the vacuum chamber as the sputtering gas with a flow rate of 20 sccm 

and the bottom electrode was connected to the ground. The operating pressure of 

about 6.67 Pa for four interlayers was kept constant to control the deposition 

condition. For a-Si interlayer, argon gas was only used to film deposition. While the 

a-Si:N, a-Si:H, and a-SixCy:H interlayers were deposited using reactive gases of 

nitrogen, hydrogen, and acetylene, respectively. The process parameters of different 

silicon-based interlayers for deposition were concluded in Table 3.2. The photo of 

plasma during the deposition process of a-Si, a-Si:N, a-Si:H, and a-SixCy:H interlayers 

was shown in Figure 3.23. 

 

 

 

Figure 3.22 A Photo of silicon target (a) front view, and (b) side view. 

(a) (b)
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Table 3.2 The parameters used for different silicon-based interlayer coating process. 

Parameters 
Interlayers 

a-Si a-Si:N a-Si:H a-SixCy:H 

DC power (W) 100 

Argon flow rate (sccm) 20 

Hydrogen flow rate 

(sccm) 
- 2 - - 

Nitrogen flow rate (sccm) - - 2 - 

Acetylene flow rate 

(sccm) 
- - - 1 

Operating pressure (Pa) 6.67 

Valve position (%) 118 121 120 119 

 

 

 

 

Figure 3.23 A photo of plasma during the deposition process of (a) a-Si, (b) a-Si:N, 

(c) a-Si:H, and (d) a-SixCy:H interlayers 

 

In the deposition of a-C:H film, the best condition of a-C:H was chosen to 

deposit. The acetylene gas was used as a hydrocarbon precursor, and the hydrogen 

and argon gases were utilized for the stability of the operating pressure and sustain of 

the plasma. The operating pressure for the a-C:H coating was kept at 0.93 Pa, and the 

flow rate of acetylene, argon and hydrogen remained the same at 10 sccm. The RF 

power of 300 W was used to generate the C2H2-Ar-H2 plasma.  Figure 3.24 shows the 

photo of C2H2-Ar-H2 plasma during the deposition process. The process parameters of 

a-C:H coating were concluded in Table 3.3. Figure 3.25 concludes the experimental 

(a) (b) (c) (d)
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procedure for chromium-plated substrate with the schematic diagram and a 

corresponding photo of the process for loading samples, plasma cleaning, interlayer 

coating and a-C:H coating. 

 

Table 3.3 The parameters used for a-C:H coating process. 

Parameters a-C:H film 

RF power (W) 300 

DC self-bias voltage (V) 800−1000 

Argon flow rate (sccm) 10 

Hydrogen flow rate (sccm) 10 

Acetylene flow rate (sccm) 10 

Operating pressure (Pa) 0.93 

Valve position (%) 1000 

 

 

 

 

Figure 3.24 A photo of C2H2 -Ar-H2 plasma during the deposition process. 
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Figure 3.25 A schematic diagram and photo of loading samples, plasma cleaning, 

interlayer coating and a-C:H coating process. 

 

 

Deposition process for NAB part 

In this part, the multilayer DLC films were deposited on an alloyed NAB 

substrate. The amorphous silicon film (a-Si) was used as an interlayer. The DLC film 

and the silicon doped DLC film (Si-doped DLC) were used as hard and soft layers, 

respectively. The deposition period of 1 stack, 3 stacks and 5 stacks were investigated. 

For the example of 1-stack deposition, the a-Si interlayer was deposited  by 

magnetron sputtering technique after the plasma cleaning process. Then the layer of 

Si-doped DLC was deposited using a combination of magnetron sputtering and RF-

PECVD. During RF-PECVD discharge, the magnetron sputtering source generates 

the silicon atoms that can be doped into the DLC structure. Finally, the DLC layer 

was deposited on the a-Si layer using the RF-PECVD. In the deposition of 3 and 5 

stacks, the Si-doped DLC and DLC layers following were deposited until the 

completion of the number of layers. For the deposition of a-Si interlayers, an argon 

gas flow of 20 sccm with an operating pressure of 6.67 Pa was used to generate a 

plasma with a DC power of 100 W. During the deposition of the interlayers, the 

bottom electrode was connected to the ground with the substrates. While argon, 

hydrogen and acetylene were used for DLC deposition at a flow rate of 10 sccm with 
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a controlled operating pressure of 0.93 Pa. The C2H2-Ar-H2 plasma was generated at a 

power of RF of 300 W. For Si-doped DLC deposition, magnetron sputtering source 

was operated in parallel with the RF plasma. Therefore, the same parameters were 

used for the Si-doped DLC deposition as for the DLC deposition. The DC power of 

100 W was used for magnetron sputtering discharge. The process parameters of the 

interlayer, DLC and Si-doped DLC coating are summarized in Table 3.4. Figure 3.26 

shows the photo of the plasma during the deposition of the a-Si interlayer, the DLC 

and the Si-doped DLC. Figure 3.27 concludes the experimental procedure for NAB 

substrate with the schematic diagram and a corresponding photo of the process for 

loading samples, plasma cleaning, interlayer coating, Si-doped DLC coating and DLC 

coating. 

 

 

Table 3.4 The parameters used for the deposition of the a-Si interlayer, the DLC and 

the Si-doped DLC. 

Parameters Interlayer DLC Si-doped DLC 

RF power (W) - 300 300 

DC power (W) 100 - 100 

Argon flow rate (sccm) 20 10 10 

Hydrogen flow rate 

(sccm) 
- 10 10 

Acetylene flow rate 

(sccm) 
- - 10 

Operating pressure (Pa) 6.67 0.93 0.93 

Valve position (%) 118 1000 1000 
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Figure 3.26 A photo of the plasma during the deposition process of (a) a-Si interlayer, 

(b) DLC film, and (c) Si-doped DLC film. 

 

 

 

 

Figure 3.27 A schematic diagram and photo of loading samples, plasma cleaning, 

interlayer coating, Si-doped DLC coating and DLC coating process for NAB 

substrate.
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CHAPTER IV  

Results and discussion (Part : Chrome plating) 

 

The chapter IV deals with the results and discussion of a-C:H films deposited 

on chromium-plated and silicon substrates with different silicon-based interlayers. 

This chapter is divided into three sections. In the first section, the deposition rate, 

structural properties, and mechanical properties of the silicon-based interlayers were 

investigated. In this part, the film thickness and chemical bonding of different silicon-

based interlayers deposited on a silicon substrate were measured, while the effect of 

the different interlayers deposited on a chromium-plated substrate on hardness was 

evaluated. The second section investigated the deposition rate and structural 

properties of a-C:H films deposited on a silicon substrate in terms of film thickness, 

film density, and D and G peak parameters for sp2
 vibrations of a-C:H films. In the 

third section, the surface and cross-sectional morphology, structural properties, 

mechanical properties, adhesion strength, and electrochemical corrosion resistance of 

a-C:H films deposited with different silicon-based interlayers were analysed and 

discussed. 

 

4.1 Results of silicon-based interlayers 

Four types of amorphous silicon films including a-Si, a-Si:N, a-Si:H, and a-

SixCy:H were used as interlayers for the a-C:H coating. These interlayers were 

deposited on a silicon substrate with the same deposition time of 30 minutes using the 

DC magnetron sputtering method. The model of four interlayers on a silicon substrate 

is shown in Figure 4.1. A photo of the a-Si, a-Si:N, a-Si:H, and a-SixCy:H interlayers 

deposited on the silicon substrates is shown in Figure 4.2. The different colour of the 

films corresponds to the different types of dopants, thickness and density in the films. 

To determine the deposition rate for the control of the same thickness, the film 

thickness was measured using a field emission secondary electron microscope 

(FESEM). Then, the microstructure and density of these interlayers with the same 

thickness of about 50 nm were characterized by X-ray photoelectron spectroscopy 
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(XPS) and X-ray reflectivity (XRR), respectively. For the mechanical properties, the 

interlayers with 300 nm thick were deposited on a chromium-plated substrate and then 

the hardness and elastic modulus were observed using nanoindentation techniques. 

 

 

 

Figure 4.1 Schematic model of four silicon-based interlayers on a silicon substrate 

(not to scale). 

 

 

 

Figure 4.2 Photo of a-Si, a-Si:N, a-Si:H, and a-SixCy:H interlayers deposited on a 

silicon substrate. 

 

 

4.1.1 Thickness and deposition rate 

The use of different precursor gasses for different silicon-based interlayers 

directly affected the deposition rate. Therefore, to investigate the effects of different 

silicon-based interlayers on the properties of a-C:H films, the same film thickness is 

controlled with the same deposition time of 30 minutes and an operating pressure of 

50 mtorr. To determine the film thickness, the deposited a-Si, a-Si:N, a-Si:H and a-

SixCy:H interlayers were characterized by FESEM (TESCAN, MIRA3 model) at an 

accelerating voltage of 20 kV and a magnification of 80 kx in backscattered electron 

(BSE) mode. Figure 4.3 shows the microscopic cross-sectional images of all the 
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interlayers. The layer thickness was measured using the Image J program based on 

two FESEM cross-sectional images with 20 positions each, while the static deposition 

rate in nm/min was calculated by the thickness per unit time (Equation 4.1), which is 

summarized in Table 4.1. The thickness of the a-Si, a-Si:N, a-Si:H and a-SixCy:H 

interlayers was measured to be 346.48±5.71, 397.85±6.51, 315.58±4.53 and 

616.50±8.35 nm, respectively. The deposition rate of the four different silicon-based 

interlayers is shown in Figure 4.4. The deposition rate varied depending on the gas 

source. For a-Si:N and a-SixCy:H interlayers, the deposition rate is higher than for a-Si 

interlayers. This result is likely due to the incorporation of nitrogen and carbon atoms 

in the growing film. The lowest deposition rate was obtained at 10.5±0.15 nm/min for 

the a-Si:H interlayer. In the Ar:H2 atmosphere, the hydrogen should remove the 

oxygen during the sputtering process and the growing film, resulting in a lower 

deposition rate [101]. To achieve the same thickness of a-Si, a-Si:N, a-Si:H, and a-

SixCy:H interlayers, the different deposition times were controlled. 
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Figure 4.3 FESEM cross-sectional images of (a) a-Si, (b) a-Si:N, (c) a-Si:H, and (d) 

a-SixCy:H interlayers on silicon substrate. 

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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  Film thickness (nm)
Deposition rate (nm/min)=

Deposition time (min)  
4.1 

 

 

Table 4.1 Film thickness and deposition rate of all silicon-based interlayers. 

Interlayers Film thickness (nm) Deposition rate (nm/min) 

a-Si 346.48±5.71 11.5±0.19 

a-Si:N 397.85±6.51 13.3±0.22 

a-Si:H 315.58±4.53 10.5±0.15 

a-SixCy:H 616.50±8.35 20.6±0.28 

 

 

Figure 4.4 Deposition rate using different silicon-based interlayers. 
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4.1.2 Analysis of the structural properties 

For the characterization of the microstructure and film density, the 

different a-Si, a-Si:N, a-Si:H, and a-SixCy:H interlayers were prepared on the silicon 

substrate with a layer thickness of about 50 nm. The chemical state of the different 

interlayers, including a-Si, a-Si:N, a-Si:H, and a-SixCy:H, was investigated by X-ray 

photoelectron spectroscopy measurements. XPS measurements were performed using 

a PHI5000 Versa Probe II, ULVAC-PHI, Japan, at the joint research facility SUT-

NANOTEC-SLRI, Synchrotron Light Research Institute (SLRI), Thailand. 

Monochromatic Al-K X-rays (1,486.6 eV) was used as the excitation source. All 

binding energies of the samples were calibrated with the C1s peak at 284.8 eV. For a 

wide scan, the binding energy range of 0−700 eV was used with a step size of 1 eV. 

The Si2p, C1s, N1s, and O1s fine scans were performed with the binding energy 

range of 95−108, 280−290, 394−404, and 529−537 eV, respectively, and a step size of 

0.05 eV. The results of the wide-scan XPS spectra for the four silicon-based 

interlayers, shown in Figure 4.5, mainly contain three peaks at 102 eV, 153 eV, and 

532 eV, corresponding to the silicon (Si2p and Si2s) and oxygen (O1s) peaks, 

respectively [102]. In addition, the peak at 397 eV of the a-Si:N sample corresponds 

to nitrogen (N1s) and the peak at 285 eV of the a-SixCy:H sample corresponds to 

carbon (C1s), which are dominant compared to the other samples and are associated 

with the doping gases [102]. The silicon peaks originate from the silicon target, which 

serves as the main precursor material for silicon-based interlayer deposition. The 

oxygen-rich peaks should be originated from the residual gas in the vacuum chamber 

during the deposition process and the adsorption process during the measurement 

[103], [104]. 
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Figure 4.5 Typical XPS spectra of a wide scan for a-Si, a-Si:N, a-Si:H and a-SixCy:H 

interlayers. 

 

Fitting of the Si2p peak for all samples, the N1s peak for a-Si:N, and the 

C1s peak for a-SixCy:H was performed using the Gaussian function of Origin 

software, and backgrounds were fitted using the Shirley method. The deconvoluted 

XPS spectra for Si2p of all interlayers are shown in Figure 4.6. It can be seen that the 

Si2p spectrum was decomposed into six peaks located at binding energies of ~99.3, 

~100.0, ~100.6, ~101.4±0.08, ~102.5±0.10, and ~103.5±0.10 eV. These peaks were 

observed in the functional group of Si2p, Si2O, SiO, Si2O3 and SiO2 and are in 

agreement with those in other works [105]–[107]. The Si2p spectrum was found to 

contain two spin splitting peaks, which may be overlapping spin-orbit components 

leading to an asymmetric peak shape. The silicon dioxide and suboxides, including 

Si2O, SiO, Si2O3 and SiO2, correspond to oxidation states +1, +2, +3, and +4, 

respectively [108]. In the a-Si:N interlayer, the nitrogen dopant atoms are not bonded 

to the silicon atoms, but are located between the silicon network, which is consistent 

with the XPS spectra of the N1s peak, as shown in Figure 4.7 (a). In addition, the a-

SixCy:H interlayer also shows the Si−C peak with a binding energy of ~100.3 eV, as 
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shown in Figure 4.6 (d), indicating that the carbon dopant can be bound to the silicon 

core atoms [103], [109]. In addition, Figure 4.7 (b) shows the C1s spectra of the a-

SixCy:H interlayer that was deconvoluted into four components centered at 283.2, 

284.1, 284.9 and 286.4 eV, corresponding to C−Si, C=C, C−C, and C−O, respectively 

[110], [111]. The results show that the carbon atom is bonded to silicon, which is 

consistent with the results of the Si2p peak. Moreover, the carbon atom of acetylene 

gas also binds to its atom to form C=C and C−C bonds, and it binds to the remaining 

oxygen moiety to form a C−O bond. The fitting results of all peaks such as bond type, 

binding energy, FWHM and content are summarized in Table 4.2. 

 

  

Figure 4.6 Deconvoluted XPS spectra for Si2p of (a) a-Si, (b) a-Si:N, (c) a-Si:H, and 

(d) a-SixCy:H interlayers. The black, red, blue, and other solid lines represent the 

experimental data, the fitted curve, the Shirley background, and the deconvolution of 

the individual peaks, respectively. 

94 96 98 100 102 104 106 108

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Si2O

100.6

Si2p

99.4

Si2O

100.6

96 98 100 102 104 106 108

394 396 398 400 402 404

N
o
rm

a
li

ze
d

 i
n

te
n

si
ty

 (
a
.u

.)

Binding energy (eV)

N1s

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Si2p

99.3

Si2p

100.0

SiO2

103.4

(a) a-Si (b) a-Si:N

(c) a-Si:H (d) a-SixCy:H

Si2O3

102.4

SiO

101.3

Si2p

100.0

SiO2

103.5

Si2O3

102.6

SiO

101.4

SiO2

103.6

Si2O3

102.6

SiO

101.5

SiC

100.3

Si2O3

102.5SiO

101.4

SiO2

103.6

94 96 98 100 102 104 106 108

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

96 98 100 102 104 106 108

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)



 

 

 

 77 

 

Figure 4.7 Deconvoluted XPS spectra for (a) N1s of a-Si:N interlayer and (b) C1s of 

a-SixCy:H interlayer. The black, red, blue, and other solid lines represent the 

experimental data, the fitted curve, the Shirley background, and the deconvolution of 

the individual peaks, respectively. 
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Table 4.2 The fitted results of bond type, binding energy, FWHM and content 

deconvoluted from the XPS spectra of a-Si, a-Si:N, a-Si:H, and a-SixCy:H interlayers. 

