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Abstract

:

This paper presents the experimental results of high-temperature sputtering of nickel targets by the Gas Injection Magnetron Sputtering (GIMS) technique. The GIMS technique is a pulsed magnetron sputtering technique that involves the generation of plasma pulses by injecting small doses of gas into the zone of the magnetron target surface. Using a target with a dedicated construction to limit heat dissipation and the proper use of injection parameters and electrical power density, the temperature of the target during sputtering can be precisely controlled. This feature of the GIMS technique was used in an experiment with sputtering nickel targets of varying thicknesses and temperatures. Plasma emission spectra and current-voltage waveforms were studied to characterize the plasma process. The thickness, structure, phase composition, and crystallite size of the nickel layers produced on silicon substrates were investigated. Our experiment showed that although the most significant increase in growth kinetics was observed for high temperatures, the low sputtering temperature range may be the most interesting from a practical perspective. The excited plasma has the highest energy in the sputtering temperature range, just above the Curie temperature.
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1. Introduction


One branch of magnetron sputtering technology has attracted strong interest recently. This branch is the so-called Hot Target Magnetron Sputtering (HTMS) technique [1,2]. HTMS aims to run a cathode sputtering process with an increased temperature. It is possible by modifying the construction of the magnetron target and involves the creation of a break in the contact area with the cooled surface. The flux of dissipated heat is reduced, and the target itself accumulates a significant heat load in its volume, raising its temperature. The primary purpose of this procedure is to increase the target material’s vapor pressure and lead to its sublimation. The stream of particles produced during such a process of sputtering and reaching the substrate is significantly enriched by the stream of sublimated species. Densified plasma flux is reflected in a considerable increase in the growth kinetics of the coatings and leads to a significant economization of the technological process [3]. One of the varieties of HTMS processes is the intentional increase in target temperature above the melting point of Liquid Target Magnetron Sputtering [4]. This way, the species flux reaching the substrate is enriched with evaporated particles. The kinetics of growth is one of the critical parameters determining the applicability of the magnetron sputtering technique and seems to be of particular importance in its variants where low growth kinetics is a genetic feature of the technique. This group of methods includes pulsed methods such as High Power Magnetron Sputtering (HiPIMS). A variation in HTMS has also found positive effects in HiPIMS technology [5,6,7,8,9].



One practical purpose of using HTMS is to sputter target ferromagnetic materials effectively. Sputtering of magnetic materials is highly difficult in standard magnetron sputtering techniques as ferromagnetic materials confine magnetic field lines within their volume. The magnetic field strength above the surface of the target is attenuated, resulting in difficulty initiating and sustaining a glow discharge [10]. Magnetron sputtering technology employs various approaches to overcome these obstacles, such as using additional sources of plasma excitation [11,12,13], thin targets [14], and particular magnetic field configuration [15,16]. Although the mentioned methods have undoubted advantages, they are not ideal, and new solutions are still being sought. One of the more exciting and newer ideas is the HTMS technique to conduct the sputtering process at the target temperature above the Curie temperature TC. This way, sputtering of ferromagnetic materials is efficient. The HTMS technique has already been used to sputter nickel targets [17,18]. So far, the authors are not aware of any published work showing the application of HTMS in the cases of iron and cobalt. This is due to the shielding effect of the magnetic field and the difficulty in controlling the temperature. These metals have much higher TC than nickel, 770 and 1121 °C, respectively. The magnitude of the difficulty is mainly indicated by the approach of the TC to the melting point; in these cases, they are, respectively: 1538 and 1495 °C. “Temperature window” of sputtering processes is thus narrower and at a higher temperature. The most promising development track of the HTMS technique is the effective control of the target temperature.



Target temperature control is a critical issue in HTMS technology. Without it, the magnetron target can be plastically deformed due to creeping or whole magnetron construction can be seriously damaged. The permanent magnet system is particularly vulnerable. Another risk is the possibility of melting the target material. Another factor to consider is the effect of heat radiation on the plasma and the substrate–growing coating system. These issues have not yet been widely discussed in the literature, and the reason can be speculated to be the difficulty in achieving arbitrary sputtering temperature determination. The factor that is standardly used to establish the temperature of the target, the electrical power density, is probably insufficient in HTMS technological practice. Recently, our team has used Gas Injection Magnetron Sputtering (GIMS) for HTMS technology [19]. At that stage, we thought that by using GIMS, we would introduce a crucial temperature control parameter. The GIMS technique is a pulsed technique that uses the generation of discrete plasma streams (plasma pulses) in an environment of dynamically varying working gas concentration, controlled by high-speed pulsed gas valves [20,21]. Typically, in GIMS, layers are produced due to the generation of 10–102 ms plasma pulses at frequencies of 10−1–101 s. The pulse power density is of the order of 102 W/cm2. Controlling the pulsing parameter, i.e., frequency and single pulse lifetime, allowed us to set the sputtering temperature reasonably precisely.



