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Description

[0001] The present disclosure relates to generating a
highly ionized plasma in a plasma chamber.
[0002] In a typical sputter coating process, an electric
discharge produces electrons that collide with a sputter-
ing gas, thereby ionizing the gas. This sputter process is
typically in a pressure range between 10 Pa and 0,1 Pa.
In this pressure range the number of atoms or molecules
is between 5 * 1015 cm-3 and 2 * 1013 cm-3. As ions bom-
bard a target, atoms are detached from the target, the
atoms deposit at a substrate to be coated. The process
of detaching atoms from the target is called sputter proc-
ess. This sputter process can also be used for etching.
In some systems, improved target utilization and coating
uniformity may be achieved by producing a highly ionized
plasma in the vicinity of the target. In such systems, a
partially ionized plasma is first generated at a low voltage,
and then a highly ionized plasma is generated through
the application of high power discharge pulses. A highly
ionized plasma in this context is reached, when the
number of ions is above 1012 cm-3.
[0003] However, a high power discharge pulse in com-
bination with an upstream low ionization step has been
found to reduce the adhesion of the film produced during
the sputtering and may result in target poisoning during
reactive sputtering processes. Furthermore, the need to
apply a low voltage during the first period of time limits
the simultaneous use of the power supply for other pur-
poses, for example, etching.
[0004] In Ulf Helmersson et al."Ionized physical vapor
deposition (IPVD): A review of technology and applica-
tions", Thin Solid Films, 513 (2006) 1 - 24, the develop-
ment and application of magnetron sputtering systems
for ionized physical vapor deposition is reviewed. The
application of secondary discharge, inductively coupled
plasma magnetron sputtering and the microwave ampli-
fied magnetron sputtering is discussed as well as the
high power impulse magnetron sputtering, the self-sus-
tained sputtering magnetron, and the hollow cathode
magnetron sputtering discharges.
[0005] WO 98/40532 A1 discloses a method and ap-
paratus for magnetically enhanced sputtering. The meth-
od comprises the steps of providing a magnetic field in
a magnetron configuration at the surface of a target, from
which material is to be sputtered, providing a gas to be
ionized in a chamber containing the target, and applying
a negative voltage between an anode and a cathode in
the chamber, the cathode including the target, in order
to make a discharge between the anode and
cathode, producing electrons trapped in the magnetic
field, where in the negative voltage is applied in pulses
having such a peak voltage and being provided in such
a way that in the application of such a pulse, for a very
rapid increase of the leading pulse edge, the gas located
at and in the region in which the electrons are trapped
by the magnetic field will very rapidly adapt a fully ionized
state creating a substantially homogenous plasma, the

gas then passing trough first a glow discharge state and
then through an arc discharge state.
[0006] Vladimir Kouznetsow et al. "A novel pulsed
magnetron sputter technique utilizing very high target
power densities", Surface and Coatings Technology 122
(1999) 290-293 discloses using a peak target power den-
sity of up 2.8kW cm-2 , resulting in a peak ion current
density of up to 3,4 A cm-2 at the substrate.
[0007] US 2011/0011737 A2 discloses a High-Power
pulse magnetron sputtering apparatus and surface treat-
ment apparatus.
[0008] J. Alami et al. "Plasma dynamic in a highly ion-
ized pulsed magnetron discharge", Plasma sources Sci.
Technol. 14 (2005), 525-531 discloses electrostatic
probe measurements of a high-power pulsed magnetron
discharge.
[0009] JP 2008/288 504 discloses a sputtering appa-
ratus promoting ionization of sputtering particles by pre-
venting generation of arc discharge and increasing the
pulse peak current as much as possible.
[0010] J.T. Gudmundsson et al. "Evolution of electron-
ic energy distribution and plasma parameters in a pulse
magnetron discharge", Applied Physics Letters, Vol. 78,
No. 22, 2001, 3427-3429 discloses the creation of high-
density plasma in a pulsed magnetron discharge.
[0011] in EP 1 560 943 B1 a two-step approach for
creating a highly ionized plasma is described. For a first
period of time a low voltage is applied to a discharge gap
and
then for a short period of time a higher voltage is applied.
This leads at first to a low ionization of the gas and then
to a high ionization of the gas.
[0012] It is the object of the present invention, to pro-
vide a method for producing a highly ionized plasma in
a plasma chamber being suitable for etching and building
high adhesion during sputter deposition, and avoiding
poisoning of the electrodes, target, plasma chamber, or
substrate during reactive sputtering.
[0013] In a first aspect generating a highly ionized plas-
ma in a plasma chamber, is achieved by a method ac-
cording to claim 1.
[0014] A plasma is a state of matter similar to a gas in
which a certain portion of the particles are ionized. De-
spite the fact that the plasma contains free charge parti-
cles, in the macroscopic scale the plasma is electrically
neutral. This means that it contains the same number of
positive and negative charges in an equilibrium state.
[0015] The duration of the high energy, high power
pulse may be shorter than 500ms, preferably not longer
than 300ms, more preferably not longer than 200ms. This
means the whole energy is applied in a very short pulse.
The voltage rise time and the current rise time must there-
fore be very short. This leads to a very high ionization of
the plasma.
[0016] In an aspect the plasma volume cross section
increases during a current rise period while maintaining
a substantially constant current density and/or a substan-
tially constant ionization degree. So a higher adhesion
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during sputter deposition can be achieved.
[0017] According to this approach a highly ionized
plasma is created from a neutral gas. During the current
rise period a spatial growth of highly ionized regions in
the plasma chamber may be initiated. This leads to a
homogeneous, highly ionized plasma and thus improves
target utilization.
[0018] A spatial growth of the plasma cross section
means growth of current with substantially constant cur-
rent density, i.e. I = S • J, where I = current, S = plasma
volume cross section (rising value), and J = current den-
sity (constant). Hereby the current reflects a highly ion-
ized plasma volume growth and not an ionization degree.
[0019] According to aspects of this method, the gas
provided in the chamber can adopt a highly ionized plas-
ma state without going through a weakly or low ionized
plasma stage or other preparatory plasma stages such
as glow discharge or arc discharge. The gas may go
through one or several breakdown stages which do not
form a plasma stage before going directly to a highly ion-
ized plasma state. This is possible by providing a high
enough energy which exceeds the ionization electric
breakdown threshold instantaneously in an electric
pulse. At the same time the current rise time may be
controlled or the current pulse may shaped to achieve
the highly ionized plasma without going through a low
ionized plasma or an arc discharge state. The process
development may be dependant on a large number of
parameters, where the following are a list of the most
important:

