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Introduction
Magnetron sputtering technology is widely used for the deposition of 
thin films in many commercial applications. Thin films can be pure 
metals, metal nitrides, or metal oxides. Nitride and oxide thin films can 
be created by magnetron sputtering in a reactive gas environment. 

In reactive processes, sputtered metals react with nitrogen or oxygen 
gas in a vacuum chamber to form metal nitride or oxide films on a 
substrate. The physical properties of the sputtered films (metals, oxides, 
and nitrides) are strongly influenced by magnetron plasma density 
during the deposition process. A typical target power density on the 
magnetron during the deposition process is ~ (5-50) W/cm2, which 
gives a low plasma density. The main challenge in reactive sputtering is 
the ability to generate a stable, arc free discharge at high plasma densi-
ties. Arcs occur due to formation of an insulating layer during the reac-
tive sputtering process on the target surface caused by the re-deposition 
effect. 

One current method of generating an arc free discharge is to use the 
commercially available Pulsed DC Pinnacle® Plus Pulsed DC plasma 
generator manufactured by Advanced Energy, Inc. [1]. This plasma 
generator uses a positive voltage reversal pulse between negative pulses 
to attract electrons and discharge the target surface, thus preventing 
arc formation. However, this method can only generate low density 
plasma and thus gives only limited control of film properties. Also, after 
a long run (~ 1-3 hours, depending on the duty cycle), the stability of 
the reactive process is reduced due to the increased probability of arc 
formation [2-3] 

Between 1995 and 1999, a new method of magnetron sputtering 
called HIPIMS (high power impulse magnetron sputtering) was devel-
oped [4-5]. The main idea behind this approach is to apply short  
(~ 50-100) µs high power pulses with target power densities during 
a pulse between (~ 1-3) kW/cm2. These high power pulses generate 
a high-density magnetron plasma discharge that can significantly 
improve film properties. 

Since its inception, the HIPIMS method has been used in reactive 
sputtering processes for deposition of conductive and nonconductive 
films. However, commercially available HIPIMS plasma generators as 
sold by Huettinger, Solvix, and others have not been able to create a 
stable, arc-free discharge in most reactive magnetron sputtering pro-
cesses [6-9]. Until now, there has been no HIPIMS data presented on 
reactive sputtering in cluster tools for Semiconductor and MEMs appli-
cations. In this paper, a new method of generating an arc free  
discharge for reactive HIPIMS using the new HIPIMS Cyprium™ 
plasma generator from Zpulser LLC will be introduced. Data will be 
presented that shows arc formation in reactive HIPIMS can be con-
trolled without applying a positive reversal voltage pulse between high 
power pulses. Arc-free reactive HIPIMS processes for sputtering AlNx 
using the Applied Materials ENDURA 200 mm cluster tool will be 
presented. A direct comparison of the properties of films sputtered with 
the Advanced Energy Pulsed DC Pinnacle® Plus plasma generator and 
the Zpulser HIPIMS Cyprium™ plasma generator will be presented.

Cyprium™  Plasma Generator
The HIPIMS Cyprium™ pulse plasma generator is shown on Figure 1. 
The Cyprium™ generates negative voltage primary pulses with typical 
durations of 50-3000 µs. The frequency of the voltage oscillations within 
each primary pulse ranges from 5-62.5 kHz. The duration of each volt-
age oscillation is controlled in the range of 5-20 µs with an accuracy of 
0.2 µs.

The maximum output voltage is -1400 V and the maximum duty 
cycle is 45-90% depending upon the voltage oscillation frequency. 
The amplitude of these oscillations can be varied from 70-100% of the 
maximum output voltage value. The Cyprium™ thus allows control of 
the discharge current by controlling the voltage oscillation duration and 
amplitude within each primary pulse. 

As mentioned above, the 
main difference between the 
HIPIMS Cyprium™ plasma gen-
erator and other commercially 
available HIPIMS plasma gen-
erators is that the Cyprium™ can 
generate an arc free discharge 
during reactive magnetron 
sputtering processes. Arc free 
processes can be optimized by 
adjusting the duration of the 
pulse and the duration and 
amplitude of the voltage oscilla-
tions inside the pulse. 