Interlayers 
Peak 

designation 
Bonding 

Chemical information 

Binding 

energy (eV) 

FWHM 

(eV) 

Content 

(%) 

a-Si Si2p Si2p 99.3 1.21 22.88 

Si2p 100.0 1.28 7.16 

Si2O 100.6 1.11 4.53 

SiO 101.3 0.90 2.83 

Si2O3 102.4 1.51 20.63 

SiO2 103.4 1.58 41.96 

a-Si:N Si2p SiO 101.5 1.56 14.31 

Si2O3 102.6 1.55 46.49 

SiO2 103.6 1.69 39.20 

N1s N1s 398.56 1.94 100 

a-Si:H Si2p Si2p 99.4 1.11 22.76 

Si2p 100.0 1.19 12.94 

Si2O 100.6 1.23 6.20 

SiO 101.4 1.23 5.03 

Si2O3 102.6 1.52 21.32 

SiO2 103.5 1.58 31.76 

a-SixCy:H Si2p Si−C 100.3 1.58 21.24 

SiO 101.4 1.51 33.05 

Si2O3 102.5 1.56 37.60 

SiO2 103.6 1.49 8.11 

C1s C−Si 283.2 1.58 17.99 

C=C 284.1 1.31 38.39 

C−C 285.0 1.33 34.87 

C−O 286.4 1.77 8.74 
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The physical properties such as density, thickness, and roughness of the 

thin film can be determined by X-ray reflectivity technique. The XRR technique is a 

nondestructive, powerful, and widely used scattering technique for determining the 

physical properties of thin-film coatings [112]. The film density of four silicon-based 

interlayers with a controlled thickness of 50 nm was determined using X-ray 

reflection by grazing-incidence (Bruker: D8 Advance Diffractometer model). An X-

ray beam of Cu-Kα radiation with a wavelength of 0.154 nm was used to impinge on 

the film surface, generated with an accelerating voltage and a cathode current of 40 

kV and 40 mA, respectively. With an incident angle of 0−2 degrees and an increment 

angle of 0.005 degrees at an integration time of 1 s, the oscillations due to the 

reflection of air-film and film-substrate were observed. This interference pattern of 

oscillations was also called the Kiessig fringe, which consists of a critical angle ( )c  

and an interference fringe. The density ( )  of the thin film was extracted from the 

critical angle for total electron reflection using Equation 4.2 [113], while the layer 

thickness was defined from the periodic oscillation of intensity, which can be 

simulated using the modified Bragg equation as shown in Equation 4.3 [114] as 

follows: 

 

 2

2

c

er







 
4.2 

 

 

 2

2 22 sin

i

i c

n n
t



 

+ 
=

−
 

4.3 

 

 

where   is the wavelength of the X-rays, 
er  = 2.81810-15 m is the 

Thomson’s classical electron radius, 
i  is the observed position of the maximum or 

minimum of the i-th interference fringe, and 
in  is an integer, n   = 1/2 and 0 for the 

maximum and minimum, respectively. 
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The XRR-Kiessig fringes of experimental data (black curve) and the 

corresponding simulation data (red curve) for four silicon-based interlayers deposited 

on silicon substrate are shown in Figure 4.8. The experimental lines were observed on 

the films, while the simulation lines were fitted based on the structural model of these 

layers. To obtain the exact values for density and thickness of the films, Leptos 7 

software was used to simulate the film model and correlate it with the interference 

pattern of the films. A film model with a silicon substrate, a thin intermediate layer of 

native silicon oxide, interlayers (a-Si, a-Si:N, a-Si:H, and a-SixCy:H), and a layer of 

native silicon oxide on top was assumed. The simulation data from this model are 

identical to the experimental data, so the thickness and density results can be extracted 

from this simulation model. Figure 4.9 shows the fitted results for thickness and 

density of all interlayers. It was found that the average thickness of the four 

interlayers was about 49±3.69 nm, which was close to the controlled thickness value 

(50 nm). The density of the silicon-based interlayers was in the range of 1.68−2.05 

g/cm3. However, it was found that the density of these interlayers fabricated in this 

work was about 74−90% of the calculated density (2.285 g/cm3) [115], [116]. The 

slightly lower density of the silicon-based interlayers prepared could be due to the 

void volume of atoms forming a continuous random network during film growth and 

the effect of doping. 
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Figure 4.8 XRR curve of the experimental data (black curve) and simulation data (red 

curve) of the different silicon-based interlayers. 

 

Figure 4.9 Fitted results of thickness (orange bar) and density (green bar) of a-Si, a-

Si:N, a-Si:H, and a-SixCy:H interlayers. 
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4.1.3 Mechanical properties analysis 

The nanoindentation test is commonly used to evaluate the hardness and 

elastic modulus of nanoscale materials determined based on the method of Oliver and 

Pharr [117]. The hardness and elastic modulus of four silicon-based interlayers with a 

thickness of 300 nm and the chromium-plated substrates were measured using a 

nanoindentation test (Hysitron, TI Premier model). To determine the actual hardness 

value, repeated tests were performed five times on each sample using a pyramid-

shaped Berkovich indenter at a different location. To reduce the effects of the 

chromium-plated substrate, the same low load of 250 N was used for the dynamic 

mode so that the maximum indentation depth was less than 10% of the total coating 

thickness. 

 Figure 4.10 shows the loading and unloading curves of chromium-plated 

substrate and four silicon-based interlayers. The curve represents the penetration 

behaviour of the indenter on a substrate and the films. It became clear that the 

penetration depth of the sample was different at the same maximum load (250 N). 

The penetration depth of the chromium-plated substrate is about 20.26±0.29 nm, 

while the penetration depth of the a-Si, a-Si:N, a-Si:H and a-SixCy:H interlayers is 

about 29.31±0.92, 46.26±2.69, 48.94±2.87, and 51.77±2.66 nm, respectively. It can 

be seen that the penetration depth of four interlayers is 9.77, 15.42, 16.31 and 17.26% 

of the total film thickness (300 nm). The penetration depth higher than 10% for a-

Si:N, a-Si:H and a-SixCy:H samples corresponds to the higher hardness. Although the 

ultra-low applied load constant of 250 N was employed to keep the penetration 

depth below 10%, the indenter can penetrate the film with different depths depending 

on the hardness. 
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Figure 4.10 Loading and unloading curves of chromium-plated substrate and 

different silicon-based interlayers. 

 

The hardness and elastic modulus of a substrate and the four interlayers 

are shown in Figure 4.11. The summarized results of the hardness, penetration depth, 

and elastic modulus of a chromium-plated substrate and the interlayers a-Si, a-Si:N, a-

Si:H, and a-SixCy:H are also shown in Table 4.3. As can be seen in Figure 4.11, the 

hardness and elastic modulus of four interlayers are lower than those of the substrate. 

This result shows that coating with only one interlayer is not sufficient to improve the 

mechanical properties of the substrate. At the same applied load, the highest hardness 

of 5.28±0.24 GPa of the a-Si interlayer corresponds to the lowest penetration depth 

for all interlayers. For the a-Si interlayer, all silicon atoms are bonded to four adjacent 

silicon atoms (Si-Si bonds) to obtain an amorphous structure, and also bonded to 

residual oxygen atoms, as shown by the XPS results, which may result in lower 

hardness than other works. Another factor that may affect the lower hardness is the 

process parameters during deposition. Danesh et al. [118] show that the hardness of a-

Si films prepared by DC magnetron sputtering is about 9.55 GPa, but a high substrate 

temperature of 300 °C is required. Moreover, a-Si:N, a-Si:H, and a-SixCy:H 
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interlayers have lower hardness than a-Si interlayers. The introduction of nitrogen, 

hydrogen, and carbon atoms from doping gasses into the amorphous silicon structure 

can cause the Si-Si bonds to be broken [119]. However, the slightly different hardness 

of a-Si:N, a-Si:H, and a-SixCy:H interlayers is difficult to compare and explain due to 

the different concentrations and process parameters for thin-film deposition. The 

elastic modulus of a material is the resistance to elastic deformation under an 

externally applied stress, which can be represented by the stress-strain ratio of the 

material. In Figure 4.11, the modulus of elasticity is varied in the same way as 

hardness. For all the interlayers, the a-Si interlayer exhibits the highest elastic 

modulus of 100.28±4.33 GPa, indicating a high load carrying capacity of the film. 

 

 

Figure 4.11 Hardness and elastic modulus of chromium-plated substrate and a-Si, a-

Si:N, a-Si:H, and a-SixCy:H interlayers. 
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Table 4.3 Hardness, elastic modulus and penetration depth of a chromium-plated 

substrate, a-Si, a-Si:N, a-Si:H and a-SixCy:H interlayers. 

Samples Hardness (GPa) 

Elastic modulus 

(GPa) 

Penetration 

depth (nm) 

Chromium-plated 

substrate 
8.30±0.46 232.35±8.41 20.26±0.29 

a-Si 5.82±0.24 100.28±4.33 29.31±0.92 

a-Si:N 2.48±0.33 64.12±5.66 46.26±2.69 

a-Si:H 2.77±0.32 49.12±3.47 48.94±2.87 

s-SixCy:H 2.37±0.18 52.98±4.18 51.77±2.66 
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4.2 Results of a-C:H films 

The chromium-plated substrates with silicon-based interlayers were coated 

with a-C:H film to improve the mechanical and corrosive properties. To compare the 

effect of the interlayers, the process parameters of the a-C:H coating were controlled. 

First, the a-C:H film was deposited on a silicon substrate using the RF-PECVD 

method with a deposition time of 20 minutes, as shown in the photo in Figure 4.12. 

Then, the thickness of the a-C:H film was investigated by FESEM to determine the 

deposition rate. In addition, the a-C:H film with a controlled thickness of about 50 nm 

was characterized for density by XRR. 

 

 

 

Figure 4.12 A photo of a-C:H film on a silicon substrate. 

 

 

4.2.1 Film thickness and deposition rate 

The FESEM cross-sectional image (TESCAN, MIRA3 model) with an 

accelerating voltage of 20 kV and a magnification of 80 kx in BSE mode was used to 

evaluate the actual thickness of the a-C:H film. Figure 4.13 shows the FESEM cross-

sectional image of a-C:H film on a silicon substrate. The layer thickness was 

measured using the Image J program based on two FESEM cross-sectional images 

with 20 positions each. The result shows that the film thickness was 417.39±5.64 nm 

a-C:H
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with a deposition time of 20 minutes. Accordingly, the deposition rate of the a-C:H 

film was 20.87±0.28 nm/min, which can be used to control the thickness of the a-C:H 

layer later. 

 

 

 

Figure 4.13 Cross-sectional FESEM image of a-C:H film. 

 

 

4.2.2 Structural properties analysis 

The XRR technique was used to investigate the physical properties such 

as density and thickness of the a-C:H layer. The deposited a-C:H film with a 

controlled thickness of about 50 nm was measured by XRR technique with grazing-

incidence mode. The layer model with the silicon substrate, the thin native silicon 

oxide, and the carbon layer on the top was used to interpret the Kiessig fringes using 

Leptos 7 software. The XRR Kiessig fringes of the experimental data (black curve) 

and the corresponding simulation data (red curve) for the a-C:H sample are shown in 

Figure 4.14. It was found that the thickness of the a-C:H film is about 45 nm, which is 

close to the controlled thickness value (50 nm). In this work, it was found that the 

density of the a-C:H film deposited with RF-PECVD is about 2.15 g/cm3. This 

density value is in the range previously reported (1.60−2.10 g/cm3 for hydrogenated 

amorphous carbon films prepared by the RF-PECVD method [120]). Moreover, the 

a-C:H

Si substrate
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density of the a-C:H film can be improved by adjusting the process parameters, 

although the data are not shown in this work. 

 

Figure 4.14 XRR curve of experimental data (black curve) and simulation data (red 

curve) for a-C:H films. 

 

Raman spectroscopy is widely used to determine the structural and 

complementary information of DLC films because it detects the chemical bonds in 

carbon-based materials with a nondestructive method [121], [122]. In general, the 

Raman spectra of undoped amorphous carbon films with and without hydrogenation 

show two peaks, the D peak and the G peak. These peaks were usually excited by the 

oscillation of sp2 hybridization in the carbon network [123]. In this work, the structure 

formation of the a-C:H thin films deposited on the silicon substrate with a thickness of 

about 50 nm was characterized by Raman spectroscopy (Bruker, Senterra model). The 

surface of the a-C:H films was excited using an Ar laser with a wavelength of 532 nm 

and a power of 12.5 mW. The scan range of the Raman spectra was between 

50−2,700 cm-1 (0.5 cm-1 resolution) with an aperture size of 50 um slit. The spectrum 

was a co-addition of 30 scans with a short exposure time (2 s) to avoid the effect of 
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deconvoluted with the Gaussian function using Origin software (version 2018) to 

determine the intensity ratio of D and G peaks (ID/IG) or the ID/IG ratio, peak positions, 

and FWHM. The Raman spectra of the a-C:H films are shown in Figure 4.15. In this 

work, the positions of the D and G peaks were found at 1,416 and 1,567 cm-1, 

respectively, and the ID/IG ratio of the a-C:H film was 1.28. The positions of the D and 

G peaks of conventional a-C:H films prepared by the RF-PECVD technique are in the 

range of 1,334−1,370 cm-1 and 1,545−1,599 cm-1 [124], [125]. However, the shift of 

the D peak depends on the impurities in the films and the occurrence of the X peak. 

These parameters can be related to the structure, density and location of the sp2 

cluster. In other works, it has been reported that the D peak (denoted by D for disorder 

of graphite) is associated with the vibration of A1g symmetry breathing mode of sp2 

atoms only in aromatic rings, while the G peak (denoted by G for graphite) is 

associated with the vibration of E2g stretching mode of sp2 atoms in both aromatic 

rings and chains [126]–[128]. The X peak was found at about 1,232 cm–1 and was also 

observed by Qiang et al. [129], Wang et al. [130], and Zhang et al. [131]. It probably 

originates from the vibrations of a pentagonal atomic ring in the carbon 

nanostructures. However, the D and G peaks originating from sp2 hybridization are 

more conspicuous than the X peak. It can be concluded that the a-C:H film prepared 

in this work is dominated by the scattering of the sp2 site due to an excitation 

resonance with  states attributed to the amorphous carbon thin films. 
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Figure 4.15 Raman spectra of a-C:H films. The black and red lines show the 

experimental data and the fitted curve, respectively. The green, blue, and magenta 

lines correspond to the deconvolution of the X, D and G peaks, respectively. 
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4.3 Results of a-C:H with interlayers 

In this part, the a-C:H films with different silicon-based interlayers were 

deposited on chromium-plated and silicon substrates. The thickness of the silicon-

based interlayers of a-Si, a-Si:N, a-Si:H, and a-SixCy:H was set to about 300 nm. The 

a-C:H layer was also controlled at a thickness of 300 nm. In the first study of this part, 

the thickness of the a-C:H layer was controlled to about 600 nm, but the a-C:H films 

with the a-Si:N interlayer detached from the chromium-plated substrate as if 

deposited. Therefore, the thickness of the a-C:H layer was set to 300 nm to be 

compatible with all interlayers. Figure 4.16 shows the model of a-C:H layer 

deposition with different silicon-based interlayers and without an interlayer on a 

chromium-plated substrate. The different deposition times of the four interlayers and 

the a-C:H film were manipulated based on the deposition rate of each thin film to 

achieve a film thickness of 300 nm.  