In this experiment, we aimed to exploit the advantages of using the GIMS technique in HTMS technology and see if it is effective in sputtering nickel targets. The second objective of our experiment was to characterize the HTMS process of nickel targets with varying thicknesses (magnetic field shielding strength) at various temperatures.




2. Materials and Methods


2.1. Apparatus


HTMS processes were carried out in a vacuum apparatus presented in Figure 1a. The vacuum chamber was equipped with a vacuum pump system consisting of turbomolecular, roots, and rotary pumps. The vacuum pump unit could reach a base pressure of 5 × 10−3 Pa. An extremely unbalanced, according to Gencoa criterion [22], circular magnetron was used as the plasma source. The 50 mm diameter nickel targets (Grade 1 purity) were installed in the magnetron.



Figure 1b presents the sandwich construction of the used targets. The target sandwich consisted of a nickel target, ZrO2 powder filling, molybdenum foil, and a copper pad. The 1.5, 2, 2.5, and 3 mm thick nickel targets were used for the experiment. A 1.5-mm deep channel was fabricated in the copper pad. The channel was filled with ZrO2 powder to provide low thermal conductivity at the high-temperature zone of the target system. Additionally, a zirconia filling prevented material deformation due to high temperature. During the coating deposition, the bottom surface of the copper pad was cooled with water. The qualitative difference between hot and standard sputtering is presented in Figure 1c.




2.2. Coatings Deposition Process


Coating deposition processes were carried out using argon as sputtering gas (N5.0 purity). The working atmosphere was created by injections from a fast pulse valve directly at the target surface. The pressure at the valve inlet was set at 1.5 × 105 Pa. The opening time of the Ar valve was fixed at 4 ms. The applied gas settings resulted in a pressure oscillation with a peak of about 10−1 Pa. A precise determination of the oscillation was impossible due to the high time inertia of the used vacuum gauge. Pawlak in [23] studied a more accurate study of the pressure characteristic in GIMS.



The plasma 500 ms pulse length and period were the parameters controlling the target temperature in the experiment. Individual power pulses are electronically coupled to the opening moment of the pulsed gas valve. The electronic coupling of the power supply to the valve operation allows the precise determination of the glow discharge at a fixed time from the gas injection. In this experiment, we established the discharge when opening the valve and sustaining it for 500 ms. The interaction of plasma energetic species with the target surface induces thermal energy in the target material. The energy distribution has a pulsed manner in GIMS. Therefore, relatively frequent events of thermal excitation (plasma pulses) increase the temperature of the target material. During the interval between pulses, the accumulated heat is partially dissipated. The heat dissipation is effective when the impulse interval is longer [19]. The pulse length and pulse periods are described in detail in Table 1 with the other process parameters. Figure 1d schematically presents the power pulses time distribution in the GIMS process. The nature of the thermal excitation was pulsed, and the target was continuously heated up during the plasma phase until a specific target temperature resulting from the system’s ability to dissipate heat was established. Each discharge is followed by the period of the dissipation of the accumulated heat. The temperature characteristics during the process of sputtering can be considered quasi-stationary. The temperature of the targets was measured using an MM2MH Raytek pyrometer and high-speed Optris Xi400 thermal camera. The center of the target was the spot with the highest temperature. The temperature data in Table 1 shows the pyrometer measurement results at the target’s center. As the sensitivity of the pyrometer starts at 450 °C, the process labeled “<450” in the table was performed at low-temperature conditions, below the TC.



The n-type 100 silicon substrates were prepared by ultrasonic cleaning in acetone and drying. After that, they were located perpendicularly to the magnetron Z-axis at 10 cm from its surface. The substrate stage was electrically grounded during coating deposition with the magnetron anode and vacuum chamber. The magnetron system was powered using a Dora Power Systems pulsed DC power supply with a carrier frequency of 125 kHz [24,25].



The power waveforms were calculated from the current and voltage characteristics, measured using the 1 A: 0.1 V Rogowski coil and 1 kV: 1 V voltage, and registered by a Rigol oscilloscope. The pulse energy was calculated using the integral over time. All the calculations were made using the Origin Lab software. The distribution of normal magnetic field B⊥ at the surface of the nickel targets used in the experiments was investigated by SMS-102 Asonik Hall effect meter.