Typical discharge voltage 
and discharge current wave 

forms with 18.5 kHz oscillations frequency for arc free reactive sput-
tering of AlNx films in target poison mode on the Endura 200 mm 
Tool are shown in Figure 2 (a, b). Peak power (maximum voltage and 
maximum current) in this example is about 151 kW.

Figure 2 (a): Discharge voltage and discharge current oscilloscope waveforms for 3000 µs 
pulse duration for arc free reactive deposition of AlNx films in target poison mode (time 
resolution is 500µs per division). (1) – discharge voltage oscillations, (2) – discharge  
current oscillations.
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Figure 1: HIPIMS Cyprium™ plasma generator.
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Figure 2 (b): Discharge voltage and discharge current oscilloscope waveforms (single 
oscillations, time resolution is 25µs per division.) for 3000 µs pulse duration for arc free 
deposition of AlNx films in target poison mode. (1) – discharge voltage oscillations, 
(2) – discharge current oscillations.

 
Experimental
All experiments were carried out in the standard module of an Applied 
Material 200 mm Cluster Tool with an Al target. The target-cathode 
assembly was connected to the negative output of either the Pulsed DC 
Pinnacle® Plus or the HIPIMS Cyprium™ plasma generator. AlNx films 
were then reactively sputtered onto silicon 200 mm wafers with orien-
tations Si (100) covered with 5000 Å of thermal oxide. The substrate 
was heated to 300°C prior to and during the deposition. The distance 
between the magnetron and substrate was 6.5 cm. The base pressure 
was ~ 5x10-8 Torr prior to the sputtering process. During the deposition 
process, the wafer had a floating electrical potential. continued on page 28

In the first set of experiments, AlNx films were reactively sputtered 
with the Pulsed DC Pinnacle® Plus plasma generator in target poison 
mode. The output pulse frequency of the Pulsed DC Pinnacle® Plus was 
250 kHz. The Al target poison mode condition was achieved in the Ar 
– N2 atmosphere with a N2 concentration of 86%. The output power of 
the Pulsed DC Pinnacle® Plus in target poison mode was 2000 W with a 
target voltage of 230 V and target current of 8.7 A.

In the second set of experiments, the Pulsed DC Pinnacle® Plus 
plasma was disconnected and the HIPIMS Cyprium™ plasma generator 
was connected. AlNx films were reactively sputtered in target poison 
mode at two pulsing setups. For the first setup, the average output 
power was in the range of 2000 W with peak power during the voltage 
oscillation at 80 kW. For the second setup, the average output power was 
in the range of 2000 W with peak power during the voltage oscillation 
increased to 132 kW. For both pulsing conditions, the pulse duration 
was 1000 µs. The pulse repetition rate was 474 Hz for the first setup and 
259 Hz for the second. For both setups, the Al target was poisoned in 
the Ar – N2 atmosphere at an N2 concentration of 76%.

The AlNx film properties were investigated by X-Ray diffraction 
technique (XRD), scanning electron microscopy (SEM), and atomic 
force microscopy (AFM). 

Results and Discussions
AlNx Films Deposition with Pulsed DC Pinnacle® Plus and 2 kW Average 
Power
The AlNx films that were sputtered using the Pulsed DC Pinnacle® 
Plus plasma generator had a thickness of 150 nm and a columnar grain 
structure as shown on the SEM image Figure 3 (a). The top view SEM 
image of the AlNx film shows different size grains ranging from 5-60 
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Figure 5: X-ray rocking curve for AlNx films (around the diffraction peak AlN (0002)) 
reactively sputtered in target poison mode; (1)- with the Pulsed DC Pinnacle ®Plus plasma 
generator , (2)  - with HIPIMS Cyprium™ plasma generator at peak power 80 kW, (3) - 
with HIPIMS Cyprium™ plasma generator at peak power 132 kW.