Figure 4.17 shows a photo of a-C:H films deposited with different silicon-

based interlayers on substrate holder. Figure 4.18 shows a photo of a-C:H films 

deposited on silicon and chromium-plated substrates using a-Si, a-Si:N, a-Si:H and a-

SixCy:H films as the interlayers. It was found that the colour of the films on silicon 

substrates was dark brown or black and uniform. On chrome plating, the colour was 

not uniform with greenish-black and purplish-black, which is due to the height of the 

sample and the non-uniform coating of the interlayers. However, the films showed 

good adhesion to the substrates without cracking or peeling. In contrast, the a-C:H 

films deposited on a chromium-plated substrate without an interlayer can be seen to 

detach from the substrate, as shown in Figure 4.19. Thus, the a-C:H films deposited 

without an interlayer exhibit poor adhesion. 

 

 

Figure 4.16 The schematic model of a-C:H film with and without silicon-based 

interlayers (not to scale). 
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Figure 4.17 A photo of a-C:H film deposited with (a) a-Si, (b) a-Si:N, (c) a-Si:H, and 

(d) a-SixCy:H interlayers on substrate holder. 

 

 

 

Figure 4.18 A photo of an a-C:H film deposited with (a) a-Si, (b) a-Si:N, (c) a-Si:H, 

and (d) a-SixCy:H interlayers on silicon and chromium-plated substrate. 
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Figure 4.19 A photo of an a-C:H film deposited on a chromium-plated substrate. 

 

The deposited a-C:H films with different silicon-based interlayers were 

characterized by FESEM, Raman spectroscopy, micro-scratching, nanoindentation 

and electrochemical tests. Surface and cross-sectional morphology, structural 

properties, adhesion strength, hardness, and corrosion resistance were observed. 

 

4.3.1 Surface and cross-sectional morphology 

The surface and cross-sectional images of the a-C:H films with different 

silicon interlayers were acquired using FESEM (HITACHI, model SU8030) to study 

their morphological properties. The FESEM images were measured at a magnification 

of 80 kx in secondary electron mode with an accelerating voltage of 5 kV for the 

surface morphology and 10 kV for the cross-sectional microstructures. Figure 4.20 

shows the surface morphologies and corresponding cross-sectional images of the 

deposited a-C:H films with (a), (b) a-Si; (c), (d) a-Si:N; (e), (f) a-Si:H; and (g), (h) a-

SixCy:H interlayers. The surface morphology of all samples was detected on the top of 

the a-C:H layers. It can be seen that the surface morphology exhibits very 

homogeneous, smooth and dense microstructures without microparticle defects, as 

also reported by Song et al. [132] and Schlebrowski [133]. On the cross-sectional 

images, all samples consist of two different layers, with the a-C:H layer being about 

317±12.99 nm thick and the interlayers having a thickness of about 306±14.23 nm. 

The average total thickness of a-C:H with interlayers is about 623±13.61 nm. The 
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cross-sectional morphology between the a-C:H layer and the interlayer shows a clear 

boundary at the interface without delamination and cracking. This result indicates that 

the a-C:H layers have good adhesion to the silicon-based interlayers. This can be 

explained by the diffusion of the C and H atoms into the silicon interlayer component 

during the a-C:H growth. The cross-sectional morphology of the a-C:H films shows a 

smooth and dense microstructure like the surface morphology, while the four silicon-

based interlayers show a predominantly columnar structure of silicon with different 

grain sizes. For the a-Si, a-Si:H interlayer, as shown in Figure 4.20 (b), (f), it can be 

seen that the interlayers have similar grain size, and it seems that these layers merge 

with the a-C:H layer at the interface. The a-Si:N interlayer, on the other hand, has a 

large grain size and has a distinct grain boundary at the interface. The a-C:H layer 

appears to deposit on the interlayer rather than fuse with it, and the same property was 

observed for the a-SixCy:H interlayer. This behaviour can be used to estimate the 

adhesion ability of a-C:H with interlayers. The fusion of the interlayer with the a-C:H 

layer can lead to good adhesion. 
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Figure 4.20 Surface morphologies (left) and cross-sectional microstructures (right) of 

a-C:H films with (a), (b) a-Si; (c), (d) a-Si:N; (e), (f) a-Si:H; and (g), (h) a-SixCy:H 

interlayers deposited on a silicon substrate. 
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4.3.2 Structural properties 

The structural properties of a-C:H deposited with four silicon-based 

interlayers were characterized by Raman spectroscopy and XPS. For Raman 

spectroscopy, the surface of the a-C:H films deposited on both silicon and chromium-

plated substrates was excited using an Ar laser with a wavelength of 532 nm and a 

power of 5 mW. The scan range was between 50−2700 cm-1 (0.5 cm-1 resolution) with 

an aperture size of 50 m slit. Each spectrum was a co-addition of 30 scans with an 

integration time (2 s). Three Raman spectra of the samples from the different 

positions were averaged and deconvoluted using Origin software (version 2018) with 

three Gaussian peaks to determine the ID/IG ratio, peak positions, and FWHM of the 

X, D, and G peaks. 

The Raman spectra of a-C:H films with different silicon-based interlayers 

on silicon and chromium-plated substrates are shown in Figure 4.21. The fitted results 

such as peak position, FWHM and ID/IG ratio are listed in Table 4.4 and Table 4.5 for 

silicon substrates and chromium-plated substrates, respectively. The position of the D 

and G peaks were found centered in the range of 1,413−1,417 cm-1 and 1,562−1,569 

cm-1, respectively, in all samples. The position of the X peak was also found to be 

1222-1225 cm-1, resulting in a shift in the position of the D peak. The ID/IG ratio of a-

C:H films on silicon and chromium-plated substrates was found in the range of 

1.25−1.27, which corresponds to a similar value. The parameters such as the ID/IG 

ratio, peak position and FWHM of the X, D and G peaks have similar values since the 

same coating conditions were used. The physical significance of the X, D and G peaks 

is described in section 4.2.2. It can be concluded that the different silicon-based 

interlayers do not affect the structural properties of the a-C:H film. 
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Figure 4.21 Raman spectra of a-C:H films deposited with a-Si, a-Si:N, a-Si:H, and a-

SixCy:H interlayers on (a) silicon and (b) chromium-plated substrate. The black and 

red lines show the experimental data and the fitted curve, respectively. The green, 

blue, and magenta lines correspond to the deconvolution of the X, D and G peaks, 

respectively. 

 

 

Table 4.4 The fitted results of peak positions and FWHM of X, D, and G peaks and 

ID/IG from the Raman spectra of a-C:H films with a-Si, a-Si:N, a-Si:H, and a-SixCy:H 

interlayers deposited on a silicon substrate. 

Samples 

X peak D peak G peak 

ID/IG Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

a-C:H/a-Si 1,225 222 1,415 233 1,564 151 1.25 

a-C:H/a-Si:N 1,225 227 1,416 235 1,563 151 1.25 

a-C:H/a-Si:H 1,225 220 1,417 236 1,563 151 1.26 

a-C:H/a-SixCy:H 1,224 221 1,417 238 1,562 152 1.27 
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Table 4.5 The fitted results of peak positions and FWHM of X, D, and G peaks and 

ID/IG from the Raman spectra of a-C:H film with a-Si, a-Si:N, a-Si:H, and a-SixCy:H 

interlayers deposited on a chromium-plated substrate. 

Samples 

X peak D peak G peak 

ID/IG Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

a-C:H/a-Si 1,225 236 1,413 237 1,569 149 1.26 

a-C:H/a-Si:N 1,223 233 1,413 239 1,567 151 1.26 

a-C:H/a-Si:H 1,222 231 1,416 239 1,567 150 1.25 

a-C:H/a-SixCy:H 1,225 251 1,413 239 1,569 149 1.26 

 

 

For XPS analysis, a-C:H films were prepared with different a-Si, a-Si:N, 

a-Si:H, and a-SixCy:H interlayers on a silicon substrate with an average film thickness 

of 623±13.61 nm. The chemical state of the upper a-C:H layer was investigated using 

XPS measurement. XPS measurements were performed using a PHI5000 Versa Probe 

II, ULVAC-PHI, Japan, at the joint research facility SUT-NANOTEC-SLRI, 

Synchrotron Light Research Institute (SLRI), Thailand. Monochromatic Al-K X-ray 

(1,486.6 eV) was used as the excitation source. All binding energies of four samples 

were calibrated with the C1s peak at a binding energy of 284.8 eV. For a wide scan, 

the binding energy range of 0−600 eV was used with a step size of 1 eV. The C1s fine 

scan was performed with a binding energy range of 270−300 eV and a step size of 0.1 

eV. 

The results of the wide-scan XPS spectra for the a-C:H films with four 

silicon-based interlayers deposited on a silicon substrate are shown in Figure 4.22. 

From the results, the surface of the a-C:H films mainly contains two peaks at 284.8 

and 532 eV, which correspond to the carbon (C1s) and oxygen (O1s) peaks, 

respectively [101], [134]. The minor O1s peak in all samples was attributed to the 

residual gas in the vacuum chamber during the deposition process and the surface 

with air exposure [134] during the XPS measurement. The carbon peaks originated 
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from the hydrocarbon gas of C2H2, which was used as the main precursor gas for the 

deposition of hydrogenated amorphous carbon. 

 

 

Figure 4.22 Typical XPS spectra of a wide scan for a-C:H films with a-Si, a-Si:N, a-

Si:H, and a-SixCy:H interlayers. 

 

In addition, the high-resolution C1s main peak of all samples was 

deconvoluted into four Gaussian functions using Origin software. Backgrounds were 

subtracted using the Shirley method. The deconvoluted XPS spectra for C1s of all 

samples are shown in Figure 4.23. It can be seen that the C1s spectrum was 

decomposed into four peaks located at different binding energies. The first peak at 

about 284.1 eV and the second peak at about 285.1 eV were defined as C=C binding 

of sp2 hybridization and C−C and C−H binding of sp3 hybridization, respectively 
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[135]. The higher binding energies at about 286.4 and 288.4 eV represent carbon 

bonded with oxygen atoms (C−O and C=O bonds), which were attributed to residual 

gas and surface exposure and are consistent with those of other works [135]. The 

fitting results of all peaks, such as bond type, binding energy, FWHM, and content, 

are listed in Table 4.6. The area intensity of each peak can be used to estimate the 

chemical content of the bond. The relative content of carbon sp2 and sp3 was 

quantitatively evaluated by dividing the intensity of the corresponding peak areas by 

the total area intensity. Table 4.6 shows that the sp2 and sp3 carbons in all samples are 

51.26±0.22 and 30.11±2.52%, respectively. The concentration of carbon bonded with 

oxygen is based on the area intensity of a single bond (C–O), which is higher than a 

double bond (C=O) due to the higher peak intensity. The contents of C−O and C=O 

are 13.07±2.79, and 5.56±0.43%, respectively. From these results, the carbon atom of 

acetylene precursor can be bonded to the carbon atom (C=C and C−C) and residual 

oxygen (C−O, and C=O).  In conclusion, the results of all the samples with the same 

a-C:H coating conditions are in very good agreement.  
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Figure 4.23 Deconvoluted XPS spectra for C1s of a-C:H films with a-Si, a-Si:N, a-

Si:H, and a-SixCy:H interlayers. The black, red, blue, and other solid lines represent 

the experimental data, the fitted curve, the Shirley background, and the deconvolution 

of the individual peaks, respectively. 
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Table 4.6 The fitted results of bonding type, binding energy, FWHM, and content 

deconvoluted from the C1s XPS spectra of a-C:H films with different silicon-based 

interlayers deposited on a silicon substrate. 

Samples Bonding 

Chemical information 

Binding energy 

(eV) 

FWHM 

(eV) 
Content (%) 

a-C:H/a-Si C−sp2 284.1 2.47 51.08 

C−sp3 285.1 2.55 30.81 

C−O 286.3 2.80 12.61 

C=O 288.3 2.97 5.50 

a-C:H/a-Si:N C−sp2 284.1 2.44 51.54 

C−sp3 285.2 2.55 32.78 

C−O 286.5 2.84 9.59 

C=O 288.4 3.00 6.10 

a-C:H/a-Si:H C−sp2 284.1 2.45 51.08 

C−sp3 285.0 2.45 30.11 

C−O 286.4 2.68 13.76 

C=O 288.4 3.03 5.04 

a-C:H/a-SixCy:H C−sp2 284.1 2.45 51.35 

C−sp3 285.0 2.18 26.73 

C−O 286.4 2.48 16.31 

C=O 288.5 3.14 5.62 
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4.3.3 Mechanical properties 

For the protective layer on the chromium-plated substrate, the hardness of 

the a-C:H films is one of the most important factors for tribological application. The 

mechanical properties of a-C:H films with a-Si, a-Si:N, a-Si:H and a-SixCy:H 

interlayers with an average total thickness of nm were analysed by nanoindentation 

test and determined by the method of Oliver and Pharr [117]. In this work, the 

hardness of the film coating and the chromium-plated substrate was evaluated using 

nanoindentation (Fischer Scope, model HM2000). The pyramid-shaped Berkovich 

indenter was used with a maximum load of 3 mN and a 3-fold repeatability for the 

dynamic mode to keep the indentation depth below 10% of the total film thickness. A 

loading range of 2−60 mN for the enhanced stiffness procedure (ESP) was used to 

investigate the effect of indentation depth on hardness. 

The loading and unloading curves of the a-C:H film with different silicon-

based interlayers in dynamic mode are shown in Figure 4.24 (a), while the hardness in 

dynamic mode is shown in Figure 4.24 (b). The values of hardness, elastic modulus 

and penetration depth of the coated film and substrate are shown in Table 4.7. The 

results show that the a-C:H/a-Si:H samples have the lowest penetration depth of about 

84±10.04 nm, as shown in the blue line, and it is 13.48% of the average total film 

thickness (623±13.61 nm). At the same load of 3 mN, the lowest penetration depth of 

the a-C:H/a-Si:H sample corresponds to a high hardness of about 20.98±0.63 GPa, 

which is much higher than the other samples and the chromium-plated substrate. 

Moreover, with penetration depth of about 103±6.19 nm (16.53% of the average total 

film thickness), the a-C:H/a-Si sample shows a slightly higher hardness of 10.92±0.42 

GPa than the chromium-plated substrate. In addition, a-C:H/a-Si:H and a-C:H/a-Si 

samples exhibit higher elastic modulus than a-C:H/a-Si:N and a-C:H/a-SixCy:H 

samples. These results indicate that a-Si and a-Si:H interlayers are good supports for 

the formation of the a-C:H film on the chromium-plated substrate. While a-C:H/a-

Si:N and a-C:H/a-SixCy:H show higher penetration depth with lower hardness of 

about 9.39±0.09 and 8.55±0.14 GPa, respectively.  



 

 

 

 104 

   

Figure 4.24 (a) Loading and unloading curves and (b) hardness of the a-C:H film 

with different silicon-based interlayers in dynamic mode. 

 

Table 4.7 Hardness, elastic modulus, and penetration depth of a chromium-plated 

substrate and a-C:H film with a-Si, a-Si:N, a-Si:H and a-SixCy:H interlayers. 