• gas pressure,
• gas mixture, especially when reactive gas is used,
• target material,
• temperature of the gas, target and plasma chamber,
• strength and shape of the magnetic field,
• strength and shape of the electric field,
• direction of the electrical field in respect to the direc-

tion of the magnetic field,
• velocity of the voltage rise and the current rise,
• energy provided during the pulse,
• power rise time,
• duration of the pulse,
• repetition rate of pulses
• etc.

[0020] Due to the large number of parameters which
influence the development into the highly ionized plasma
and due to the mutual interactions of these parameters,
it is advantageous to monitor the plasma development
at least during start of operation and/or during mainte-
nance intervals. With optical instruments such as electro-
optical photography, spectroscopy, very fast CCD cam-
eras, selected for the monitoring of the dedicated plasma
process and with variation of the electrical, magnetic and
physical as well as chemical settings it is possible to
reach a set of parameters for
the highly ionization plasma without going through an arc

discharge or low ionized plasma. This is explained in
more detail in the following.
[0021] At the beginning of the voltage rise of the high
energy, high power pulse a number of free electrons may
be provided to be accelerated by an electrical field
caused by the pulse. This number of electrons may be
provided by an electron source or by cosmic x-ray radi-
ation or other methods. The accelerated free electrons
in the gas may create an avalanche-type ionization proc-
ess, which initiates an electric breakdown in the gas.
[0022] The high energy, high power pulse may produce
at least as many ionized atoms of the provided gas as it
produces ionized atoms of sputtered material. This helps
achieving a highly ionized plasma in a short time and
also improves the sputtering process. This improves the
adhesion of deposited coatings with the sputtered atoms.
In reactive processes also the reactive gas may be ion-
ized. This leads to better yield in the sputter process and
improved compound of the sputtered atoms or ions with
the reactive gas and therefore also to better adhesion.
[0023] Electron avalanches may be initiated in the neu-
tral gas prior to a steady plasma state. An electron ava-
lanche is a process, in which a number of free electrons
in a gas are subjected to strong acceleration by an electric
field, ionizing the atoms of the gas by collision called im-
pact ionization, thereby forming secondary electrons to
undergo the same process in successive cycles. Electron
avalanches are essential to the dielectric breakdown
process within gases.
[0024] Ionization waves may be initiated prior to a
steady plasma state. In particular, the voltage pulse may
be applied between a cathode and an anode of the plas-
ma chamber causing electron avalanches followed by
ionization waves. The formation of the ionization waves
is described in more detail in the following.
[0025] The avalanche type ionization process, the
electron avalanches and the ionization waves are stages
of breakdown. These stages of breakdown do not con-
stitute a plasma state because, in contrast to a plasma,
they are highly non-equilibrium, nonuniform in given
space, have more negative than positive charges, and
occur prior to the establishment of a sheath.
[0026] A high energy, high power pulse may be applied
to at least one electrode, where the resulting voltage
across the at least one electrode and a second electrode
is higher than a static breakdown voltage of the neutral
gas or a dynamic breakdown voltage and the pulses sup-
ply enough current and/or power rise capacity that a high-
ly ionized plasma is generated without going through a
low ionized plasma or through an arc discharge. This
leads to very fast creation of a highly ionized plasma.
The disadvantages associated with arc discharge or a
low ionized plasma can be avoided. The static break-
down voltage is the minimum voltage that causes a por-
tion of an insulator to become electrically conductive. A
dynamic or pulse breakdown voltage refers to the fact
that during specified time intervals a gap can sustain volt-
ages which are higher than the static breakdown voltage
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without breakdown. But when the dynamic or pulse
breakdown voltage will be reached, the gap becomes
conductive much faster as if only the static breakdown
voltage would be reached.
[0027] The high energy, high power pulse may be se-
lected such that the voltage between the electrode and
the plasma chamber or between an anode and a cathode
in the plasma chamber reaches more than 80 % of its
maximum value, before the current density or the ioniza-
tion degree in the plasma chamber reaches more than
80 % of its maximum value. This ensures that the voltage,
current and/or power pulse is large enough to create a
highly ionized plasma in the plasma chamber (directly)
from a neutral gas, without going through a low ionized
plasma or an arc discharge.
[0028] The high energy, high power pulse may be se-
lected such that the current density or the ionization de-
gree in the plasma chamber reaches more than 30%,
preferably more than 50%, more preferably more than
80%, even more preferably more than 90% of its maxi-
mum value, before the current into the electrode reaches
more than 80% of its maximum value.
[0029] The number of avalanches my rise during the
current rise period. This ensures the transformation of
the neutral gas to a highly ionized plasma.
[0030] Generating a highly ionized plasma in a plasma
chamber is achieved by:

a. providing a neutral gas to be ionized together with
few free electrons in the plasma chamber;
b. supplying at least one high energy, high power
electrical pulse with power equal or larger than 100
kW, in particular equal or larger than 500 kW, and
energy equal or larger than 10 J, in particular equal
or larger than 50J,
between an anode and a magnetron cathode in the
plasma chamber in order to produce an electrical
field between the anode and the cathode,
c. accelerating the free electrons in order to ionize
atoms of the neutral gas and to generate secondary
electrons,
d. deviate the direction of flow of accelerated elec-
trons by a magnetic field
e. creating non-equilibrium or macroscopically not
neutral ionization avalanches,
f. absorbing electrons at the anode,
g. building positive ion charges near the anode,
h. accelerating ionized gas atoms towards the cath-
ode thereby building a first ionization wave,
i. sputtering target material from a target in electrical
connection with the cathode,
j. ionizing the target atoms sputtered from the target.

