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Abstract:



The double-ended coaxial magnetron pulsed plasma (DCMPP) method with auxiliary outer anode was introduced in order to achieve the uniform coating of non-conductive thin films on the inner walls of insulator tubes. In this study, titanium (Ti) was employed as a cathode (sputtering target), and a glass tube was used as a substrate. In an argon (Ar) and oxygen (O2) gas mixture, magnetron plasma was generated. Oxygen gas was introduced to deposit a titanium oxide (TiO2) film. A comparison between films coated with and without an auxiliary outer anode was made. As a result, it was clearly shown that the DCMPP method using an auxiliary outer anode enhanced the uniformity of the deposited non-conductive film compared to the conventional DCMPP method. Moreover, the optimum conditions under which the thin TiO2 film was deposited on the inner wall of the glass tube were revealed. From the results, it was supposed that the auxiliary outer anode contributed to the uniformity of the distributions of deposited negative charge on the non-conductive film and consequently the electric field and the plasma density uniform.
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1. Introduction


Narrow tubes are widely used in the industry for many applications such as the delivery of gas, water, cooling substances, etc. [1]. Enhancement of their properties in terms of corrosion and wear resistance is constantly required for these tubes. Therefore, it is indispensable to improve the attributes of the inner walls of such tubes. In this respect, several investigations have been performed [2,3,4,5,6,7,8,9,10]. Fujiyama et al. proposed coaxial magnetron pulsed plasma (CMPP) and double-ended coaxial magnetron pulsed plasma (DCMPP) methods for coating the inner walls of narrow tubes with the aid of the extended anode effect [11]. The extended anode effect is useful for the coating of conductive films inside insulator tubes, because the deposited film plays the role of an anode [11]. However, the extended anode effect cannot be used for insulator tube coatings of non-conductive or high resistivity films, because electrons charge up the tube inner walls and prevent plasma from spreading along the tube, as reported in our previous article [12]. Therefore, new methods for the uniform coating of non-conductive or high resistivity films on the inner walls of insulator tubes are required.



In this study we developed a new method introducing a grounded aluminum foil which covered the outside of the glass tube to work as an auxiliary outer anode in the DCMPP method.




2. Materials and Methods


2.1. Experimental Apparatus


The experimental apparatus for tube inner coating by double-ended coaxial magnetron pulsed plasmas (DCMPP) is shown in Figure 1.


Figure 1. Experimental apparatus: (a) overall setup; (b) details of the edge anode; and (c) details of the outer anode. The white parts indicate the glass tube and the black parts at the edge of the glass tube represent the ring anodes.
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A long cylindrical vacuum chamber, 1300 mm in length and 320 mm in inner diameter, was used and a water-cooled solenoidal coil was arranged coaxially around the chamber to generate a magnetic field, as shown in Figure 1a. The anode consisted of stainless steel (SUS) ring electrodes positioned at both ends of the tube, as shown in Figure 1b. The glass tube was 19 mm in outer diameter, 16.5 mm in inner diameter, and 500 mm in length. The part of the glass tube to be coated was only 435 mm in the middle of the tube, because the uncoated parts at both edges were covered with SUS ring anodes. The minimum discharge gap was 6.75 mm, as shown in Figure 1b. The glass tube was completely wrapped with a grounded aluminum foil from the outside, as shown in Figure 1c. This aluminum foil plays the role of an auxiliary outer anode, which enhances the axial uniformity of the deposited film thickness, as discussed later. A long fine cathode (a titanium rod 3 mm in diameter) was positioned at the center of the glass tube.



The coating was performed by applying pulsed voltage between the anode and cathode under the following experimental conditions: Magnetic flux density at 833 G, gas pressure at 1 Pa, mass flow rate of Ar at 100, 90, 80, 70, 60 or 50 SCCM. The pulsed power was generated with a pulse generator (Advanced Energy, Pinnacle Plus+ 10 kW (325–800 V dc), Advanced Energy Industries, Inc., Fort Collins, CO, USA). Oxygen gas was used to obtain non-conductive films, so the fraction of O2 was varied under a constant fraction of Ar. There were openings in the substrate holder to let the gas in. An axial strong magnetic field (833 G) was applied in order to make the breakdown easier in a narrow tube under low-pressure conditions. The magnetron effect confines the electrons near the target, and increases the probability of collisions between the electrons, ions, and atoms [13]. Consequently, pulsed discharge is generated between the long fine cathode and the grounded anode. The applied magnetic-flux density was calculated from the current of the solenoid coil. In this study, we applied the frequency of 100 kHz. The applied power, duty cycle, and sputtering time were set at 300 W, 55%, and 2 min (15 s × 8), respectively. We also performed the coating without the outer anode to clarify the effect of the outer anode.