Samples Hardness (GPa) 
Elastic modulus 

(GPa) 

Penetration 

depth (nm) 

Chromium-plated 

substrate 
8.30±0.46 232.35±8.41 20.26±0.29 

a-C:H/a-Si 10.92±0.42 79.98±7.67 103.44±6.19 

a-C:H/a-Si:N 9.39±0.09 69.22±4.52 113.94±2.94 

a-C:H/a-Si:H 20.98±0.63 104.23±8.72 84.65±10.04 

a-C:H/a-SixCy:H 8.55±0.14 66.44±1.20 119.41±2.26 

 

 

In the ESP mode, the maximum load was increased from 2 to 60 mN, 

which was divided into 30 cycles of loading and subsequent unloading to a total film 

thickness of about 500-600 nm for coated samples and 38 cycles for a chromium-

plated substrate. The repeatable loading and unloading curves of the film-coated 

samples and the chromium-plated substrate in the ESP measurement are shown in 

Figure 4.25. The results show the same trend as in the dynamic mode, that the curve 

of the a-C:H/a-Si:H and a-C:H/a-Si specimens show a lower penetration depth than 

0 20 40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

2.5

3.0
(a)

L
o

a
d

 (
m

N
)

Penetration depth (nm)

 a-C:H/a-Si

 a-C:H/a-Si:N

 a-C:H/a-Si:H

 a-C:H/a-SixCy:H 0

5

10

15

20

25

8.3

10.92

9.39

20.98

8.55

(b)

a-C
:H

/a
-S

i x
C y

:H

a-C
:H

/a
-S

i:H

a-C
:H

/a
-S

i:N

Chro
m

e p
la

tin
g

a-C
:H

/a
-S

i

H
a
r
d

n
e
ss

 (
G

P
a

)



 

 

 

 105 

that of the other specimens and the substrate. Figure 4.25 (b) shows the hardness 

depth profile in ESP mode of the a-C:H film with different silicon-based interlayers 

compared to an uncoated chromium-plated substrate. It was found that the hardness 

decreases with increasing penetration depth (increasing load) and is close to the 

hardness value of the chromium-plated substrate. This behaviour is consistent with the 

Bückle’s rule, which recommends that the penetration depth should not exceed 10% 

of the coating thickness to reduce the influence of the substrate [136]. It can be seen 

that when the penetration depth is less than 60 nm (10% of the total film thickness), 

the hardness depth profile is close to the dynamic mode. The random network of a-Si, 

a-Si:H and a-SiC in a-SixCy:H and the nitrogen in the a-Si:N interlayers could 

deteriorate the bonding between C and Si and affect the structural and mechanical 

properties. Therefore, it can be concluded that the a-C:H coating with the a-Si and a-

Si:H interlayers can improve the hardness of the chromium-plated substrate 

(8.48±1.41 GPa), resulting in a longer application lifetime.   

 

 

Figure 4.25 (a) Loading and unloading curves and (b) hardness depth profile of the a-

C:H film with different silicon-based interlayers in ESP mode. 
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4.3.4 Adhesion strength analysis 

Adhesion strength is a very important parameter for the properties of a-

C:H films. The micro-scratch measurements can directly reveal the adhesive 

behaviour in terms of the value of critical load (Lc). For the a-C:H films with four 

silicon-based interlayers deposited on chromium-plated substrates, the adhesive 

properties were evaluated in terms of critical load using micro-scratch test (Fischer 

Scope, model HM2000) with 3 repetitions at different positions. According to the 

vertical load, the scratch test was performed in a progressive mode, continuously 

increasing from 0.5 to 50 N. To achieve the scratching behaviour, a scratching speed 

of 2 mm/min and a loading rate of 10 N/min were used. After the scratch test, the 

scratch behaviour was observed with the optical microscope to identify three types of 

critical loads as shown in Figure 4.26: The first critical load (Lc1) corresponds to the 

first signal of cohesive failure of a-C:H film in the form of spalling and cracking in 

the scratch track. The second critical load (Lc2) corresponds to the beginning of the 

adhesive failure of the delamination between the a-C:H layer and interlayer. Finally, 

the third critical load (Lc3) corresponds to the complete delamination of the coating 

from the scratch track and the complete removal of the interlayer from the substrate. 

 

 

 

Figure 4.26 Principle of scratch testing with critical load (Lc1, Lc2 and Lc3). 
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The deposited a-C:H film (300 nm thick) on a chromium-plated substrate 

without an interlayer delaminates from the substrate after deposition, indicating very 

poor adhesion. This behaviour can be explained by the high residual stress of the 

films and the incompatibility at the interfacial adhesion between film and substrate 

[137]. The scratch behaviour with values of Lc1, Lc2 and Lc3 of a-C:H films with four 

different interlayers was determined and is shown in Figure 4.27. In general, the 

scratch behaviour includes three stages: the first stage is microcracking and partial 

ring cracking, the second stage is complete ring cracking, delamination, and spalling,  

and the last stage is substrate exposure [138]. Figure 4.27 (b) and (d) show that the a-

C:H films with a-Si:N and a-SixCy:H interlayers delaminate and spall from the 

substrate and that the films are obviously fractured at the edge of the scratch track, 

indicating a cohesive failure mode. Figure 4.27 (a) and (c) show higher critical load of 

the a-C:H films with a-Si and a-Si:H interlayers, indicating good adhesion between 

films and substrate. The a-C:H films with a-SixCy:H interlayer have lower Lc1, Lc2 

and Lc3 values than the other samples, as shown in Figure 4.28. This behaviour could 

be due to the strong bonding of Si−C, which can reduce the dangling bond at the 

interface, while the C1s peak in the XPS results indicates excessive carbon doping in 

the silicon network, leading to high internal stresses in the interlayer. The lowest 

value for the adhesion of the a-SixCy:H interlayer coincides with the lowest hardness 

of the a-C:H/a-SixCy:H sample. The adhesion strength of a-C:H films with a-Si:H 

interlayer is about 2.47±0.09, 5.67±0.28 and 15.15±1.16 N at Lc1, Lc2 and Lc3, 

respectively, indicating the plastic deformation in the conformal cracking phase of a-

C:H film, the adhesion strength between the a-C:H film and the a-Si:H interlayer and 

good adhesion strength between the a-C:H interlayer and the substrate. In the case of 

a-Si:H interlayer, during the deposition process, the residual oxygen in the silicon 

networks reduce (reducing the Si−O bonds) by the interaction between hydrogen and 

oxygen atoms. Moreover, the hydrogen atoms can remove the Cr−O bonds from the 

surface of the chromium plating. Therefore, the bonding of Cr−Si between the 

interface of chrome plating and a-Si:H interlayer, and Si−C between the interface of 

a-Si:H interlayer and a-C:H layer increase, which could promote the highest Lc3 

value. This behaviour could improve the resistance to adhesive failure (higher Lc2 
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value) between the a-C:H layer and the a-Si:H interlayer with a strong bonding at the 

interface with respect to the a-Si interlayer. As for the Lc1 value, the good adhesive 

strength (Lc2) of the a-C:H/a-Si:H sample should promote the formation of the a-C:H 

film, which has a higher Lc1 value than the a-C:H with a-Si interlayer, that indicating 

the plastic deformation in the conformal cracking phase. 

 

 

Figure 4.27 Morphology of scratch marks with Lc1, Lc2, and Lc3 for a-C:H films with 

(a) a-Si, (b) a-Si:N, (c) a-Si:H, and (d) a-SixCy:H interlayers deposited on a 

chromium-plated substrate. 
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Figure 4.28 Critical load values of Lc1, Lc2 and Lc3 for a-C:H films with a-Si, a-Si:N, 

a-Si:H, and a-SixCy:H interlayers deposited on a chromium-plated substrate. 

 

 

Table 4.8 Critical load values (Lc1, Lc2, and Lc3) for a-C:H films with a-Si, a-Si:N, a-

Si:H, and a-SixCy:H interlayers. 

Samples Lc1 (N) Lc2 (N) Lc3 (N) 

a-C:H/a-Si 1.95±0.22 5.36±0.23 13.28±0.15 

a-C:H/a-Si:N 2.69±0.36 3.82±0.35 5.06±0.47 

a-C:H/a-Si:H 2.47±0.09 5.67±0.28 15.15±1.16 

a-C:H/a-SixCy:H 0.86±0.07 2.14±0.2 3.66±0.37 
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4.3.5 Electrochemical corrosion analysis 

The corrosion behaviour of the thin films deposited on the chromium-

plated substrate was measured electrochemically to confirm the corrosion resistance 

of the a-C:H coating. The electrochemical corrosion measurement was carried out 

using the 3.5 wt% NaCl solution at room temperature. The samples were exposed to 

3.5 wt% NaCl solution for 30 minutes. Polarization curves were obtained with an 

applied potential of -1000 to 1000 mV and a sampling rate of 1 mV/s. 

Electrochemical corrosion measurement is an efficient method with simple 

procedures and high sensitivity that reflects the lifetime and corrosion behaviour of 

bulk materials and thin films [139], [140]. The corrosion behaviour of the a-C:H 

coatings with different silicon-based interlayers compared to the bare chromium-

plated substrate is shown in Figure 4.29 (a). The x-axis and y-axis intersections 

between the anodic and cathodic branches of the polarization curves were considered 

as the corrosion current density ( )corri  and corrosion potential ( )corrE  [141], [142]. 

Lower corrosion current density and higher corrosion potential indicate lower 

corrosion rate and better corrosive properties [142], [143]. From Figure 4.29 (a), it 

can be seen that all a-C:H films with different silicon-based interlayers show a shift in 

corrosion potential to a more positive value compared to the uncoated substrate, 

indicating better corrosion resistance of the a-C:H film [144]. The coating layers 

require a higher applied potential for dissolution or corrosion than the substrate. The 

corrosion current density is 0.71 A/cm2 for an uncoated substrate, which is higher 

than the coated samples. The a-C:H/a-Si:H sample has the lowest corrosion current 

density (0.02 A/cm2), indicating the lowest metal loss from the material and coating. 

Therefore, the lowest corrosion current density means the best corrosion resistance 

[143]. This result could be correlated with the hardness and adhesion strength of the 

a-C:H/a-Si:H coatings. Moreover, porous defects or pinholes in the films are one of 

the most important factors that can be associated with the corrosion behaviour. 

Porosity ( )P  was determined based on polarization resistance ( )pR  using equation (1) 

[145], 
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corr a/pm(substrate)

p(coating-substate)
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4.4 

 

The anodic ( )a  and cathodic ( )c  Tafel slopes and the corrosion current  

( )corrI  values can be used to calculate the polarization resistance as follows [146],  
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4.5 

 

where (substrate)pmR  is the polarization resistance of the substrate, 

(coating-substrate)pR  is the polarization resistance of the coated film, and 
corrE  is the 

difference in corrosion potential between the coated film and the substrate. 

The calculated porosity, as shown in Table 4.9, is consistent with the 

corrosion current density values. A lower porosity means a lower corrosion current 

density. As shown in Figure 4.29 (b), the a-C:H film/a-Si:H sample has the lowest 

corrosion current density and porosity. 
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Figure 4.29 (a) Potentiodynamic polarization curves and (b) corrosion current density 

(orange bar) and porosity (green bar) of the a-C:H films with different silicon-based 

interlayers and uncoated chromium-plated substrate in 3.5 wt% NaCl solution. 
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Table 4.9 Electrochemical results from polarization curves for uncoated and coated 

substrates. 

Samples 
Corrosion current 

density (A/cm2) 

a  

(V/decade) 

c  

(V/decade) 
Porosity 

Chromium-plated 

substrate 
0.71 1.74 0.39 - 

a-C:H/a-Si 0.58 0.30 0.24 1.53 

a-C:H/a-Si:N 0.10 1.09 0.32 0.17 

a-C:H/a-Si:H 0.02 0.30 0.31 0.06 

a-C:H/a-SixCy:H 0.19 0.65 0.35 0.27 
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4.4 Conclusion of chrome plating 

In this part, a-C:H films were prepared using a-Si, a-Si:N, a-Si:H, and a-

SixCy:H as interlayers to improve adhesion. The chromium-plated material was used 

as substrate for the surface properties improvement. All interlayers were deposited by 

the DC magnetron sputtering method, while the a-C:H films were deposited by the 

radio-frequency plasma-enhanced chemical vapor deposition method. For the 

deposition of the interlayers, the argon was used as the sputtering gas for a-Si 

deposition, while argon mixed with nitrogen, hydrogen, and acetylene was used as the 

reactive gas for a-Si:N, a-Si:H, and a-SixCy:H deposition, respectively. For the 

deposition of a-C:H films, hydrocarbon gas from acetylene mixed with argon and 

hydrogen was used as precursor gas. The characterization of the interlayers and a-C:H 

films was systematically investigated. 

The deposition rate of all interlayers (a-Si, a-Si:N, a-Si:H, and a-SixCy:H) on 

silicon substrate was investigated using FESEM images to control the same film 

thickness. It was found that the different silicon-based interlayers have different 

deposition rate depending on the gas source. The XPS results show that all the 

interlayers on the silicon substrate with a thickness of about 50 nm contain the silicon 

(Si2p and Si2s) originated from the silicon target, which serves as the main precursor 

material for the silicon-based interlayer deposition. In addition, silicon dioxide and 

suboxides (Si2p, Si2O, SiO, Si2O3, and SiO2) were also found in the XPS spectra, 

mainly due to the residual gas in the vacuum chamber during the deposition process 

and the surface oxidation and adsorption process during the measurement. In the a-

Si:N interlayer, the nitrogen dopant atoms are located between the silicon network, 

while the carbon dopant can be bonded to the silicon core atoms to form a Si-C bond 

for the a-SixCy:H deposition. The XRR technique was used to investigate the physical 

properties of all the interlayers on a silicon substrate with a thickness of about 50 nm 

in terms of film density.  It was found that the density of the silicon-based interlayers 

was in the range of 1.68−2.05 g/cm3, lower than the calculated density (2.285 g/cm3). 

This was attributed to the void volume of atoms forming a continuous random 

network during film growth and the effect of doping. However, the low hardness from 

the nanoindentation measurement of all the interlayers on the chromium-plated 
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substrate with a thickness of about 300 nm shows that the a-C:H film is very 

important for improving the mechanical properties of the chromium-plated substrate. 

In a-C:H deposition, the deposition rate of the a-C:H film prepared with RF-

PECVD is 20.87±0.28 nm/min. The density of the a-C:H film on a  silicon substrate 

with a thickness of about 45 nm was about 2.15 g/cm3, which is in the range reported 

in other works. For the structural properties of the a-C:H layer, Raman spectroscopy 

was used to determine the scattering of sp2 hybridization in the amorphous carbon 

structure of the a-C:H film deposited on the silicon substrate. The positions of the D 

and G peaks in a-C:H films were found at 1,416 and 1,567 cm-1 of Raman shift with a 

relative intensity ID/IG of about 1.28. These peaks are associated with the vibration of 

A1g symmetry breathing mode of sp2 atoms only in the aromatic rings for disorder of 

graphite (D peak) and with the vibration of E2g stretching mode of sp2 atoms in both 

aromatic rings and chains for graphite (G peak). In addition, the X peak was found at 

about 1,232 cm–1, which probably originates from the vibrations of a pentagonal 

atomic ring in the carbon nanostructures.  

In the last section, a-C:H films deposited with four interlayers on both 

chromium-plated and silicon substrates were characterized in terms of morphology, 

structure, mechanical, adhesive properties, and corrosion resistance using FESEM, 

Raman spectroscopy, XPS, nanoindentation, micro-scratch, and electrochemical 

measurements. First, it was found that the a-C:H film with a thickness of about 300 

nm deposited on a chromium-plated substrate without interlayer detaches from the 

substrate, while the a-C:H films deposited with interlayer show good adhesion to the  

substrates without cracking and detachment. The average total thickness of a-C:H 

with interlayers is about 623±13.61 nm. The surface morphology shows very 

homogeneous, smooth, and dense microstructures without microparticle defects. The 

cross-sectional images between the a-C:H films and the interlayers show a clear 

boundary at the interface without delamination and cracking. For the a-Si and a-Si:H 

interlayers, it can be seen that the interlayers have similar grain size. It seems that 

these layers merge together with the a-C:H layer at the interface and have good 

adhesion, which can be confirmed by the critical load of the micro-scratch test. The 

Raman spectra of the a-C:H films on both silicon and the chromium-plated substrate 

clearly show the presence of D and G peaks with a relative intensity ID/IG of about 
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1.26, indicating the structure of the amorphous carbon films. It can be concluded that 

the a-C:H film prepared in this work is dominated by the scattering of the sp2 site due 

to an excitation resonance with  states attributed to the amorphous carbon thin films. 

The XPS results show that the bonding of C−sp2 and C−sp3 hybridizations with the 

carbon content of all samples is about 51.26±0.22 and 30.11±2.52%, respectively. 

