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Abstract

:

By cathodic arc deposition, the effects of the magnetic field, working pressure, inner-wall structure, and cross-section area of the magnetic-filter duct on the macroparticle (MP) distribution were investigated with a high-entropy alloy target. The MP density increased with the density of the plasma beam transporting through the filter duct, which was increased by the magnetic field or working pressure. In order to reduce the MP density, equally spaced circumferential Cu-sheet baffle and lining of 304-stainless-steel wire mesh were used as the inner-wall structure, respectively, but the improvement was limited. However, inserting an Al foil disk with a round opening for the passage of the main plasma stream at the bend position of the duct remarkably reduced the area fraction of the MPs from 4.8% to 0.6%. These results demonstrate that the main transport mechanism of the MPs was the entrainment in the plasma beam through the duct. In addition, reducing the cross section of the filter duct was suggested to be an effective method to reduce MPs. This method could be utilized for high-MP generation targets such as high-entropy alloys.
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1. Introduction


Cathodic vacuum arc deposition (CVAD) has been widely used for cutting tools in the coating industry, since it contributes to a high deposition rate and strong adhesion between a film and substrate [1]. However, the cathodic arc emits metal droplets from the target, often referred to as macroparticles (MPs) [2,3]. They are generally in the range of 0.1–10 μm, depending on the cathode material and deposition parameters [4]. The MPs cause defects in films, deteriorating the microstructure and mechanical properties. This slows the development of CVAD in optics and microelectronics. Therefore, the suppression of MPs has been the subject of numerous investigations [5]. Generally, the plasma can be guided by a magnetic coil to retard the MPs on films, since the larger MPs tend to deposit on the duct wall [6,7]. In this case, much research has focused on improving the plasma transmission efficiency using different duct structures [8]. However, the MPs still cannot be removed by the magnetic filter systems completely.



Until now, there has been limited research on the further reduction in MP density and the transport mechanism of MPs in magnetic filter systems. Three mechanisms of MP transport have been proposed [9,10,11]. The MPs can be transported through the filter duct by mechanical bouncing, electrostatic reflection, and entrainment in plasma. However, few experimental results have confirmed which mechanism is most effective, so the appropriate mechanism is still unclear.



The four effects of HEA, which are the high entropy effect, lattice distortion effect, slow diffusion effect, and the cocktail effect [12], give HEA particular properties that can be widely used in a variety of applications. In consideration of the high efficiency of CVAD and the promising performances of high-entropy alloy coatings including alloy films [13,14,15,16,17,18,19], nitride films [12,20,21,22,23,24,25], and carbide films [26,27] produced by the magnetic sputtering method, the present work studied the films by CVAD from a one-piece target of a high-entropy alloy. The influence of the magnetic field and the working pressure on the deposition rate and MP density was investigated. The relationship between the distribution of MPs and the plasma density at the duct exit was analyzed. In addition, different structures on the duct wall and a reduced cross-section area of the duct were investigated to determine their abilities to reduce the MP density and to confirm the real mechanism of MP transport.




2. Materials and Methods


A schematic diagram of the experimental apparatus is shown in Figure 1. An Al0.5CoCrCu1.5FeNi high-entropy alloy target, which was 15 mm thick and 100 mm in diameter, was used as cathode. It was produced by arc melting in a water-cooled copper crucible and casting in ceramic shell mold. The Al0.5CoCrCu1.5FeNi nitride films were deposited on (100) Si wafers with a background pressure below 3 × 10−5 Torr. All experiments were conducted with 70 A arc current, −50 V substrate bias, and a 50% N2 flow ratio of Ar + N2. The magnetic filter duct was a bent pipe with an inner diameter of 190 mm and a bend angle of 90°. The distance from the exit of the filter duct to the substrate surface was 5 cm. The magnitudes of magnetic fields of 0, 180, 224, and 292 G were applied on the filter duct to determine the influence of the magnetic field on MP density under the working pressure of 10 mtorr. The working pressures of 5, 10, 20 mtorr was also used to observe the differences on MP density on the films deposited under a 224 G magnetic field.