[0031] According to aspects of this method, the gas
provided in the chamber can adopt a highly ionized plas-
ma state without going through a weakly or low ionized
plasma stage or other preparatory plasma stages such
as glow discharge or arc discharge. The gas may go

through one or several breakdown stages which do not
form plasma stages before going directly to a highly ion-
ized plasma state. This leads to improved adhesion dur-
ing sputter deposition, makes the plasma process suita-
ble for etching, and avoids poisoning of the electrodes,
target, plasma chamber, or substrate during reactive
sputtering.
[0032] Also this method can be combined with all
above mentioned method steps individually or as a com-
bination.
[0033] A magnetically enhanced sputtering apparatus
includes:

a. at least one magnet configured to provide a mag-
netic field in a magnetron configuration at the surface
of a sputtering target, from which material is to be
sputtered,
b. a plasma chamber configured to receive the sput-
tering target, the chamber having an inlet for intro-
duction into the chamber of a neutral gas to be ion-
ized,
c. an anode and a cathode in the chamber, the cath-
ode in electrical connection with the target,
d. a high energy pulse power source configured to
apply a high energy, high power electrical pulse with
power equal or larger than 100 kW and energy equal
or larger than 10 J between the anode and the cath-
ode in the chamber,
e. wherein responsive to said high energy pulse pow-
er source a highly ionized plasma is generated from
the neutral gas such that the plasma volume cross
section increases during a current rise period.

[0034] Such an apparatus may be suitable for creating
a highly ionized plasma without going through the stages
of arc discharge or low ionization.
[0035] The apparatus may be configured such that dur-
ing at least part of the current rise period a substantially
constant current density and/or a substantially constant
ionization degree is maintained.
[0036] The voltage source may produce a voltage
pulse such that a degree of ionization of at least 1012

cm-3 is reached. Thus, a highly ionized plasma is pro-
duced, which is suitable for a sputtering or etching proc-
ess.
[0037] A high energy pulse power source for delivering
electrical pulses for magnetically enhanced sputtering is
configured to produce a high energy, high power electri-
cal pulse with power equal or larger than 100 kW and
energy equal or larger than 10 J to be supplied to at least
one magnetron cathode of a plasma chamber for pro-
ducing a highly ionized plasma from a neutral gas in the
plasma chamber such that during a current rise period
the plasma volume cross section increases.
[0038] The source may be configured for maintaining
a substantially constant current density and/or a substan-
tially constant ionization degree during the current rise
period.
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[0039] A source for delivering electrical pulses for mag-
netically enhanced sputtering is configured to produce a
high energy, high power electrical pulse with power equal
or larger than 100kW and energy equal or larger than 10
J to be supplied to at least one magnetron cathode of a
plasma chamber in less than 200ms for producing a highly
ionized plasma from a neutral gas in the plasma chamber,
the source being configured such that the voltage be-
tween an anode and a cathode in a plasma chamber
reaches more than 80% of its maximum value, before
the current density reaches more than 80% of its maxi-
mum value.
[0040] Moreover, the high energy, high power pulse
may be configured such that the current density in the
plasma chamber reaches more than 30%, preferably
more than 50%, more preferably more than 80%, even
more preferably more than 90% of its maximum value,
before the current into the electrode reaches more than
80% of its maximum value.
[0041] The high energy pulse power source may com-
prise a switch configured to be closed when the high en-
ergy, high power electrical pulses are produced and con-
figured to be opened, when the current increases above
a threshold value.
[0042] The high energy pulse power source may com-
prise a switch configured to be closed when the high en-
ergy, high power electrical pulses are produced, and may
be configured to close again, when the current decreases
under a second threshold value or after a predetermined
time duration which is shorter than 50ms.
[0043] The high energy pulse power sources de-
scribed above may be used in an apparatus described
earlier.
[0044] The high energy pulse power source or an ap-
paratus for magnetically enhanced sputtering may com-
prise a matching circuit with configurable inductivities
and/or capacities and/or resistors. The matching circuit
may be part of the high energy pulse power source or
may be provided external to the high energy pulse power
source. In the latter case it may be part of an apparatus
for magnetically enhanced sputtering mentioned above.
[0045] The high energy pulse power source or the ap-
paratus for magnetically enhanced sputtering may com-
prise a pulse control which switches a plurality of tran-
sistors connected in series and/or in parallel simultane-
ously.
[0046] Additional objects and advantages of the inven-
tion will be set forth in the description which follows, and
will be obvious from the description. The objects and ad-
vantages of the invention may be realized and obtained
by means of a method, processes, instrumentalities and
combinations, particularly pointed out in the claims.
[0047] A detailed description of non-limiting embodi-
ments is presented hereinbelow with reference to the ac-
companying drawings, in which:

Fig. 1: is a schematic representation of an apparatus
for magnetically enhanced sputtering;

Fig. 2 is a diagram showing current, current density
and ionization degree over time.