Moreover, C−O and C=O bonds are also found in the a-C:H structure, which originate 

from the residual oxygen and surface oxidation. Raman spectroscopy and XPS 

analysis show a similar result and confirm that the a-C:H films were deposited under 

the same conditions. The a-C:H/a-Si:H sample exhibits the highest hardness of about 

20.98±0.63 GPa with the lowest penetration depth, which is significantly higher than 

that of the other samples and the uncoated chromium-plated substrate (8.48 GPa). In 

addition, the a-C:H with a-Si:H interlayers exhibited higher Lc1, Lc2 and Lc3 values 

(1.47±5.67±0.28 and 15.15±1.16 N) than the a-C:H/a-Si:N and a-C:H/a-SixCy:H 

samples, indicating higher resistance to adhesive fracture between the a-C:H and the 

interlayer, and indicating the good adhesion strength of the interlayer with a 

chromium-plated substrate, which should promote the good corrosion resistance and 

high hardness of the film. This result indicates that a-Si and a-Si:H are good 

supporting interlayer for the formation of a-C:H film. On the other hand, the a-C:H 

films with a-Si:N and a-SixCy interlayers with low critical load show delamination and 

detachment from the substrate and are obviously broken at the edge of the scratch 

track, indicating a cohesive failure mode. This behaviour could be due to the strong 

bonding of Si−C in the a-SixCy:H interlayer, and the nitrogen in the silicon network of 

the a-Si:N interlayer could deteriorate the bonding between C and Si at the interface. 

The a-C:H films with a-Si:H interlayer exhibit the lowest corrosion current density 

with the lowest porosity, which is about 36 times lower than that of the uncoated 

chromium-plated substrate. The mixing with hydrogen gas could reduce the residual 

oxygen, which could reduce the Si−O bonding and improve the adhesion between the 

interlayer and the a-C:H film. Therefore, it can be concluded that the protective a-C:H 

coating with an a-Si:H interlayer has excellent potential to significantly improve the 

durability and extend the service life of materials used in abrasive and corrosive 

environments. In the a-SixCy:H interlayer, the carbon dopant can be bonded to the 
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silicon atoms to form Si−C, which negatively affects the adhesive properties. This 

behaviour is probably due to the low dangling bond and high residual stress of the 

interlayer. Therefore, based on the adhesion strength, hardness, and corrosive 

properties, the a-C:H film with the a-Si:H interlayer can be very useful to meet the 

multifunctional applications of the chromium-plated products. 



 

 

 

CHAPTER V  

Results and discussion (Part : NAB) 

 

Chapter V deals with the results and discussion of a-C:H multilayers deposited 

on both nickel-aluminum bronze and silicon substrates. In this chapter, the term 

“DLC” was used to represent the “a-C:H” in its general form. Multilayer DLC films 

were deposited using amorphous silicon (a-Si) film as the interlayer, DLC film as the 

hard layer, and silicon doped DLC film (Si-doped DLC) as the soft layer. The alloyed 

NAB was used as the main substrate for the study. Chapter V is divided into two 

sections. In the first part, the deposition rate and structural properties of the silicon 

interlayer, DLC and Si-doped DLC were investigated. In this part, the film thickness 

was determined using the FESEM technique to estimate the deposition rate, while the 

structural properties in terms of film density, chemical bonding, and microstructural 

features were analysed using XRR, XPS, and Raman spectroscopy techniques. In the 

second section, the surface and cross-sectional morphology, structural properties, 

mechanical properties, adhesion strength, and electrochemical corrosion resistance of 

the DLC multilayer films were fully investigated. The influence of the deposition 

period (stack) of the multilayer was investigated. 

 

5.1 Coating layer characterizations 

In this part, the a-Si film was used as an interlayer for DLC multilayer 

deposition. The a-Si interlayer was deposited using the DCMS method. The pure DLC 

film was deposited by the RF-PECVD method using acetylene gas mixed with argon 

and hydrogen, while the Si-doped DLC film was deposited by the hybrid DCMS and 

RF-PECVD method. The a-Si interlayer, DLC film and Si-doped DLC film were 

deposited with the same controlled deposition time of 20 minutes. The model of these 

films on a silicon substrate is shown in Figure 5.1. In the first study, the deposition 

rate of the a-Si interlayer, the DLC film, and the Si-doped DLC film were determined 

using FESEM techniques to control the film thickness. Then, the structural properties 

of the a-Si interlayer, DLC film and Si-doped DLC film  with a controlled thickness 
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of about 50 nm were investigated using XRR, XPS, and Raman spectroscopy 

techniques. 

 

 

 

Figure 5.1 The schematic model of the a-Si interlayer, the DLC film and the Si-doped 

DLC film  on silicon substrate (not to scale). 

 

5.1.1 Morphology, thickness and deposition rate of the coating layers 

The surface and cross-sectional images of the a-Si interlayer, DLC film 

and Si-doped DLC film were performed using FESEM (HITACHI, model SU8030) to 

observe their morphological properties. The FESEM images were acquired at a 

magnification of 50 kx in secondary electron mode with an accelerating voltage of 10 

kV for the surface morphologies and 5 kV for the cross-sectional microstructures. 

Figure 5.2 shows the surface morphologies (left figure) and the corresponding cross-

sectional images (right figure) of (a), (b) a-Si interlayer; (c), (d) DLC film; and (e), (f) 

Si-doped DLC film deposited on silicon substrate. For the a-Si interlayer, the surface 

morphology is smooth and compact, with small grains, while the DLC and Si-doped 

DLC films have smooth and dense surface microstructures with homogeneous 

structures, like the general amorphous carbon film. The fractional FESEM cross-

sectional images of the a-Si interlayer, the DLC film and the Si-doped DLC film are 

shown on the left in Figure 5.2. It can be seen that the a-Si film in Figure 5.2 (b) 

shows columnar growth with the substrate. The DLC and Si-doped DLC films exhibit 

smooth and dense microstructures as surface morphology. On the cross-sectional 

images, the thickness of all films was measured with two FESEM cross-sectional 

images using Image J program. Twenty measurements with different positions were 

used to determine the average thickness. Then, the static deposition rate in nm/min 

was calculated using Equation 4.1. The average thickness and deposition rate of the a-

Si interlayer, DLC film, and Si-doped DLC film are summarized in Table 5.1. The 

Si substrate

a-Si film

Si substrate

DLC

Si substrate

Si-doped DLC
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thickness of the a-Si interlayer, DLC film and Si-doped DLC film was measured to be 

about 252.67±6.88, 279.04±3.11 and 463.07±4.03 nm, corresponding to a deposition 

rate of 12.63±0.34, 13.95±0.16 and 23.15±0.20 nm/min, respectively. It was found 

that Si-doped DLC films have higher deposition rate than pure DLC films. This result 

is likely due to the drive by the magnetron discharge, which can provide an efficient 

additional source of precursor dissociation [147]. Moreover, the dopant of silicon 

atoms from the silicon target is also incorporated into the growing film. Therefore, the 

value of deposition rate for the a-Si interlayer, DLC film, and Si-doped DLC film was 

used to adjust the deposition time to control the film thickness. 

 

Table 5.1 Film thickness and deposition rate of all silicon-based interlayers. 

Samples Film thickness (nm) Deposition rate (nm/min) 

a-Si 252.67±6.88 12.63±0.34 

DLC 279.04±3.11 13.95±0.16 

Si-doped DLC 463.07±4.03 23.15±0.20 
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Figure 5.2 Surface morphologies (left) and cross-sectional microstructures (right) of 

(a), (b) a-Si interlayer; (c), (d) DLC film; and (e), (f) Si-doped DLC film deposited on 

silicon substrate. 
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5.1.2 Structural properties 

In this section, the structural properties of the a-Si interlayer, DLC film, 

and Si-doped DLC film are described. The a-Si interlayer, DLC film and Si-doped 

DLC film were deposited with a control thickness of about 50 nm and characterized 

by XRR, XPS and Raman spectroscopy. 

X-ray reflectivity is one of the most popular techniques for determining 

the density, thickness, and roughness of thin films [112], [148]. In this method, the 

thin film is examined non-destructively and the film thickness can be calculated to 

calculate the film thickness in the range of a few to 1000 nanometers depending on 

the resolution of the instrument. Single crystalline, polycrystalline and amorphous 

structure of thin films can be used for this measurement. It can also be used to study 

the layer structure of a single and multilayer film. In the XRR measurement, the 

observed diffraction peaks are correlated with the thickness of the measured layer. 

The film density and thickness of a-Si interlayers, DLC and Si-doped 

DLC films with a controlled thickness of about 50 nm were determined using X-ray 

reflection by grazing-incidence (Bruker: D8 Advance Diffractometer model). The 

configuration of this equipment instrument allows the film thickness to be determined 

in the range of 5 to 150 nm. The film surface was excited with an X-ray beam of 

Cu-Kα radiation with a wavelength of 0.154 nm. This X-ray beam was generated with 

an accelerating voltage and a cathode current of 40 kV and 40 mA, respectively. The 

samples were irradiated with an X-ray beam with an angle of incidence of 0-4 degrees 

and an increment angle of 0.005 degrees with an integration time of 1 s. Then, the 

oscillation behaviour due to the reflection from air to film and film to substrate was 

detected and observed in the form of an interference pattern. This interference pattern 

of oscillations was also called the Kiessig fringe, which consists of a critical angle and 

an interference peak. The film density  was extracted directly from the critical angle 

for total electron reflection using Equation 4.2 [113], while the film thickness was 

determined from the periodic oscillation of intensity, which can be simulated using 

the modified Bragg equation as shown in Equation 4.3 [114].  

After the measurement procedure, the observed experimental data were 

fitted to the simulation curve based on the structural film model of these layers. To 
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obtain the accurate values for the density and thickness of the films, Leptos 7 software 

was used to simulate the film model and correlate it with the interference pattern of 

the films. For the a-Si interlayer, a film model consisting of a silicon substrate, a thin 

intermediate layer of native silicon oxide, a-Si interlayers, and a layer of native silicon 

oxide on top was assumed. For DLC and Si-doped DLC films, a silicon substrate, a 

thin intermediate layer of native silicon oxide, and a carbon layer on the top were used 

as the film model to interpret the Kiessig fringes.  

The results of XRR-Kiessig fringes of the experimental data (black curve) 

and the corresponding simulation data (red curve) for a-Si interlayers, DLC, and Si-

doped DLC films deposited on silicon substrate are shown in Figure 5.3. It can be 

seen that the simulation data of the corresponding model completely overlaps the 

experimental data. Therefore, the film thickness and density were extracted from the 

program as shown in Figure 5.4. It was found that the average thickness of the a-Si 

interlayer, DLC and Si-doped DLC films was about 51±2.52 nm, which was close to 

the controlled thickness value of 50 nm. In the NAB part, it was found that the density 

of the a-Si interlayer was about 2.13 g/cm3, which was about 93% of the calculated 

density (2.285 g/cm3) [115], [116]. It was found that the a-Si interlayer prepared in 

this part has a higher density than the a-Si interlayer prepared in the chromium-plated 

part (1.88 g/cm3). This result may be due to the use of different target sputtering 

sources. Other factors such as deposition parameters, equipment accuracy, and 

impurities may also affect the layer deposition. For DLC and Si-doped DLC, the 

density is 1.98 and 1.86 g/cm3, respectively. The lower density of the carbon structure 

in the Si-doped DLC film is due to the effect of the silicon dopant in the carbon 

network. Most researchers report that sufficient and suitable silicon doping, and 

deposition conditions can generate the Si-C bond, which can increase the film density 

and sp3 content in the DLC film. However, if the deposition conditions and the dopant 

cannot generate Si-C bond, the incorporation of silicon atoms into the DLC network 

will increase the disorder in the graphite clusters, resulting in higher thickness with 

lower film density. Therefore, the higher deposition rate of the Si-doped DLC film 

correlates with the low film density. Moreover, the increase of disordered graphite 

clusters in the Raman spectroscopy analysis will be seen in the next part. 
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Figure 5.3 XRR curves of experimental data (black curve) and simulation data (red 

curve) for a-Si interlayers, DLC and Si-doped DLC films. 

 

Figure 5.4 Fitted results for the thickness (orange bar) and density (green bar) of a-Si 

interlayers, DLC and Si-doped DLC films. 
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The chemical state of the a-Si interlayer, DLC film and Si-doped DLC 

film was investigated using XPS measurements performed with a PHI5000 Versa 

Probe II, ULVAC-PHI, Japan, at the joint research facility SUT-NANOTEC-SLRI, 

Synchrotron Light Research Institute (SLRI), Thailand. Monochromatic Al-K X-ray 

(1486.6 eV) was used as the excitation source. All binding energies of the samples 

were calibrated with the C1s peak at 284.8 eV. For a wide scan, the binding energy 

range of 0−1,400 eV was used with a step size of 1 eV. The Si2p fine scan was 

performed with the binding energy range around 96−107 eV for the a-Si interlayer, 

while the C1s and O1s fine scans for DLC and Si-doped DLC films were performed 

with the binding energy range around 280−290 and 529−537 eV, respectively, and a 

step size of 0.05 eV was used. 

Figure 5.5 shows an XPS spectrum of the a-Si interlayer with a broad 

scan. It contains the silicon and oxygen rich peaks corresponding to the binding 

energy of 102, 153, 532, and 975 eV for Si2p, Si2s, O1s, and OKLL auger, 

respectively [102], [149], [150]. To identify the chemical state of the silicon in the a-

Si interlayer, the fine scans of the Si2p peak were deconvoluted using the Gaussian 

function in Origin software, with background data subtracted using the Shirley 

method. The Si2p spectrum was decomposed into six peaks as shown in Figure 5.6, 

located at binding energies ~99.2, ~99.8 ~100.2, ~101.1, ~102.5, and ~103.5 eV. The 

peaks at ~99.2 and ~99.8 eV are from the two spin splitting peaks of Si2p, which 

could be overlapping spin-orbit components leading to an asymmetric peak shape. 

The other peaks are from the functional group of Si2O, SiO, Si2O3, and SiO2, which 

correspond to +1, +2, +3, and +4 oxidation states, respectively [105]–[108]. It can be 

seen that the silicon composition is sensitive to oxygen, as indicated by the dominant 

O1s peak in the wide scan. For the deposition and measurement process, the process 

chamber was evacuated to a vacuum pressure in the high and ultra-high vacuum 

range. Therefore, there is a possibility that the oxygen-rich peaks originated from the 

residual gas during surface exposure. The fitting results of the Si2p peaks such as 

bond type, binding energy, FWHM and content are listed in Table 5.2. 
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Figure 5.5 Typical XPS spectra of a wide scan for a-Si interlayer. 

 

Figure 5.6 Deconvoluted XPS spectra for Si2p of the a-Si interlayer. The black, red, 

blue, and other solid lines represent the experimental data, the fitted curve, the Shirley 

background, and the deconvolution of the individual peaks, respectively. 
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Table 5.2 The fitted results for the bond type, binding energy, FWHM, and 

deconvoluted content from the Si2p-XPS spectra of a-Si deposited on a silicon 

substrate. 

Sample 
Peak 

designation 
Bonding 

Chemical information 

Binding 

energy (eV) 

FWHM 

(eV) 

Content 

(%) 

a-Si interlayer Si2p 
Si2p 99.2 0.93 13.87 

Si2p 99.8 0.99 11.33 

Si2O 100.2 1.19 5.40 

SiO 101.1 1.41 5.40 

Si2O3 102.5 1.66 17.62 

SiO2 103.5 1.60 46.38 

 

 

Figure 5.7 shows the XPS spectra of the DLC and Si-doped DLC films 

deposited on a silicon substrate with a broad scan. The result shows that the structure 

of both the DLC and Si-doped DLC films consists of two peaks of carbon and oxygen 

composition. These peaks are located at a binding energy of 284.8 eV, and 532 eV 

[101], [134]. The carbon peak, which dominates over the oxygen peak, indicates the 

main composition of carbon in the structure of the film. The oxygen composition, on 

the other hand, indicates to the residual gas in the vacuum chamber during the 

deposition process and the surface with air exposure [134]. For the Si-doped DLC 

film, the silicon peak is not found in the spectrum, which could indicate to the low 

concentration in the structure. 

