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This paper deals with the time resolved optical emission spectroscopy (OES) of a high power pulse magnetron sputtering (HPPMS) physical vapor deposition (PVD) coating process. With an industrial coating unit CC800/9 HPPMS (CemeCon AG, Würselen) a (Cr,Al,Si)N coating was deposited. During the coating process, an absolute calibrated Echelle-spectrometer (ESA-3000) measured the intensities of the spectral lines of Chromium (Cr), Aluminum (Al) and molecular bands of nitrogen (N 2 ). Time resolved measurements enable us to calculate different parameters like the average velocity of sputtered Al-and Cr-atoms or the internal plasma parameters electron density n e and electron temperature kT e with a time resolution of 20 µs. With these parameters, we determine the ionization rates of Al-, Cr-, Ar-and Kr-atoms and the deposition densities of Al-and Cr-atoms. Thus simulated deposition densities of 1.75 • 10 20 m -2 s -1 for Chromium and 1.7 • 10 22 m -2 s -1 for Aluminum are reached.

Introduction

High power pulse magnetron sputtering (HPPMS) is a modern and promising technology for pulsed physical vapor deposition (PVD). Due to its high power pulses, HPPMS technology offers outstanding advantages with respect to adhesion, hardness and dense morphology [1,2]. Furthermore, with this technology, complex-shaped tools can be coated with high thickness uniformity and with high deposition rates on surfaces oriented non-parallel to the target [1].

First investigations of sputtering from Cr and Ti targets with optical emission spectroscopy (OES) have shown a significant enhancement of ion/atom ratio by HPPMS compared to conventional direct current (dc) sputtering [3]. This paper deals with the time resolved characterization of HPPMS pulses by absolute calibrated OES. With the experimental setup shown here it is possible to determine parameters like sputtering density or deposition density. In addition, HPPMS discharge in argon (Ar), krypton (Kr) and nitrogen (N 2 ) mixture with a AlSi (90:10 at-%) target equipped with 20 Cr inserts (AlSi(90:10)Cr20) is characterized using currentvoltage measuring. The electric power input is calculated by means of measured voltage (U) and current (I). Mean velocities of sputtered Cr-and Al-atoms are determined using Doppler shift of corresponding emission lines. The gas temperature (T g ) and the plasma parameters (electron density n e and electron temperature kT e ) are determined using molecular emission of nitrogen. The sputtering rate of a AlSi(90:10)Cr20 target and the ionization rate of sputtered atoms are calculated by using the measured intensities of Aland Cr-photoemission, the determined plasma parameters and velocities of sputtered atoms.

Experimental setup

In this section, the coating process parameters, the experimental setup of the OES and the applied model are presented.

Coating deposition

The coating unit CC800/9 HPPMS (CemeCon AG, Würselen) is equipped with two rectangular 500 • 88 mm 2 HPPMS cathodes. To achieve nearly parallel magnetic field lines in front of the targets, the cathodes are equipped with permanent magnets. The used HPPMS Chemfilt Sinex 3.0 power supplies deliver high voltage pulses with a frequency of 500 Hz. The HPPMS discharge is characterized by current-voltage measurements and optical emission spectroscopy. The cathode voltage and electric current are measured by means of a capacitive divider (1:2000) and a current probe Tektronix TCP404XL, correspondingly. The gas pressure in the coating unit is measured using a MKS Baratron 627D.

For deposition of the (Cr,Al,Si)N thin film one AlSi (at-% 90:10) with 20 Cr inserts (AlSi(90:10)Cr20) and one Cr target with 20 Al inserts (CrAl20) are used. The coating parameters are shown in table 1. The properties of (Cr,Al,Si)N thin films deposited by HPPMS were analyzed and discussed by Bobzin et al. in [1]. These investigations have shown that dense morphologies and favorable surfaces are obtained by the HPPMS technology. Furthermore, (Cr,Al,Si)N-films deposited by HPPMS technology show a denser morphology and smoother surface compared to middle frequency (mf) and dc sputtered coatings. XRD results have shown a high oxidation stability of (Cr 0.5 Al 0.45 Si 0.05 )N. The high temperature stability of these coating was confirmed by nanoindentation after annealing.

