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This is the fourth in a several part series of contributed articles on 
advanced pulsed DC technology and related processes.

Arc Free Discharge for Reactive Sputtering
In the preceding contributed articles, the high power pulse plasma 
generator (Zpulser) was described. It was shown that this generator can 
produce negative unipolar arbitrary voltage pulse shapes with voltage 
oscillations within the pulse. These voltage oscillations have frequency 
in the range of ~ (20-50) kHz. It was also shown that due to the design 
of the plasma generator the output voltage value is a function of the 
voltage oscillations frequencies. Usually, a higher voltage equates to 
lower voltage amplitude. For example, if the output voltage is in the 
range of – (800-900) V the amplitude of voltage oscillations can be in 
the range of ~ (5-10)% from the peak voltage value. 

A new plasma generator was developed where the voltage oscilla-
tions amplitude can be more than 70% from the peak voltage value. 
It was found that, at some unipolar negative voltage pulse shapes 
with specific voltage oscillations frequency and amplitude, it was pos-
sible to generate arc free magnetron discharge in a reactive Ar – N2 
atmosphere. It is well known that arc free magnetron discharge can be 
formed in reactive gas atmosphere under pulsed DC operation condi-
tions [1-2]. In this case, the output voltage pulse should have negative 
and positive voltage portions. According to the literature, the positive 
voltage is attracting the electrons to the target surface and discharging 
the surface therefore prevents arc formation [1-2]. The important part 
is that the stable arc free discharge with the newly developed plasma 
generator was formed without applying the positive voltage portion. 
This arc free magnetron discharge was used for reactive sputtering of 
AlN stoichiometric films. 

The typical output voltage pulse shape with duration 1000 μs is 
shown in Fig. 1. The output voltage was ~ -640 V and voltage amplitude 
is about 540 V. The voltage oscillations amplitude is in the range of 
80%. The specific voltage pulse shape for arc free discharge is a function 
of peak power and magnetron size. The voltage and current waveforms 
of the voltage pulse shape with high voltage oscillations experience 
complicated transformation as a function of reactive gas. A more 
detailed explanation will be given at the SVC TechCon 2010.

Figure 1. Discharge voltage waveforms from oscilloscope screen for pulses 
with duration 1000 μs and pulse repetition rate 1000 Hz.

Experimental
The present experiments were carried out in the large stainless steel 
vacuum chamber. The chamber height is about ~ 100 cm and chamber 
diameter is in the range of ~ 100 cm. Two magnetrons with different Al 
targets diameters were positioned inside the chamber. 

Figure 2. Experimental set up for reactive sputtering AlN films.

The experimental set up is shown on the Fig.2. Vacuum chamber (1) 
was pumped down with a turbo pump and typically had base pressure 
approximately 5x10-5 Torr. Magnetron (2) had Al (5N) target and stan-
dard anode ring (4). The second magnetron is not shown. During the 
depositions the Ar gas was injected near the magnetron (2) and N2 gas 
was injected near the substrate. Silicon wafers with orientations Si (111) 
and Si (100) were used as a substrates. A substrate (5) was positioned on 
substrate holder (6). Substrate holder was electrically connected with RF 
power supply. Before each sputtering process wafer was cleaned with RF 
bias -600 V during 120 sec. Distance between each magnetron and sub-
strate was 6.5 cm. The target-cathode of the magnetron was connected 
with negative output of the new Zpulser plasma generator “Cyperium.”

AlN films were reactively sputtered in the Ar – N2 atmosphere. In 
the first set of experiments samples S#10, S#14, S#15, S#16, S#17 and 
S#18 were sputtered from the circular magnetron with 10 cm  diameter 
Al target. In the second set of experiments samples S#21, S#22, S#23, 
S#24, S#25 and S#28 were sputtered from the circular magnetron with 
15 cm diameter Al target. The magnetic field (the component parallel to 
the target surface) was in the range of 350 G for both magnetrons. 

For the first set of samples the Ar gas flow was kept constant at 100 
sccm that was corresponded to approximately 3 mTorr. For the second 
set of experiments the total Ar and N2 gases flow was kept constant and 
was equal 125 sccm. 

