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Abstract

:

Hydrogenated amorphous carbon (a-C:H) films were deposited on the sidewall of 3-mm-wide stainless steel or Si trench, and the adhesion strength of the films was evaluated using a micro-scratch tester. Particularly, the effects of carbon ion implantation and Si-containing interlayer (a-SiCx:H) as the pretreatments on the adhesion strength of the a-C:H films prepared on the trench sidewall were investigated. It was found that both carbon ion implantation and interlayer improved the adhesion strength of the a-C:H films deposited on the trench sidewalls. In addition, the carbon ion implantation dominated the adhesion strength of the a-C:H films for the Si substrates, and the interlayer for the stainless steel substrates. In the case of the stainless steel substrates, the carbon was accumulated on the surface of the trench sidewall instead of implantation, whereas the carbon ions were implanted to the Si substrates on the trench sidewall to form a mixing layer. The a-SiCx:H interlayer forms Fe–Si bonds between the stainless steel substrate and the interlayer, which is thought to improve the adhesion strength. It was also found that there is a negative correlation between the trench depth and the adhesion strength regardless of the pretreatment methods.
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1. Introduction


Since hydrogenated amorphous carbon (a-C:H) films have excellent mechanical properties, chemical stability, and smoothness [1,2,3,4,5], they have been applied to enhance the durability and releasability of various molds [6,7,8,9]. Among several deposition methods for a-C:H films, the plasma based ion implantation and deposition (PBII&D) has recently attracted much attention as a suitable deposition technique for three-dimensional targets [10].



In the bipolar-type PBII&D method as shown in Figure 1 [10,11,12], high-density plasma is generated around the target by applying a positive high voltage pulse directly to the target, and then a gradient potential layer called ion sheath is conformally formed around it by applying a negative high voltage pulse. The three-dimensional deposition is possible because the ions in the plasma are accelerated three-dimensionally from all directions of the target due to the potential difference in the ion sheath. However, as the scale of the three-dimensional target becomes smaller, the target is immersed in the ion sheath as shown in Figure 2, making it difficult to coat the film uniformly on all target surfaces [13,14]. In the deposition of a film with a trench-shaped target, which is a basic structure in molds, the smaller the scale D is, the more ions penetrate almost parallel to the trench sidewalls. In this study, the ion sheath thickness d is expected to be on the order of several centimeters [14], and the trench width is on the order of millimeters, suggesting that the film was deposited in the condition shown in Figure 2c. Although a certain amount of ion incidence to the sidewall occurs because the ions near the sidewall are attracted to the side direction by the electric field generated from the sidewall, the angle of incidence is very large, which causes problems in the quality of the films, such as mechanical properties and adhesion strength of the films [13,14]. In particular, it is essential to ensure sufficient adhesion strength for the practical use of a-C:H films deposited on three-dimensional targets such as molds.



In general, two pretreatment methods have been used to improve the adhesion strength of a-C:H films. One is carbon ion implantation into the substrate and the other is interlayer with high affinity with substrate and low internal stress. In the carbon ion implantation process, a negative high-voltage bias is applied to the substrate before a-C:H film deposition to form a mixing layer with a gradient of carbon ratios near the substrate surface, which improves the adhesion strength between the substrate and the film by increasing the number of bonds that directly bind the atoms of the carbon and the substrate [15]. It is also believed that the crystalline structure on the substrate surface is destroyed and becomes amorphous during the implantation of high-energy carbon ions. The destruction of the oxide layer on the substrate surface and the reduction of the internal stress in the film also contributes to the improvement of adhesion [15]. The adhesion strength of a-C:H film also can be improved by introducing a thin interlayer film, which has better adhesion strength than the a-C:H film to the substrate. In the case of a-C:H film deposition on steel substrates, Si-containing interlayers such as SiC and a-SiCx:H films have been widely used [16]. More Fe–Si bonds between the substrate and the interlayer, and more Si–C bonds between the interlayer and the a-C:H film improves the adhesion strength [17]. On the other hand, although the effectiveness of these two pretreatment methods has been confirmed for a two-dimensional flat substrate, there is no study that they were applied to three-dimensional targets such as trench sidewall, pipe inner surface and so on.