OES setup

Emission spectra of sputtered atoms and nitrogen are measured through a quartz window inserted in the chamber. Via an optical fibre which is connected with a broad-band Echelle spectrometer ESA-3000 (LLA Instruments GmbH, Berlin) the light emission is investigated simultaneously in the spectral range of 200 nm to 800 nm with a spectral resolution of 0.02 nm to 0.06 nm and time resolution down to 20 ns. The system is synchronized with pulses of the high voltage power supply. In order to achieve spatial resolution, different lines of sight are chosen. In the first case, the spectra are measured parallel to the cathode surface. In the second case, the line of sight is perpendicular to the cathode. To increase the spatial resolution, the acceptance angle of the optical fibre is limited by a diaphragm (figure 1). Since the transmission of the quartz window decreases during the experiment due to layer deposition, the absorption of the window before and after the experiment is measured. Assuming that the film is uniformly grown on the window, the transmission is calculated by the Lambert-Beer law. The angle dependence of the spectrometer sensitivity ( (ϕ)) caused by the diaphragm is described approximately with a cosine function (cos(128.6 • ϕ), -angle in degree). During the measurements through the optical fibre, which is inside the chamber, the optical fibre is arranged with a mesh to inhibit deposition on the optical fibre.

The Echelle spectrometer is relatively and absolutely calibrated. The corresponding efficiency function ( (λ) in counts • nm • phot. -1 ) is determined with a tungsten band lamp and the emission spectra of N 2 and NO [4]. The intensity of plasma emission (I(λ) -in phot. s -1 m -3 ) is calculated using the measured spectra (I meas (λ) in counts

• s -1 ), the system efficiency ( (λ)) and the plasma volume (V p in m 3 ) observed by the optical fibre (1). During the measurement parallel to the cathode, the plasma volume is calculated by the acceptance angle of the fibre and the cathode length (500 mm).

I(λ) = I meas (λ) (λ) • V p (1) 
In this paper, the intensity of any emission line (in phot. s -1 m -3 ) has been determined as an integral over the corresponding line profile.

Since the thickness of the dense plasma zone near the cathode is unknown yet, by emission measurement perpendicular to the cathode surface, only relative intensities of atomic lines and molecular bands are determined.

Applied model

The plasma parameters (n e (in m -3 ) and kT e (in eV), k -Boltzmann constant) are determined using nitrogen molecular emission of N 2 (C-B,0-0) (λ = 337.1 nm) and N + 2 (B-X,0-0) (λ = 391.4 nm). The intensity of the molecular band is given by (2).

I = 4π √ 2 • [N 2 ] • n e • E f v (E) 2 • e m e • E • σ exc (E)dE (2) 
where [N 2 ] (in m -3 ) is the density of nitrogen, which depends on the gas temperature, f v (E) (in eV -3/2 ) is the electron velocity distribution function normalized to fulfill the equation 4π

√ 2 • E f v (E) • √ EdE = 1, σ exc (E) (in m 2
) is the cross section for electron impact excitation of nitrogen emission [5], m e is the electron mass (9.109 • 10 -31 kg) and e is the elementary charge (1.602 • 10 -19 C).

The following reactions (3 to 9) are applied in the model:

N 2 (X) + e -→ N 2 (C) + e - (3) 
N 2 (C) → N 2 (B) + hν (λ = 337.1 nm) (4) N 2 (X) + e -→ N + 2 (B) + 2e - (5) N 2 (X) + e -→ N + 2 (X) + 2e - (6) N + 2 (X) + e -→ 2N (7) N + 2 (X) + e -→ N + 2 (B) + e - (8) 
N + 2 (B) → N + 2 (X) + hν (λ = 391.4 nm) (9) 
Under the assumption of a Maxwellian electron distribution function, the electron temperature kT e and electron density n e are determined. The cross section for electronion recombination from [6] is used in (7). The steady state densities of Al-and Cr-atoms are determined by inserting measured intensities of photoemission in equation (10).

I = [M e] • n e • k M e exc ( 10 
)
Figure 2. The electron impact excitation rate constants for Al-and Cr-emissions calculated by using excitation cross section from [7] and van Regemorter formula [8], correspondingly.

