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Abstract

:

Aluminum oxide thin films were prepared by medium frequency reactive magnetron sputtering. The target voltage hysteresis behavior under different argon partial pressure and target power conditions were studied. The results indicate that the target voltage hysteresis loop of aluminum oxide thin film preparation has typical behavior of that for reactive sputtering deposition of compound films. The target voltage feedback control approach was applied to circumvent the hysteresis problem. The microstructure and chemical composition of the aluminum oxide thin films prepared at different target voltage control points were investigated by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy and Auger electron spectroscopy. The results indicated that the prepared aluminum oxide thin films, which are compact and mostly amorphous, can be obtained with target voltage control point in the range of 25~35%.
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1. Introduction


Aluminum oxide is a widely used functional thin film in the fields of optics, microelectronics and mechanisms, due to its excellent chemical stability, mechanical strength, high hardness, anti-corrosion and anti-wear properties and optical properties [1,2,3,4,5]. As a surface protective coating for highly active metals, aluminum oxide film bears substantial potential to enhance the wear and corrosion resistance of metal surfaces by forming multilayered aluminum/aluminum oxide coatings, with the possible merits of higher density, better adhesion properties, and lower residual stress than the two single layer coatings alone [1,2,6,7]. In this work we report our investigations on the preparation of aluminum oxide thin films deposited by reactive magnetron sputtering, which is a common technique in the preparation of compound thin films and coatings.



Reactive magnetron sputtering is realized in magnetron sputtering with a reactive gas (such as oxygen or nitrogen) introduced into the vacuum chamber, in addition to an inert working gas [8,9,10,11,12]. There are several reactive magnetron sputtering techniques, i.e., direct current reactive magnetron sputtering (DCRMS) [10], pulsed reactive magnetron sputtering (PMS) [11], radio frequency reactive magnetron sputtering (RFRMS) [12] and medium frequency reactive magnetron sputtering (MFRMS) [9], which are ordered according to the frequency of the power supply of the sputtering target. The disadvantages of DCRMS are target poisoning and arc problems, and the prepared films often have large embedded particles, which renders the deposition processes hard to control and reproduce [13]; the demerits of RFRMS are the high-cost of equipment and low deposition rates [14]; thus neither of these two techniques is suitable for the preparation of high quality thin films and coatings at an industrial level. High power impulse magnetron sputtering (HiPIMS) is an emerging reactive magnetron sputtering technique, which could produce high density films [15,16,17]. However, this technique still has several aspects which need to be improved: the high cost of the power supply, the instability of the plasma, low deposition rate, and self-sputtering, etc.



MFRMS uses a twin sputtering targets, which alternatively act as the anode and cathode. It is therefore able to effectively circumvent arc discharge and bypass the phenomenon of the disappearing anode [18]. Thus, stable deposition processes could be achieved with high reproducibility and high deposition rate. In this work, MFRMS is utilized to prepare aluminum oxide films to ensure the stability and reproducibility.



There are several parameters that could affect the processes of reactive magnetron sputtering, such as argon partial pressure, target power, target voltage, etc. Although the argon partial pressure and the target power could be easily controlled, the surface condition of the sputtering target varies in sputtering processes. Furthermore, we have noticed that under identical argon partial pressure and target power conditions, the target voltage falls as the thickness of the sputtering target decreases; this is possibly due to the enhanced magnetic field strength near the target surface [19].



During reactive magnetron sputtering, the target voltage changes as the variation of the flow rate of the reactive gas. The variation curves of the target voltage do not overlap between gradually increasing and decreasing the flow rate of the reactive gas, i.e., target voltage hysteresis behavior exists [18]. Three sputtering modes exist under different target voltages, i.e., the metallic mode, the mixed (or transition) mode, and the compound mode. The structure and composition of the films obtained under these three modes are quite different. In order to obtain thin films with high deposition rates and optimum properties, several approaches have been proposed to circumvent the hysteresis problem, such as: increasing the pumping speed [20], using the optical emission spectroscopic signal from the sputtered material, using the target voltage or direct mass spectrometry measurements as the feedback signals to directly control the partial pressure of the reactive gas during reactive sputtering deposition [18], etc. Among these approaches, the target voltage control seems probably to be the most effective approach, since the flow rate of the reactive gas could be stabilized at a desired level via the feedback control of the target voltage.



Many studies exist for the hysteresis behavior of the target voltage, but most of them use manual control of the reactive gas flow (see [21] and references therein). Therefore, not enough data points could be obtained, and the effective voltage control points are not optimized. The obtained thin films therefore show significant fluctuations of the film structure and chemical composition. In this work, a closed-loop feedback controller is used in the reactive sputtering deposition processes of aluminum oxide, which could measure the voltage hysteresis loops with high accuracy. Based on these hysteresis loops, as well as the structure and composition properties of the obtained aluminum oxide films, the optimal range of the target voltage control point was obtained.




