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

Abstract
A new development in pulsed DC technology was proposed with an 
arbitrary voltage pulse output instead of a square voltage or a square 
current pulse output. Arbitrary voltage pulse is essential in generating 
and sustaining a stable magnetron discharge in high power pulse appli-
cations. The principles of operation as well as the method of generating 
arbitrary voltage pulse shapes will also be discussed.

Introduction
The goal of this paper is to present a new development in pulsed DC 
technology for magnetron sputtering applications. Current pulsed DC 
technology is widely used in material processing applications. When 
compared with conventional magnetron DC discharge a pulsed mag-
netron discharge generates more ions in the sputtering flux which is 
forming a film on the substrate. The presence of ions improves film 
adhesion, changes film structure and controls film properties. The ions 
in pulsed DC discharge mainly come from discharge gas. 

Currently there are two approaches to generating a pulsed DC 
magnetron discharge. First approach is to generate and apply a square 
voltage pulse shape between anode and cathode-target of a magnetron. 
As a result the magnetron discharge current will have a slow rise time 
that makes it difficult to deliver power to the magnetron plasma. 

The second approach is to generate a voltage pulse shape that has 
initially high voltage stage for plasma ignition and main low voltage 
stage to sustain magnetron discharge. Such voltage pulse shape can 
speed up the plasma ignition and generate almost square magnetron 
discharge current shape.

The typical pulse duration for commercially available pulsed DC 
generators are about 2-10 μs, pulse repetition rate is in the range of 5-
350 kHz and duty cycle can be up to 30-50%. 

For many applications the presence of gas ions and small amount 
ions from sputtered target material in the pulsed DC discharge is not 
adequate to meet current process needs such as, filling vias and trenches 
or making a liner layer in high aspect ratio features. It is impossible to 
do sputtering on 3D objects without complex rotating the object in front 
of magnetron.

 In the mid nineties a new development of current pulsed DC tech-
nology was introduced and it works by applying a high voltage pulses 
which significantly increases power density on magnetron during each 
pulse.

In this method a typical discharge voltage is in the range of 1000-
3000 V, the target power density can be between 1000-3000 W/cm2 
which is 50-100 x of conventional DC sputtering. Typical pulse dura-
tion is about 100-200 μs. Voltage rise time is fixed and usually is in the 
range 400-800 V/μs. The typical duty cycle of such plasma generators 
is about 5-10 %. This approach is well known as HPPMS (high power 
pulse magnetron sputtering) or HIPIMS (high impulse pulse magnetron 
sputtering). It was shown that high degree of plasma ionization can be 
achieved [1-2]. But also it has major weaknesses.

The most important problem with this discharge is the significant 
loss in metal deposition rate compared with DC rate which is 2-4 times 
less depending on the sputtered material [3-4]. The loss in reactive sput-
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tering could be even higher. The theory of high power pulse magnetron 
discharge is not developed yet; therefore, it is not clear why the deposi-
tion rate is lower than DC rate even though some scientific models were 
developed and presented trying to explain the loss in rate [5].

In 2002 a new method was proposed to generate high power magne-
tron discharge based on an arbitrary voltage pulse shape with full con-
trol over a magnetron discharge and thus solved the problems associated 
with HPPMS [6-9]. The new method took into account plasma instabili-
ties, transition from conventional gas sputtering to self sputtering, gas 
excitations, and differentiated it between plasma ignition conditions and 
plasma sustaining conditions. 

Methods of Generation of High Power Magnetron 
Discharge
Regardless of which method of generation for high power magnetron 
discharge the following consideration should be made about high power 
magnetron discharge. In the case of high power magnetron discharge 
the power density on the target cathode could significantly exceed the 
magnetron power limit which will cause magnetron damage. To achieve 
high power discharge without damaging the magnetron pulsing tech-
nique must be used as shown in Figure 1. Therefore any power that can-
not be applied continuously to a magnetron without damaging it should 
be classified as a high power pulse magnetron sputtering process. 

Pulse duration, pulse repetition rate and power during the pulse will 
determine the average power ‹P› by the following formula:           

(1)
where T is pulse duration, F is number of pulses per second, and Pp is a 
power during the pulse. The average power ‹P› in pulsed DC magnetron 
sputtering operation is equivalent to the DC power for continuous oper-
ation PDC. The parameters T, B, and F should have values that applied 
average power ‹P› during the pulsing cannot exceed PDC.

(2)

Figure 1. Average power definition for pulsed power.

For example, pulses with duration 1000 μs and peak power 100 kW 
with repetition rate 200 Hz will generate an average power ‹P›= 20 kW.