In this study, the effects of carbon ion implantation and Si-containing interlayer as the pretreatments for a-C:H film deposition on the adhesion strength of the a-C:H films were investigated. In order to investigate whether these two methods are also effective in coating structures with three-dimensional shapes such as molds, we studied trench structures, which are typical three-dimensional shapes, especially the sidewall where adhesion strength of coating is greatly reduced. The effects of combining both methods on the adhesion strength of the a-C:H films are also discussed.




2. Materials and Methods


2.1. a-C:H Film Deposition System


An aluminum trench with a width (D) of 3 mm was fabricated, and silicon or stainless steel (JIS SUS430) plates with a chemical composition of Cr 16%, Mn 1%, Si 0.75%, P 0.04%, C 0.12%, S 0.03%, and Fe in balance was attached to both sidewall trench and flat surfaces as shown in Figure 3.



Two pretreatments and a-C:H film deposition, i.e., carbon ion implantation using CH4 gas, a-SiCx:H inter-layer deposition using Tetramethylsilane (Si(CH3)4, TMS) gas, and a-C:H film deposition using Toluene (C7H8) gas were conducted using a bipolar-type PBII&D system. Both Toluene and TMS are liquid at room temperature. Toluene is vaporized by heating at 40 °C and then fed into the chamber, whereas TMS is vaporized under low pressure without heating. All parameters of these three treatments are summarized in Table 1. A total of six different conditions with different combinations of treatments were applied to both Si and stainless steel substrates, to optimize the best film adhesion case as seen in Table 2. Condition A is a-C:H film with no pretreatment before the deposition. Conditions B, C, and D are the a-C:H films with carbon ion implantation, a-SiCx:H interlayer, and both pretreatments before film deposition, respectively. Conditions E and F are the substrates with carbon ion implantation and a-SiCx:H interlayer deposition, respectively, without a-C:H film deposition.




2.2. Simulation Methodology


SRIM-stopping and range of ions in matter software [18,19] was used to analyze the implantation behavior of carbon ions into the substrate to predict the depth of implantation. The calculation conditions (Table 3) were determined considering the actual experimental conditions. The angle of incidence in this calculation is the angle between the ion incident on the surface and the line normal to the surface at the point of incidence. The incident angle was set to 0° for the planar sample and 80° for the plate placed on the trench sidewall, referring to the plasma simulation results of our previous study [13].




2.3. Measurement and Analysis


The adhesion strength of the a-C:H films to the substrates was evaluated using the micro-scratch tester [20,21]. In the micro-scratch test, the diamond indenter is in contact with the surface of the film while the indenter is vibrating in the y-direction with an amplitude of 80 µm (Figure 4a). The stage is tilted at an arbitrary angle θ and the vertical load applied to the sample from the indenter is gradually increased as the stage moves in the horizontal direction as shown in Figure 4a. Since the stage moves at a constant speed (v), the magnitude of the load (W) applied to the sample can be calculated from the stage angle (θ), the time elapsed since the start of the scratch (t), and the spring constant of the diamond-tipped stylus (k) from the following Equation (1).


  W = kvt tan θ  



(1)







A typical example of the electrical output waveform obtained in this experiment is shown in Figure 4b. Since the electrical output increases rapidly when film delamination occurs, the load at that time is recorded as a critical load of delamination, and the adhesion strength of the film can be quantitatively evaluated by comparing the load at that time. In other words, the greater the critical load of delamination, the greater the adherence of the film. In this experiment, the stylus diameter and spring constant of the indenter were 5 µm and 210.4 g/mm, respectively, and the stage angle θ was set to 0.5°.



