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

Plasma Generator for Arbitrary Voltage Pulse Shape
A. Arbitrary Voltage Pulse Shape with Voltage Modulations
In the first part of this paper different methods of generation of high 
power pulsed discharge were described. It was shown that the best 
approach to generate high power pulse discharge is to use an arbitrary 
voltage pulse shape, because of the flexibility it offers in plasma igni-
tion, generation and sustaining the high power discharge during the 
entire pulse. Inducing voltage oscillations to an arbitrary voltage pulse 
shape has shown (Figure 11) improvement in the stability of magnetron 
discharge. Also these voltage oscillations with controllable voltage rise 
time can help to optimize electron energy in order to increase the ion-
ization rate of the sputtered material atoms. More detailed discussions 
on the influence of voltage oscillations in high power pulse magnetron 
discharge will be discussed in the third part of this paper.

It was found that voltage oscillations with low frequency when 
applied to an arbitrary voltage pulse shape can enhance the sputtering 
process in reactive mode. Figure 11 shows an example of a two stage 
voltage pulse with voltage oscillations in low and high power magne-
tron discharges.

 Figure 11. Two stage voltage pulse waveform with voltage oscillations.
 
Total pulse duration, adjustable voltage rise time, fall time, the 

frequency and amplitude of the voltage oscillations are functions of the 
plasma generator design.

A new arbitrary voltage pulse shape plasma generator, Zpulser, was 
developed for magnetron sputtering and arc evaporation applications. 
The output unipolar negative voltage pulse duration can be in the range 
of 400-3000 μs. This generator can sustain maximum discharge current 
in the order of 550 A at output voltage 600 V. Maximum peak power is 
in the range of 330 kW.

 
B. Design
Zpulser’s commercial high power pulse plasma generator design is 
based on a switch-mode converter that converts DC input to pulse DC 
output. Solid state switch is used to generate micro voltage pulses. By 
choosing the right parameters for the output circuit of the switch-mode 
converter; controllable output voltage pulses with arbitrary pulse shapes 
and voltage oscillations can be produced.

A simplified design of the developed Zpulser pulse plasma generator 
is shown in Figure 12.

Figure 12. Simplified design of Zpulser high power pulse plasma generator. 

A DC unit (voltage power supply) charges the capacitors bank 
“C1”. Typical charging voltage VCH is 600 V. The power rating of the 
DC unit determines the maximum average power of the pulse plasma 
generator. The size of the capacitor bank “C1” determines the pulse 
duration at which the maximum peak power can be sustained. The solid 
state switch “S1” is connected between the capacitors bank “C1” and 
the primary of the step up (1:2) transformer “T” which determines the 
maximum pulsed current output. 

The secondary of the transformers is connected to a pulse forming 
LC circuit that has inductors “L” and capacitor “C2”. The positive and 
the negative terminals are connected to an arc control (over current and 
over voltage) circuitry. For cathodic arc discharge applications the arc 
discharge current can be controlled through over current circuitry.

C. Principles of Generating Arbitrary Voltage Pulse Shapes
The solid state switch’s function is to convert 600V from DC unit to the 
train of positive and negative micro voltage pulses and apply them to 
the primary of the transformer “T” as shown in Figure 13 and Figure 14, 
part (1). Zpulser plasma generator uses micro voltage pulse frequency 
and micro voltage pulse width modulation in order to control the out-
put voltage pulse shape.

Figure 13. Train of bipolar micro voltage pulses waveform on the primary of 
the transformer “T”.
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The switching frequency forms the voltage oscillations with the same 
frequency on the output voltage as shown on the Figure 13 and Figure 
14 (4).

The S1 switching parameters (tON and tOFF) on Zpulser plasma gen-
erators is set by design. Based on the set numbers different duty cycles 
D [5-75]% and frequencies ƒ [8.4, 62.5] kHz can be programmed in 
order to get different voltage level with different voltage oscillations. The 
transformer “T” will step up the primary value of bipolar micro voltage 
pulses from 600V to 1200V with the same tON and tOFF as shown in 
Figure 14 part (2). The output of the transformer is connected to a 
pulse forming LC circuit. The output voltage pulse after the LC circuit is 
shown in Figure 14 part (4). 