AlNx Films Deposited with HIPIMS Cyprium™ Plasma Generator at Peak 
Power 80 kW
The AlNx films that were sputtered using the Cyprium™ plasma genera-
tor had a thickness 120 nm and a columnar grain structure as shown 
on the SEM image (Figure 6 (a)). The top view SEM image of AlNx 
film shows different size grains ranging from 5-20 nm (Figure 6 (b)). 
According to XRD pattern (θ-2θ), the AlNx films had single Al (0002) 
orientation (Figure 7) The FWHM of the X-ray rocking curve around 
the diffraction peak AlN (0002) was 3.2 degree (Figure 4). 

The AFM surface scan showed a root mean square roughness RRMS 
of ~ 0.73 nm and an average roughness Ra  of ~ 5 nm. The AlNx thin 
film stress was measured by X-ray diffraction and was found to be ten-
sile in the range of ~ 298 MPa.

Figure 6 (a): Cross-sectional and top view SEM images of AlNx film reactively sputtered in 
target poison mode with the Cyprium™ plasma generator at 80 kW peak power.

Figure 6 (b): Cross-sectional and top view SEM images of AlNx film reactively sputtered in 
target poison mode with the Cyprium™ plasma generator at 80 kW peak power. 

HIPIMS Arc-Free Reactive Sputtering
continued from page 27

nm (Figure 3(b)). According to XRD pattern (θ-2θ), the AlNx films had 
a single Al (0002) orientation (Figure 4). The full width at half maxi-
mum (FWHM) of the X-ray rocking curve around the diffraction peak 
AlN (0002) was 3.8 degrees (Figure 5). 

The AFM surface scan showed a root mean square roughness RRMS 
of ~ 1.99 nm and an average roughness Ra of 5 nm. The AlNx thin film 
stress was measured by X-ray diffraction and was found to be highly 
tensile in the range of ~ 400 MPa.  

Figure 3 (a): Cross-sectional SEM images of AlNx film reactively sputtered in target poison 
mode with Pulsed DC Pinnacle® Plus plasma generator.

Figure 3 (b): Top view SEM images of AlNx film reactively sputtered in target poison mode 
with Pulsed DC Pinnacle® Plus plasma generator

Figure 4: X-ray diffraction (Θ -2Θ) scan patterns for AlNx films reactively sputtered in 
target poison mode with the Pulsed DC Pinnacle ®Plus plasma generator. 
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Figure 7: X-ray diffraction (Θ -2Θ) scan patterns obtained for AlNx films reactively sput-
tered in target poison mode with the Cyprium™ plasma generator at 80 kW peak power. 

AlNx Films Deposited with HIPIMS Cyprium™ Plasma Generator at Peak 
Power 132 kW
The AlNx films that were sputtered with Pulsed DC Pinnacle® Plus 
plasma generator had a thickness of 150 nm and columnar grain struc-
ture as shown on the SEM image (Figure 9 (a)). The top view SEM 
image of AlNx film shows different size grains ranging from 5-20 nm 
(Figure 9 (b)). According to XRD pattern (θ-2θ) AlNx films had single 
(0002) orientation (Figure 8). The FWHM of the X-ray rocking curve 
around the diffraction peak AlN (0002) was 2.7 degree (Figure 4). 

The AFM surface scan showed a root mean square roughness RRMS 
of ~ 0.66 nm and an average roughness Ra of ~ 5 nm. The AlNx thin 
film stress was measured by X-ray diffraction and was found to be low 
tensile in the range of ~ 103 MPa.

Figure 8 (b): Top view SEM images of AlNx film reactively sputtered in target poison mode 
with HIPIMS CypriumTM plasma generator at peak power 132 kW.

Figure 8 (a): Cross-sectional  SEM images of AlNx film reactively sputtered in target poison 
mode with HIPIMS CypriumTM plasma generator at peak power 132 kW.
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Figure 11: FWHM of the X-ray rocking curve obtained for AlNx films reactively sputtered in 
target poison mode as function of the peak power.

Figure 12: Area RMS for 120-150 nm thick AlNx films as a function of the peak power. 