The film thickness of each sample was measured with a surface profilometer to test the film thickness effects on a-C:H film adhesion to the substrate. To evaluate the implantation behavior of carbon ions into the substrate, the depth analysis of the samples with carbon ion implantation was performed using X-ray photoelectron spectroscopy (XPS) PHI5000 VersaProbe equipment by ULVAC-PHI, Inc., Kanagawa, Japan. The cross-section of the stainless steel plates was cut and polished to a mirror-like surface with Silicon-Carbide (SiC) sandpaper from #280 to #4000 and alumina powder solution with Al2O3 particles sizes of 3, 0.3, and 0.05 µm. The microstructure morphologies of both the surface and the cross-section were investigated using JSM-7500FA scanning electron microscope (SEM) by JEOL Ltd., Akishima, Japan. Renishaw Raman spectroscopy was employed using argon ion laser with a wavelength of 514 nm.





3. Results and Discussions


3.1. Deposition of a-C:H Films


Figure 5 shows the thickness of a-C:H films prepared by the deposition conditions A to D listed in Table 2. There is a negative correlation between film thickness and sidewall trench depth in all samples starting from the film thickness of 2–2.4 µm for the Si plate and 1.3–1.5 µm for the stainless steel plate at 1 mm depth from the trench top surface. The a-C:H film thickness tends to decrease to the value of 0.4–0.5 µm at 10 mm trench depth for all plates. In our previous study [13,14,22], plasma simulations showed that the incident fluxes of ions and radicals decrease as the Si trench depth increases. The behavior of the total flux of ions and radicals in the trench-depth direction was in good agreement with the behavior of the a-C:H film thickness mentioned above. It is found that the growth of a-C:H film thickness on the stainless steel plates is about half that on the Si plates at all trench depths. Since C atoms have a higher affinity for Si atoms than for Fe [23], the sticking coefficient of C ions and radicals to the substrate surface in the plasma during film deposition is higher for Si substrates. This is thought to be the cause of the difference in deposition rate.



Figure 6 shows a cross-sectional SEM image of conditions C and D at a trench depth of 2 mm of both Si and SUS430 samples. The Si substrate sample with condition D (duplex interlayer treatments) is shown in Figure 6a. a-SiCx:H interlayer with the thickness of 0.1 ± 0.05 µm is observed between 2.1 ± 0.2 µm thickness of a-C:H film Si substrate. In addition, inclined growth toward the upper side of the trench is detected in the a-C:H film, indicating that the ions are incident with an angle of 32° to the trench sides. The SUS430 substrate sample with condition C (with interlayer only) is shown in Figure 6b. The a-SiCx:H interlayer of 0.1 ± 0.06 µm and a-C:H film of 1.39 ± 0.37 µm at almost the same inclined angle were distinctly observed. There is a minimum existence of oxide contamination layer between these distinct deposited layers which will be later confirmed by the following analysis which clearly indicated good compatibility of these layers. It is also worth noting that distinct morphologies of a-C:H film can be clearly detected in both Si and SUS430 samples which indicate different properties and growth mechanisms of this amorphous layer deposited on top of different substrates.



Figure 7 shows the Raman spectra measured at trench depths of 2 mm for the samples deposited on both Si and SUS430 substrates under condition A (a-C:H deposition with Toluene only). The G and D peaks are detected for both substrates, and the slope of the two spectra is higher than the typical 2-D flat plates due to both the photoluminescence effect and hydrogen component [24,25]. This is thought to be because a larger proportion of radicals, which have lower energy than ions, are incident on the trench sidewall surface during film deposition, resulting in a lower film density and more defects compared to the a-C:H films deposited on a 2-dimensional flat surface.




3.2. Simulation of Carbon Ion Implantation by SRIM


Figure 8 shows the distribution of the implantation depth of carbon ions obtained by SRIM simulation. As shown in the figure, the implantation depth of carbon ions into the stainless steel layer is smaller than that into the Si layer, suggesting that stainless steel substrates are more difficult to implant carbon ions than Si substrates. It is found that the implantation depth of carbon ions into the trench sidewall is much smaller than that into the flat plate. In the case of a flat surface, the depth of implantation reached 130 nm for Si substrate and about 70 nm for stainless steel substrate. On the other hand, the depth of implantation reached 80 nm for Si substrate and about 50 nm for stainless steel substrate in the case of the trench sidewall.