It is clear from formula (1) that the same average power can be 
achieved by changing from the values of pulse repetition rates and pulse 
duration and peak power. For example by applying 200 kW peak power 
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          <P> (kw)=10-6 (μs)-1 {106(μs)-T (μs)F}Pp(kw)

<P> ≤ PDC
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during 1000 μs and repetition rate 100 Hz the average power still will be 
20 kW. The same power can be delivered if pulse duration will be 2000 
μs and pulse repetition rate will be 100 Hz and peak power 100 kW.

Table 1 shows how a 20 kW power can be achieved by varying pulse 
duration, pulse frequency and peak power.

Table 1. Different pulsed parameters to achieve 20 kW average power.

Pulse Shape # ‹P›, kW T, μs F, Hz Pp, kW
1  20 1000 200 100
2 20 2000 100 100
3 20 500 200 200
4 20 1000 100 200

To achieve a high power pulse discharge on a magnetron the critical 
element are voltage level, voltage rise time and the order it is applied 
(single step or multi step).

A. Square wave voltage pulse method
The simplest way to generate high voltage high power pulse magnetron 
discharge is to apply a rectangular voltage pulse shape between anode 
and cathode (target) of the  magnetron as shown on Figure 2 (a, b)

Figure 2 (a, b). Unipolar negative square voltage and current waveforms.

This approach is well known HPPMS or HIPIMS as it was men-
tioned above [1-2, 12]. The voltage rises very fast from zero volts up 
to VP usually in a period of time about 4 μs [2]. Depending on the 
magnetron size the desirable power density will vary and VP could be 
in the range of 1000-3000 V. During the time t2-t1 the current rises 
slowly. The discharge current value IP can be controlled by changing 
the pulse duration from t2-t1 to t3-t1. The discharge current rise time 
can be increased by increasing the voltage VP. It is clear that as voltage 
increases the power density will increase and the duty cycle must 
decrease to maintain the same average power. 

Applying a square high voltage pulse to generate high power magne-
tron discharge is the main weakness in this approach, because the same 
voltage level is used for plasma ignition as well as plasma sustaining. A 
high voltage level could speed up the magnetron plasma ignition rate; 
it will also generate very high current that could significantly increase 
the probability of developing an arc discharge. Also it was found that 
the deposition rate is only 25-50 % of the DC rate when ‹P› = PDC [3-4]. 
High density magnetron plasma was generated with high level of ioniza-
tion of sputtered atoms [1-5]. Typically these ions have a broad energy 
distribution with energy value between 20-100 eV. These high energy 
ions are bad for many applications such as filling vias and trenches with 
high aspect ratio, because for directional sputtering conditions the high 
bias should be applied to the substrate. The high substrate bias will 

result in film etch; and will affect film properties as well as deposition 
rate. Also applying a sharp voltage rise time in the beginning without 
voltage rise time control will increase the probability of igniting an arc 
discharge instead of magnetron discharge particularly in reactive sput-
tering applications.

A simplified circuit diagram for such a generator is shown in Figure 
3. A DC unit (power supply) is continuously charging a storage unit 
C. By closing and opening switch S this generator generates a square 
voltage pulses and delivers power to the magnetron discharge. Matching 
unit is shaping the output current pulse. In this plasma generator design 
the same voltage pulse is responsible for the ignition stage as well as 
the discharge stage. The parameters which could be controlled in this 
approach are charging voltage, pulse frequency and pulse duration [10].

Figure 3. Principle design of the power supply for generating square voltage 
pulse [10].

Another major weakness for this design is the difficulty to catch and 
suppress arcs as well as high cost. The voltage rating for the ICs is the 
major driving force behind the high cost.

B. Square wave current pulse method 
Another method of generation pulsed magnetron discharge was pro-
posed in [11-12]. In this approach by special design of power system the 
voltage pulse shape has initial phase VIG that has a value much higher 
than VP as shown on Figure 4.

Figure 4. Voltage and current waveforms for the pulse current source.

VIG is a plasma ignition voltage and VP is the discharge voltage to 
sustain the plasma. When compared with a square voltage shape (Figure 
2) the current IP rises at a much faster rate because the initial voltage 
has a higher value in the beginning of the pulse. By choosing different 
values of applied voltage the current could have almost a square shape as 
shown on the Figure 5. 
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Figure 5. Voltage and square current waveforms for the pulse current source.

The simplified design of the plasma generator showed on Figure 6. 
When switch S is open inductor L releases high voltage in the begin-
ning of the pulse.

Figure 6. Simplified design of square wave current pulse power system.