2.3. Plasma Characterization


The optical emission spectroscopy (OES) measurements were obtained using an Optel energy-dispersive optical spectrometer at a wavelength of 200–900 nm. The signals were collected through a quartz window and an optical fiber. The exposition time was set at a full single plasma pulse. During these experiments, the optical collimator was perpendicular to the magnetron Z-axis and placed 55 mm away from the cathode surface.




2.4. Coatings Characterization


The deposited coatings were further characterized by scanning electron microscopy (SEM). The cross-section of nickel coatings fabricated at silicon substrates was observed at a 45° to the surface plane using a ZEISS Ultra Plus device. The cross-sections of the samples were obtained by brittle fracture just after cooling them in liquid nitrogen.



The crystal structure of the coatings was analyzed by X-ray diffraction (XRD) using Cu-Kα radiation. The XRD profiles of the layers were measured at a 2θ range of 15–120°. The Debye–Scherrer equation was used to calculate the size of crystallites. Crystalline size  D , is expressed:


  D =    K λ    β cos θ    



(1)




where D is the size of the grain, K is known as the Scherer’s constant (K = ~0.9), λ is the X-ray wavelength (for Cu 1.54178Å), β is full width at half maximum (FWHM) of the diffraction peak, and θ is the angle of diffraction.





3. Results and Discussion


3.1. Plasma Characterization


The first step in the experiment was to characterize the sputtering process of the nickel target during its progressive heating. For this purpose, current and voltage waveforms were measured at distinct stages of heating a nickel target 1.5 mm thick. Power waveforms were determined based on the indications of the electric power supply integrating the current and voltage waveforms in situ during its operation. The results are shown in Figure 2. The figure shows the fitting of the discharge power curve during the heating of the target. At the initial stage, when the target material’s volume is below the Curie temperature, the glow discharge is characterized by relatively low power. The power increases when an increased volume of the target material exhibits a transition from a ferromagnetic state to a non-magnetic state. The nature of the transition is relatively smooth and is associated with a gradual increase in the volume of the non-magnetic fraction of the nickel target. In the final part of the curve, the power value stabilizes. Power stabilization is associated with forming a constant volume of non-magnetic material of the target. Images taken with a thermal camera at distinct stages of heating the target are attached to the figure. When considering the temperature of the target in the HTMS process, it is necessary to keep in mind its irregular distribution in the volume. The images clearly show that its hottest parts are primarily in the center. As the sputtering temperature increases, the pulse power waveforms also change significantly. The figure presents examples of the curve’s power waveforms measured in characteristic parts. The power pulses were integrated, and the energy of a single pulse was determined—also shown in the figure. The nature of the changes in the energy values is related to the amplitude of the power waveform, which is the result of changes in the discharge current waveform.



The next stage of our experiment was to study the effect of temperature and thickness of the nickel target on the energy of the glow discharge. Sputtering processes of nickel targets were carried out in the temperature range up to 1000 °C. The temperature was controlled by adjusting the period of triggering the plasma pulse according to Table 1. Targets with thicknesses of 1.5, 2, 2.5, and 3 mm were sputtered. Using targets of different thicknesses, we could characterize the discharge under various magnetic field energy supports. The effect of target thickness on B⊥ is shown in Figure 3. The magnetron used in the initial state has a maximum intensity of 90 mT. Using a cathode system with a 1.5 mm nickel target reduced the B⊥ maximum to ~16 mT. B⊥ of ~1.5 mT characterized the 3 mm target. The magnetic field intensity distribution over the target itself does not change much. Figure 3 also shows the energy characteristics as a function of sputtering temperature. The thickness of the target, that is, the B⊥ value, significantly affects the pulse energy. The characteristics themselves are interesting. In the range of temperatures, in which we conducted measurements, the maximum energy was noted at temperatures ~100 °C above TC. In the range of about 500–900 °C, we observed a decrease in the pulse’s energy. At temperatures above 900 °C, the energy value increased again.



The parameter controlling the pulse energy value is the character of the power waveform, which in turn is determined by the discharge current characteristics. Figure 4 shows the discharge current waveforms measured while sputtering a 1.5 mm nickel target at different temperatures. Temperatures at which the pulse energy was relatively low are characterized by current decay at the end of the discharge duration.