Fig. 3a is a schematic representation of an apparatus
for magnetically enhanced sputtering;

Fig. 3b is another schematic representation of an ap-
paratus for magnetically enhanced sputtering;

Fig. 4a is a schematic representation of an apparatus
for magnetically enhanced sputtering with
neutral gas and free electrons;

Fig. 4b is a schematic representation of an apparatus
for magnetically enhanced sputtering with for-
mation of an ionization wave;

Fig. 4c is a schematic representation of an apparatus
for magnetically enhanced sputtering with for-
mation of two ionization waves;

Fig. 4d is a schematic representation of an apparatus
for magnetically enhanced sputtering with for-
mation of an ionization wave and a growing
plasma volume;

Fig. 5 is a schematic representation of an apparatus
for magnetically enhanced sputtering with a
more detailed view of the high energy pulse
power source;

Fig. 6 is a schematic representation of a matching
circuit;

Fig. 7 is a schematic representation of a pulse unit;

Fig. 8 is a diagram showing a pulse power;

Fig. 9 is a diagram showing a voltage and current
waveform of the high energy, high power
pulse;

Fig. 10 is a diagram showing a current waveform of
the high energy, high power pulse;

Fig. 11 shows three views of building up of highly ion-
ized plasma volumes;

Fig. 12 shows a schematic representation of an ap-
paratus for magnetically enhanced sputtering
as in Fig. 5 with an additional energy absorber
circuit;

Fig. 13 shows energy absorber circuit of Fig. 12 in
more detail;

Fig. 14 shows a bank of switches connected in series
and parallel.
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[0048] Figure 1 shows an apparatus 1, which is suita-
ble for sputtering. The apparatus 1 comprises a plasma
chamber 2, having a gas inlet 3 for providing a neutral
gas. The plasma chamber 2 is vacuumized with a vacuum
pump 18. Neutral gas to be ionized is let in via a valve
17 from a gas container 19.
[0049] In the plasma chamber 2 a magnet 4 is provided
for providing a magnetic field at the surface of a sputtering
target 5. The target 5 is provided on top of an electrode
6, configured as a cathode. In particular, the target 5 is
in electrical connection with the cathode 6. Opposite the
target 5 is provided a substrate 7 to be coated with target
material. The substrate 7 is provided on an anode 8. The
anode 8 and cathode 6 are connected with a high energy
pulse power source 9 for applying voltage pulses be-
tween the anode 8 and the cathode 6 in the plasma cham-
ber 2. The high energy pulse power source 9 can be
controlled to produce pulses in order to produce a highly
ionized plasma from the neutral gas as such that during
a current rise period the plasma volume cross section
increases while maintaining a substantially constant cur-
rent density and/or a substantially constant ionization de-
gree of the plasma, which is formed in the plasma cham-
ber 2.
[0050] The diagram of figure 2 illustrates the formation
of a highly ionized plasma. At time t0 a voltage pulse is
applied between anode 8 and cathode 6 in order to pro-
vide a transition from a neutral gas to a highly ionized
plasma. This means that upon application of a voltage
pulse instantaneously a highly ionized plasma with a high
ionization degree is formed. This is represented by line
10. As the current, which is represented by line 11 rises
from t0 to t3, wherein the time interval between t0 and t3
represents a current rise period, the ionization degree
represented by line 10 remains constant. At time t0 the
volume 12 of the highly ionized plasma is relatively small.
It increases with time, as the current rises. This is illus-
trated by the volumes 13, 14, and 15. As the volume of
the ionized plasma grows, also the cross section of the
ionized plasma increases. In figure 2 it can also be seen
that the current density, which is represented by line 16
quickly rises to a high and constant value at time t0. From
then on the current density remains constant during the
current rise period. This means that the increase in ion-
ized plasma volume is only due to an increase in current,
whereas the current density and ionization degree re-
main constant.
[0051] Figure 3a shows a schematic representation of
an apparatus for magnetically enhanced sputtering with
a high energy pulse power source 23 which is connected
via a power line 23a to a cathode 24 and via a power line
23b to an anode 25. The anode 25 and cathode 24 are
placed in a plasma chamber 20. The cathode 24 is in
direct electrical connection with a target 27. When the
high energy pulse power source 23 applies a pulse, an
electrical field establishes between the anode 25 and the
cathode 24. A strong magnet 21 is positioned behind the
target which builds out a magnetic field. The field lines