The reaction rate k Al exc (in m 3 s -1 ) of electron impact excitation of Al-emission (λ = 394.401 nm) is calculated by using the excitation cross section σ Al exc measured in [7] and equation (11).

k Al exc = 4π √ 2 E f v (E) 2 • e m e • E • σ Al exc (E)dE (11) 
Neither measured nor calculated cross sections of electron impact excitation of Cremission have been found. Therefore, we use rate constants calculated according to the van Regemorter formula [START_REF] Kovacs | Rotational structure in the spectra of diatomic molecules[END_REF][START_REF] Roux | [END_REF] [8].

k Cr exc = 0.11 • 10 -22 g k g i A ki R y ∆E 3 • u(kT e )e -βexc (12) 
with

u(kT e ) = β 0.5 log 2 + 1 1.78 • β exc , β exc = ∆E kT e , β = R y kT e (13) 
and the Einstein coefficient for spontaneous emission A ki (in s -1 ), statistical weights of the upper and lower atomic state g i , g k , correspondingly, the Rydberg constant R y (13.606 eV) and the energy gap between the energy levels under consideration ∆E (in eV).

The van Regemorter formula is applied for an estimation of the electron impact excitation rate constants of atomic resonance transitions. The calculated rate constants for electron impact excitation of Al (λ = 394.401 nm) and Cr (λ = 357.869 nm) are presented in figure 2.

In order to determine the ionization rate during HPPMS processes, the ionization rate constants for Ar-, Kr-, Al-and Cr-atoms are calculated (figure 3). Thereby, we use the measured cross sections for electron impact ionization of Ar-, Kr- [9] and Al- [10] atoms. For the calculation of the chromium rate coefficient k Cr ion (kT e ), a parametric formula from [11] is used.

Results and discussion

Results

The current and voltage characteristics measured while the HPPMS discharge is operating (Ar/Kr/N 2 , frequency 500 Hz, high voltage pulse duration 200 µs) with an AlSi(90:10)Cr20 target are presented in figure 4. During the first 400 ns, the cathode voltage runs up to a maximum value of -1.2 kV. The current maximum of 550 A is delayed by 32 µs. The FWHM (full width at half maximum) of the current profile amounts to 37.4 µs, the FWHM of the voltage pulse amounts to 41.3 µs. After 100 µs, the steady state value of about -200 V of the cathode voltage is reached. At 200 µs the voltage amounts to 50 V which remains constant up to next pulse delivered from the power supply. The electric power reaches a maximum of 490 kW (11.14 W•mm -2 ) at 27.0 µs after discharge ignition (figure 5). The FWHM amount of the power pulse profile amounts to 31.5 µs.

In the spectrum of the HPPMS discharge, the lines of neutral and ionized Cr-and Al-atoms are observed (figure 6). The intensities of ionized Al, neutral Ar, Kr and molecular bands of nitrogen are relatively low.

For the chemical reaction scheme given in (3 to 9), the heavy particles' temperature (gas temperature, T g ) is the most important parameter. It strongly influences the rate constants of chemical reactions and diffusion constants. The density of the working gas atoms and molecules in a plasma [M] can usually be determined with good accuracy using the ideal gas law (14) [M ] = p kT g (14) with the pressure p. In order to determine the gas temperature under HPPMS discharge conditions, the emission band of neutral nitrogen molecule N 2 (C-B,0-0) at λ = 337.1 nm is recorded. At low gas pressure conditions, molecular photoemission is used for the determination of the gas temperature with the assumption that the densities of translational and rotational energy levels in the electronic ground state of molecules are described by the same temperature. This assumption is usually valid because of the relatively long lifetime of molecules in the plasma chamber and effective rotational relaxation. Electronic impact excitation is limited by the selection rule ∆J = 0, ±1. Therefore, the rotational distribution in excited molecular state is approximately equal to the rotational distribution in ground state of the molecule. In this case, the rotational distribution in the excited state of N 2 (C) is determined by means of OES and a program code developed using Hönl-London factors and spectroscopic constants from [START_REF] Kovacs | Rotational structure in the spectra of diatomic molecules[END_REF] and [START_REF] Roux | [END_REF], correspondingly. The measured and calculated spectra of the N 2 (C-B,0-0) band are shown in figure 7. The rotational temperature is a variable input parameter for simulation. In the fitting procedure the steady-state rotational temperature in excited state is determined.

Because of different rotational constant values B e of the ground (N 2 (X), B e = 199.82 m -1 ) and excited state (N 2 (C), B e = 182.44 m -1 ) and by considering the selection rule ∆J = 0, ±1, the rotational temperature determined for the excited state in assumption of steady-state equilibrium differs from the rotational temperature in the ground state.

The simulation of the excitation process N 2 (X)+e -→ N 2 (C)+e -reveals that the rotational temperature in N 2 (C) state amounts to 700 K whereas the rotational temperature of N 2 (X) amounts to 770 K. The latter value is used as the gas temperature in the HPPMS plasma.