The circumferential Cu-sheet baffles were 15 mm in height and attached on the inner wall with an equal spacing of 50 mm from the target to the substrate along the duct. A lining of 100-mesh 304-stainless-steel wire mesh on the inner wall was also used. This were designed to change the inner structure of the magnetic-filter duct for capturing MPs, as shown in Figure 2a,b, to reduce the MP density under the deposition condition with a 224 G magnetic field and a working pressure of 10 mtorr. Moreover, the area of the filter duct cross section was reduced by inserting an 8-μm thick Al foil disk at the bend position to provide a round opening, as shown in Figure 2c. The hole was 90 mm in diameter and centered at a distance 30 mm from the disk center. The effect of area reduction was investigated with the deposition under 10 mtorr of working pressure and a 224 G magnetic field.



The microstructure of the thickness and surface morphology was analyzed by SEM (JEOL JSM 6500F). The density and dimension of the MPs were observed with SEM and calculated by an image analysis system. Several SEM images were taken at low magnification on our films randomly. Then, image J was adopted to calculate the number and diameters of the MPs, and we used the average [28].




3. Results


3.1. The Effect of the Magnetic Field and Working Pressure on the Filter Duct


The deposition rate and substrate current as a function of the magnetic field of the filter duct from the experimental high-entropy target are shown in Figure 3. The substrate current and the deposition rate increased with the increase in the magnetic field. This reflects that the plasma density arriving at the substrate was increased and more ions and electrons were restrained in the plasma beam by a higher magnetic force, which meant that more ions would spiral through the filter duct to be deposited on the substrate. Similar results were also observed in previous research [10]. It also revealed that the films were not formed on the Si substrate when the magnetic field was 0 G. This reflects no plasma beam formed under 0 G.



The distribution of MP density under different magnetic fields of the filter duct is shown in Figure 4. The largest population of MPs was in the range of 0.5 to 1 μm. The MP density increased with the increasing magnetic field and thus increasing plasma density. A large increase in MPs was found as the magnetic field increased from 224 to 292 G. In addition, few MPs were found on the substrate when the magnetic field was 0 G.



The dependence of the deposition rate and substrate current on the working pressure is shown in Table 1. The substrate current and deposition rate decreased with the increase in working pressure. This is due to the fact that there were more collisions between ions and gas molecules at a higher working pressure. The ions might possess a lower charge state or depart from the moving path of the plasma after their collisions with gas molecules [29].



The distribution of MP density at different working pressures is shown in Figure 5. The films deposited under lower pressure displayed a higher MP density. As shown in Table 1 and Figure 5, with a decrease in the working pressure, the plasma density arriving at the substrate was higher, and slightly more MPs were deposited on the films. Based on the results above, adjusting the magnetic field or the working pressure did not improve the MP density. Due to the slight effect of the deposition conditions, the change in direction provided by different structures of filter duct were studied.




3.2. Effects of Different Inner Wall Structures and the Reduced Cross Section of the Duct on the MP Density


In order to remove the MP transport through the filter duct by mechanical bouncing on the duct wall or electrostatic reflection near the duct wall, two kinds of inner wall structure were used to assess their effects. We prepared an attachment of circumferential Cu-sheet baffles and a lining of 304-stainless-steel wire mesh on the inner wall along the duct. On the other hand, we inserted an Al foil disk near the exit to provide a round opening for the plasma beam to pass through. In order to tally the center of the hole with the center of the plasma beam, a blind Al foil disk at the bend position was pierced by the plasma beam during an arcing and depositing condition to form a through-hole about 60 mm in diameter. This hole became the base to align the position of the artificial passage. The cross-section area of the hole was 64 cm2, which was 28% of the filter duct with an area of 227 cm2.



The distributions of MP density with different inner wall structures and the cross-section area of the duct are shown in Figure 6 and Figure 7. The sample that was deposited under the condition of the magnetic filter duct without a lining had a 2.1% area fraction of MPs, whereas the one with the baffle lining and with the screen lining had 2.7% and 1.8%, respectively. This indicated that the MP density could not be reduced by different inner wall structures since the area fraction of the MPs varied between 1.8% and 2.7% without a decreasing trend. The increased number of smaller MPs in the distributions obtained with the baffle lining and wire mesh lining might be the result of their interference on the magnetic field in the filter duct.