To confirm the structure of DLC and Si-doped DLC films, the high-

resolution C1s main peak was analysed and compared. The C1s main peak was fitted 

using Gaussian functions, with the background subtracted using the Shirley method. It 

can be seen that the C1s peak was decomposed into four peaks as shown in Figure 

5.9. These peaks at binding energy of 284.6, 285.2, 286.4, and 288.8 eV 

correspond to C−sp2 hybridization of C=C bond, C−sp2 hybridization of C−C and 
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C−H bond, C−O, and C=O bond, respectively [135]. Most studies show that the C−O, 

and C=O binding were mainly achieved by the residual oxygen and surface exposure 

[135]. In addition, no Si−C bonds were found in the amorphous DLC structure, which 

means that the silicon dopant atoms are located in the amorphous DLC structure but 

not bonded to the carbon atoms. On the other hand, the typical depth in XPS 

measurement is about 5−10 nm from the film surface. During the deposition process 

of the Si-doped DLC film, the carbon atom from the acetylene precursor gas may be 

covered on the silicon target, resulting in a lower gradient in the silicon emission 

efficiency. It can be assumed that the surface characteristics of the Si-doped DLC film 

are similar to those of the pure DLC film, which can be confirmed by comparing the 

overlapping spectra comparison of the films (see Figure 5.8). 

The fitting results of all peaks, such as bond type, binding energy, 

FWHM, and content, are shown in Table 5.3. For these results, the chemical 

concentration of each bond was estimated using the area intensity of each peak 

divided by the total area intensity. It was found that the sp2 concentration of C=C 

bond of DLC and Si-doped DLC films were 52.95 and 48.34%, while the sp3 

concentration of C=C and C−H bonds were 30.12 and 32.90%, respectively. For 

carbon-bonded oxygen, the concentration of C−O bond is 14.66 and 14.53% and that 

of C−O bond is 2.27 and 4.23% for DLC and Si-doped DLC, respectively. Therefore, 

the DLC and Si-doped DLC prepared in this work are of amorphous carbon structure. 
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Figure 5.7 Typical XPS spectra of a wide scan for DLC and Si-doped DLC films. 

 

 

Figure 5.8 Comparison of high-resolution XPS spectra of the C1s peak of DLC and 

Si-doped DLC films. 
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Figure 5.9 Deconvoluted XPS spectra for C1s of DLC and Si-doped DLC films. The 

black, red, blue, and other solid lines represent the experimental data, the fitted curve, 

the Shirley background, and the deconvolution of each peak, respectively. 
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Table 5.3 The fitted results of bond type, binding energy, FWHM, and content 

deconvoluted from the C1s XPS spectra of DLC and Si-doped DLC deposited on a 

silicon substrate. 

Samples Bonding 

Chemical information 

Binding energy 

(eV) 

FWHM 

(eV) 
Content (%) 

DLC 
C−sp2 284.6 1.19 52.95 

C−sp3 285.2 1.32 30.12 

C−O 286.4 2.32 14.66 

C=O 288.8 2.04 2.27 

Si-doped DLC 
C−sp2 284.6 1.19 48.34 

C−sp3 285.2 1.32 32.90 

C−O 286.4 2.32 14.53 

C=O 288.8 2.61 4.23 

 

 

In addition, the structure of the DLC and Si-doped DLC films was 

characterized by Raman spectroscopy (Bruker, Senterra model). The surface of the 

DLC and Si-doped DLC films deposited on silicon substrate was excited using an Ar 

laser with a wavelength of 532 nm and a power of 12.5 mW. The scan range was 

between 50-2,700 cm-1 (0.5 cm-1 resolution) with an aperture size of 25 m slit. Each 

spectrum was a co-addition of 2 scans with an integration time (20 s). Three Raman 

spectra of the samples from the different positions were averaged and deconvoluted 

with three Gaussian peaks using Origin software (version 2018) to determine the ID/IG 

ratio, peak positions, and FWHM of the X, D and G peaks.  

The Raman spectra with deconvoluted lines of the DLC and Si-doped 

DLC films are shown in Figure 5.10 and the fitted results such as peak position, 

FWHM and ID/IG ratio are listed in Table 5.4. The Raman spectra of the films show 

three peaks: X, D, and G peaks. The X peak at about 1,222 and 1,241 cm-1 is from the 
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vibrations of a pentagonal atomic ring in the carbon nanostructures [129], [131]. The 

D and G peaks at about 1,417 and 1,422 cm-1 and 1,566 and 1,577 cm-1 are from 

vibrations of A1g symmetry breathing mode of sp2 atoms only in the aromatic rings 

and from the vibrations of E2g stretching mode of sp2 atoms in both aromatic rings and 

chains, respectively [126]–[128]. The ID/IG ratio of the DLC and Si-doped DLC films 

were 1.27 and 1.51, respectively. It can be seen that the ID/IG ratio of Si-doped DLC is 

higher than that of pure DLC. This behaviour indicates that the disorder of graphite or 

sp2 clusters increase in the DLC structure increases due to the incorporation of silicon 

atoms. However, most researchers report that silicon doping in the amorphous 

structure leads to a decrease in ID/IG, which means that sp3 bonding increases. In this 

context, silicon doping may replace some of the C−C bonds with Si−C bonds, which 

should decrease the average size of sp2 clusters and increase the sp3 bond. It should be 

mentioned that such behaviour has been reported in several researches [151]–[153]. 

On the other hand, Meškinis et al. reported that at low Si concentrations, the Si−C 

peak disappears in the C1s region of the XPS result, indicating that the silicon atoms 

were inserted into the DLC structure and not connected to the carbon atom. Thus, the 

incorporation of silicon atoms into the DLC film reduces the formation of sp2 clusters, 

leading to an increase in disordered sp2 clusters. In this work, it should be concluded 

that the silicon atoms are not bonded to the carbon atoms to form Si−C bond and the 

disorder of graphite was more pronounced in Si-doped DLC structure. 
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Figure 5.10 Raman spectra of DLC and Si-doped DLC films deposited on a silicon 

substrate. The black and red lines show the experimental data and the fitted curve, 

respectively. The green, blue, and magenta lines correspond to the deconvolution of 

the X, D and G peaks. 

 

Table 5.4 The fitted results of the peak positions and FWHM of the X, D, and G 

peaks and ID/IG from the Raman spectra of DLC and Si-doped DLC films deposited 

on a silicon substrate. 

Samples 

X peak D peak G peak 

ID/IG Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

DLC 1,222 228.30 1,417 239.05 1,566 151.86 1.27 

Si-doped DLC 1,241 242.55 1,422 245.02 1,577 136.94 1.51 
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5.2 Multilayer characterizations 

In this part, the multilayer DLC coating on the NAB was investigated, and the 

total coating thickness was adjusted to about 1 m. For the NAB, the mechanical and 

corrosive properties need to be improved. Therefore, a multilayer design with a higher 

coating thickness than that of the chromium-plated substrate is required. The 

multilayer DLC was studied in terms of the stack or period of each layer where the 

interlayer was controlled. The thickness of the a-Si interlayer was kept at about 200 

nm by adjusting the deposition time over the deposition rate to improve the adhesion 

strength. The thickness of the Si-doped DLC and DLC films was controlled to 300 

and 500 nm, respectively, for 1 stack. The Si-doped DLC layer was used as a soft 

layer with lower thickness than the DLC layer, which has lower internal stress than 

the DLC layer. The soft layer is usually used to reduce the internal stress in the 

multilayer DLC film. Therefore, the lower thickness of the soft layer was used to 

maintain  the properties of the DLC layer. In 3 stacks, the layer thickness of each Si-

doped DLC and DLC film was split into 3 layers, with the thickness of Si-doped DLC 

being 100 nm and that of DLC being 166 nm. In the last embodiment, the layer 

thickness of each film was divided into 5 layers, where the thickness of the Si-doped 

DLC is 60 nm and the thickness of the DLC is 160 nm. The schematic model of the 

multilayer DLC with 1 stack, 3 stacks and 5 stacks on the NAB is shown in Figure 

5.11. It can be seen that the total thickness of the multilayer DLC with 1 stack, 3 

stacks and 5 stacks was set to about 1 m to study the effects of the stacks. During 

deposition, the sample NAB with a diameter of 25 nm and a height of 5 mm and a 

silicon wafer with a size of 22 cm2 were used as the substrate. The photo in Figure 

5.12 shows the deposited multilayer DLC films with 1 stack, 3 stacks and 5 stacks on 

substrate holder. In Figure 5.13 (a), it was observed that the colour of the films on 

silicon substrates was dark brown or black and uniform for 1 stack and 3 stacks. In 

contrast, at 5 stacks, one layer of the film appears to peel off due to the film residue, 

but there is still a film layer remaining on the substrate. As can be seen in Figure 5.13 

(b), the colour characteristics on NAB were uniform and black glossy with no peeling 

or cracking on the film, indicating good adhesion of the film to the substrate. After the 

deposition process, the morphologies and film thicknesses of the multilayer DLC 
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samples, the structural properties of the DLC top layer, the mechanical properties, the 

adhesion strength, and the electrochemical corrosive properties were analysed. The 

results are presented in the following topic. 

 

 

 

Figure 5.11 Schematic model of a multilayer DLC with 1, 3, and 5 stacks (not to 

scale). 

 

 

 

Figure 5.12 Photo of multilayer DLC with 1 stack, 3 stacks, and 5 stacks on substrate 

holder. 
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Figure 5.13 Photo of multilayer DLC with 1 stack, 3 stacks, and 5 stacks on (a) 

silicon and (b) NAB substrates. 

 

 

5.2.1 Surface and cross-sectional morphology 

The surface and cross-sectional morphology of the multilayer DLC films 

with 1 stack and 3 stacks deposited on a silicon substrate was analysed by FESEM 

(HITACHI, model SU8030). For the surface and cross-sectional images in FESEM, a 

magnification of 50 kx was used in secondary electron mode with an accelerating 

voltage of 5 kV for the surface morphology and 10 kV for the microstructures in the 

cross-section. The multilayer DLC with 5 stacks was not measured because the layer 

was peeled off after cutting the silicon substrate. Therefore, only the surface and 

cross-sectional morphology of multilayer DLC with 1 stack and 3 stacks are shown in 

this section. 
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Figure 5.14 shows the surface morphology of multilayer DLC with 1 stack 

and 3 stacks. It can be seen that the surface of the pure DLC layer has a dense and 

smooth surface. 

 

 

 

Figure 5.14 Surface morphologies of multilayer DLC with (a) 1 stack and (b) 3 stacks 

that deposited on silicon substrate. 

 

 

Figure 5.15 and Figure 5.16 show the FESEM cross-sectional morphology 

of multilayer DLC deposited on silicon substrate (right figure) corresponding to the 

film model (left figure) for 1 stack and 3 stacks, respectively. For the 1 stack sample 

shown in Figure 5.15, the film consists of 3 layers, where the first layer is the a-Si 

interlayer, the second layer is the Si-doped DLC film, and the top layer is the DLC 

film. It is clear that the cross-sectional morphology of 1 stack of multilayer DLC films 

corresponds to the film model. The film thickness was measured with 20 

measurements at different positions using Image J program. It was found that the 

average total thickness was 1,368±6.49 nm, with the thickness of a-Si interlayer, Si-

doped DLC film and DLC film being 183±3.82, 405±7.16, and 779±8.47 nm, 

respectively. The higher film thickness than the controlled film thickness (1 m) 

may be due to the many factors, such as the carbon residue on the wall of the vacuum 

chamber during film deposition, which acts as an impurity and promotes the film 

growth. Other factors such as the flow rate of the precursor, which must fluctuate 

during the deposition process, and the self-annealing of the substrate can induce film 

(a) (b)
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growth. The fractured FESEM cross-sectional image of the a-Si layer shows a smooth 

and compact morphology with small columnar grains growing perpendicular to the 

substrate. While the Si-doped DLC and DLC films show smooth and dense surface 

microstructures with amorphous structure. The different contrast between the Si-

doped DLC and DLC layers indicates the difference in film density. With the low film 

density of the Si-doped DLC film, the dark region appears, while the high film density 

of the DLC film represents the bright region. 

 

 

 

Figure 5.15 (a) schematic model and (b) corresponding cross-sectional 

microstructures of multilayer DLC with 1 stack. 

 

For the sample with 3 stacks, as shown in Figure 5.16, the fractured 

FESEM cross-sectional image shows an unclear interface between the individual 

layers, which is due to the sample preparation for the measurement process. However, 

the overall average thickness is estimated to be 1,379±5.81 nm. The average 

thickness of the a-Si interlayer is estimated to be 182±3.23 nm based on the 

columnar structure. For the Si-doped DLC and DLC layer, the average thickness of 

the 3 layers is 114±4.26 and 285±7.95 nm, respectively. The Si-doped DLC and 

DLC layers also exhibit smooth and dense surface microstructures with amorphous 

structure and different contrast. 
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Figure 5.16 (a) schematic model and (b) corresponding cross-sectional 

microstructures of multilayer DLC with 3 stacks. 

 

 

5.2.2 Analysis of structural properties 

The surface of the multilayer DLC deposited on a silicon substrate was 

analysed for its structural properties using XPS and Raman spectroscopy techniques. 

The top surface of the multilayer DLC, i.e., the pure DLC, was acquired for the 

analysis. Therefore, it can be predicted that the structural properties are similar. 

The upper DLC layer was also examined using the XPS technique. The 

same detail as in topic 5.1.2 is used for the XPS measurement. The result of the wide 

scan XPS spectra for the multilayer DLC deposited on a silicon substrate with 1 stack, 

3 stacks and 5 stacks is shown in Figure 5.17. It can be seen that the surface of the top 

DLC layer consists of two peaks at 284.8 eV, and 532 eV, corresponding to the 

carbon (C1s) and oxygen (O1s) peaks, respectively [101], [134]. For 5 stacks sample, 

the XPS spectra can be measured when the film is peeled down to the DLC layer. 

However, it is difficult to confirm which layer has peeled off.  

For the high-resolution C1s spectra, the C1s peak 1 stack, 3 stacks and 5 

stacks was deconvoluted into four Gaussian functions using Origin software, and the 

backgrounds were subtracted using the Shirley method. The deconvoluted XPS 
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spectra for C1s of all samples are shown in Figure 5.18. The C1s spectrum was 

decomposed into four peaks located at different binding energies. These peaks at 

binding energy of 284.6±0.1, 285.2±0.1, 286.4, and 288.8 eV correspond to C 

sp2 hybridization of C=C bond, C−sp2 hybridization of C−C and C−H bond, C−O, and 

C=O bond, respectively [135]. The fitting results of all peaks, such as bond type, 

binding energy, FWHM and content, are listed in Table 5.5. The sp2 and sp3 carbons 

of the three samples are 49.44±0.62 and 34.40±1.07%, respectively. The 

concentration of C–O and C=O bonds in the DLC structure are 14.42±0.60 and 

1.74±0.15%, respectively. From these results, it can be concluded that the results of 

all samples with the same DLC coating conditions are in very good agreement. 

 

 

Figure 5.17 Typical XPS spectra of a wide scan for multilayer DLC with 1 stack, 3 

stacks, and 5 stacks. 
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Figure 5.18 Deconvoluted XPS spectra for the C1s peak of multilayer DLC with 1 

stack, 3 stacks and 5 stacks. The black, red, blue, and other solid lines represent the 

experimental data, the fitted curve, the Shirley background, and the deconvolution of 

each peak, respectively. 
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Table 5.5 The fitted results of bond type, binding energy, FWHM, and content 

deconvoluted from the C1s XPS spectra of multilayer DLC with 1 stack, 3 stacks and 

5 stacks deposited on a silicon substrate. 

Samples Bonding 

Chemical information 

Binding energy 

(eV) 

FWHM 

(eV) 
Content (%) 

1 stack 
C−sp2 284.7 1.14 49.87 

C−sp3 285.1 1.22 33.51 

C−O 286.4 2.19 14.97 

C=O 288.8 1.74 1.65 

3 stacks 
C−sp2 284.6 1.15 49.72 

C−sp3 285.2 1.25 34.11 

C−O 286.4 2.17 14.53 

C=O 288.8 1.76 1.64 

5 stacks 
C−sp2 284.6 1.17 48.73 

C−sp3 285.2 1.30 35.58 

C−O 286.4 2.21 13.77 

C=O 288.8 1.70 1.91 
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For the Raman spectroscopy part, the surface of the top DLC layer of 

multilayer DLC with 1 stack, 3 stacks and 5 stacks deposited on a silicon substrate 

was investigated. The same detail as in topic 5.1.2 was used for Raman spectroscopy 

measurement. Three Raman spectra of the samples from the different positions were 

averaged and deconvoluted with three Gaussian peaks using Origin software (version 

2018) to determine the ID/IG ratio, peak positions, and FWHM of the X, D and G 

peaks.  

