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

In the previous part of this paper, the high power pulse Zpulser plasma 
generator was described. It was shown that this generator can produce 
arbitrary voltage pulse shapes. By applying these voltage pulse shapes 

to a magnetron, high power pulse magnetron discharge can be gener-
ated. When compared with conventional pulse DC or DC magnetron 
discharges the high power pulse magnetron discharge has a high degree 
of ionization of sputtered material atoms and feed gas [1-2]. High power 
pulse magnetron discharge is the most cost eff ective solution for pro-
ducing high density magnetron plasma. Th e high level of ionization of 
magnetron plasma can be used for many applications such as fi lm densi-
fi cation, fi lm stress control, directional sputtering. 

Nanolayers and Multilayers Deposition
Very often PVD sputtered films have a columnar micro structure. 
This structure determines the film properties. Film properties can be 
changed and possibly enhanced by producing a non-columnar micro 
structure. One of the ways to break up a columnar micro structure is to 
sputter layered films from different materials. The layer thickness can 
be in the nanometer range or greater. It is well known that multilayered 
films having layers with different compositions experience particularly 
high hardness levels that are different when compared to the monolayer 
films values. For many applications this method of controlling micro-
structure cannot be used since the film should have only one composi-
tion. In this approach every layer is sputtered with different voltage 

pulse shapes as shown in Figure 1. Different voltage pulse shapes gen-

erate magnetron discharges with different levels of ionization of sput-

tered material atoms and feed gas. Therefore, the sputtering conditions 
for each layer will be different. Deposition time, pulse repetition rate 

and peak power during the pulse determine the layer thickness.

In this case, instead of having composition modulation (sputtering 
layers from different materials), there will be magnetron plasma density 
modulation. This modulation can affect film micro structure. 

Figure 1. Method of sputtering films with two different voltage pulses shapes 
P1 and P2.

In order to prove this concept, Al2O3, CrN and TiAlN films were 
sputtered. Every film had nano-layered structure. The thickness and 

structure of each nano-layer were controlled by varying the output 
voltage pulse shape and pulse repetition rate of the Zpulser plasma 
generator. 

Experimental

Figure 2. Experimental set up for sputtering Al2O3, CrN and TiAlN films. 

Conventional magnetron sputtering source was used for sputter 
deposition of Al2O3, CrN and TiAlN films [2-4]. The experimental set 
up is shown on the Fig.1. Vacuum chamber (1) was pumped with turbo 
pump and had base pressure approximately 10-5Torr. Magnetron (2) had 
circular target with diameter 10 cm. During the deposition the Argon 
gas was injected through specially designed anode (4). The substrate (5) 
was positioned on a substrate holder (6). Substrate holder was electri-
cally connected to DC bias power supply.

Al2O3 Films Deposition
For Al2O3 films deposition the distance between target and substrate 
was 23 cm. The films were sputtered with two different pulse shapes 
P1 and P2. The voltage pulse shapes are shown on Figures 3 and 4.

Figure 3. Discharge voltage (2) and discharge current (1) waveforms from oscil-
loscope screen for pulse P1.
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Table 2
ESCA data about films com-

positions are shown in Table 2 

The SEM image of Al film sputtered without oxygen in pure argon 
atmosphere is shown in Fig. 6. Film was sputtered during 1800 sec. The 
film thickness was 1.9 μm.

Figure 6. SEM image of Al film.
continued on page 24

Figure 4. Discharge voltage (2), discharge current (1) waveforms from oscillo-
scope screen for pulse P2.

For sputtering Al2O3 films the Argon gas flow was 200 sccm and 
Oxygen flow was 45 sccm. On the Figure 5 the voltage pulse shape P2 is 
shown in the presence of Oxygen. 

Figure 5. Discharge voltage (1), discharge current (2) waveforms from oscillo-
scope screen for pulse P2 in the presence of 45 sccm of Oxygen.