of the magnetic field 28 (dashed lines) are at least par-
tially perpendicular to the field lines of the electrical field
26.
[0052] Figure 3b shows another schematic represen-
tation of an apparatus for magnetically enhanced sput-
tering, in which the same parts are not referenced again.
Fig. 3b differs from Fig 3a in the position and form of the
anodes 25a, 25b, which is in Fig 3b on both sides of the
cathode, the field lines of the electrical field 26a, 26b are
also at least partially perpendicular to the field lines of
the magnetic field 28. In Fig 3b is also shown a substrate
29, where sputtered atoms and/or ions may be deposited.
[0053] Fig. 4a is a schematic representation of an ap-
paratus for magnetically enhanced sputtering with neu-
tral gas and free electrons. The neutrons 31 are indicated
as a ’o’; The electrons are indicated as ’-’. With the elec-
trical field the free electrons are accelerated towards the
anode. The at least partially perpendicular magnetic field
deviates the flow direction of the electrons. This leads to
a completely different behavior of the now starting ava-
lanche process as in breakdowns without such a mag-
netic field. The electrons are trapped to a volume near
the cathode. As mentioned above, a neutral gas can be
transformed to a plasma state by an electrical field break-
down in a gap between a cathode and an anode. The
breakdown is a transformation process, where electrical
charge multiplies and becomes homogeneous. Upon ap-
plication of a voltage, a statistical time lag exists before
the discharge starts to develop. This is followed by the
acceleration of a free electron in the chamber which col-
lides with gas atoms, ionizes them, creates more elec-
trons, thereby initiating an electron ionization avalanche.
[0054] Fig. 4b shows the apparatus of Fig. 4a with an
ionization wave 33. As electrons from the avalanche
reach the anode, they are absorbed and a positive ion
charge 34 builds. The positive charged ions are indicated
as a ’+’ and are accelerated by the electrical field towards
the cathode. This gives rise to ionization waves that
traverse the gap several times, which is indicated with
arrows 35, the charge distribution becomes more homo-
geneous and a cathode and anode sheath form. In Fig
4b is still indicated a free electron 32. More and more
avalanches form (avalanche multiplication), increasing
the cross sectional area and the number of ionized chan-
nels to the full face of the cathode. At this point a plasma
is created and the discharge enters a state of spatial uni-
form glow. If the breakdown occurs with very high energy
(caused by a dynamic voltage rise) the produced plasma
is highly ionized. Typically an ionization degree of above
1012 cm-3 describes a highly ionized plasma.
[0055] Fig. 4c shows the apparatus of Fig 4a with for-
mation of two ionization waves 33 and 36. In the ionizaion
wave 33 the positive charges have moved in direction of
the cathode in respect to Fig 4b. Also the spatial dimen-
sion and the cross section of the ionization wave 33 have
increased compared to Fig. 4b.
[0056] Fig. 4d shows the apparatus of Fig. 4a, b and
c with formation of an ionization wave 36 and a growing
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highly ionized plasma volume 37.
[0057] Fig. 5 shows a schematic representation of an
apparatus for magnetically enhanced sputtering with a
more detailed view of the high energy pulse power source
40. It has a connection to mains network via a power line
and connector 41, which may be a plug. The power from
the mains is connected to a DC power supply 42 which
is known in the art. This may be a switch mode power
supply with a transformer to disconnect the output po-
tential from the mains potential. At the output of the DC
power supply 42 a DC power is supplied via two or more
power lines to a pulse unit 43. DC power supply 42 has
also a communication and control line input and output,
so it can be connected to the pulse unit or to an external
control 39 which may be a panel or computer or to other
parts. In Fig. 5 is shown a data communication line 48a
between DC power supply 42 and pulse unit 43. A further
data line 48c to an external control 39 is in Fig. 5 con-
nected to the pulse unit 43. It may also be connected to
the DC power supply 42. DC power supply 42 and pulse
unit 43 may be placed in two separate housings or in one
housing. A third data communication line 48b goes from
the pulse unit 43 to the matching circuit 45. The matching
circuit 45 is placed in the power line which goes from the
pulse unit to the cathode 47 of the plasma chamber 46.
The matching circuit is not absolutely necessary, but it
gives the user the possibility to dampen oscillations, to
shape the current waveform in order to achieve the highly
ionized plasma without going through a low ionized plas-
ma or through an arc discharge.
[0058] To ensure the plasma process starts at every
high power pulse with the formation of a highly ionized
plasma it is possible to monitor the plasma formation for
example with a fast camera 49 which is connected to the
external control 39 via a communication line 38. As men-
tioned above, the plasma development is dependant on
a quite large number of parameters, some of which can-
not be influenced by the pulse shape as it comes from
the power supply. But it is possible to vary some param-
eters as for example the magnetic field strength and po-
sition by varying the position of the magnets. If the posi-
tion of the field lines varies because of target erosion, it
is possible to vary the electrical behavior of the high pow-
er pulse via external control or via modification of the
matching circuit 45.
[0059] Fig. 6 shows a schematic representation of a
matching circuit 45. It includes one or several inductivity
elements 53, some of them may be variable like indicated
with inductivity 53a. It includes further one or more ca-
pacitors 54, some of them may be variable like indicated
with capacitor 54a. It includes further one or more resis-
tors 55, some of them may be variable like indicated with
resistor 55a. Resistors, inductivities and capacitors are
replaceable, it is possible to shortcut them. This is all
possible due to connection means 56. Not all connection
means in Fig. 6 are referenced with a number. So there
is a big variety to shape the pulse form. The variable
element can also be controlled electrically by external