The Raman spectra with deconvoluted lines of the DLC layer are shown 

in Figure 5.19 and the fitted results such as peak position, FWHM and ID/IG ratio are 

listed in Table 5.6. The Raman spectra of the DLC layers show three X, D and G 

peaks, which are consistent with the previous result. The X peak at about 1,204±3.23 

cm-1 is caused by the vibrations of a pentagonal atomic ring in the carbon 

nanostructures. While the  Raman peak at about 1,405±1.71 cm-1 was excited by the 

vibration of A1g symmetry breathing mode of sp2 atoms only in the aromatic rings of 

disordered graphite (D peak) and the peak at about 1,563±1.16 cm-1 was excited by 

the vibration of E2g stretching mode of sp2 atoms in both aromatic rings and chains of 

graphite (G peak). The same characteristic in the Raman results indicates a similar 

DLC structure under the same coating conditions. 
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Figure 5.19 Raman spectra of multilayer DLC films with 1 stack, 3 stacks, and 5 

stacks deposited on a silicon substrate. The black and red lines show the experimental 

data and the fitted curve, respectively. The green, blue, and magenta lines correspond 

to the deconvolution of the X, D and G peaks. 

 

Table 5.6 The fitted results of peak positions and FWHM of X, D and G peaks and 

ID/IG from the Raman spectra of multilayer DLC with 1 stack, 3 stacks and 5 stacks 

deposited on silicon substrate. 

Samples 

X peak D peak G peak 

ID/IG Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

1 stack 1,203 217.53 1,406 248.25 1,562 155.20 1.29 

3 stacks 1,202 213.15 1,403 246.06 1,563 153.77 1.28 

5 stacks 1,208 179.85 1,405 246.74 1,565 154.30 1.29 
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5.2.3 Analysis of mechanical properties 

The nanoindentation test is mainly used to determine the mechanical 

properties in terms of hardness and elastic modulus of microscopic film materials. 

The NAB, the a-Si interlayer and the multilayer DLC with 1 stack, 3 stack and 5 

stacks were analysed by nanoindentation test (Hysitron, TI Premier model) to confirm 

improvement of the properties of substrate NAB. The pyramid-shaped Berkovich 

indenter was used with 5-fold repeatability for dynamic mode at different positions. A 

maximum load of 7 mN was used for the bulk NAB. For the a-Si interlayer deposited 

on the substrate NAB with a thickness of 182.50±3.53 nm, a maximum load of 500 

N was used to keep the indentation depth below 10% of the film thickness. For the 

DLC multilayer with 1 stack, 3 stacks and 5 stacks with a thickness of about 

1373.50±6.15 nm, the higher maximum load of 7 mN was used to achieve a 

penetration depth of about 10% of the film thickness in the range of one micrometre. 

The loading and unloading curves of the NAB, the a-Si interlayer and the 

multilayer DLC with 1 stack, 3 stacks and 5 stacks were plotted separately due to the 

different range in penetration depth. Figure 5.20 shows the loading and unloading 

curves of the NAB and the a-Si interlayer. The loading and unloading curves of the 

multilayer DLC with 1 stack, 3 stacks and 5 stacks are shown in Figure 5.21. The 

values of hardness, elastic modulus and penetration depth of the coated film and 

substrate are listed in Table 5.7. It was obvious that the area under the curve was 

larger than other deposited films that have high plastic deformation, which is a typical 

property of most metals and metal alloys. For the a-Si interlayer, the penetration depth 

was 50.61±1.66 nm, which corresponds to 28% of film thickness, although the 

maximum load was very low, 500 N. Therefore, the effect of the NAB could be 

quite relevant during the measurement process. As shown in Figure 5.21, it was found 

that the penetration depth of the multilayer DLC increased from 160.65±3.12 to 

168.74±2.08 nm when the number of stacks was increased from 1 stack to 5, 

indicating a decrease in hardness. The penetration depth of the multilayer DLC is 

11.70−12.29% of the average total thickness (1373.50±6.15 nm), slightly more than 

10% of the film thickness. The comparison of the hardness and elastic modulus of the 

NAB, a-Si interlayer, and multilayer DLC with 1 stack, 3 stacks and 5 stacks are 
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shown in Figure 5.22. It was found that the hardness of the multilayer DLC improved 

compared to the NAB. The hardness and elastic modulus of the NAB show the lowest 

hardness with the highest elastic modulus value of 3.71±0.34 and 147.98±10.91 GPa, 

respectively. Although the penetration depth is more than 10% of the film thickness, 

the hardness of the a-Si interlayer also shows a high value of about 5.43±0.35 GPa, 

which is a good support for the multilayer formation of the NAB. On the other hand, 

the hardness of the DLC multilayer decreases slightly from 17.00±0.88 to 15.57±0.51 

GPa when the DLC multilayer is increased  from 1 stack to 5 stacks. It can be found 

that the hardness of the multilayer film increases by 4.58 times of the uncoated NAB. 

The modulus of elasticity of the multilayer DLC are slightly lower than those of the 

NAB and decrease with the number of stack increase. This is because the multilayer 

structure, in which the Si-doped DLC layer and the pure DLC layer are deposited 

alternately, corresponds to the substrate of the topmost DLC layer. This assumed 

substrate affects the performance of the top DLC layer due to differences in film 

thickness, residual stress, and hardness [23]. The low hardness of the 5-stack sample 

can be attributed to the effect of the soft layer (Si-doped DLC), as the thickness of the 

top DLC layer decreases with increasing number of film layers. The indenter 

penetrates closer to the soft layer. The change in hardness of multilayer DLC films 

can also be explained by the thickness of the top DLC layer. When the number of 

stacks is greater than 1, the thickness of the top DLC layer decreases rapidly, resulting 

in lower hardness. 

 

  

Figure 5.20 Loading and unloading curves of (a) NAB and (b) a-Si interlayer. 
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Figure 5.21 Loading and unloading curves of multilayers DLC with 1 stack, 3 stacks 

and 5 stacks. 

 

  

Figure 5.22 Hardness and elastic modulus of NAB, a-Si interlayer, and multilayers 

DLC with 1 stack, 3 stacks and 5 stacks. 
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Table 5.7 Hardness, elastic modulus, and penetration depth of multilayer DLC with 1 

stack, 3 stacks and 5 stacks that deposited on a silicon substrate. 

Samples Hardness (GPa) 
Elastic modulus 

(GPa) 

Penetration 

depth (nm) 

NAB 3.71±0.34 147.98±10.91 274.82±14.02 

a-Si interlayer 5.43±0.35 89.30±3.33 50.61±1.66 

1 stack 17.00±0.88 124.90±3.91 160.65±3.12 

3 stacks 16.05±0.44 119.69±3.27 165.21±2.65 

5 stacks 15.57±0.51 114.85±3.91 168.74±2.08 

 

 

5.2.4 Analysis of adhesion strength  

Important factors that determine the quality and durability of coatings are 

their cohesive and adhesive properties. The scratch test is an important tool for 

comparing the cohesive or adhesive properties of coatings or bulk materials. Good 

adhesive performance can support the properties of the film. When performing a 

progressive load test, the critical load is defined as the smallest load at which a 

detectable failure occurs. To determine the critical load, scratch marks from optical 

microscopy were used to identify the critical load based on scratch behaviour. For a 

thin-film coating on a substrate, the critical loads are divided into three types. The 

first critical load (Lc1) corresponds to the first sign of cohesive failure in the form of 

spalling and cracking in the scratch track. The second critical load (Lc2) corresponds 

to the beginning of the adhesive failure of the delamination of the film. Finally, the 

third critical load (Lc3) corresponds to the complete delamination of the coating from 

the scratch track and the complete removal of the interlayer from the substrate. In 

addition, the critical load can be determined by monitoring the acoustic emission on 

the sample during scratching, which works very well for brittle and hard film 

coatings. In this technique, a typical diamond stylus or indenter with linear 

progressive loading is projected onto the surface of sample and slide. At higher load, 

further damage usually occurs due to detachment of the coating from the substrate by 
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spalling, buckling or chipping. The critical load is then determined based on the 

failure and delamination characteristics. 

In this part, the micro-scratch test (Fischer Scope, model HM2000) was 

used to observe the adhesive behaviour of thin films with respect to the critical load 

value. The scratch marks of the optical microscope were used to identify three types 

of critical loads. The multilayer DLC films with 1 stack, 3 stacks and 5 stacks were 

analysed in progressive mode with a continuous increase from 0.5 to 50 N using a 

sphereical Rockwell C indenter. A scratch speed of 2 mm/min, a scan load step of 0.5 

N, and a load rate of 10 N/min were used with 3 repetitions at different positions. 

The scratch behaviour with Lc1, Lc2 and Lc3 of multilayer DLC films with 

1 stack, 3 stacks and 5 stacks was identified and is shown in Figure 5.23. The values 

of Lc1, Lc2 and Lc3 can be found in Figure 5.24 and Table 5.8. The scratch behaviour 

includes three stages: the first stage is microcracking and partial ring cracking, the 

second stage is complete ring cracking, delamination, and spalling, and the last stage 

is substrate exposure [138]. As can be seen in Figure 5.23, the multilayer DLC 

coating exhibits excellent scratch failure characteristics along the scratch. This mean 

that the film shows favourable adhesion strength on NAB. In multilayers with 1 stack, 

it can be seen that the film delaminates and spall from the edge of the scratch track, 

indicating a cohesive failure mode. This behaviour explains the high internal stresses 

in the thick DLC top layer. The scratch marks of 3 and 5 stacks show no evidence of 

delamination of the coatings, indicating good cohesive properties of the film. All of 

the multilayer DLC films have a first critical load greater than 4 N. The mean values 

of the three critical loads are slightly different, as shown in Figure 5.24, so the 

different multilayer DLC films are not considered to affect the adhesion value due to 

the overlap of the error bars of the measured data. However, the a-Si interlayer and 

multilayer design show good adhesion strength of the film on NAB for higher film 

thicknesses above 1 m. 
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Figure 5.23 Morphology of scratch marks of Lc1, Lc2 and Lc3 for DLC multilayers 

with 1 stack, 3 stacks and 5 stacks deposited on a NAB. 

 

 

Figure 5.24 Critical load values of Lc1, Lc2 and Lc3 for DLC multilayers with 1 stack, 

3 stacks and 5 stacks deposited on a NAB. 
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Table 5.8 Critical load values (Lc1, Lc2, and Lc3) for DLC multilayers with 1 stack, 3 

stacks and 5 stacks. 

Samples Lc1 (N) Lc2 (N) Lc3 (N) 

1 stack 5.39±0.15 8.28±0.52 12.73±0.86 

3 stacks 4.16±0.28 6.49±0.59 12.33±0.27 

5 stacks 5.29±0.09 7.55±0.14 13.11±0.73 

 

 

5.2.5 Analysis of electrochemical corrosion  

The corrosion protection of thin-film coatings has long been used to 

protect the substrate from corrosion. An electrochemical potentiodynamic 

measurement is used to obtain the electrochemical properties of a material. 

Electrochemical corrosion measurement is a proficient method with simple 

procedures and high sensitivity that reflects the chemical reactions of atomic, ionic, 

and molecular transport in solution that led to dissolution of the metal. This behaviour 

provides information about the lifetime and corrosion behaviour of bulk materials and 

thin films [139], [140]. In this work, the corrosion behaviour of the multilayer DLC 

film and a-Si interlayer deposited on NAB was measured electrochemically to 

confirm the corrosion resistance compared to uncoated NAB. For the electrochemical 

corrosion measurement, three-electrodes were immersed in a corrosion solution. The 

sample material or thin-film coating was used as the  working electrode (WE), the 

saturated silver to silver chloride (Ag/AgCl) was used as the reference electrode (RE) 

serving as the standard, and a pure platinum rod was used as the counter electrode 

(CE). In the measurement, the Ag/AgCl and pure platinum rod electrodes were 

immersed in NaCl solution, while the thin-film sample and substrate were mounted 

between the metal plate and the O-ring for the surface contact with the solution and 

electrical connection. The electrochemical corrosion measurement was carried out 

using a 3.5 wt% NaCl solution in which 35 grams of NaCl powder was diluted in 1 

litre of deionized water . The exposed area of the sample was controlled by the inner 

diameter of the O-ring (6 mm), which resulted in an exposed area of 0.2827 cm2. The 
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operating temperature during the measurement procedure was kept at room 

temperature and the samples were exposed to NaCl solution for 30 minutes. A 

potential of -1000 to 1000 mV with a sampling rate of 1 mV/s was applied to observe 

the polarisation curves. 

The corrosion behaviour of the a-Si interlayer and 1, 3 and 5 stacks of 

multilayer DLC in 3.5 wt% NaCl solution compared to the bare NAB is shown in 

Figure 5.25. The corrosion parameters achieved from the Tafel extrapolation are listed 

in Table 5.9. The 
corrE  and 

corri  are the corrosion current density and corrosion 

potential observed at the y-axis and x-axis intersections between the anodic and 

cathodic branches of the polarisation curves. Lower corrosion current density and 

higher corrosion potential indicate lower corrosion rate and better corrosion resistance 

[142], [143]. 

From Figure 5.25, it can be seen that the multilayer DLC coating with 1 

stack, 3 stacks and 5 stacks exhibits a shift of the corrosion potential to a more 

positive region and the corrosion current density trend decreases compared to the 

uncoated substrate [144]. Thus, it was clear that the corrosion resistance of NAB was 

highly improve by the multilayer DLC coating. In particular, the 5 stacks sample 

shows a significant shift in the potentiodynamic polarization curves. The lowest 

corrosion current density means the best corrosion resistance [143]. From Table 5.9, 

the corrosion current density of NAB is 1.41 A/cm2, while the a-Si interlayer (0.92 

A/cm2) and the multilayer DLC coating (0.02−0.83 A/cm2) have lower value 

indicating a lower loss of composition of material and coating. It can be concluded 

that the corrosion current density of NAB up to 1.41 A/cm2, is 70 times higher than 

that of 5 stacks of multilayer DLC coatings. The corrosion current density of all 

samples was plotted for comparison, as shown in Figure 5.26. This result shows that 

both the a-Si interlayer and multilayer DLC coating can reduce the corrosion current 

density. This result could be explained by the typical corrosion resistance of the thin-

film coating.  

In addition, the corrosion current density was found to decrease 

significantly with an increase in the number of film layers for multilayer DLC from 1 

stack to 5 stacks. The improved corrosion protection mechanism of the multilayer 

structure can be explained by the increase of the interfacial area with the increase of 
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the number of layers [154]. When the top DLC layer is directly exposed to the 

corrosion solution, it is corroded first, while the bottom layer was protected. 

Therefore, the lower layer is protected until the collapse of the upper layer occurs. 

This behaviour leads to lateral propagation of the corrosion product in the plane of the 

interface. After the breakdown of the first layer, the second layer is exposed to the 

corrosion solution and this behaviour is repeated layer by layer until it penetrates 

through the coating and then into the substrate. In the case of 1 stack, the number of 

interfaces is less than for 3 stacks and 5 stacks, resulting in a high corrosion current 

density. The above results clearly show that multilayer DLC coating can positively 

affect the corrosion current density and effectively reduce the corrosion rate of NAB 

in a corrosive environment. The porosity analysis cannot be estimated due to the 

failure of anodic and cathodic Tafel slope. 

 

 

Figure 5.25 Potentiodynamic polarization curves of NAB, a-Si interlayer, and 1 

stack, 3 stacks and 5 stacks of multilayer DLC in 3.5 wt% NaCl solution. 
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Table 5.9 Electrochemical results of polarization curves of NAB, a-Si interlayer, and 

1 stack, 3 stacks and 5 stacks of multilayer DLC. 