To determine the mean velocity ν of the sputtered atoms, the Doppler shift of the emission spectra measured parallel and perpendicular to the surface of the cathode is measured. Under assumption that the metal atoms are sputtered with cosine angular distribution [14] we determine the mean angle (φ m ) of about 33 • by sputtering. The mean velocity of sputtered atoms is calculated using (15). The effect is measured from following formula:

∆λ = λ 0 • ν • cos φ m c , ( 15 
)
where ∆λ is the wavelength shift, λ 0 is the middle wavelength of the emitted line and c is the light velocity. Due to the fact that the ions are mainly generated in the magnetized and dense plasma zone, the velocity vector of ions has a broad angular distribution and a Doppler shift of ions does not occur. Some atomic lines observed in the emission spectra measured parallel and perpendicular to the cathode surface are presented in figures 8 and 9. According to these investigations it is summarized that (i) the lines of rare gas atoms and Cr-and Al-ions are not shifted and have the same profiles in both lines of sight;

(ii) in the emission spectra measured perpendicular to the cathode, all intensive Crand Al-lines have an UV-shift;

(iii) these shift values for Cr-and Al-lines are different, but constant during the HPPMS pulse.

The wavelength shift for the different Al-and Cr-emission lines results in mean velocities of 6057 ± 1090 m • s -1 and 3374 ± 240 m • s -1 for sputtered Al-and Cr-atoms, respectively. The corresponding mean kinetic energies of the sputtered atoms amount to 5.7 ± 2.0 eV and 2.9 ± 0.4 eV for Al-and Cr-atoms, respectively.

The plasma parameters in the HPPMS discharges are determined by molecular photoemission of nitrogen measured parallel to the surface of the cathode. Because of the relatively low intensity of the rotational nitrogen emission, the spectra are recorded with a time resolution of only ∆t = 20 µs. As applied for the current-voltage measurements, the synchronization pulse delivers the trigger signal. Figure 10 shows that the electron temperature is with respect to the time resolution of our system instantaneous on its maximum level of about 3.7 eV. After that, it decreases slightly during the first 50 µs after switching on the high voltage pulse. Figure 11 shows that the electron density increases rapidly after ignition and reaches its maximum of about 8 • 10 17 m -3 after t = 10 µs and then decreases slowly. As known from other investigations [15], the electron temperature rapidly follows changes in the plasma heating whereupon the electron density needs some time to follow. The time scale for the electron density is directly coupled to the transport behavior of the charged particles in the plasma. In the case of magnetized plasmas with inhomogeneous magnetic fields like in magnetron systems, it is not an easy task to describe the charged particles transport behavior correctly. Another reason for the time dependences of kT e (t) and n e (t) shown here is the low time resolution we have been forced to apply.

Spectral line intensities of neutral and ionized Al-and Cr-atoms measured parallel to the cathode are given in figure 12. One can see that the temporal intensities of the different emission lines follow the HPPMS current pulse. These intensities reach very low values when the power supply voltage decreases to -200 V in the tail of pulse.

With the help of the determined plasma parameters (figures 10 and 11) and excitation rate constants of Al-and Cr-emission (figure 2), the steady-state densities of Al-and Cr-atoms in the plasma volume are calculated by applying (10). The mean distance, which sputtered atoms pass through the acceptance cone, assuming a cosine angular distribution amounts to approximately 15 mm. Therefore, the lifetime of Al-and Cr-atoms in the observed plasma volume amounts to 2.48 µs and 4.44 µs, respectively. The steady state density of metal atoms [Me] can be written as

[Me] = R • τ ( 16 
)
where R (in m -3 s -1 ) is the production of atoms and τ is the lifetime of the atoms in the observed volume.

Assuming that the sputtered atoms move at the angle φ m to the cathode surface and the mean free path of atoms concerning ionization in the plasma volume is sufficiently long (longer than the distance of 28 mm between the cathode surface and the acceptance cone), the production of atoms R is approximately equal to the sputtering density (in m -2 s -1 ) (figure 13). A low loss of neutral atoms (about 10% to 15%) during the ionization process by atoms transport from the target to the acceptance cone of the spectrometer is calculated and taken into account. 

