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Advanced Pulsed DC Technology for Material Processing Applications
Part 1. Methods of Generation of High Power Pulsed Magnetron Discharge

Hq-al.l:hhﬁnm and Bassam Abraham, Jond lnc/Zpuiser LLE, Mansfiald, MA

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

Abstract

A new development in pulsed DC technology was propoesed with an
arbiteary voltage pulse output instead of a square voltage or a square
current pulse outpul. 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
arhiteary voltage pulse shapes will also be discussed.

Introduction

The goal of this paper is to present a new development in pulsed DC
technolegy for magnetron sputtering applications. Current pulsed DO
technolegy 15 widely used in material processing applications. When
compared with conventional magnetron DO discharge a pulsed mag-
netean discharge generates maore lons in the sputtering flux which is
forming a film on the substrate. The presence of lons improves film
adhesion, changes film structure and controls film properties. The jons
in pulsed DvC discharge mainly come from discharge gas.

Currently there are two approaches to generating a pulsed DO
magneteon discharge, Fiest approach is to generate and apply & square
veltage pulse shape between anode and cathode-target of a magnetron.
As a result the magnetron discharge current will bave 2 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
inatially high voltage stage for plasma ignition and main low veltage
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 ps, 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 jons and small ameunt
lons from sputtered target material in the pulsed DC discharge is no
adequate to meet current process peeds such as, flling vias and trenches
or making a liver Layer in high aspect ratio features. It is impossible to
do spuattering on 3D objects without complex potating the object in front
of magnetrom.

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

[n this method a typical discharge voltage is in the range of 1000-
3000 W, the target power denaity can be between 1HH)-3000 W fcm?
which is 50-100 x of conventional DC sputtering. Typical pulse dura-
tion is about 100-204F ps. Voltage rise time is fixed and vsually is in the
range 400-804 V/ps. The typical duty cycle of such plasma gererators
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 lonization 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 theary of high power pulse magnetran
discharge is not developed vet; therefore, it is not clear why the deposi-

tion rate is lower than DO rate even though some scientific models were
developed and presented trying to explain the loss o eate [5].

[in 2002 2 pew method was proposed to generate high power magne-
tron discharge based on an arbitrary voltage pulse shape with full con-
trol ever a magnetron discharge and thus selved the problems associated
with HPPMS [6-4]. The new method took inte 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 Magnetran
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 pawer density on the target cathede could significantly exceed the
magnetron power limit which will cause magnetron damage. To achieve
high power discharge without damaging the magretron pulsing tech-
nbgue must be used as shown in Figure 1. Therefore any power that can-
not be applied continwously to a magnetson 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:

<P (lowh=108 {pes) 1 {108(ps)-T (usIFF fkw) [}

where T is pulse duration, F is number of pulses per second, and Ppis 2
power during the pulse. The average power <P+ in pulsed DC magnetron
sputtering operation is equivalent to the N power for continuews aper-
ation PDC. The parameters T, B, and F should have values that applied
average power «Pr during the pulsing cannot exceed PDC.
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Figuea {. Average power definition for polsed powss

For example, pulses with duratien 10D us and peak power L KW
with repetition rate 200 Hz will generate an average power +Fo= 20 kW,

It is clear from fermula (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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during L1000 ps and repetition rate 100 Hz the average power still will be
20 kW, The same power can be delivered if pulse duration will be 2004
wsand pulse repetition rate will e 100 Hz and peak power L EW,

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

Tabls 1. Diffarant mlsed paramaters fo achiove 20 kWY average pows:

Pulse Shape # | P kW T, us F. Hz Pp, kW
1 20 1 (el p{ali] 140
2 [ 20 | 2000 100 | 100
i ii] S p{ali] 20
y [ 20 [ 1000 100 | 200

To achieve a high power pulse discharge on 2 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}
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Figurs 2 (8, b Unipslar negative square vollags and curent waveforms.

This approach is well known HPPMS or HIPIMS as it was men-
tigned above [1-2, 12]. The voltage rises very fast from zero volts up
to VP usually in a period of time about 4 ps [2]. Depending on the
magretron size the desirable power density will vary and VP could be
in the range of 1000-3000 V. During the time £2-t1 the cureent rises
alowly. The discharge current value IP can be controlled by changing
the pulse duration from t2-t1 1o 13-t1, The discharge current rise time
can be increased by increasing the voltage VP 1t s 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 veltage pulse to generate high power magne-
tran discharge is the main weakness in this approach, because the same
voltage level s used for plasma ignition as well as plasma sustaining. A
high voltage level could speed up the magneteon plasmia ignition rate;
it will also generate very high current that could significantly increase
the probability of developing an arc discharge. Also it was found tha
the deposition rate is only 25-30 % of the DC rate when <P = Poc [3-4].
High density magnetron plasma was generated with high level of loniza-
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 ratie, because for directional sputtering conditions the high
bias should be applied to the substrate. The high substrate bias wall
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result in Film etch; and will affect film properties as well as deposition
rate. Also applying a shaep voliage rise time in the beginning without
voltage eise time control will increase the probability of igniting an arc
discharge instead of magnetron discharge particularly in reactive sput-
tering applications.

A simplified circult diagram for such a generator is shown in Figure
3 A DO unit {power supply) is continuously charging a storage unit
C. By closing and opening switch § 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 contralled in this
approach are charging voltage, pulse frequency and pulse duration [10].

Matching Unit

Figura 3. Principle design of the power supply for generating square volfage
pulsa 18]

Another major weakness for this design is the dafficulty to catch and
suppress arcs as well as high cost. The voltage rating for the [Cs 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 [L1-12]. In this approach by special design of power system the
voltage pulse shape has initial phase VI1G that has 2 value much higher
than VP as shown on Figure 4.
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Figura 4. Voltage and corrsnt waveforms for the pulse currant source.

VIG is a plasma ignition valtage 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.

continued or page 48
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