Samples 
Corrosion potential 

(mV) 

Corrosion current 

density (A/cm2) 

NAB -330 1.41 

a-Si interlayer -640 0.92 

1 stack -310 0.83 

3 stacks -285 0.22 

5 stacks -90 0.02 

 

 

 

 

Figure 5.26 Corrosion current density of NAB, a-Si interlayer, and 1 stack, 3 stacks 

and 5 stacks of multilayer DLC. 
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Figure 5.27 shows a photo of NAB and an a-Si interlayer, a multilayer 

DLC with 1 stack, 3 stacks and 5 stacks applied to NAB after the corrosion test. It can 

be seen that the surface of NAB has clearly corroded areas. While the a-Si interlayer 

exhibits the corroded behaviour of the spot coverage of the surface test. The DLC 

multilayer with 1 stack shows the corroded behaviour revealed by the surface of the 

substrate. The DLC multilayers with 3 stacks and 5 stacks show a slightly different 

morphology. These behaviours observed on the surface correspond to the corrosion 

current density as shown above.  

  

 

 

Figure 5.27  Photo of (a) NAB, (b) a-Si interlayer, and (c) 1 stack, (d) 3 stacks, and 

(c) 5 stacks of multilayer DLC after corrosion measurement. 
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5.3 Conclusion of NAB part 

In this part, the multilayer DLC films were developed and fabricated, with the 

a-Si film serving as the adhesive layer. The nickel aluminum bronze was used as a 

substrate to improve the mechanical and corrosive resistance. The pure DLC film was 

used as a hard layer with high film density, while the Si-doped DLC film was used as 

a soft layer with low film density. The a-Si interlayer was prepared by the DC 

magnetron sputtering method. The DLC film was deposited using the radio-frequency 

plasma-enhanced chemical vapor deposition method. A combination of magnetron 

sputtering and radio frequency plasma-enhanced chemical vapor method was used to 

deposit the Si-doped DLC film. In a first study, the characterization of the individual 

a-Si interlayers, DLC and Si-doped DLC films was systematically investigated. In 

another study, the multilayer design was investigated in terms of deposition period or 

stack (1 stack, 3 stacks and 5 stacks) with a controlled film thickness of about 1.3 m. 

The film thickness and structural properties of the a-Si interlayer, DLC and Si-

doped DLC films were investigated by FESEM, XRR, XPS and Raman spectroscopy. 

The deposition rates calculated from the thickness of the a-Si interlayer, DLC and Si-

doped DLC film are 12.63±0.34, 13.95±0.16 and 23.15±0.20 nm/min, respectively, 

and these values were used to estimate the deposition time for each thickness. The 

higher deposition rate of Si-doped DLC compared to DLC is due to the discharge 

assistance from the magnetron sputtering source, which increases during the film 

growth in the deposition particles. The results of the XRR techniques show that the 

density of the a-Si interlayer, DLC, and Si-doped DLC film are about 2.13, 1.98, and 

1.86 g/cm3, respectively, with an average thickness of 51±2.52 nm. The a-Si 

interlayer has a high density of up to 93% of the calculated density, which is a good 

quality for the adhesive layer. In contrast, the density of Si-doped DLC is lower 

density than that of DLC, indicating the typical properties of the soft layer. 

The XPS results of the a-Si interlayer show the silicon peak (Si2p and Si2s) 

and the oxygen-rich peak originating from the silicon precursor during the deposition 

process and from the residual oxygen during surface exposure to air, respectively. The 

predominant silicon dioxide and suboxides of the Si2O, SiO, Si2O3 and SiO2 

functional groups show the sensitivity of the silicon surface to air exposure. For the 
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DLC and Si-doped DLC films, the film structure consists of carbon and oxygen 

compositions. It was found that the C−sp2 concentration of C=C bond for DLC and 

Si-doped DLC films were 52.95 and 48.34%, while the C−sp3 concentration of C−C 

and C−H bonds were 30.12 and 32.90%, respectively. For carbon-bonded oxygen 

originating from residual oxygen and surface oxidation, the concentration of C−O and 

C=O bonds ranged from 14.53−14.66% and that of bonds was 2.27−4.23%, 

respectively for DLC and Si-doped DLC. It is surprising that the Si−C bonds were not 

found in the Si-doped DLC, which could be due to the low doping concentration 

during the co-deposition process. 

Raman spectroscopy was used to identify the scattering of sp2 hybridization in 

the amorphous carbon structure of DLC and Si-doped DLC films. The Raman spectra 

of these films show three peaks of X, D, and G in the range of 1,222 and 1,241 cm-1, 

1,417 and 1,422 cm-1 and 1,566 and 1,577 cm-1, respectively. These peaks originate 

from the vibrations of a pentagonal atomic ring in the carbon nanostructures,  the 

vibration of A1g symmetry breathing mode of sp2 atoms only in aromatic rings, and 

the vibration of E2g stretching mode of sp2 atoms in both aromatic rings and chains.  

The ID/IG ratio of the Si-doped DLC film (1.51) is higher than that of the DLC 

film (1.27). This is due to the increase in disordered sp2 clusters caused by the 

incorporation of silicon atoms into the amorphous carbon structure. From the results 

of XPS and Raman spectroscopy, it can be concluded that the silicon atoms are not 

connected to the carbon atoms to form Si−C bond, which leads to the increase of 

disordered graphite in the Si-doped DLC structure. 

In the multilayer DLC section, the multilayer design of 1 stack, 3 stacks and 5 

stacks was deposited on NAB and silicon substrates and characterized using FESEM, 

Raman spectroscopy, XPS, nanoindentation, micro-scratching, and electrochemical 

measurements to observe the morphology, structure, mechanical and adhesive 

properties, and corrosion resistance.  

The surface morphology of the multilayer DLC exhibits a dense and smooth 

surface, while the overall average thickness is estimated to be 1,373±6.15 nm. The 

fractured cross-sectional image of the a-Si layer shows a smooth and compact 

morphology, with small columnar grains growing perpendicular to the substrate. The 



 

 

 

 158 

Si-doped DLC and DLC films exhibit the smooth and dense surface microstructures 

with amorphous structure, whose different contrast indicates the different density of 

the films. The Raman spectra of the top pure DLC films for the multilayer DLC 

samples show three peaks of X, D and G with a ratio of ID/IG of 1.29, which is 

consistent with the previous result. The XPS results show that the sp2 and sp3 carbons 

of all samples are 49.44±0.62 and 34.40±1.07%, respectively. The concentration of 

C–O and C=O bonds in the DLC structure is 14.42±0.60 and 1.74±0.15%, 

respectively. It can be concluded that the results of all samples with the same DLC 

coating conditions are in very good agreement. 

The hardness of NAB shows a low value of 3.71±0.34 GPa. While the a-Si 

interlayer with a hardness of 5.43±0.35 GPa provides good support for the multilayer 

formation of NAB. The penetration depth of the DLC multilayers increased from 

11.70–12.29% of the total thickness when the number of stacks increased from 1 to 5, 

indicating a decrease in hardness from 17.00±0.88 to 15.57±0.51 GPa. It can be seen 

that the a-Si interlayer has 3.13 times higher hardness than the uncoated NAB. All the 

multilayer DLC samples have 4.58 times higher hardness. The change in hardness of 

the multilayer DLC films can also be explained by the thickness of the top DLC layer. 

When the deposited multilayer film is more than 1 stack, the thickness of the top DLC 

layer decreases rapidly, resulting in lower hardness, which is due to the effect of the 

soft bottom layer. 

The micro-scratch test was used to determine the scratch resistance and 

interfacial adhesion of the film coating. The critical load values for all multilayer 

DLC films are close to each other, with a high first critical load of 4 N. This means 

that the multilayer film has a favorable adhesion strength with NAB. For 1 stack of 

multilayer DLC films, delamination and spalling were observed at the edge of the 

scratch track, indicating a cohesive failure mode due to the high internal stresses in 

the thick DLC top layer. It can be concluded that the a-Si adhesive layer and 

multilayer design have good adhesion strength of the film on NAB at higher film 

thicknesses above 1 m. 

An electrochemical potentiodynamic measurement is used to determine the 

electrochemical properties of a substrate, a-Si interlayer, and multilayer DLC films in 

terms of corrosion current density and corrosion potential. A shift of the 
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potentiodynamic polarization curves of the multilayer coating toward a more positive 

region compared to the uncoated NAB indicates good corrosion resistance. The 

corrosion current density of NAB is 1.41 A/cm2, while the a-Si interlayer (0.92 

A/cm2) and the multilayer DLC coating (0.02−0.83 A/cm2) have a lower value, 

indicating a lower loss of composition of the material and coating. In addition, the 

multilayer DLC film with 5 stacks can reduce the corrosion current density by 70 

times compared to the uncoated substrate. In terms of corrosion resistance, the 

increase of the interfacial area with the increasing the number of layers is important to 

improve the corrosion protection mechanism by the lateral propagation of the 

corrosion product in the plane of the interface. 

 

 



 

 

 

CHAPTER VI  

Conclusions and suggestions 

 

6.1 Conclusions 

The conclusion was divided into two main parts for chromium-plated and 

NAB substrates. In the first part, a-Si, a-Si:N, a-Si:H, and a-SixCy:H films were used 

as interlayers to improve the adhesion on the a-C:H film deposited on the chromium-

plated substrate. The deposition rate of all interlayers prepared by the DCMS method 

has different values depending on the gas source, which were used to estimate the 

deposition time at the same film thickness. The a-C:H films were deposited using the 

RF-PECVD method under the same conditions. The average thickness of the a-C:H 

films and the silicon-based interlayers were controlled as 317±12.99 and 306±14.23 

nm, respectively. The surface morphology shows very homogeneous, smooth and 

dense microstructures without microparticle defects. The cross-sectional morphology 

between the a-C:H films and the interlayers shows a clear boundary at the interface 

without delamination and cracking, indicating good adhesive properties. For the a-

C:H film deposited on a chromium-plated substrate without an interlayer, 

delamination from the substrates evident. For the a-Si and a-Si:H interlayers, it can be 

seen that the interlayers have similar grain sizes and these layers appear to merge with 

the a-C:H layer at the interface.  

The Raman spectra of the a-C:H films clearly show the presence of D and G 

peaks at 1,413−1,417 cm-1 and 1,562−1,569 cm-1 of Raman shift with a relative 

intensity ID/IG of about 1.26, indicating the typical structure of the amorphous carbon 

films. These peaks are associated with the vibration of A1g symmetry breathing mode 

of sp2 atoms only in the aromatic rings for disorder of graphite (D peak) and with the 

vibration of E2g stretching mode of sp2 atoms in both aromatic rings and chains for 

graphite (G peak). In addition, the X peak was found at about 1,222−1,225 cm–1, 

which probably originates from the vibrations of a pentagonal atomic ring in the 

carbon nanostructures. The XPS results show that the bonding of C−sp2 and C−sp3 

hybridizations with the carbon content of all samples is about 51.26±0.22 and 
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30.11±2.52%, respectively. Moreover, C−O and C=O bonds derived from residual 

oxygen and surface oxidation are also found in the a-C:H structure. Therefore, it can 

be concluded that the a-C:H film prepared in this part with a density of about 2.15 

g/cm3 agrees very well under the same deposition conditions. 

For all silicon-based interlayers, the XPS results indicate the presence of 

silicon dioxide and suboxides, mainly due to the adsorption process during the 

measurement. The low hardness of all the interlayers with density in the range of 

1.68−2.05 g/cm3 shows that the a-C:H film is very important for improving the 

mechanical properties of the chromium-plated substrate. In the a-SixCy:H interlayer, 

the carbon dopant can be bonded to the silicon atoms and form Si−C, which has a 

negative effect on the adhesive properties. This behaviour is probably due to the low 

dangling bond and the high residual stress of the interlayer. The a-C:H/a-Si:H sample 

exhibited higher Lc2 and Lc3 (5.67±0.28 and 15.15±1.16 N) than the other silicon-

based interlayers, indicating higher resistance to adhesion failure between the coating 

and the interlayer, and higher adhesion strength of the interlayer with a substrate, 

which correlates with the highest hardness of about 20.98±0.63 GPa that is 2.5 times 

higher than the substrate (8.30±0.48 GPa). In addition, it exhibits the lowest corrosion 

current density with the lowest porosity, which is about 36 times lower than that of 

the uncoated chromium-plated substrate. This result indicates that a-Si and a-Si:H are 

a good supporting interlayer for the formation of a-C:H film. The mixing with 

hydrogen gas for the a-Si:H interlayer could reduce the residual oxygen, which could 

reduce the Si−O bonding and improve the adhesion between the interlayer and the a-

C:H film. It can be concluded that the protective a-C:H coating with an a-Si:H 

interlayer has excellent potential to significantly improve the corrosion resistance and 

hardness properties of the film, which can extend the durability and service life of 

materials used in abrasive and corrosive environments. 

In the second part, the multilayer DLC films were developed and fabricated 

using the a-Si film as an adhesive layer to improve the mechanical and corrosive 

resistance of NAB. The a-Si interlayer was prepared using the DCMS method. The 

DLC film was deposited using the RF-PECVD deposition method. The DCMS and 

RF-PECVD method were used the Si-doped DLC film. The a-Si interlayer has a high 

density of up to 93% of the calculated density, which is a good quality for the 
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adhesive layer. The DLC and of Si-doped DLC films with  densities of 1.98 and 1.86 

g/cm3 were used as hard and soft layers, respectively. The multilayer design was 

investigated in terms of deposition period or stack (1 stack, 3 stacks and 5 stacks) with 

a controlled film thickness of about 1.3 m. The XPS results of the a-Si interlayer 

show the silicon peak (Si2p and Si2s) and the oxygen-rich peak originated from the 

silicon precursor during the deposition process and the residual oxygen during the 

surface exposure to air, respectively. The Raman spectra of DLC and Si-doped DLC 

films show three peaks of X, D, and G in the range of 1,222 and 1,241 cm-1, 1,417 and 

1,422 cm-1 and 1,566 and 1,577 cm-1. The ID/IG ratio of the Si-doped DLC film is 

higher than that of the DLC film due to the increase in disordered sp2 clusters caused 

by the incorporation of silicon atoms into the amorphous carbon structure. From the 

results of XPS and Raman spectroscopy, it can be concluded that the silicon atoms are 

not bonded with the carbon atoms to form Si−C bond, which leads to an increase in 

graphite disorder in a Si-doped DLC structure.  

The surface morphology of the multilayer DLC exhibits a dense and smooth 

surface with an overall average thickness estimated to be 1,373±6.15 nm. The cross-

sectional image of the a-Si layer shows the smooth and compact morphologies with 

small columnar grains, while the Si-doped DLC and DLC layers show the smooth and 

dense surface microstructures of the amorphous structure, corresponding to the 

difference in film density. The a-Si interlayer shows higher hardness than NAB, 

which is a good support for the multilayer formation of NAB. The hardness of DLC 

multilayers decreased with increasing stacking from 1 stack to 5 stacks. The change in 

hardness of DLC multilayers can also be explained by the thickness of the top DLC 

layer. The a-Si adhesive layer and multilayer design show good adhesion strength of 

the film on NAB for higher thickness above 1 m. The shift of the potentiodynamic 

polarization curves of the multilayer coating toward a more positive region compared 

to the uncoated NAB indicates the good corrosion resistance. Moreover, using higher 

number of stacks can significantly reduce the corrosion current density, which can be 

explained by the lateral propagation of the corrosion product in the plane of the 

interface. 
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6.2 Suggestions 

1. The parameters of the deposition process of the interlayer and a-C:H layer 

should be kept in the control value in order to control the film thickness and 

other film properties. 

2. The process of Si-doped DLC deposition should be adjusted and developed in 

order to control the uniformity of the dopant along with the film thickness due 

to the covered hydrocarbon precursor gas on the target surface resulting in 

gradient in the silicon emission efficiency. 

3. The magnetron source with silicon target for silicon dopant should be 

developed in order to reduce the thermal accumulation and improve the 

sputtering mechanism. 
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