Discussion

By determination of the plasma conditions in an HPPMS coating unit and simulation of sputtered atom fluxes a rarefaction process studied in [16] is not taken into account, because of (i) the maximum current value in our experiment is a order of magnitude lower than that reported by Kadlec et al. [16];

(ii) According to calculations presented in [16], the rarefaction is appreciable after 50 µs heating with a current of maximum value. Such heating is impossible in our experiment (figure 4), because of the short duration of the current pulse;

(iii) We have not detected a rise of gas temperature during discharge pulse, which accompanies a rarefaction process.

The influence of collisions with Ar-and Kr-atoms during the transport of sputtered Al-and Cr-atoms to the substrate is also not taken into account. This process can be important at the applied plasma conditions and will be studied in our forthcoming investigations.

In the first moment after ignition, the HPPMS discharge is ignited and shortly driven in rare gas. This phase is characterized by a rapid increase of the cathode voltage, which causes a strong Kr-and Ar-ion bombardment on the target surface and thereby a strong erosion of target material, namely Al-and Cr-atoms. These metal atoms partly exhibit a significant lower ionization potential than the rare gas atoms and therefore, much higher electron impact ionization rate constants (figure 3). Figure 14 points out that approximately 10 µs after ignition the rare gas discharge transforms into a metal discharge, since the ionization rate for the corresponding metal atoms is much higher than the one for the rare gas atoms. The similar discharge transformation in high power impulse magnetron discharges was studied by Macák et al. [17], Ehiasarian et al. [3], Bohlmark et al. [18] and Gudmundsson et al. [19]. According to our measurements, the densities of Cr-and Si-atoms in the plasma volume are very low compared to the density of Al. Intensities of Si-lines in the measured spectra are so low that they cannot be used for determination of Si-density. The reason of this effect is not appreciated and will be subject of forthcoming investigations. Unfortunately, time resolution in our experiment is too low to investigate the transient behavior of the discharge transformation. Time resolved investigations of the transformation process will be the object of our following investigations. The ionization rates in HPPMS discharge in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target are calculated by inserting measured plasma parameters (figures 10 and 11) and ionization rate constants from figure 2. It can be seen that mostly Al ions are produced in the plasma volume. At the same time, the intensity of Alion photoemission is lower than the emission of Cr-ions. The reason for this effect is the higher excitation energy of Al-ion emissions (E exc = 13.08 eV for the Al + -line at λ = 704.208 nm) in comparison to Cr-ion emissions (E exc = 5.92 eV for the Cr + -line at λ = 283.563 nm). Again caused by the mass difference of Al and Cr ions, the mobility of Al is higher and the lifetime in the plasma volume is lower. In order to estimate the deposition flux density, we assume that the high density HPPMS plasma homogeneously fills a cuboid-like volume in the vicinity of the cathode with a thickness of 0.1 m. Under this condition, the density of Cr-and Al-atoms are calculated. From the measured atom velocities, the transfer rate of the metal atoms passing through the plasma zone is calculated and compared with the ionization rate (the electron density times the ionization rate constant) in this dense plasma zone. In the case described here, the ionization rate is comparable with the transfer rate. Therefore, the sputtered metal atoms are ionized to a large percentage and the aforementioned plasma transition takes place. Caused by the transient plasma parameters in the dense plasma zone, the transfer rate of the metal atoms depends on the phase of the high power pulse. By simplifying the situation and assuming that all ionized atoms are reflected to the cathode, we estimate the total current of ions and electrons about two times lower than measured in experiment. The possible reason for this difference is the neglected influence of collisions of sputtered atoms with Ar-and Kr-atoms. These collisions raise the lifetime of metal atoms in the plasma volume and therefore the probability of ionization due to electron impact. In addition, figure 14 gives rise to the already measured somewhat decreased deposition rates of HPPMS discharges.

If the too simple picture is abandoned and parts of the strongly generated metal ions reach the substrate, the well known effect of densification of HPPMS deposited thin films becomes more coherent.

Again, the verification of all these assumptions concerning thickness and homogeneity of the HPPMS plasma and ion flux densities onto the substrate will be investigated in future. For this purpose, the plasma parameters with time and spatial (at variable distance from the cathode) resolution will be determined. In addition, since the electric current during the HPPMS discharge pulse has a shorter duration than the voltage pulse (figure 4), the processes in the tail of the discharge pulse will also be object of a subsequent investigation. In assumption of homogeneous plasma and collisionless transport of sputtered metal atoms to the substrate, the deposition rate density is estimated (figure 15). Collisions with working gas cause a decrease of neutral atom flux because of electron impact ionization and reflection to the cathode. Therefore, deposition rates presented in figure 15 are overestimated.