In order to evaluate the thickness of the coated films, a flat glass substrate test piece (435 mm in length, 5 mm in width, and 0.7 mm in thickness) was inserted inside the tube. The flat substrate was marked by a magic pen at several positions. The mark prevents coating and creates a step change in the film thickness at the positions marked. We evaluated the thickness of the coatings by measuring the height of the step change at the corresponding position with a surface profilometer (Dektak 150, Veeco Instruments, Inc., Oyster Bay, NY, USA).



In order to measure the resistivity together with the film thickness, the flat substrate was cut into several pieces at the points that were marked by the magic pen. Then, the resistance was measured and the resistivity was calculated from the measured resistance.




2.2. Electrical Characterization


Figure 2 shows the typical voltage and current waveforms. The current waveform was measured with a current probe (TBS1102B, Tektronix, Inc., Beaverton, OR, USA) and an oscilloscope (P6021A, Tektronix, Inc., Beaverton, OR, USA). The positive current pulse (A in the figure) corresponds to the discharge current. On the other hand, the negative current pulse (B in the figure) is supposed to be a current due to the space charge in the gap, which is driven by the inverse electric field caused by the charge accumulated on the film surface. The duration of the inverse current was 1–2 μs. Then, the off-time necessary for the refreshment is supposed to be at least 1–2 μs.


Figure 2. Examples of the voltage and current waveforms at a frequency of 100 kHz in the case without the Al outer anode (the fraction of O2 is 6.2%). (a) Discharge current; and (b) applied voltage.
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Figure 3 shows the voltage and the current characteristics as a function of the pulsed power frequency, where the power was set at 300 W. A high frequency is better for increasing the discharge current. Consequently, we chose the frequency of 100 kHz at 300 W of input power, and the duty cycle and the sputtering time were set at 55% and 2 min (15 s × 8), respectively. We also performed the coating without the outer anode to clarify the effect of the outer anode.


Figure 3. Voltage and current characteristics as a function of frequency in the case without the Al outer anode (the fraction of O2 is 11.7%).
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3. Results


3.1. Coating of Non-Conductive Films by DCMPP


Figure 4 shows the relationship between the thickness of the coated film and the fraction of O2 in the case without an auxiliary outer anode. This graph shows that the coated film thickness decreases with increase of the fraction of O2 in the gas mixture.


Figure 4. Relation between the film thickness and the fraction of O2 (%) in the case without the Al auxiliary outer anode at the axial positions of 22.5 and 43.3 cm from the edge of the glass tube.
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Figure 5 shows the relationship between the resistivity of the coated film and the fraction of O2. This graph indicates that the resistivity increased with the fraction of O2, and the property of the deposited film changed from metallic Ti to TiO2 at 9.1% of the fraction of O2. Under that condition, a film with relatively high resistivity (more than 10−3 Ω m) was produced. The increase of the fraction of O2 leads to the production of negative ions. When the coated film is conductive, the deposited film plays the role of an anode to spread plasma along the tube and the ions are neutralized through the conductive film. On the other hand, when the coated film is non-conductive, the ions deposit on the insulator glass and on the non-conductive film. Thus, the charge accumulation of the surface of the film depends on the resistivity of the film. In the case of a non-conductive or high resistive film, the major parts of the ions are deposited around the ring anodes and the electric field in the tube is affected by the deposited charges. Consequently, the plasma density was supposed to be reduced and the film became thinner compared to the cases of the fraction of O2 less than 9.1%, as shown in Figure 5.


Figure 5. Relation between the resistivity and the fraction of O2 (%) in the case without the Al outer anode at different positions.
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Figure 6 shows the distribution of the thickness of the coated film as a parameter of the fraction of O2 in the case without an outer anode. Three types of the distributions are recognized: an almost flat distribution at a low fraction of O2, a convex shape distribution at a middle fraction of O2, and a concave shape distribution at a high fraction of O2. The thickness of the deposited film decreased with the fraction of O2. This phenomenon can be attributed to the plasma density distribution affected by the change of the electric field distribution along the tube due to the change of the coated film resistivity.


Figure 6. Distribution of the film thickness along the axial position at different fractions of O2 (%) in the case without the Al outer anode.
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3.2. Coating of Non-Conductive Films by DCMPP with an Outer Anode


Figure 7 shows the thickness distributions as a parameter of the fraction of O2 in the case with an outer anode. The results reinforce the findings in Figure 6. Higher resistivity of the coated film leads to the production of a thinner film. Figure 8 shows the relationship between the resistivity of the coated film and the fraction of O2 in the case with the Al outer anode. This graph indicates that the resistivity increased with the fraction of O2, and the property of the deposited film changed from metallic Ti to TiO2 at 9.1% of the fraction of O2. The criterion of the fraction of O2 for the coating of non-conductive film was around 9.1%. The films in Figure 7 seem to have better thickness profiles for high fractions of O2.