2. Materials and Methods


2.1. Sample Preparation


A home-made magnetron sputtering system equipped with two circular planar Al (99.99% purity) sputtering targets was used to prepare the aluminum oxide films on Si (111) substrates. The two sputtering targets were powered by a 40 kHz medium frequency power source (Advanced Energy PEII, Fort Collins, CO, USA). The vacuum chamber was made of 304 stainless steel and sealed by fluororubber. The chamber was evacuated by two turbomolecular pumps backed by a roots blower and a mechanical pump. The setup of the deposition system is shown in Figure 1. The Si substrates were cleaned with 1% hydrofluoric acid solution for 5 min to remove surface oxides, and then rinsed in de-ionized water and ethanol in an ultrasonic bath for 10 min each. Before deposition, the Al targets were pre-sputtered for 15 min to remove the surface oxide and contaminations. The base pressure of the sputtering chamber is lower than 5.0 × 10−4 Pa, and the working gases are argon (99.99% purity) and oxygen (99.99% purity). The partial pressure of argon was maintained at 0.3 Pa during all the film deposition processes, unless otherwise indicated. The flow of oxygen was controlled via a reactive sputtering controller (Speedflo mini, Gencoa Ltd., Liverpool, UK), equipped with a digital mass flow controller (EL-FLOW, Bronkhorst High-Tech B.V., Ruurlo, The Netherlands). The sputtering target was fixed at 1.0~1.5 kW and the target-substrate distance was kept at 180 mm. The deposition time for all of the samples was 60 min.




2.2. Target Voltage Hysteresis Loop Measurements


The flow of oxygen in reactive sputtering was controlled by the reactive sputtering controller. For target voltage hysteresis loop measurements, the flow curve of oxygen was set to follow the pattern shown in Figure 2. The flow rate of oxygen first increased, from 0 to 50 sccm (standard cubic centimeters per minute) at the rate of 25 sccm/min, and then decreased, to 0 sccm at similar rate. The target voltage was recorded automatically as the variation of the oxygen flow rate.




2.3. Film Characterization


The structure of the prepared aluminum oxide films were characterized by grazing incidence X-ray diffraction (XRD, Phillips X’Pert Pro, New York City, NY, USA) with Cu Kα radiation and incident angle of 2° in the θ–2θ mode. The surface morphology and chemical composition were characterized by a field-emission scanning electron microscope (FESEM, FEI Helios Nanofab 600i, Lausanne, Switzerland) equipped with an energy dispersive X-ray spectroscope (EDS, Bruker QUANTAX 100, Berlin, Germany). The surface chemical composition was characterized by scanning Auger electron spectrometry (AES, Physical Electronics PHI-650, Chanhassen, MN, USA). The film thickness was measured by a stylus profiler (KLA-Tencor P-7, Milpitas, CA, USA).





3. Results


3.1. Target Voltage Hysteresis Loop


During the reactive sputtering deposition process, the variation of target voltage according to changes in the oxygen flow rate demonstrates hysteresis behavior; a typical hysteresis loop is shown in Figure 3 [21]. When the reactive gas starts to be added to the vacuum chamber, the metallic atoms sputtered away from the target, consuming the added reactive gas molecules; a compound is therefore not formed on the target surface. At this stage, the sputtering mode is metallic and an increase in level of the reactive gas yields little change in the target voltage. The ejected species are metallic at this stage.



When the flow of the reactive gas reaches a critical rate, the compound starts to partially cover the sputtering target, and the target voltage decreases significantly. At this stage, the sputtering mode is the mixed mode of metal and compound, and the ejected species are in the form of a mixture of metal and compound.



Further increasing the flow rate of reactive gas, compound films would fully cover the sputtering target. At this stage, sputtering is in compound mode, and further increasing the reactive gas flow yields little variation on the target voltage. The ejected species are compounds at this stage.



However, when gradually decreasing the reactive gas flow rate, the target voltage variation curve will not follow the curve while increasing the gas flow, i.e., hysteresis behavior, as shown in Figure 3, exists for the target voltage [18]. The target voltage significantly increases only when the reactive gas flow rate drops significantly. The sputtering mode changes from compound to the mixed mode, and finally goes back to the metallic mode with a decrease in the reactive gas flow.



The hysteresis behavior of target voltage has direct connection with the sputtering power and argon partial pressure [22]. The hysteresis loops under different sputtering power (1.0~1.5 kW) and argon partial pressure (0.2~0.5 Pa) were measured and the results are shown in Figure 4.