The observed decay is not an effect related to the characteristics of the GIMS process, i.e., dissipation of the gas doses in the volume of the vacuum chamber. The gas dosage settings we use are established by years of practice, and so far, we have not observed this effect. In our opinion, the disappearance of the discharge current in the temperature range of 500–900 °C can be caused by the so-called gas rarefaction phenomenon [26,27,28]. The rarefaction phenomenon occurs when the gas is overheated due to high-power sources and additional heat sources for synthesis [29]. The effect of this phenomenon is the thinning of the gas atmosphere and, thus, the disappearance of current electric carriers, which is reflected in the measured current characteristics. This effect is evident at the end of the discharge since there is a temperature peak, even though the target temperature is quasistationary. At very high temperatures, we observed an increase in the current amplitude value. It seems that the increase in the population in the gaseous atmosphere of sublimating molecules is responsible for this state. We can expect sublimation to occur as early as <900 °C. However, its effects are not so apparent since the flux of particles produced during sublimation depends on the emitting surface, and the temperature distribution on the surface of the target is not homogeneous.



OES studies were performed to determine how the sputtering temperature affects the nickel particle population in the plasma and whether the measured spectra are reflected in previous studies. Although the intensities of the optical emission lines do not directly indicate the species population in the plasma, the changes in the line intensity ratios between each species group can provide valuable information on the plasma content with the change of process parameters [30]. Figure 5 shows exemplary sections of the plasma emission spectrum created during the sputtering of a 1.5 mm nickel target. For presentation purposes, the spectral range in which the intensity of excited nickel N I particles was the highest was selected for analysis. The presented range included the lines with the characteristics listed in Table 2. The rest of the figure shows the spectral intensity for different target thicknesses and temperatures.



Comparison of the individual spectra leads to the conclusion that these results are consistent with calculated energy pulses (Figure 3). The intensity of the lines is correlated with the pulse energy and indicates the sputtering effectiveness of the nickel target surface. The sputtering process’s spectrum at T < TC shows the lowest intensity. The highest intensity was registered for a temperature of 450 °C. The spectra collected in the range of 500–900 °C are moderate intensities.




3.2. Coatings Characterization


The SEM images of the nickel coatings’ structure was shown in Figure 6. SEM investigations show the structural morphology of the deposited coatings and their thickness. The structure of the coatings is columnar, typical for the magnetron sputtering method [32,33]. In some cases, it is difficult to observe the columnar structure, probably due to the plastic deformation during the cracking, despite prior freezing by liquid nitrogen. Thickness results read from the images are shown in Table 3.



The conclusion that comes immediately to mind is that the coatings deposited by sputtering a 3 mm nickel target are characterized by a smaller thickness than those obtained with a thinner target. As expected, the thin nickel target sputters more efficiently than the thick target. The effect of the transformation of ferromagnetic to non-magnetic material is mainly evident in the case of the thick target. The growth kinetics in its case increased by 200%, while the thin target increased by only 22%. There is a noticeable increase in the thickness of coatings from a temperature of 450 °C in both cases. Previous results indicated that the best thickness results could be expected at 450 °C. However, it seems that the effects of high discharge energies and the presence of energetic particles in the plasma cannot be combined with the density of the particle flux emitted from the targets. The jet of sputtered particles is enriched with sublimated particles. These, in turn, are low-energy and do not participate in the processes of ionization and internal excitation, which is why previous studies have not considered their contribution to the population.



XRD technique was used to examine the structure of the coatings in more detail. Figure 7 shows a comparison of the diffraction patterns of the fabricated coatings. We have limited the image to the coatings deposited by sputtering 1.5 and 3 mm nickel targets for presentation purposes. Diffraction patterns are very similar to each other. Reflections from the same set of crystallographic planes were identified in all coatings. XRD peaks were used to calculate the size of the crystallites, according to equation 1. The averaged values of the crystallite size are shown in Table 4.



A certain consistency can be seen in the results, in which the smallest crystallites presented layers fabricated at mid-range temperature. Previous studies have suggested that plasma species may have the highest energy under such conditions. This is reflected in the structure and size of the crystallites. It is known that the coating tends to defect and defragment the crystallites during growth under energetic particles bombardment [34]. Above this temperature, an increase in size is observed. This may be due to the increased fraction of low-energy particles originating from sublimation.