3.3. Evaluation of Carbon Ion Implantation by XPS


Figure 9 shows the depth profiles of the elemental composition for sample E (carbon ion implantation only) obtained by XPS measurements. Oxygen was also identified in the raw data, but it was removed as it was due to contamination and not necessary for the discussion of this study. The sputtering time of Ar+ ions on the horizontal axis corresponds to the depth from the surface, and the sputtering rate is about 0.33 nm/s based on SiO2. The carbon ions were implanted to the depth of about 40 nm (120 s) for the 2-dimensional Si flat plate (Figure 9a), and in the case of trench sidewall (at a position of 2-mm-depth), carbon ions were implanted to a depth of less than 10 nm (30 s) as seen in Figure 9b. It was found that a layer where the ratio of carbon changes gradient by implantation is created near the surface for the Si sample on the trench sidewall as well as the flat Si sample, though the implantation depth in the case of the sidewall is smaller than in the case of the flat sample. Although the implantation depths of both flat plate and trench sidewall were smaller than those of the simulation results shown in Figure 8, the trend that the implantation depths were smaller on the trench sidewall than on the flat surface was consistent, suggesting that the implantation depths on the trench sidewall were smaller due to the oblique incidence of carbon ions on the substrate. This is confirmed by the SEM image in Figure 6a. On the other hand, in the case of the stainless steel substrate placed on the trench sidewall, a layer with a carbon ratio of nearly 100% is formed near the surface (Figure 9c), suggesting that most of the carbon ions were accumulated on the surface as an amorphous carbon film instead of forming a carbon gradient layer due to a low incident ion energy. However, below the surface, the carbon concentration starts to sharply decrease from the depth of 10 nm (30 s) and completely fades at the depth of 20 nm (60 s). At the same time, both Fe and Cr concentrations raise to their original values of 80 at.% and 16 at.%, respectively. This indicates that there is a small 10 nm intermediate layer of iron-carbides (Fe–C) and chromium-carbides (Cr–C) separating the surface amorphous carbon film and the original stainless steel substrate. This layer is formed due to the relatively high energy of incident carbon ions before it reaches the saturation limits, and then the carbon ions accumulate on the surface.




3.4. Adhesion Strength of the a-C:H Films


The critical loads of delamination for each a-C:H film were measured at a trench depth of 2 mm by the micro-scratch tester, and the results are shown in Figure 10. The adhesion strength of the stainless steel substrate was higher than that of the Si substrate. A previous study [18] reported a negative correlation between film thickness and adhesion strength for amorphous carbon film above a thickness of 110 nm in the deposition of two-dimensional flat plates, which is thought to be due to the increase in compressive stress in the film as the film thickness increases. As shown in Figure 5, the film thickness of the Si substrates is greater than that of the stainless steel substrates, and this may be the reason why the adhesion of the stainless steel substrates is higher than that of the Si substrates.



Focusing on the effect of the individual pretreatment method on the adhesion strength, the critical load of condition A (without any pretreatment) is the lowest for all other samples, indicating that adhesion strength can be improved by pretreatment. In the case of the Si substrate, condition B (with implantation only) and D (with both implantation and interlayer) showed the highest adhesion strength than other samples, that is, carbon ion implantation was most effective in improving the adhesion strength of a-C:H film on the Si substrates. On the contrary, stainless steel substrate sample of condition C (interlayer only) shows the highest adhesion strength than other conditions, and it can be said that the adhesion strength is dominated by the interlayer. For both substrates, the critical loads were not further improved though the two pretreatments of the ion implantation and the interlayer were combined.