Conclusion

HPPMS discharge in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target is characterized using current-voltage measurement and optical emission spectroscopy. The voltage pulse with a total duration of 200 µs consists of a 'high voltage' pulse with a duration of about 100 µs and a 'low voltage' tail. The duration of the current pulse amounts to about 80 µs. During the first 20 µs current increases and reaches a maximum of about 550 A. During this phase the rare gas discharge transforms to a metal discharge. Using OES the average velocities of sputtered Al-and Cr-atoms are determined. The gas temperature is measured by means of the rotational distribution in N 2 (C-B,0-0) vibrational band. Plasma parameters (n e and kT e ) are determined in HPPMS plasma with a time resolution of 20 µs using molecular nitrogen photoemission (N 2 (C-B) and N + 2 (B-X)). The sputtering densities of Al-and Cr-atoms, ionization rates of Al-, Cr-, Ar-and Kr-atoms and deposition densities are determined using plasma parameters, velocities of the sputtered atoms and measured intensities of atomic lines.
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 1 Figure 1. Schematic arrangement of the optics used for OES diagnostics in front of a door of a CC800/9 coating unit with two cathodes. 1-AlSi(90:10)Cr20 targets, 2,3-optical fibres of Echelle spectrometer ESA-3000 (2-outside and 3-inside of the chamber), 4-diaphragm for limitation of the acceptance angle in spectroscopic measurements.

Figure 3 .

 3 Figure 3. The calculated electron impact ionization rate constants for Ar-, Kr-, Aland Cr-atoms calculated by using excitation cross sections from [9, 10] (Ar, Kr, Al) and a parametric formula from [11] (Cr).

Figure 4 .

 4 Figure 4. Cathode voltage and current measured during HPPMS discharge in Ar/Kr/N 2 mixture.
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 5 Figure 5. Electric power by HPPMS discharge in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target.

Figure 6 .

 6 Figure 6. Emission spectrum (spectral density of emission intensity) of HPPMS discharge in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target.

Figure 7 .

 7 Figure 7. Emission band of N 2 (C-B,0-0) (upper curve -observed in HPPMS plasma in Ar/Kr/N 2 mixture with a AlSi(90:10)Cr20 target, lower curve -calculated spectra with rotational temperature of 700 K).

Figure 8 .

 8 Figure 8. Normalized emission lines of Al-atoms measured parallel and perpendicular to the cathode surface during HPPMS sputtering of AlSi(90:10)Cr20 target. Error bars at λ = 396.185 nm are determined using statistical distribution in measured spectra.

Figure 9 .

 9 Figure 9. Normalized emission lines of Cr-atoms measured parallel and perpendicular to the cathode surface during HPPMS sputtering of AlSi(90:10)Cr20 target. Error bars at λ = 427.502 nm are determined using statistical distribution in measured spectra.

Figure 10 .

 10 Figure 10. Electron temperature measured in HPPMS plasma in Ar/Kr/N 2 mixture by sputtering of AlSi(90:10)Cr20 target.

Figure 11 .

 11 Figure 11. Electron density measured in HPPMS plasma in Ar/Kr/N 2 mixture by sputtering of AlSi(90:10)Cr20 target.

Figure 12 .

 12 Figure 12. Intensities of some atomic lines measured parallel to the cathode.

Figure 13 .

 13 Figure 13. The density of Al-and Cr-sputtering during HPPMS discharge in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target. The values concerning Cr-sputtering are multiplied by a factor of 100.

Figure 14 .

 14 Figure 14. Ionization rate by HPPMS in Ar/Kr/N 2 mixture with AlSi(90:10)Cr20 target.

Figure 15 .

 15 Figure 15. Deposition densities of neutral Al-and Cr-atoms by HPPMS in Ar/Kr/N 2 mixture at the distance of 10 cm from the cathode. The values concerning Crdeposition are multiplied by a factor of 100.

  

Table 1 .

 1 Coating parameters of HPPMS coating process

	Parameter	Variable Value
	Pressure	p = 435 mPa
	Temperature	T = 500 • C
	Pulse width	∆t = 200 µs
	Pulse frequency	f = 500 Hz
	Gas flow	F(Ar) = 120 sccm
		F(N 2 ) = 33 sccm
		F(Kr) = 80 sccm
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