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Abstract. 
Pure DLC, Si-DLC, and Si-N-DLC films deposited from C2H2, C2H2 : TMS and C2H2 : TMS : N2 mixtures were used to study the effects of the elemental contents (silicon, silicon-nitrogen) on deposition and corrosion resistance properties. The films were prepared on Si (100) wafers using the plasma-based ion implantation (PBII) technique. The film structure was analyzed using Raman spectroscopy. The composition at the top surface of the films was measured using energy dispersive X-ray spectroscopy (EDS). The hardness and elastic modulus of the films were measured using a nanoindentation hardness tester. The corrosion performance of the films was conducted using potentiodynamic polarization experiments in an aqueous 0.05 M NaCl solution. The results indicate that the hardness and corrosion resistance of the Si-DLC film increase as the silicon content increases. This is due to the increase of the sp3 cluster. The corrosion resistance of a pure DLC film increases when silicon and silicon-nitrogen are doped into the film. Si-DLC films with a silicon content of 40 at.% had a corrosion potential value of 0.61 V, while a Si-N-DLC film with a silicon and nitrogen content of 19.3 at.% and 1 at.% shows a corrosion potential value of 0.85 V, which is a considerable improvement in the corrosion resistance property.



1. Introduction
Diamond-like carbon (DLC) films are a metastable form of amorphous carbon that have a unique combination of properties, such as high hardness and elastic modulus, good wear resistance, and a low friction coefficient. Because of its special properties, it is commonly applied as a wear-resistant protective coating in the magnetic storage, automobile, tooling, biomedical, and other industries [1–3]. Another good property reported is the DLC electrochemical resistance [4–6]. DLC electrochemical corrosion behavior is known to be dependent on the film composition and structure, which depend on the deposition technique and precursor gas [4]. Many investigations have been dedicated to the introduction of additional foreign elements in the structure to improve the properties of DLC coatings [7, 8].
The plasma-based ion implantation (PBII) technique was developed to improve the properties of DLC films [9]. The samples are immersed in plasma and biased to a negative potential. A plasma sheath then forms and accelerated ions bombard the exposed surface of the samples.
DLC coatings have been reported to improve the corrosion protection properties, and a silicon-doped DLC with a silicon content of up to 20.2 at.% prepared using the PECVD process can significantly improve the corrosion properties. This is due to the formation of a passivation layer, which fills the pores present in the films [10, 11]. In [12–14] by Choi et al., silicon-doped DLC coatings improved the corrosion protection properties, especially in the case silicon-doped DLC films prepared using an electron cyclotron resonance (ECR) technique. Zeng et al. [15] reported that the corrosion resistance of DLC films decreased with an increase in the working temperature, showing that the sp2/sp3 ratio has an apparent effect on the corrosion resistance of the DLC film. Hatada et al. [16] reported that oxygen and nitrogen implantations improved the corrosion protection properties of DLC fabricated from N2, O2, and C2H4 gases. In [17] by Masami et al., Si-DLC prepared on an alloy exhibited a high corrosion resistance.
Currently, there have been no reports of the deposition of DLC film doped with different silicon and silicon-nitrogen ratios using the PBII technique, aimed at comparing the mechanical properties and corrosion resistances. In this paper, plasma-based ion implantation (PBII) was utilized to prepare different elements including silicon and silicon-nitrogen (henceforth referred to as Si-DLC and Si-N-DLC films). The aim of this study was to study the effects of the elemental contents on the deposition, mechanical properties, and corrosion resistance of the films.
2. Experimental Details
A schematic of the plasma-based ion implantation (PBII) apparatus is shown in Figure 1 [18–20]. The inner dimensions of the vacuum chamber were 600 × 630 × 200 mm3, with a residual pressure of approximately 1 × 10−4 Pa. The plasma was generated by a radio frequency (RF, 13.6 MHz) glow discharge and a negative high voltage pulse power supply that was connected to the sample holder.




	
	
		
		
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
	


Figure 1: Schematic of the PBII apparatus used in this experiment [18–20].