4. Discussion


4.1. The Effect of Carbon Ion Implantation


As shown in Figure 10, the carbon ion implantation improved the adhesion strength of a-C:H films on both Si and stainless steel substrates placed on the trench sidewalls, and the effect was more pronounced on Si substrates. The results of the XPS depth analysis of the substrates after carbon ion implantation showed that a carbon film was accumulated on the stainless steel substrate instead of implantation, while a layer with a gradient of carbon content was formed near the surface in the Si substrate. In a two-dimensional flat plate, the adhesion strength of a-C:H films can be improved by the formation of more chemical bonds between the implanted carbon atoms and the atoms in the substrate in the mixing layer [15]. The improved adhesion strength of the Si substrates placed on the trench sidewall is also attributed to the same mechanism mentioned above. On the other hand, the carbon ion implantation process slightly improved the adhesion strength of a-C:H films deposited on the stainless steel substrate. The reason for this is the formation of a thin carbon mixing layer on the stainless steel substrate due to a much shallower depth of carbon ion implantation than that on the Si substrates. As mentioned above, most of the incident carbon ions on the stainless steel surface placed on the trench sidewall are accumulated on the surface to form a thin carbon layer and are not implanted due to low incident energy.




4.2. The Effect of the Interlayer


As shown in Figure 10, the a-SiCx:H interlayer remarkably improved the adhesion strength of a-C:H films on the stainless steel substrates, whereas the effect of the interlayer on the adhesion strength was negligibly small for the Si substrates. It is generally believed that a-C:H films do not adhere well to steel substrates because the affinity between Fe and C atoms is relatively low and sufficient Fe–C bonds are not formed at the interface between the a-C:H film and the steel substrates [23]. In a previous study of two-dimensional flat plates, it was found that the introduction of an a-SiCx:H interlayer enhanced the adhesion of the a-C:H film to the steel substrate, because the Si atoms in the interlayer have a high affinity for both Fe and C, and sufficient chemical bonds are formed at the respective interfaces [17,23]. The same phenomenon is considered to have occurred on the trench side. The reason why the effect of the interlayer was limited on the Si substrates is considered to be that sufficiently strong chemical bonds were formed between Si substrate and a-C:H film without the interlayer.



Comparing the effects of carbon ion implantation and the interlayer, it was found that carbon ion implantation was more effective in improving the adhesion strength of a-C:H films on the Si substrates, while the interlayer was more effective in improving the adhesion strength of a-C:H films on the stainless steel substrates. In the case of Si substrate, the elemental composition between the substrate and the film changes continuously when carbon ion implantation is performed, and it changes in a stepwise manner when the interlayer is prepared. Carbon ion implantation, which results in a continuous compositional distribution, is considered to form more Si–C bonds. Besides, carbon ion implantation has an effect not only on compositional distribution but also on strengthening interfacial bonds by breaking the crystal structure of the substrate surface and making it amorphous [15]. These suggest that carbon ion implantation was more effective in improving adhesion on Si substrates. In the case of stainless steel substrates, the effect of carbon ion implantation is small due to insufficient energy of the ions during the implantation and the formation of a carbon layer due to the deposition on the surface. Besides, more stable chemical bonds are formed in the interlayer, unlike carbon ion implantation. These are the possible reasons why the effect of the interlayer is greater than that of carbon ion implantation.



Though both carbon ion implantation and the interlayer as the pretreatments were carried out, the adhesion strength was not further improved. In the case of the trench sidewall, the effect of combining the two pretreatments was limited, that is, the influence of one of the two pretreatments on adhesion strength for the Si and stainless steel substrates is dominant.





5. Conclusions


In this study, a-C:H films were deposited on the Si and stainless steel substrates placed on the trench sidewall with a width of 3 mm, and the effects of two pretreatments before the a-C:H film deposition, i.e., the carbon ion implantation and the interlayer, on the adhesion strength of the films was investigated. The obtained results are as follows.



	
The adhesion strength of the a-C:H films deposited on the stainless steel substrates was higher than that on the Si substrates. The reason for this is thought to be that the compressive stress in the films deposited on the stainless steel substrates is smaller because the film thickness of the stainless steel substrates is smaller due to the difference in deposition rate.