The process parameters for reactively sputtered Al2O3 films are 
shown in Table 1.

Table 1.

Sample T1,
sec

T2,
sec

R1,
Hz

R2,
Hz

Total 
Time, 
sec

Argon/
Oxygen, 
sccm

A#1 1800 0 70 - 1800 200/45
A#2 1800 0 - 35 1800 200/45

A#3 5 5 70 35 1800 200/45

A#4 15 15 70 35 1800 200/45
A#5 30 30 70 35 1800 200/45

Films A#1 and A#2 were sputtered with one pulse shape. Films A#3, 
A#4 and A#5 were sputtered with two pulse shapes. Average power for 
all films was 2.4 kW.

Sample Al, (%) O2 (%)

A#1 39.8 60.2
A#2 39.8 60.2
A#3 39.7 60.3
A#4 39.8 60.2

A#5 39.8 60.2
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The GXR diffraction data are shown in Figure 10. The glazing angle 
was 3 degrees. 

Figure 10: GXR Diffraction patterns obtained for Al2O3 films (A#1, A#2, A#3, 
A#4, A#5).

CrN Films Deposition
CrN films also were sputtered with two different voltage pulse shapes. 
Pulse P1 had duration 700 μsec and Pulse P2 had duration 1500 μsec. 
[3]. All voltage pulse shapes had two levels as shown in the Figure 1. The 
first level generates a low power magnetron discharge and the second 
level generates a high power magnetron discharge. 

 During the sputtering process, a DC negative bias in the range 
-25-100 V was applied to the substrate. The average power was approxi-
mately 1.1 kW, and the peak power density was in the range of 250 
W/cm2. The total deposition time for all CrN films was 2400 sec. 

The microstructure of the films was examined by cross-section scan-
ning electron microscopy (SEM), and the hardness and elastic modulus 
of the coatings was measured by nanoindentation testing. 

The SEM image of CrN film sputtered with pulse shape P1 is shown 
in Figure 11.

Figure 11. SEM image of CrN film sputtered with pulse P1. 
 
The SEM image of CrN film sputtered with pulse shape P2 is shown 

in Figure 12.

The SEM image of Al2O3 film sputtered with 45 sccm of Oxygen 
and 200 sccm Argon with pulse shape P1 is shown in Figure 6. Film was 
sputtered during 1800 sec. The film thickness is 2.0 μm.

 Figure 7. SEM image of Al2O3 film.

AFM surface scan for the Al2O3 film (A#1) sputtered with pulse P1 
is shown in Figure 8.

Figure 8. AFM surface scan of Al2O3 film (A#1) sputtered with pulse shape P1.

 AFM surface scan for the Al2O3 film (A#4) sputtered with pulses P1 
and P2 is shown in Figure 9.

Figure 9. AFM surface scan of Al2O3 film (A#4) sputtered with pulse shapes 
P1 and P2. 
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Figure 12. SEM image of CrN film sputtered with pulse P2.

 The SEM image of CrN film sputtered with pulse shape P1 and pulse 
shape P2 is shown in Figure 13.

Figure 13. SEM image of CrN film sputtered with pulse P1 (5 sec) and 
P2 (5sec).

The SEM images of these three samples show that the columnar 
structure, which is typical in PVD hard coatings, does not exists. 
Although transmission electron microscopy has not been used yet to 
examine these samples, it appears from the SEM images that the grain 
structure is small, and that the grain size varies depending on the 
deposition time used with each pulse. The hardness measurements were 
made for sputtering CrN films from rectangular magnetron. The film 
hardness as a function of layer deposition time is shown in Figure 14. 

Figure 14. CrN films hardness.

Conclusion
During these experiments it was shown that by sputtering multilayered 
films with different voltage pulse shapes the microstructure of the films 
can be controlled. A more detailed study is necessary to build a model 
for this unique film growth process that utilizes ionization modulation.
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