Silicon (100) wafers with a thickness of 0.7 mm were used as substrates. All silicon substrates were prepared by sputter-cleaning and then interlayer deposition using PBII apparatus. The substrate was sputter-cleaned with Ar+ for 20 min to remove surface contaminants. Then, the interlayer was first deposited with CH4 for 60 min to improve the adhesion between the film and the substrate. The negative pulse bias voltage of the sputter-cleaning and interlayer deposition was set to −10 kV and −20 kV, respectively. The RF power and pressure of the sputter-cleaning and the interlayer deposition were set to 300 W and 1 Pa, respectively. The pulse frequency of the sputter-cleaning and the interlayer deposition was set to 1 kHz at a pulse width of 5 μs and a pulse delay of 25 μs and 60 μs.
The pure DLC, Si-DLC, and Si-N-DLC films were prepared using the PBII technique. The pure DLC film was deposited using a C2H2 precursor gas. The Si-DLC film was deposited from gaseous mixtures of C2H2 : TMS, at two different flow rate ratios of 2 : 1 and 1 : 4. The Si-N-DLC film was deposited from gaseous mixtures of C2H2 : TMS : N2 at three different flow rate ratios of 14 : 1 : 1, 14 : 1 : 2, and 14 : 1 : 3. The bias voltage of all films was set to −5 kV, at an RF power of 300 W. The pulse frequency was set to 1 kHz at a pulse width of 5 μs and a pulse delay of 25 μs, respectively. The deposition pressure was set to 2-3 Pa, and the total deposited thickness of the films was approximately 500 nm. The deposition conditions for the DLC, Si-DLC, and Si-N-DLC films are listed in Table 1.
Table 1: Deposition of pure DLC, Si-DLC, and Si-N-DLC films.
	

	Film type	Gaseous mixture	Bias voltage (kV)	RF power (W)	Deposition pressure (Pa)	Gas flow rate ratio	Actual gas flow (sccm)
	

	Pure DLC	C2H2		300	2	—	18
	

	Si-DLC	C2H2 : TMS		300	2	2 : 1	11.4 : 5.7
	1 : 4	3.7 : 14.8
	

	Si-N-DLC	C2H2 : TMS : N2		300	2-3	14 : 1 : 1	14 : 1 : 1
	14 : 1 : 2	14 : 1 : 2
	14 : 1 : 3	14 : 1 : 3
	



The film structure was analyzed using Raman spectroscopy (JASCO NRS-1000 DT, beam diameter = 4 μm and wavelength = 532 nm). The Raman spectra in the wavelength of 1,000–1,800 cm−1 were deconvoluted into Gaussian D and G peaks. The integral area under the G and D peaks was determined by curve fitting. The composition at the top surface of the films deposited on the silicon substrate was measured using energy dispersive X-ray spectroscopy (EDS). The acceleration voltage was set to 15 kV. The hardness and elastic modulus of the films were measured using a nanoindentation hardness tester. A diamond ball indenter (Berkovich-type) was used with an indentation load of 1,000 μN. The corrosion performance of all films was measured using potentiodynamic polarization experiments in an aqueous 0.05 M NaCl solution. A Pt sheet and Ag/Agcl were used as the counter and the reference electrodes, respectively. The potential voltage was varied from −3 V to +3 V at a scanning rate of 10 mV/s.
3. Results
3.1. Raman Spectra
The Raman spectra obtained are shown in Figures 2-3. The results show the Raman spectra of the pure DLC, Si-DLC, and Si-N-DLC films fabricated at various flow rate ratios, deposited on silicon substrates. The films in this experiment show a broad spectrum composed of a D band (1,350 cm−1) and a G band (1,580 cm−1), which are similar to the peaks observed in conventional DLC films.




	
	
		
			
				
					
				
			
			
				
					
						
					
				
			
			
				
			
			
				
			
				
			
			
				
			
				
			
			
				
			
				
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Raman spectra of the DLC and Si-DLC films, at various flow rate ratios.






	
	
		
			
				
					
				
			
			
				
					
						
					
				
			
			
				
					
						
					
					
						
					
						
					
					
						
					
						
					
				
			
			
				
			
				
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Raman spectra of the DLC and Si-N-DLC films at various flow rate ratios.


From Figures 2-3 and Table 2, the results show that the G peak of the pure DLC film shifted lower, while the  intensity ratio increased with silicon and silicon-nitrogen incorporation. For the Si-DLC film, the G peak shifted from 1,479 cm−1 (C : Si/2 : 1) to 1,457 cm−1 (C : Si/1 : 4), while the  intensity ratio decreased from 0.35 to 0.17 with silicon incorporation. The G peak shift is believed to be partly due to the changes in the microstructure, that is, formation of more sp3 clusters with an increase in the silicon contents. Additionally, shifts of the G band position to a lower frequency can be partially attributed to a reduction in the compressive stress when silicon was introduced into the films, because the longer destrained bonds vibrate at a lower frequency [21].
Table 2: G peak and  intensity ratio for all films.
	