On the other hand, the distributions of the MP density before and after reducing the cross-section area shown in Figure 6 and Figure 7 demonstrates that the MP density greatly decreased when the cross-section area was reduced. The area fraction of the MPs, deposition rate, and substrate current is presented in Table 2. The area fraction of the MPs was remarkably decreased from 4.8% to 0.6%. The small loss in substrate current and deposition rate was due to the fact that the outer ions of plasma beam which could not pass through the hole directly deposited on the Al foil. This demonstrates that the reduction in the passage cross section was very effective in reducing MPs.




3.3. Relationship between MP Density and Plasma Density Distributions


Figure 8 presents the spatial relation between the MP density and plasma density distributions, in which a 100-mm diameter Si wafer was placed at the exit of the filter duct and centered at the maximum intensity of the plasma beam predetermined by depositing the film on a glass substrate. The Si wafer was divided into nine regions in whose center the film thickness and MP density distribution were measured. The film thickness distribution and the corresponding plasma distribution are shown in Figure 8. It can be seen in Figure 8b, the plasma density was highest at the center of Si wafer and had a larger spread in the direction of the periphery of the larger duct radius. This kind of distribution was typical and reported in previous research. It is attributable to the effect of centrifugal force [29].



The fact that the highest MP density occurred at the left side of Si wafer indicated that the center of the MP density distribution was displaced to the left of the plasma center. The slight offset is explained later by the entrainment mechanism. In addition, the MP density had a radial distribution similar to that of the plasma density. This similar radial distribution suggested that the transportation of MPs through the duct had a close relation to the plasma beam.





4. Discussion


4.1. Transport Mechanism of MPs in the Filter Duct


Three mechanisms of MP transport have been proposed in previous research [9]: (i) mechanical bouncing on the duct wall; (ii) electrostatic reflection near the duct wall; and (iii) entrainment in the plasma beam. However, the actual mechanism was still unclear, since few experiments have been conducted to verify which mechanism is dominant. In this section, we explain the mechanism of entrainment with the present experimental results.



There are three reasons why the mechanism of mechanical bouncing on the duct wall and the mechanism of electrostatic reflection near the duct wall were mainly excluded. First, the utilization of baffle and screen-lining could not reduce the MP density. If the mechanical bouncing mechanism were true, the baffle would reflect a portion of the MPs, and the open holes in the screen would trap a portion of the MPs. The MPs were negatively charged by mobile electrons, and the plasma sheath on duct wall made it negatively biased [11]. Thus, the MPs were repelled by the electrostatic field when they passed through the duct and travelled toward the duct exit. Therefore, secondly, if the mechanical bouncing and electrostatic reflection mechanisms were true, the mechanical bouncing and electrostatic reflection should have enabled the MPs to jump and deposit onto the substrate by successive bouncing or reflection even when the magnetic field was 0 G. However, not only was no film deposited but few MPs were deposited on the substrate under 0 G magnetic field. Finally, if these two mechanisms could operate with the duct wall, they should also operate with the negatively biased substrate. That means MPs should bounce or reflect away from the substrate surface during ion deposition, and no MPs could attach to the substrate. Nevertheless, a significant number of MPs appeared on the films. Therefore, mechanical bouncing and electrostatic reflection are not the major mechanism of MP transport.



On the other hand, from the experimental results presented above: the MP density increased with the plasma density when the magnetic field was increased and the working pressure was decreased; and the MP density had a radial distribution similar to that of the plasma density. It can be concluded that the MPs transported through the filter duct by entrainment in plasma. Figure 9 shows the entrainment mechanism in which the MPs collide with the ions and are driven by ions to entrain the plasma beam, because each ion advances in a spiral motion around the magnetic line. This is similar to a sandstorm in which the sand particles are driven by air molecules to entrain the storm. As a result of the entrainment mechanism, more MPs can be transported if the plasma density and thus the deposition rate are increased, such as in the case of the increased magnetic field and decreased working pressure. As for the small deviation of the MPs center from that of the plasma density, this can be expected since the plasma beam is guided by the magnetic field, but the MPs are driven by the plasma beam. The different driving forces cause different centering.