Conclusion
These experiments have shown that both the Pulsed DC Pinnacle® Plus 
and the HIPIMS Cyprium™ plasma generators were able to sustain an 
arc free magnetron discharge with an Al target in an Ar –N2 reactive 
atmosphere in target poison mode.

For the Pulsed DC Pinnacle® Plus plasma generator, arc free condi-
tions were established by controlling the output frequency, power, 
duration, and value of the reversed positive voltage between pulses. The 
discharge current for these conditions was 8 A. 

For the Cyprium™ plasma generator, arc free conditions were estab-
lished by adjusting the voltage oscillation frequency, the voltage oscilla-
tion amplitude, and the voltage oscillation duration without applying a 
positive voltage between pulses. An arc free discharge current of 260 A 
was achieved.

The microstructure, crystal orientation, surface roughness and 
residual stress of reactively sputtered aluminum nitride films with thick-
nesses as low as 120 -150 nm were investigated. It was shown that the 
HIPIMS Cyprium™ plasma generator improved the quality of AlNx 
films in terms of crystal orientation, surface roughness and texture com-
pared with the Pulsed DC Pinnacle® Plus plasma generator. 

It is clear that the higher level of ionization of the HIPIMS discharge 
enhanced the crystallinity of ultrathin AlNx films. Also, in-plane stress 
can be effectively controlled by controlling the peak power of the voltage 
oscillations. X-ray rocking curve measurements have shown that ultra-
thin films grown on Si (001)/SiO2 using the Cyprium™ plasma generator 
are highly c-axis oriented with FWHM of 2.7° for 120 nm thick films.

Because the Pulsed DC Pinnacle® Plus is a pulsed DC plasma gener-
ator, it is impossible to control average power and peak power indepen-
dently of each other. Also, the Pulsed DC Pinnacle® Plus cannot control 
plasma ionization without changing the average power. As the HIPIMS 
Cyprium™ plasma generator allows simultaneous independent control 
of average power and peak power, plasma ionization can be achieved 
and optimized. The ability of the HIPIMS Cyprium™ plasma generator 
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Figure 9: X-ray diffraction (Θ -2Θ) scan patterns obtained for AlNx films reactively 
sputtered in target poison mode with the CypriumTM plasma generator at peak power 
132 kW.

It is clear from the experimental data that the stress, surface rough-
ness and FWHM of the AlNx  films depend on peak power during the 
reactive sputtering process. High peak power generates high plasma 
density, which then generates a high ion bombardment of the growing 
film.

Figure 10 shows a graph of AlNx film stress as a function of peak 
power. By increasing the peak power to ~ 150 kW, it is possible to 
create low stress AlNx films. Also, by controlling the peak power of the 
voltage oscillations independent of the average power level, it is possible 
to control film stress over a wide range. For the Pulsed DC Pinnacle® 
Plus plasma generator the average power and peak power are the same 
(similar to DC), but for the HIPIMS CypriumTM plasma generator they 
are different. Same average power can be achieved with different pulse 
peak power and different duty cycle.

Figure 11 shows the graph of FWHM of the X-ray rocking curves 
around the diffraction peak AlN (0002) for reactively sputtered AlNx 
films as a function of peak power. By increasing the peak power up to ~ 
250 kW, it is possible to reduce the value below 1° of FWHM for AlNx 
films. By controlling the peak power of the voltage oscillations inde-
pendent of the average power level, it is possible to control film crystal 
orientation over a wide range.

Figure 12 shows the graph of surface roughness as a function of peak 
power. By increasing the peak power up to ~ 150 kW, it is possible to 
reduce the value of RRMS for AlNx films. Also, by controlling the peak 
power of the voltage oscillations independent of the average power level, 
it is possible to control film surface morphology and roughness over a 
wide range.

Figure 10: Stress in 120-150 nm thick AlNx films as a function of the peak power. 
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to sustain an arc free discharge for long periods of time during reactive 
magnetron sputtering is thus very attractive for industrial applications. 
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