The results shown in Figure 4 have similar features as the typical hysteresis loop shown in Figure 3. It is illustrated in Figure 4a that under the argon partial pressure of 0.2 Pa, the target voltage increases from approximately 530 V to 600 V as the sputtering power rises from 1.0 kW to 1.5 kW. When the oxygen flow increases above 30 sccm, the target voltage starts to drop substantially with an increase in oxygen flow. This is mainly due to oxide formation on the target surface. Because the secondary electron emission coefficient of aluminum oxide is larger than that of metallic aluminum (see, for example, [23]), the formation of oxide enhances electron density in the glow discharge plasma near the target surface. The collision probabilities of electrons with argon atoms increases; therefore, the resistance of the plasma near the target surface drops, finally leading to a significant decrease in the target voltage. The target voltage becomes stable when the oxygen flow reaches 45 sccm. At this stage, the sputtering target is in the mode with overflow of oxygen, the target surface is fully covered by oxide, and sputtering is then in the compound mode.



As the oxygen flow gradually decreases from 50 sccm, the target voltage remains almost stable until 10 sccm, at which point the target voltage starts to soar with a further decrease in the oxygen flow. Similar hysteresis behaviors have been observed when the argon partial pressure was fixed at 0.3, 0.4 and 0.5 Pa, respectively.



Based on the results shown in Figure 4, the influence of argon partial pressure on the hysteresis loops at similar sputtering power of 1.5 kW is plotted in Figure 5. It is depicted that the target voltage for the metallic mode increases with a decrease in the argon partial pressure. This is mainly due to the reduction of the amount, and the resultant collision probability, of argon ions in the glow discharging plasma, thereby enhancing the sputtering strength of the oxide on the target surface. Low levels of oxide coverage of the sputtering target favor an increase in the target voltage.



In the state of overflow of oxygen, the target surface is fully covered by oxide. At lower argon partial pressure, less argon ions take part in sputtering the oxide away. Therefore, a longer time is needed for the target surface to move back to the metallic mode. This is evidenced by the fact that the oxygen flow, at the lower turning point of the compound mode to the metallic mode, decreases with the drop in the argon partial pressure, as highlighted in Figure 5.



The result illustrated in Figure 5 also indicates that under fixed target power, the argon partial pressure has little influence on the characteristics of the hysteresis curve between the compound mode and the metallic mode when decreasing the flow rate of oxygen. Note that the target voltages at this state are all roughly the same, i.e., approximately 260 V, regardless of the argon partial pressure. One can conclude that under these experimental conditions, the target voltage is hardly affected by the reactive gas pressure and the plasma composition. A similar phenomenon has been observed by Depla et al. via pumping the vacuum chamber at different rates [22].




3.2. Target Voltage Control Point


The results shown in Figure 4 and Figure 5 demonstrate that the measured target voltage hysteresis loops have typical characteristics of that for reactive magnetron sputtering deposition of compound films. The result also indicates that a small change in the oxygen flow would result in a switch from the metallic mode to the compound mode. In this work, the target voltage control approach is used to maintain the flow rate of the reactive gas at a desired flow rate. The aiming voltage of the sputtering target during the sputtering deposition of aluminum oxide is calculated according to the following formula:


   V A  =  V C  +  (   V M  −  V C   )  × η  



(1)




where VA is the aiming target voltage, VM and VC the target voltage in the metallic mode and compound mode, respectively, and η the target voltage control point.



The deposition parameters of aluminum oxide films are shown in Table 1. It is obvious that under identical target power of 1.5 kW, the target voltage and the deposition rate of the obtained film increase with a rise in the control point. This is due to the fact that the rise of the control point drives sputtering to the metallic mode, which has higher target voltage and higher deposition rate.



The surface morphology of the aluminum oxide films obtained under different voltage control points is shown in Figure 6. It is illustrated that the surface of the deposited films are made of fine grains with compact arrangements when the control point is between 25~35%. A similar result was obtained with a control point of 40%, but the grain sizes are relatively larger, which is probably due to higher deposition rate at 40%. For anti-corrosion purpose, the compactness property of the prepared film is of paramount importance, and large grain sizes would provide larger penetration channels for corrosive chemicals to reach the surface of the highly active metal substrate. Therefore, it is better to choose the control point between 25~35% for practical anti-corrosion applications.



The XRD results of the aluminum oxide films prepared under different voltage control points are shown in Figure 7. It is shown that these results are quite different from the XRD pattern of sputter deposited Al films, as shown in Figure 8. These results indicate that the prepared films are aluminum oxide with low level of crystallization. Therefore, the diffraction peaks are not evident and the obtained aluminum oxide films are mainly in the amorphous form.