control.
[0060] Fig. 7 shows a schematic representation of a
pulse unit 43. It includes a charge current shaping unit
60 which is connected via power lines 61a, 61b to the
DC power supply 42. The charge current shaping unit 60
delivers current via a charging diode 63 to charge a ca-
pacitor 62. The capacitor 62 may be a capacitor bank of
several parallel and serial connected capacitors to store
enough energy for the high energy pulses. The pulse unit
43 includes also a pulse control 65 which controls a
switch 64. The switch 64 closes for short controllable
pulse durations of 1ms to 300ms. It may be a bank of
MOSFET switches connected in series and parallel, all
switched on and off at the same time in order to lead the
high current and to switch the high voltage of the high
energy, high power pulse. When the switch 64 turns off,
the current in the power lines 69a, 69b, which lead to the
plasma chamber via the optional matching circuit 45, will
continue to flow due to inherent inductivities in the match-
ing circuit and in the power lines. In order to avoid de-
struction of the pulse unit 43, especially the switch 64, a
freewheeling diode 67 is provided between the lines 69a
and 69b. A current sensor 66 is included which gives a
signal corresponding to the current into the plasma cham-
ber to the pulse control 65
[0061] Fig. 8 shows a diagram of a typical pulse dura-
tion and repetition time. On the vertical axis the power is
indicated in kilowatts. This means the shown pulses have
a peak power of about 1 MW. On the horizontal axis is
the time scale. Three pulses 83a, 83b, 83c are shown.
They may have a repetition time 85 of about 1ms to 1s.
The pulse duration 84 may be between 1 ms and 300 ms.
Even longer pulse duration times are possible if a current
control or regulation is implemented which will be ex-
plained later on. In the diagram is also shown the average
delivered power 86 which is in this case about 1,5 kW
which is a typical value for sputtering purposes with large
areas to coat.
[0062] Fig. 9 shows a diagram with a typical voltage
waveform 87 and a current waveform 89 of the high pow-
er pulse;
Fig. 10 shows a diagram with a typical current waveform
of the high power pulse, if the pulse should be longer
than 300 ms. If the duration of the pulse should be longer
than about 300 ms the risk to come into an arc discharge
rises. Arc discharges should be avoided, because they
lead to target and substrate damages. Arc discharges
can be detected by a huge current rise or a huge current
rise velocity. This can be monitored with the current sen-
sor 66, and when an arc discharge is detected, the switch
64 may be opened immediately by pulse control 65. The
arc then quenches in about 100 ms. Only the remaining
energy in the power lines and matching circuit is delivered
to the plasma, which is often too much. To avoid even
the delivery of this energy a further arc diverter is neces-
sary which will be explained later on.
[0063] To avoid the arcing it is advantageous to control
or to limit the current after a time of about 1 ms to 200ms.
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This can also be done with the current sensor 66 and
with the pulse control 65. If the current rises over a given
threshold, which may be variable, the switch 64 is turned
off. As can be seen from Fig. 9, the current does not
break down immediately but falls with an e-function. If
the current is further monitored, the switch 64 can be
closed again, when the monitored current falls below a
given second threshold. It is also possible to wait a given
time before reclosing the switch. In this way the current
can be regulated as shown in Fig. 10. The signal 94
shows the switching on and off of the switch 64. The
waveform 93 is the waveform of the current measured
with the current sensor 66.
[0064] Fig. 11 shows some typical views which may
be obtained by a camera 49 shown in Fig. 5. In the picture
101 the formation of five highly ionized plasma volumes
is seen. In picture 102 which is a picture taken some
nanoseconds later, these five plasma volumes have al-
ready grown. Also a new sixth plasma volume has
formed. At picture 103 which is again some nanoseconds
later all, six plasma volumes have increased again. It is
easy to imagine how a uniform plasma builds in this way.
Whether the plasma is really highly ionized and whether
ionized atoms of the sputtered material are as well
present, is detectable via spectroscopic filters or pictures
of this view. If this monitoring shows that the high ioniza-
tion starts up from the beginning, than all parameters are
well set. If this monitoring shows that the highly ionization
starts after a low ionization stage, then parameters such
as values listed above should be changed.
[0065] Fig. 12 shows a schematic representation of an
apparatus for magnetically enhanced sputtering as in Fig.
5 with an additional energy absorber circuit 106. Also this
circuit has a data communication line 48d and is in con-
nection with the external control 39, the pulse unit 43 and
the DC power supply 42. There may also be an optional
data connection 48e to the matching unit 45. The addi-
tional energy absorber circuit 106 is configured to absorb
the energy, at least partly, which is stored in the power
lines from the high energy pulse power source 40 to the
plasma chamber 46. It may also at least partly absorb
the energy which is stored in the plasma chamber 46.
This energy absorber circuit 106 is configured to be ac-
tivated when a sensor such as the current sensor 77 of
the pulse unit 43 (Fig. 7) detects an abnormal current
rise. This may be caused by an arc discharge in the plas-
ma chamber. As mentioned earlier, when an arc dis-
charge is detected, the switch 64 may be opened imme-
diately by pulse control 65. The arc then quenches in
about 100 ms. Only the remaining energy in the power
lines and matching circuit 45 is delivered to the plasma,
which is often too much. To avoid even the delivery of
this energy at least partly, the energy absorber circuit
106 is activated.
[0066] Fig. 13 shows such an energy absorber circuit
106 in more detail. A control section 113 controls a switch
114 which is normally closed. In case of abnormal current
rise or arc detection this switch opens as quickly as pos-

sible. The current which flows at this moment in the power
lines between the high energy pulse power source 40
and the plasma chamber 46 keeps on flowing due to the
inherent inductivity in the power lines. The current flows
now via the diode 112 into the capacitor 111. A precharg-
ing and discharging circuit 110 is connected to the ca-
pacitor 111. It precharges the capacitor 111 to a defined
voltage, which helps to absorb the energy as quickly as
possible. The current decreases while the capacitor 111
will be charged by the current. To avoid an overvoltage
at the capacitor 111 after several activations of the energy
absorber circuit 106, the capacitor 111 must be dis-
charged. This can be done by a discharging circuit, which
may be also implemented in the precharging and dis-
charging circuit 110. The capacitor 111 may also be
placed in the DC power supply and the energy which
comes from the power lines into the capacitor may be
used to charge the capacitors 62 of the pulse unit 43.
[0067] Fig. 14 shows a bank of switches 123 which
comprises four switches 120a, 120b, 120c, 120d con-
nected in series and parallel. This is a configuration as
it may be used for the switch 64 of the pulse unit 43 or
for the switch 114 of the energy absorber circuit 106. All
four switches 120a, 120b, 120c, 120d, which may be
MOSFETs, are switched on and off at the same time.
They are controlled via a control line 121. A connection
122 between both series connected switch pairs 120a,
120c and 120b, 120d is optional.

Claims

1. Method of generating a highly ionized plasma in a
plasma chamber (2, 20, 46), comprising the steps of:

a. providing a neutral gas to be ionized together
with few free electrons in the plasma chamber
(2, 20, 46);
b. supplying at least one high energy high power
electrical pulse with power equal or larger than
500 kW and energy equal or larger than 50 J,
between a anode (8, 25) and a magnetron cath-
ode (6, 24) in the plasma chamber (2, 20, 46) in
order to produce an electrical field between the
anode (8, 25) and the cathode (6, 24)
c. accelerating the free electrons in order to ion-
ize atoms of the neutral gas and to generate
secondary electrons
d. deviate the direction of flow of accelerated
electrons by a magnetic field
e. creating non-equilibrium or macroscopically
not neutral ionization avalanches
f. absorbing electrons at the anode (8, 25)
g. building positive ion charges near the anode
(8, 25)
h. accelerating ionized gas atoms towards the
cathode (6, 24) thereby building a first ionization
wave
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i. sputtering target material from a target (5, 27)
in electrical connection with the cathode (6, 24)
j. ionizing the target atoms sputtered from the
target (5, 27).