	
As the pretreatments, carbon ion implantation and preparation of a-SiCx:H interlayer were effective in improving the adhesion of a-C:H films on the trench sidewalls.



	
For the Si substrates, the carbon ion implantation was more effective in improving the adhesion strength of the a-C:H films than the a-SiCx:H interlayer. The carbon gradient layer on the near-surface of the Si substrate by the carbon ion implantation was successfully formed.



	
For the stainless steel substrates, the a-SiCx:H interlayer was more effective in improving the adhesion strength of the a-C:H films than the carbon ion implantation. From the SRIM calculations, it is considered that the implantation effect on stainless steel substrates was smaller than that on Si substrates because of the difficulty in implanting carbon ions onto stainless steel substrates, resulting in the deposition of a carbon film on the surface of the stainless steel substrates.



	
In the trench sidewall, there was no synergistic effect to improve the adhesion strength by combining the carbon ion implantation and the a-SiCx:H interlayer on both the Si and stainless steel substrates, indicating that the more effective pretreatment on each substrate dominates the adhesion strength of a-C:H films.
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Figure 1. Schematic diagram of Bipolar PBII&D (Color does not needed to be used). 
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Figure 2. Plasma molding over a trench target with various width D and depth H. (a) when D > d model, (b) when D ≈ d model, and (c) when D < d model. (Ion sheath length d is expected to be several centimeters under the experimental conditions of this study [14]). 
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Figure 3. Schematic diagram of trench sidewall and 2-dimensional flat samples. 
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Figure 4. (a) Schematic diagram of micro-scratch test and; (b) optical microscope image of the film tested and a typical response obtained from the micro-scratch test. (Color does not need to be used.). 
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Figure 5. The thickness of a-C:H films deposited on the Si and stainless steel plates with different pretreatments. 
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Figure 6. Cross-sectional SEM image at a trench depth of 2 mm of (a) Si/Carbon ion implantation/a-SiCx:H/a-C:H and (b) SUS430/a-SiCx:H/a-C:H sample. 
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Figure 7. Raman spectrum of a-C:H film deposited at a trench depth of 2 mm for both Si and SUS430 substrates (condition A, a-C:H deposition using Toluene only). 
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Figure 8. Depth profiles of carbon ion implantation calculated with SRIM. 
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Figure 9. Depth profiles of atomic concentration of the samples with condition E, (a) 2-dimensional flat Si plate, (b) Si plate attached to the trench sidewall, and (c) SUS430 plate attached to the trench sidewall. 
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Figure 10. The critical loads of a-C:H films deposited at a trench depth of 2 mm on the Si and SUS430 plates with different pretreatments. 
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Table 1. Conditions of carbon ion implantation and film deposition.
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Carbon Ion Implantation

	
a-SiCx:H Interlayer Film

	
a-C:H Film






	
Precursor Gas

	
CH₄

	
TMS

	
Toluene




	
Pressure (Pa)

	
0.2

	
0.4




	
Pulse Frequency (Hz)

	
1000

	
4000




	
Pulse voltage (kV)

	
+1.5/−18.0

	
+1.5/−2.0




	
Pulse width (µs)

	
5




	
Pulse delay (µs)

	
20




	
Treatment time (h)

	
1

	
4
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Table 2. List of deposition conditions.






Table 2. List of deposition conditions.














	Condition Name
	A
	B
	C
	D
	E
	F





	(I) Carbon ion implantation
	
	○
	
	○
	○
	



	(II) a-SiCx:H interlayer
	
	
	○
	○
	
	○



	(III) a-C:H deposition
	○
	○
	○
	○
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Table 3. Calculation conditions of SRIM.






Table 3. Calculation conditions of SRIM.





	
Ion Data

	
Element

	
C




	
Energy (keV)

	
18




	
Angle of Incidence (Degree)

	
0, 80






	
Target data

	
Compound (%)

	
Si 100/

Fe 85, Cr 15




	

	
Width of the surface (nm)

	
1000




	
Other parameters

	
Total number of ions

Plotting window depths (nm)

	
5000

300
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