Typical pulse width durations of the output voltage pulse shapes are 
[400, 3000] μs. The output voltage pulse shape for tON = 12 μs and tOFF 
= 24 μs for pulsing on resistive load 2.4 Ω is shown in Figure 15.

Figure 15. Output voltage pulse shape parameters as a function of tON = 12 μs 
and tOFF = 24 μs. continued on page 34

Figure 14. Method of generating an arbitrary voltage pulse.
(1) Train of bipolar micro voltage pulses applied on primary of the 

transformer “T”.
(2) Train of bipolar micro voltage pulses on the secondary of the 

transformer “T”.
(3) Train of unipolar micro voltage pulses after secondary of the transformer 

and other circuits.
(4) Negative output voltage pulse that can be applied between anode and 

cathode of the plasma source.
 
The output voltage value is a function of duty cycle “D” of the 

switch “S1” which can be determined by the following formula:

                D = tON / (tON + tOFF)                    (3)

The second important parameter is the switching frequency ƒ which 
can be determined by the following formula:

                 ƒ = 1/ (tON + tOFF)                     (4)
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Figure 17. Three stage voltage pulse. Absolute value voltage (yellow line) and 
the current (blue line) waveforms for a 1250 μs pulse duration on a resistive 
load R= 2.4 Ω.

Table 2. The parameters of the three stages output voltage pulse shape.

Pulse 
stage Duration, μs  tOFF, μs tON, μs Duty 

cycle
Switching 
frequency ƒ, 
kHz

(a) 396 24 12 0.33 27.8

(b) 384 12 12 0.5 41.67

(c) 396 6 12 0.66 55.5

The voltage rise time between voltages stages can be controlled either 
by pulse frequency modulation as shown in Figure 18, or by pulse width 
modulation or both as shown in Figure 19.

In the next example the output voltage pulse shape for tON = 12 μs 
and tOFF = 12 μs for pulsing on resistive load 2.4 Ω is shown in 
Figure 16. 

Figure 16. Output voltage pulse shape parameters as a function for tON = 12 
μs and tOFF = 12 μs.

A three stage voltage waveform is shown in Figure 17. The tON and 
tOFF values are presented in Table 2. The first stage (a) is a low voltage 
stage (~ 380 V) with tON =12μs, tOFF = 24 μs, f = 27.78 kHz and total 
pulse duration 396 μs. The duty cycle for this stage is 0.33. The second 
stage (b) is a medium voltage stage (~ 540 V) with tON =12μs, tOFF = 
12 μs, f = 41.67 kHz and a total pulse duration of about 384 μs. The 
duty cycle for this stage is 0.5. The third stage (c) is a high voltage stage 
(~660 V) with tON =6μs, tOFF = 12 μs, f = 55.5 kHz and total pulse dura-
tion of about 396 μs. The duty cycle for this stage is 0.66. 
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Figure 21. Absolute value voltage (yellow line) and current (blue line) wave-
forms for pulse duration of 2000 μs and a resistive load R~ 2.4 Ω. Voltage rise 
time between V1 and V2 is about 1.6 V/μs. 

The voltage rise time between the low power stage and the high 
power stage (400 V/900 μs) also can be adjusted to the level 0.44 V/μs 
as shown on Figure 22.

Figure 22. Absolute value voltage (yellow line) and current (blue line) wave-
forms for pulse duration of 2000 μs and a resistive load R~ 2.4 Ω. Voltage rise 
time between V1 and V2 is about 0.44 V/μs. 