The parameters of the applied voltage pulse were optimized in order 
to get arc free discharge in the presence of Ar and N2. Two pulses were 
chosen. First pulse had duration 1000 μs and the second one had dura-
tion 3000 μs. The voltage oscillations frequency and amplitude were 
the same for each pulse. During the pulsing in pure Ar atmosphere the 
discharge voltage -700 V and discharge current 25 A were achieved. 
The phase shift between discharge voltage and current was a function 
of the ratio between Ar and N2. The pulse repetition rate 1000 Hz was 
used with 1000 μs pulse and 330 Hz with pulse 3000 μs. Samples S#16 
and S#17 were sputtered with two pulses in order to form nano-layered 
structure of AlN film. Every layer was sputtered during 3 sec. This 
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Figure 4. Cross-sectional SEM image of AlN film; sample S#14. Ar = 100 sccm, 
N2 = 35 sccm.

Figure 5. Cross sectional SEM image of AlN film; sample S#17, Ar = 100 sccm, 
N2 = 20 sccm. continued on page 22

approach was discussed in [4-5]. In all experiments plasma generator 
operated in constant pulse repetition mode. Although an operation in 
constant power mode was available.

All samples were sputtered at floating potential.

Results and Discussions
AlN films deposition with 10 cm diameter target
The relative deposition rate with respect to the metal deposition rate for 
the same level of average power is shown in Fig. 3. Sample S#17 showed 
the highest deposition rate (about 1500 Å/min) and (002) texture with 
area Ra =5.8 Å. During the deposition of sample S#17 zero arcs were 
detected. 

The cross-sectional SEM images for AlN films (S#14 and S#17) are 
shown in Figures 4 and 5. 

Figure 3. Relative deposition rates with respect to the metal deposition rate 
versus nitrogen concentration for sputtering processes with 10 cm diameter 
Al target.
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Figure 7. Relative deposition rates with respect to the metal deposition rate 
versus nitrogen concentration for sputtering processes with 15 cm diameter Al 
target.

The cross-sectional SEM image and SEM image of the surfaces of 
AlN film for sample#23 are shown in Figures 8 and 9.

Figure 8. Cross-sectional SEM image of AlN film; sample S#23, Ar = 100 sccm, 
N2 = 20 sccm.

Figure 9. SEM image of the surface of AlN film; sample S#23, Ar = 100 sccm, 
N2 = 20 sccm.

Cyperium Plasma Generator
A new pulse plasma generator CYPERIUM can generate a voltage pulse 
with different amplitudes and frequencies. The output voltage pulse 
duration can be between 500 s and 5000 s. The maximum output 
voltage is -1400 V. Maximum duty cycle is 90%. The voltage pulse has 
adjustable medium frequency voltage oscillations (20-50 kHz) within 
the pulse. The amplitude of these oscillations can be more than 70% of 
the maximum output voltage value. 

X-ray diffraction (Θ -2Θ) scan patterns for samples S#18, S#17, S#16 
and S#14 are shown in Fig. 6. The (002) texture of AlN was observed 
for samples S#17 and S#14. The sample S#16 that was sputtered with 
two pulse shapes at high N2 pressure did not show the (002) texture. 

Figure 6. X-ray diffraction (Θ -2Θ) scan patterns obtained for AlN films for 
the following samples: S#14, S#16, S#17, and S #18 

AlN films deposition with 15 cm diameter target
The relative deposition rate with respect to the metal deposition rate 
for the same level of average power as a function of N2 concentration is 
shown in Fig. 7. The sample S#23 had deposition rate 1600 Å/min and 
correct stoichiometric composition.
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Conclusion
During these experiments it was shown that by 
adjusting the voltage oscillation frequency and 
amplitude within the unipolar negative pulse 
it is possible to generate and sustain arc free 
magnetron discharge with Al target in Ar – N2 
atmosphere. The relative deposition rate of 
AlN films with respect to metal deposition as 
high as 75-80% was achieved for two magne-
trons with different sizes. The arc free magne-
tron discharge was forming without applying a 
positive voltage during or after applied voltage 
pulse. The mechanism of the pulsed, arc free 
discharge is not clear yet. 

The results are very important for indus-
trial scale high rate reactive magnetron sput-
tering processes.
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