	Film type	Gaseous mixture	Gas flow rate ratio	G peak (cm−1)	
	

	Pure DLC	C2H2	—	1,534	0.61
	

	Si-DLC	C2H2 : TMS	2 : 1	1,479	0.35
	1 : 4	1,457	0.17
	

	Si-N-DLC	C2H2 : TMS : N2	14 : 1 : 1	1,513	0.53
	14 : 1 : 2	1,517	0.57
	14 : 1 : 3	1,520	0.58
	



For Si-N-DLC films, the G peak shifts from 1,513 cm−1 (C : Si : N/14 : 1 : 1) to 1,520 cm−1 (C : Si : N/14 : 1 : 3), while the  intensity ratio increases from 0.53 to 0.58 after silicon-nitrogen incorporation. This is because the incorporation of nitrogen in the DLC film can revert the sp3 network to a sp2 network [22]. The G peak shift indicates an increase in the number or size of graphitic domains [23], that is, an increase in sp2 bonds (sp3 decreases) and the formation of sp2 clusters with an increase in the silicon-nitrogen content. These lead to a decrease in the film hardness and elastic modulus.
3.2. Relative Atomic Content
The relative atomic contents measured on the top surface of the films deposited on the silicon substrate are shown in Table 3. The carbon, silicon, oxygen, and nitrogen concentrations were measured using the EDS. Because the hydrogen content could not be measured by EDS, the concentrations were normalized to a total of 100 at.%, neglecting the hydrogen contribution. Moreover, the results show the Si content appeared in the pure DLC film deposited from C2H2 precursor gas. This is due to the very thin Si-DLC and Si-N-DLC thickness (approximately 500 nm). It is speculated that the penetration depth of electron during test is higher than 500 nm. Therefore, in terms of qualitative comparison, the estimated Si content on the Si-DLC film is more than almost fourfold compared with that of the Si-N-DLC film.
Table 3: Relative atomic content and mechanical properties of all films.
	

	Film type	Gaseous mixture	Gas flow rate ratio	 Relative atomic content (at.%)	Estimated content (at.%)	Mechanical properties
	C	Si	O	N	Si	Hardness (GPa)	Elastic modulus (GPa)
	

	Pure DLC	C2H2	—	84.0	16.0	—	—	—	15.9	142.3
	

	Si-DLC	C2H2 : TMS	2 : 1	67.0	31.0	2.0	—	15	13.9	130.8
	1 : 4	57.5	40.0	2.5	—	24	14.4	133.5
	

	Si-N-DLC	C2H2 : TMS : N2	14 : 1 : 1	79.3	19.3	0.40	1.0	3.3	13.7	129.3
	14 : 1 : 2	78.0	19.6	0.90	1.5	3.6	13.3	127.5
	14 : 1 : 3	76.9	20.2	0.90	2.0	4.2	13.0	124.4
	



From Table 3, the results of Si-DLC film show that the Si content increases from 31 at.% to 40 at.% when the gas flow rate ratio changed from 2 : 1 to 1 : 4. The Si-N-DLC film results show that the contents of Si and N gradually increased from 19.3 at.% to 20.2 at.% and 1 at.% to 2 at.%, when the gas flow rate ratio changes from 14 : 1 : 1 to 14 : 1 : 3 (N2 gas flow increases from 1 sccm to 3 sccm).
3.3. Surface Hardness and Elastic Modulus
The hardness and elastic modulus values of pure DLC, Si-DLC, and Si-N-DLC films deposited on the silicon substrate are shown in Table 3. The results were calculated from a force curve obtained from the nanoindentation hardness test. A diamond ball indenter (Berkovich-type) was used with an indentation load of 1,000 μN.
From Table 3, it is clear that the hardness and elastic modulus of the Si-DLC film gradually increased from 13.9 GPa to 14.4 GPa and 130.8 GPa to 133.5 GPa with silicon incorporation; that is, the Si content gradually increased from 31 at.% to 40 at.%. The increases in the film hardness and elastic modulus are believed to be partly due to the changes in the microstructure, as concluded from the Raman analysis, that is, formation of more sp3 clusters with an increase in the silicon contents.
For the Si-N-DLC film, the hardness and the elastic modulus gradually decreased from 13.7 GPa to 13.0 GPa and 129.3 GPa to 124.4 GPa with silicon-nitrogen incorporation; that is, the Si and N content gradually increased from 19.3 at.% to 20.2 at.% and 1 at.% to 2 at.%, respectively.
However, a pure DLC film shows the greatest hardness and elastic modulus, although the G peak of the pure DLC film was greater than the Si-DLC and the Si-N-DLC. The high hydrogen content in a pure DLC film prepared from the C2H2 precursor gas was speculated to have polymer-like chains, while the greater C content exhibited greater hardness values.
3.4. Corrosion Resistance Property
The potentiodynamic polarization curves of all films are shown in Figure 4. The results obtained from the polarization curves are given in Table 4. In general, the samples in the corrosion behavior with the lower current density and greater potential indicate a better corrosion resistance [24]. An improvement in the corrosion resistance of a film is demonstrated by a shift in the polarization curve towards the region of lower current density and greater potential [24]. Moreover, the difference in the corrosion behavior of the film was attributed to the difference in the microstructure of the films [6]. Generally, an increase in the sp3 bonds in the DLC films reduces the electrochemical corrosion and increases the electrochemical protection efficiency [24, 25].
Table 4: Electrochemical parameters of all films.
	