D. Protection Circuits
During high power pulse magnetron operation arcs can occur, espe-
cially during a reactive deposition process. Zpulser plasma generator 
has built-in fast arc suppression circuitry to prevent arcs from damaging 
film growth. In Figure 23 and Figure 24 the discharge voltage and dis-
charge current waveforms for sputtering Al2O3 films are presented.

Figure 23. Absolute value of discharge voltage (yellow line) and discharge cur-
rent (blue line) waveforms with pulse duration of 1500 μs for reactive sput-
tering of Al2O3 films without forming arc discharge.

 

 Figure 18. Voltage rise time control with pulse frequency modulations (vari-
able tON) when tOFF is constant: (a) – rectified train of negative voltage micro 
pulses, (b) - output voltage slope.

Figure 19. Voltage rise time control with pulse frequency modulations (vari-
able tOFF) and pulse width modulation (variable tON): (a) - rectified train of 
negative voltage micro pulses, (b) - output voltage slope.

In Figures 20-22, different voltage rise times between low voltage 
stage and high voltage stage are presented. For example, in Figure 22 
the voltage rise time between low power stage and high power stage 
(400 V/25 μs) is about 16 V/μs.

Figure 20. Absolute value voltage (yellow line) and current (blue line) wave-
forms for pulse duration of 2000 μs and a resistive load R~ 2.4 Ω. Voltage 
rise time between V1 and V2 is about 16 V/μs. 

By controlling the frequency and width of micro voltage pulses the 
voltage rise time between low power stage and high power stage (400 
V/25 μs) can be adjusted to 1.6 V/μs as shown on the Figure 21.

continued on page 36
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The user has the option of programming arbitrary pulse shapes on 
a pulse file screen as shown in Figure 26. Once the pulse files are pro-
grammed the user can move to the main screen Figure 25 to choose the 
desired pulse file, set the average power and start pulsing.

Also the program allows users to program different pulse shapes in 
a pre-determined alternating sequence for nano-layer or multi-layer 
deposition processes. 

F. Integration Plasma Generator in the Coating Systems and 
Cluster Tools
The Zpulser generator is designed to be easily integrated on exist-
ing deposition equipment via TCP/IP protocol, RS232/422 or PLC 
controller. 

The Zpulser Remote Control Interface allows control of the system 
using industry standard PLC controllers. The interface can be used to 
select various pre-programmed pulse files, start and stop pulses, and 
monitor the status of the system. All Digital inputs and outputs are opti-
cally isolated, and use industry standard 24Vdc signal levels. The inter-
face also provides a regulated 24Vdc supply that can be used for external 
E-Stop circuitry or other customer requirements.

Conclusion
In the second part of this article the design of a Pulse Plasma Generator 
with arbitrary voltage waveforms and voltage oscillations was described. 
It was shown that by controlling the duty cycle of the switch generating 
a controllable output voltage pulse with voltage oscillations becomes 
possible. In the third part of this paper the application of this generator 
to magnetron and arc discharges will be presented.

Figure 24 represents a typical arc detection and suppression events 
when an arc occurred in the middle of the pulse. 

Figure 24. Absolute value of discharge voltage (yellow line) and discharge cur-
rent (blue line) waveforms with duration 1500 μs for reactive sputtering of 
Al2O3 films with forming arc discharge in the middle of the pulse.

Zpulser plasma generators are also equipped with over current and 
over voltage protection circuitry.

E. Software to Control Output Voltage Pulse Shape
The Zpulser generator has a windows based graphic user interface to 
program voltage pulse shapes, and set different parameters such as 
average power, over current and over voltage values for pulsing. It is 
designed to be operated in a standalone mode via Ethernet or USB con-
trolled by a computer or integrated and controlled via TCP/IP protocol, 
RS232/422 or PLC controller. 

In Figure 25 and Figure 26 the main screen and the pulse screen of a 
Zpulser generator equipped with real-time controller are presented.

Figure 25. Software main screen for setting up parameters, choosing pulse 
files and starting the pulsing process. 

Figure 26. Software pulse file screen for programming different pulse files. 
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