4. Conclusions


In this article, we have attempted to actively employ the technological parameters of the GIMS technique to control the temperature in the HTMS process of nickel targets. The period of plasma pulses distribution was a parameter by which we could precisely establish the sputtering temperature. As part of the experiment, we attempted to characterize the sputtering process of a temperature-controlled target, and as we expected, the most significant increase in growth kinetics was observed for the highest temperatures. Our experiment also showed that the sputtering model of ferromagnetic targets at temperatures slightly above TC is exciting and worthy of closer study. From our preliminary findings, one may be inclined to the thesis that this temperature range may be the most favorable for the generation of plasmas whose particles have the highest energies. In this temperature range, we recorded the highest-energy discharges, and the OES spectrum of the plasma excited under these conditions was most enriched with excited particles of sputtered nickel. The preservation of high energy of plasma particles during film fabrication is one of the most raised issues in the literature. Acquiring control over the execution of HTMS processes is a crucial skill in mastering this important parameter of the plasma state. The GIMS technique, at its current stage of development, seems to enable this satisfactorily. As a result, we can use this tool in our future research plans.
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Figure 1. Diagram illustrating: (a) the apparatus configuration, (b) construction of the hot target system, (c) the heat transfer through the standard (left) and hot (right) target system, (d) plasma pulse distribution over the time. 
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Figure 2. Diagram presenting the evolution of glow discharge power during the sputtering of hot nickel target and images of temperature distribution on the target surface. 
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Figure 3. Distribution of B⊥ at the surface of nickel targets with various thickness and characteristics of plasma pulse energy during the sputtering process. 
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Figure 4. Current waveforms measured during the sputtering of 1.5 mm nickel target at various temperatures. 
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Figure 5. OES spectrum of plasma registered and fitted with basic components during the sputtering of nickel target (a) and collection of OES spectra registered at various temperatures (b). 
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Figure 6. SEM images of nickel coatings structures deposited during the sputtering at various temperatures. 






Figure 6. SEM images of nickel coatings structures deposited during the sputtering at various temperatures.



[image: Coatings 12 01022 g006]







[image: Coatings 12 01022 g007 550] 





Figure 7. Diffraction patterns of nickel coatings deposited in the experiment. 
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Table 1. Parameters of hot nickel target sputtering in the experiment.






Table 1. Parameters of hot nickel target sputtering in the experiment.





	
Target Thickness (mm)

	
Temperature

	
Period (ms)

	
Deposition Time (s)






	
1.5

	
<450

	
2000

	
720




	
450

	
1300

	
468




	
600

	
1150

	
414




	
800

	
900

	
324




	
1000

	
650

	
234




	
2

	
<450

	
2000

	
720




	
450

	
1500

	
540




	
600

	
1100

	
396




	
800

	
900

	
324




	
1000

	
650

	
234




	
2.5

	
<450

	
2000

	
720




	
450

	
1100

	
396




	
600

	
730

	
263




	
800

	
580

	
209




	
1000

	
550

	
198




	
3

	
<450

	
2000

	
720




	
450

	
1500

	
540




	
600

	
1000

	
360




	
800

	
650

	
234




	
1000

	
550

	
198
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Table 2. OES lines attributed to the measured spectra [31].






Table 2. OES lines attributed to the measured spectra [31].





	Specie
	Wavelength (nm)
	Rel. Intensity
	Lower Level
	Upper Level





	Ni I
	349.3
	5500
	3d9(2D)4s
	3d9(2D)4p



	Ni I
	351.0
	2600
	3d9(2D)4s
	3d9(2D)4p



	Ni I
	351.5
	6600
	3d9(2D)4s
	3d9(2D)4p



	Ni I
	352.4
	8200
	3d9(2D)4s
	3d9(2D)4p



	Ni I
	353.2
	1100
	3d8(3F)4s2
	3d9(2D)4p
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Table 3. Nickel coatings thickness deposited during the HTMS processes.






Table 3. Nickel coatings thickness deposited during the HTMS processes.





	1.5 mm Thick Target
	3 mm Thick Target
	Temperature (°C)





	900 nm
	380 nm
	<450



	950 nm
	500 nm
	450



	1070 nm
	640 nm
	600



	1080 nm
	680 nm
	800



	1100 nm
	1140 nm
	1000
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Table 4. Averaged crystallites’ size of nickel coatings deposited in experiment.






Table 4. Averaged crystallites’ size of nickel coatings deposited in experiment.





	1.5 mm Thick Target
	3 mm Thick Target
	Temperature (°C)





	7.8 nm
	18.2 nm
	<450



	7.3 nm
	10.2 nm
	450



	7.2 nm
	13.1 nm
	600



	7.7 nm
	15.2 nm
	800



	12.6 nm
	15.0 nm
	1000
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