Figure 7. Distributions of the film thickness along the axial position at different fraction of O2 (%) in the case with the Al outer anode.
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Figure 8. Relation between the resistivity and the fraction of O2 (%) at different positions in the case with the Al outer anode.
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3.3. Uniformity of Non-Conductive Film with and without an Outer Anode


Figure 9 shows the comparison of the uniformity of the film thickness between the cases with and without an outer anode. The uniformity was evaluated by normalizing the film thickness by the average thickness. The error bars show the maximum and the minimum thicknesses normalized by the average thickness. Figure 9a shows the case without an outer anode and Figure 9b shows the case with an outer anode. The film was smooth in both cases at a fraction of O2 lower than 3.2% compared with a high fraction. On the other hand, the uniformity was better for the case with an outer anode compared with the case without an outer anode when the fraction was higher than 9.1%. The uniformity became improved with the outer anode at high fractions of O2. The electron density was supposed to decrease as the fraction of O2 increased because the electrons attached to the O2 molecules. This can be attributed to the production of negative ions which accumulated on the inner wall of the glass tube. In addition, the electron energy decreased owing to the collisions with O2 molecules. Consequently, the plasma density and the deposition rate were reduced.


Figure 9. Normalized thickness as a function of fraction of O2 in the case (a) without the Al outer anode; and (b) with the Al outer anode.
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From the above observations, using an auxiliary outer anode improved the axial uniformity of the deposited film thickness, and the validity of the suggested method in this study was made clear.





4. Discussion


Effect of the Outer Anode on Film Coating with DCMPP


Figure 10 shows the characteristics of the DCMPP systems without using the auxiliary outer anode. Figure 10a shows a schematic representation of the electric force lines around the glass tube. The plasma density can be estimated from the electric field distribution and is supposed to be higher in both edges of the glass tube than in the middle. Figure 10b shows the expected electric charge distribution on the glass tube coated by a non-conductive film. This figure illustrates the accumulation of negative charges on the inner walls of the glass tube during the voltage pulse. Figure 10c demonstrates an estimation of the film thickness distribution in the case of a high resistance film. The deposited film was supposed to be thicker at both edges of the glass tube owing to the high plasma density. However, the density of charge accumulation, which is also higher compared with the middle of the tube, decreases the electric field and consequently reduces the plasma density. In addition, the resputtering of the film can be considered around the anode. The resputtering phenomenon happens due to the bombardment of negative ions on surface of the deposited film, and consequently reduces the film thickness. Since the electric field is stronger at both edges of the glass tube, the likelihood for negative ions to gain enough energy for resputtering is higher at both edges of the glass tube. These phenomena have a role in reducing the thickness, and the thickness distribution is thus represented as the dashed line shown in Figure 10c.


Figure 10. Schematic representation of the electric force lines, electric charges distribution, and estimation of the film thickness distribution in the case without using the Al outer anode. (a) A schematic representation of the electric force lines around the glass tube; (b) accumulated charge distribution around the glass tube; and (c) an estimation of the film thickness distribution in the case of a high resistance film.



[image: Coatings 08 00115 g010]






Figure 11 shows the characteristics of the DCMPP systems with the auxiliary outer anode. Figure 11a shows a schematic representation of the electric force lines around the glass tube. The plasma density estimated from the electric field distribution is supposed to be almost uniform. Figure 11b shows the expected electric charges distribution around the glass tube coated by a non-conductive film. Then, the distribution of the electric charge is also supposed to be uniform. Although the deposited charge decreases the electric field, the effect is expected to be uniform. Figure 11c shows an estimation of the film thickness distribution in the case of a high resistance film deposited with an outer anode. Since the uniform plasma density makes the film thickness uniform, the thickness distribution is depicted as the solid line shown in Figure 11c. The effect of the deposited charge, which reduces the plasma density, is also considered. When this effect is taken into account, the thickness distribution is depicted as the dashed line shown in Figure 11c.


Figure 11. Schematic representation of the electric force lines, electric charges distribution, and estimation of the film thickness distribution in the case with the Al outer anode. (a) A schematic representation of the electric force lines around the glass tube; (b) accumulated charge distribution around the glass tube; and (c) an estimation of the film thickness distribution in the case of a high resistance film.
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As mentioned above, an outer auxiliary anode is expected to improve the thickness uniformity of a non-conductive coating on an inner surface of glass tube. Therefore, we synthesized the inner coating of a non-conductive film with a DCMPP system using an outer auxiliary anode.





5. Conclusions


The double-ended coaxial magnetron pulsed plasma (DCMPP) method with an auxiliary outer anode was introduced in order to achieve a uniform coating of non-conductive thin films on the inner walls of insulator tubes. A comparison between films coated with and without an auxiliary outer anode was made for various fractions of O2. As a result, it was clearly shown that use of an auxiliary outer anode with the DCMPP method improved the uniformity in the thickness of the deposited non-conductive TiO2 film compared to the use of DCMPP without an auxiliary outer anode. Moreover, it was revealed that the property of the deposited film changed from metallic Ti to TiO2 at the fraction of O2 around 9.1%. From the results, it was supposed that the auxiliary outer anode contributed to the uniformity of the distributions of the deposited negative charge on the non-conductive film, the electric field, and the plasma density.
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