4.2. The Merits of Using a Smaller Passage in the Midway of the Duct


The finding that a reduction in the passage cross section in the midway effectively reduced MPs can be explained with the space change during MP transportation. As the passage had an area around 28% of the total cross-section area of the duct, it can be expected that around 28% of MPs would pass through the passage and spread out again along the distance from the reduced passage to the exit. The dilution is equivalent to 28% to a first approximation. This is of the same order in the area fraction change of MPs from 4.8% to 0.6% (dilution ~12.5%). The discrepancy is reasonable since the estimation assumes that the MPs uniformly distribute in the cross section. Instead, the MP distribution has a center near the center of plasma beam and has a similar radial spread to that of the plasma beam. In addition, its spread is larger than that of the plasma beam because the MPs are driven by the ions of the plasma beam. Therefore, the calculation is reasonable but overestimated.



It can be seen from Table 1 that the reduction in the passage cross section in the midway did not cause a large decrease in deposition rate. The reduced passage retained 66% of the deposition rate. This is due to the fact that the plasma beam is more concentrated than the MP flow, which has a larger ability to spread under the numerous collisions with the ions in the plasma beam. Despite the decrease in deposition rate, it produced a better structure of the films. Therefore, the reduced passage in the midway of the duct is an effective method in terms of quality and deposition rate.





5. Conclusions


The films by CVAD from the one-piece high-entropy alloy target were studied for the effect of the magnetic field, working pressure, different structures of duct wall, and cross-section area of the passage. The MP density on the films increased with the plasma density when the magnetic field was increased or the working pressure was decreased. Few MPs and no film were found on the substrate surface under a 0 G magnetic field. Both applications of baffle and screen lining on the duct wall slightly reduced the MP density. With a reduced passage in the midway of the filter duct, the area fraction of MPs was more effectively reduced from 4.8% to 0.6% than with the previous methods.



The experimental results excluded the mechanical bouncing and electrostatic reflection mechanisms but confirmed the entrainment mechanism for MP transportation in plasma. The entrainment mechanism suggests that the magnetic filter system still provides a way to transport MPs by plasma and deposit MPs on the films. However, the present work has found that inserting a smaller passage in the midway of the duct is an effective method in reducing the MPs without a large decrease in the deposition rate. In addition, the proposed method to reduce MPs would be important when using high-MP generation targets such as high-entropy alloys, which inherently have low thermal and electrical conductivity.
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Figure 1. Schematic diagram of the magnetic-filtered vacuum arc deposition system. 
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Figure 2. Magnetic-filter duct (a) lined with Cu-sheet baffles, (b) lined with 304 SS wire meshes along the length of duct, (c) with an Al foil inserted at the bend position to provide a round opening. 
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Figure 3. Deposition rate and substrate current as functions of the magnetic field. 
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Figure 4. Distributions of MP density under different magnetic fields: (a) 0 G; (b) 180 G; (c) 224 G; and (d) 292 G. 
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Figure 5. Distribution of MP density with different working pressures: (a) 5 mtorr and (b) 20 mtorr. 
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Figure 6. Distribution of MP density with different inner wall structures and different cross-section areas of 227 and 64 cm2. 
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Figure 7. SEM plane-view images of deposited films obtained with different cross-section areas: (a) 227 cm2 and (b) 64 cm2. 
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Figure 8. Schematic diagram of an Si wafer showing (a) the distribution of the film thickness and (b) corresponding plasma density distribution. 
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Figure 9. Schematic diagram showing the entrainment mechanism of MP transport. 
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Table 1. Deposition rate and substrate current for different working pressures.
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	Working Pressure (mtorr)
	Deposition Rate (nm/min)
	Substrate Current (A)





	5
	28.5
	1.8



	10
	22.1
	0.6



	20
	9.7
	0.3
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Table 2. Area fraction of MP density, deposition rate, and substrate current with different cross-section areas.
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	Cross-Section Area of Filter Duct (cm2)
	Area Fraction of MPs (%)
	Deposition Rate (nm/min)
	Substrate Current (A)





	227
	4.8
	28.5
	1.8



	64
	0.6
	18.8
	1.5
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