Even though this design is more sophisticated; it could not deliver a 
major improvement to the sputtering applications. It shares almost the 
same weaknesses as the previous design low deposition rate, high ion 
energy and high cost of ownership. 

C. Two Step Rectangular Voltage Pulse Superimposed 
Dc Pulse Discharge
Another way to generate high power magnetron discharge is to apply a 
square voltage pulse between magnetron cathode and anode to already 
existing magnetron DC discharge as shown on the Figure7. This 
approach was developed in 1993 [13].

Figure 7. Superimposed DC discharge and pulse discharge

The DC discharge was used for the initial ionization. It was shown 
that high current discharge can be generated by applying sharp square 
voltage pulse to already existing DC discharge. The discharge supply 
unit is shown in Figure 8. It consists from a long line which is capable 

of storing 5.5 kJ of energy, a high power switch and a matching system. 
This design delivered voltage pulses up to 2400 V in 5-60 μsec with 
fixed voltage rise time. It delivered pulses with duration up to 1500 μs.

Figure 8. Simplified design of the pulse unit [13]. 

The disadvantages to this approach are:
1. Two power supplies are needed which results in high cost of 

ownership.
2. Requires a special control unit, and a special circuit allows the DC 

power supply to tolerate the high current pulse discharge. 
3. Continuous DC discharge between pulses will lead to target poising 

in reactive sputtering processes; and arcing which makes it very dif-
ficult to use for reactive sputtering applications.

4. Continuous DC discharge between high power pulses should have 
low power compare with conventional DC sputtering process in order 
to minimize its contribution to the average power.

5. Fixed sharp voltage rise time of a square voltage pulse will increase 
arc events when superimposed with DC discharge. 

D. Pulse with Adjustable Voltage Rise Time and Fall Time Aka 
Arbitrary Voltage Pulse Shape. 
A better way to generate high power pulsed magnetron discharge is to 
apply a voltage pulse with different level of voltages in the same pulse 
with controlled voltage rise time between each level [6-9]. There are 
three main advantages to this approach:
1. Independent ignition voltage and magnetron discharge voltage
2. Gradually increasing the discharge area on the target surface with 

micro-second resolution in order to prepare entire target surface to 
accept high level of ion bombardment. As the applied voltage level 
increases the discharge current will increase as well as the sputtering 
area.

3. Control electron energy through controlling voltage rise time between 
different voltage levels,

By choosing the right ignition voltage the probability to developing 
an arc discharge in the beginning will be significantly reduced. After 
plasma ignition a low power stage aka simmer discharge with dura-
tion 100-1000 μs is established to prepare the target surface to accept 
a higher power pulse stage. The simmer stage duration for metal 
sputtering could be about 100-500 μs, and for reactive sputtering it 
could be up to 2000 μs. After the stationary low power discharge is 
established the voltage level must increase to a certain level to generate 
a high power magnetron discharge. The voltage rise time should satisfy 
at least two conditions. First during the voltage rise time there should 
be enough time for the electrons to transfer their energy to other par-
ticles due to collisions. The second one is to prepare the target surface. 
Depending on the magnetron design, sputtering target material, and 
type of sputtered gas or mixture of the gases the voltage rise time ramp 
time could range from 0.1 -100 V/μs. If the rise time is short then elec-
trons can get high energy that will affect on their confinement and will 
increase probability to generate an arc discharge. This approach requires 
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long pulse duration in the range of 400-3000 μs
 A five step arbitrary voltage pulse shape is shown in Figure 9. 

During t1-t0 time interval voltage is rising and igniting the plasma at 
voltage level VIG. During t2-t1 time interval the plasma is establishing 
equilibrium (quasi-stationary discharge) after the ignition phase; and 
preparing the target surface for a high power stage. During t3-t2 time 
interval voltage rises to generate high power discharge. During time 
interval t4- t3 the voltage reduced to zero. 

Figure 9. Arbitrary voltage wave form when plasma ignition voltage equal to 
the discharge voltage for the low power stage.

By varying voltage VIG rise time the ignition of plasma discharge 
could happen at more high voltage level as shown in the Figure 10. 

By varying ignition voltage VIG rise happened at more high shown 
on the Figure 10. 

Figure 10. Arbitrary voltage wave form when plasma ignition voltage exceeds 
discharge voltage for the low power stage.

  
Conclusion
Part 1 of this article shows different ways of applying high voltage pulse 
to a magnetron in order to generate high power pulse magnetron dis-
charge. As it was shown above the most flexible way to generate a high 
power pulse magnetron discharge is to apply an arbitrary voltage pulse 
shape. In Part 2 we will discuss the design of an arbitrary voltage pulse 
shape plasma generator and its applications. 
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