	Film type	Gas flow rate ratio	Corrosion potential ( (V))	Corrosion current density ( (A/cm2))
	

	Pure DLC	—		
	

	Si-DLC	2 : 1	0.44	
	1 : 4	0.61	
	

	Si-N-DLC	14 : 1 : 1	0.85	
	14 : 1 : 2	0.74	
	14 : 1 : 3	0.74	
	







	
	
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 4: Potentiodynamic polarization of (a) pure DLC, (b) Si-DLC 2 : 1, (c) Si-DLC 1 : 4, (d) Si-N-DLC 14 : 1 : 1, (e) Si-N-DLC 14 : 1 : 2, and (f) Si-N-DLC 14 : 1 : 3.


From Table 4, the results show that the corrosion potential () of the pure DLC film shifted to a more positive value, while the current density () decreased with silicon (Si-DLC) and silicon-nitrogen (Si-N-DLC) incorporation. The greater corrosion potential () and lower current density () of the Si-DLC and Si-N-DLC films compared with the pure DLC film reveal that the introduction of silicon and silicon-nitrogen into the pure DLC film increases the corrosion resistance because of the increased sp3 sites in the film [26] and the formation of a passive silicon oxide film [11]. However, although the formation of sp3 sites caused high internal stress and led to a decrease in the corrosion properties, the incorporation of Si into DLC films stabilized the sp3 bonding and reduced the stress [10].
For the Si-DLC film, the corrosion potential increased from 0.44 V to 0.61 V, and the current density () decreased from −3.92 × 10−11 A/cm2 to −7.05 × 10−11 A/cm2 with silicon incorporation. For the Si-N-DLC film, corrosion potential decreased from 0.85 V to 0.74 V, and the current density increased from −6.43 × 10−11 A/cm2 to −5.73 × 10−11 A/cm2 with silicon-nitrogen incorporation. Therefore, the greatest corrosion potential value of 0.85 V was observed in the Si-N-DLC film with silicon-nitrogen contents of 19.3 at.% Si and 1 at.% N.
Figure 5 shows the surface morphologies of the pure DLC film after the potentiodynamic polarization tests. It is clear that the pits observed on the pure DLC film surface indicate that the pure DLC film is more susceptible to pitting corrosion.
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(b)
Figure 5: Pitting corrosion observed with SEM on the DLC film surface after the potentiodynamic tests: (a) 100x; (b) 1,000x.


4. Conclusions
Elemental doped diamond-like carbon films (silicon, silicon-nitrogen) were prepared on Si (100) wafers using the PBII technique. The films were investigated in terms of their structures, mechanical properties, and corrosion resistance. It was observed that, by increasing the silicon content in the Si-DLC film, the hardness and corrosion resistance of the film increased. Moreover, by increasing silicon-nitrogen content in the Si-N-DLC film, the hardness and corrosion resistance of the film decreased. The increase and decrease in the film hardness were due to the increases and decrease in sp3 clusters. The hardness of Si-DLC film can increase to a value of up to 14.4 GPa with a silicon content of 40 at.%, while the hardness of the Si-N-DLC film can increase to value of up to 13.7 GPa with a silicon and nitrogen content of 19.3 at.% and 1 at.%. The corrosion resistance of the pure DLC film increased with the incorporation of silicon (Si-DLC) and silicon-nitrogen (Si-N-DLC). The Si-N-DLC film with silicon and nitrogen contents of 19.3 at.% and 1 at.% showed a corrosion potential value of 0.85 V, which is a considerable improvement.
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