A typical EDS pattern of the prepared aluminum oxide films is shown in Figure 9. This data shows that traces of argon exist in the prepared oxide films. Two points contribute to this phenomenon: argon atoms are adsorbed by aluminum oxide particles, which has high melting point, in the reactive sputtering process, and therefore it is difficult for argon atoms to escape from these particles via the localized melting-reconstruction process; the reactive sputtering products are in the form of clusters of molecules and atoms with low diffusion mobility, and thereby it is unfavorable for the argon atoms to be repelled and de-adsorbed. Note that the signal of the Al element intensifies as the rise of the voltage control point. This is because that higher voltage control point leads to higher deposition rates; therefore, there are more Al atoms in the deposited oxide films.



The atomic ratio of the prepared aluminum oxide films revealed by EDS quantitative analysis is shown in Figure 10. It is shown that all the films exhibit larger O:Al atomic ratio than the stoichiometric value of 3:2, which is due to the high oxygen flow rate under low target voltage control points. This implies that there are free O atoms, or that physically adsorbed O exists in the prepared oxide films. With a rise in the control point, the oxygen flow rate drops and the O:Al ratio becomes closer to stoichiometry.



A typical AES pattern of the prepared aluminum oxide films is shown in Figure 11. It is apparent that the Al L23VV, O KVV and Al KL23L23 Auger electron lines are identified clearly [24]. Based on these results, quantitative analyses have been performed and the atomic concentrations of O and Al are obtained and shown in Figure 12.



The atomic concentration result of O and Al shown in Figure 12 is consistent with the result revealed by EDS measurements, as shown in Figure 10. Nonetheless, all the atomic ratios of O and Al are larger than the stoichiometric value, which again signifies that there are free O atoms in the bulk, or that are physically adsorbed into the surface of the aluminum oxide films.





4. Conclusions


The target voltage hysteresis phenomenon of medium frequency reactive sputtering deposition of aluminum oxide films has been investigated in this work. The obtained target voltage hysteresis loops, obtained under different argon partial pressure (0.2, 0.3, 0.4 and 0.5 Pa) and target power (1.0, 1.25 and 1.5 kW) conditions, are similar and have typical behaviors to those for reactive sputtering deposition of compound films.



The surface morphology, crystalline structure, and chemical composition of the aluminum oxide thin films prepared at different target voltage control points, have been investigated by SEM, XRD, EDS and AES. The results show that the prepared films are aluminum oxide, with low levels of crystallization and compact films, could be obtained with a target voltage control point between 25~35%. The atomic ratio of O and Al of the prepared oxide films are all slightly larger than stoichiometry, as revealed by EDS and AES measurements, which denotes that there are free O atoms exist in the bulk or physically adsorbed into the surface of the aluminum oxide films.



Based on the results of this work, optimal preparation conditions of aluminum oxide films could be developed. Similar process could be applied for the deposition of other compound thin films, such as oxides, nitrides and carbides. Further research on the corrosion resistance of aluminum/aluminum oxide multilayered coating is in progress.
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Figure 1. Schematic of the MFRMS system for aluminum oxide film preparation. 
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Figure 2. Flow curve of oxygen during target voltage hysteresis loop measurements. 
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Figure 3. A typical target voltage hysteresis loop. 
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Figure 4. Target voltage hysteresis loops at different argon partial pressure and target power. 
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Figure 5. Influence of argon partial pressure on the target voltage hysteresis loop. 
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Figure 6. Surface morphologies of aluminum oxide film prepared at different target voltage control point. For all the images, the magnifications are 100,000, and the actual sizes are around 4.15 × 2.78 µm2. 
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Figure 7. XRD patterns of aluminum oxide film prepared at different target voltage control points. 
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Figure 8. XRD pattern of sputter deposited Al film. 
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Figure 9. A typical EDS pattern of the deposited aluminum oxide film. 
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Figure 10. Atomic concentration of aluminum oxide films prepared under different control points revealed by EDS. 
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Figure 11. A typical AES pattern of the deposited aluminum oxide film. 
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Figure 12. Atomic concentration of aluminum oxide films prepared under different control points revealed by AES. 
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Table 1. Deposition parameters of aluminum oxide films.
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Sample No.

	
Control Point (η)

	
Target Power (W)

	
Target Voltage (V)

	
Deposition Time (min)

	
Film Thickness (nm)

	
Estimated Average Grain Size (nm)






	
1

	
25%

	
1500

	
412

	
60

	
506

	
84




	
2

	
30%

	
451

	
591

	
89




	
3

	
35%

	
488

	
724

	
87




	
4

	
40%

	
528

	
907

	
174












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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