2. Method according to claim 1, wherein the highly ion-
ized plasma is produced directly from the neutral gas
in a plasma volume such that the plasma volume
cross section increases

3. Method according to any of the preceding claims,
characterized in that the high energy, high power
pulse is not longer than 500ms, preferably not longer
than 300ms more preferably not longer than 200 ms.

4. Method according to any of the preceding claims,
characterized in that a substantially constant cur-
rent density and/or a substantially constant ioniza-
tion degree is maintained while the plasma volume
cross section increases during a current rise period.

5. Method according to any of the preceding claims,
characterized in that the voltage, current or power
pulse are selected to produce at least as many ion-
ized atoms of the provided gas as it produces ionized
atoms of sputtered material.

6. Method according to any of the preceding claims,
characterized in that electron avalanches are initi-
ated in the neutral gas prior to a steady plasma state.

7. Method according to any of the preceding claims,
characterized in that the high energy, high power
pulse is applied to at least one electrode where the
resulting voltage across the at least one electrode
and a second electrode is higher than a static break-
down voltage or a dynamic breakdown voltage and
the pulse supplies enough current and/or power rise
capacity that a highly ionized plasma is generated
without going through a low ionized plasma or
through an arc discharge.

8. Method according to any of the preceding claims,
characterized in that the high energy, high power
pulse is selected such that the voltage between the
electrode and the plasma chamber (2, 20, 46) or be-
tween an anode (8, 25) and a cathode (6, 24) in the
plasma chamber (2, 20, 46) reaches more than 80%
of its maximum value, before the current density or
the ionization degree in the plasma chamber (2, 20,
46) reaches more than 80% of its maximum value.

9. Method according to any of the preceding claims,
characterized in that the high energy, high power
pulse is selected such that the current density or the
ionization degree in the plasma chamber (2, 20, 46)
reaches more than 30%, preferably more than 50%,
more preferably more than 80%, even more prefer-

ably more than 90% of its maximum value, before
the current into the electrode reaches more than 80%
of its maximum value.

10. Method according to any of the preceding claims,
characterized in that the neutral gas to be ionized
is provided in the plasma chamber (2, 20, 46) at a
pressure below 50 Pa.

Patentansprüche

1. Verfahren zum Erzeugen eines hoch-ionisierten
Plasmas in einer Plasmakammer (2, 20, 46), umfas-
send die folgenden Schritte:

a. Bereitstellen eines neutralen Gases, das zu-
sammen mit wenigen freien Elektronen in der
Plasmakammer (2, 20, 46) ionisiert werden soll;
b. Zuführen zumindest eines elektrischen hoch-
energetischen Hochleistungsimpulses mit einer
Leistung von gleich oder größer als 500kW und
einer Energie von gleich oder größer als 50J zwi-
schen einer Anode (8, 25) und einer Magnetron-
kathode (6, 24) in der Plasmakammer (2, 20,
46), um ein elektrisches Feld zwischen der An-
ode (8, 25) und der Kathode (6, 24) zu erzeugen;
c. Beschleunigen der freien Elektronen, um Ato-
me des neutralen Gases zu ionisieren und um
sekundäre Elektronen zu erzeugen;
d. Ablenken der Strömungsrichtung der be-
schleunigten Elektronen durch ein Magnetfeld;
e. Erzeugen eines Ungleichgewichts oder ma-
kroskopisch nicht neutraler Ionisierungslawi-
nen;
f. Absorbieren von Elektronen an der Anode (8,
25)
g. Aufbauen von positiven Ionenladungen nahe
der Anode (8, 25):
h. Beschleunigen von ionisierten Gasatomen in
Richtung der Kathode (6, 24), wodurch eine ers-
te Ionisierungswelle aufgebaut wird;
i. Sputtern von Targetmaterial von einem Target
(5, 27) in elektrischer Verbindung mit der Katho-
de (6, 24)
j. Ionisieren der von dem Target (5, 27) gesput-
terten Targetatome.

2. Verfahren nach Anspruch 1, wobei das hoch-ioni-
sierte Plasma direkt aus dem neutralen Gas in einem
Plasmavolumen erzeugt wird, so dass sich der Quer-
schnitt des Plasmavolumens vergrößert.

3. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass der hochen-
ergetische Hochleistungsimpuls nicht länger als
500ms, vorzugsweise nicht länger als 300ms, mehr
bevorzugt nicht länger als 200ms ist.
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4. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass eine im We-
sentlichen konstante Stromdichte und/oder ein im
Wesentlichen konstantes Ionisierungsmaß beibe-
halten wird während sich der Querschnitt des Plas-
mavolumens während der Zeitspanne eines Stro-
manstiegs vergrößert.

5. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass die Span-
nung, der Strom oder Leistungsimpuls so ausge-
wählt wird, dass mindestens so viele ionisierten Ato-
me des bereitgestellten Gases erzeugt werden wie
ionisierte Atome von gesputtertem Material erzeugt
werden.

6. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass Elektronenla-
winen in dem neutralen Gas vor einem stabilen Plas-
mazustand initiiert werden.

7. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass der hochen-
ergetische Hochleistungsimpuls mindestens an eine
Elektrode angelegt wird, wo die resultierende Span-
nung über der mindestens einen Elektrode und einer
zweiten Elektrode höher als eine statische Durch-
bruchspannung oder eine dynamische Durchbruch-
spannung ist und der Impuls ausreichend Strom-
und/oder Leistungsanstiegskapazität liefert, so dass
ein hoch-ionisiertes Plasma erzeugt wird ohne ein
gering ionisiertes Plasma oder eine Bogenentladung
zu durchlaufen.

8. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass der hochen-
ergetische Hochleistungsimpuls so ausgewählt
wird, dass die Spannung zwischen der Elektrode und
der Plasmakammer (2, 20, 46) oder zwischen einer
Anode (8, 25) und einer Kathode (6, 24) in der Plas-
makammer (2, 20, 46) mehr als 80% ihres maxima-
len Werts erreicht bevor die Stromdichte oder das
Ionisierungsmaß in der Plasmakammer (2, 20, 46)
mehr als 80% ihres/seines maximalen Werts er-
reicht.

9. Verfahren nach einem der vorhergehenden Ansprü-
che, dadurch gekennzeichnet, dass der hochen-
ergetische Hochleistungsimpuls so ausgewählt
wird, dass die Stromdichte oder das Ionisierungs-
maß in der Plasmakammer (2, 20, 46) mehr als 30%,
vorzugsweise mehr als 50%, bevorzugter Weise
mehr als 80% und noch bevorzugter mehr als 90%
ihres/seines maximalen Werts erreicht, bevor der
Strom in die Elektrode mehr als 80% seines maxi-
malen Werts erreicht.

10. Verfahren nach einem der vorhergehenden Ansprü-

che, dadurch gekennzeichnet, dass das zu ioni-
sierende neutrale Gas in der Plasmakammer (2, 20,
46) bei einem Druck von weniger als 50 Pa bereit-
gestellt wird.

Revendications

1. Procédé de génération d’un plasma fortement ionisé
dans une chambre à plasma (2, 20, 46), comprenant
les étapes qui suivent :

a. la fourniture d’un gaz neutre destiné à être
ionisé en association avec quelques électrons
libres dans la chambre à plasma (2, 20, 46) ;
b. l’alimentation d’au moins une impulsion élec-
trique haute puissance haute énergie qui pré-
sente une puissance égale ou supérieure à 500
kW et une énergie égale ou supérieure à 50 J
entre une anode (8, 25) et une cathode de ma-
gnétron (6, 24) dans la chambre à plasma (2,
20, 46) afin de produire un champ électrique en-
tre l’anode (8, 25) et la cathode (6, 24) ;
c. l’accélération des électrons libres afin d’ioni-
ser des atomes du gaz neutre et de générer des
électrons secondaires ;
d. la déviation de la direction du flux d’électrons
accélérés au moyen d’un champ magnétique ;
e. la création d’avalanches d’ionisation non en
équilibre ou non neutres macroscopiquement ;
f. l’absorption d’électrons au niveau de l’anode
(8, 25) ;
g. l’élaboration de charges ioniques positives à
proximité de l’anode (8, 25) ;
h. l’accélération d’atomes de gaz ionisés en di-
rection de la cathode (6, 24), d’où ainsi l’élabo-
ration d’une première onde d’ionisation ;
i. la pulvérisation d’un matériau de cible à partir
d’une cible (5, 27) en connexion électrique avec
la cathode (6, 24) ;
j. l’ionisation des atomes de cible qui sont pul-
vérisés à partir de la cible (5, 27).

2. Procédé selon la revendication 1, dans lequel le
plasma fortement ionisé est produit directement à
partir du gaz neutre selon un volume de plasma de
telle sorte que la section en coupe transversale du
volume de plasma augmente.

3. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que l’impulsion
haute puissance haute énergie n’est pas d’une durée
supérieure à 500 ms, de préférence, n’est pas d’une
durée supérieure à 300 ms, de façon davantage pré-
férable, n’est pas d’une durée supérieure à 200 ms.

4. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce qu’une densité de
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courant sensiblement constante et/ou un degré d’io-
nisation sensiblement constant est/sont mainte-
nu(e)(s) tandis que la section en coupe transversale
du volume de plasma augmente pendant une pério-
de d’augmentation du courant.

5. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que la tension, le
courant ou l’impulsion de puissance sont sélection-
nés de manière à produire au moins autant d’atomes
ionisés du gaz fourni que d’atomes ionisés produits
du matériau pulvérisé.

6. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que des avalan-
ches d’électrons sont initiées dans le gaz neutre
avant un état de plasma stabilisé.

7. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que l’impulsion
haute puissance haute énergie est appliquée sur au
moins une électrode, où la tension résultante entre
l’au moins une électrode et une seconde électrode
est supérieure à une tension de claquage statique
ou à une tension de claquage dynamique et l’impul-
sion assure une capacité de croissance de courant
et/ou de puissance suffisante pour qu’un plasma for-
tement ionisé soit généré sans passer par un plasma
faiblement ionisé ou par une décharge d’arc.

8. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que l’impulsion
haute puissance haute énergie est sélectionnée de
telle sorte que la tension entre l’électrode et la cham-
bre à plasma (2, 20, 46) ou entre une anode (8, 25)
et une cathode (6, 24) dans la chambre à plasma (2,
20, 46) atteigne plus de 80 % de sa valeur maximum,
avant que la densité de courant ou que le degré d’io-
nisation dans la chambre à plasma (2, 20, 46) n’at-
teigne plus de 80 % de sa valeur maximum.

9. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que l’impulsion
haute puissance haute énergie est sélectionnée de
telle sorte que la densité de courant ou que le degré
d’ionisation dans la chambre à plasma (2, 20, 46)
atteigne plus de 30 % de sa valeur maximum, de
préférence plus de 50 %, de façon davantage pré-
férable plus de 80 %, de façon encore davantage
préférable plus de 90 %, avant que le courant dans
l’électrode n’atteigne plus de 80 % de sa valeur maxi-
mum.

10. Procédé selon l’une quelconque des revendications
qui précèdent, caractérisé en ce que le gaz neutre
destiné à être ionisé est fourni dans la chambre à
plasma (2, 20, 46) à une pression inférieure à 50 Pa.
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