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MAGNETRON

This invention relates to plasma-generating devices. More specifically, this
invention relates to magnetron-type plasma-generating devices {that is, magnetrons) capable
of sustaining plasmas of more uniform density than plasmas generated by previously known

magnctron-type plasma-generating devices.

Magnctrons have been known in the art for a Jong time and have been used. for
example, in etching, surfacc modification, and plasma-enhanced chemical vapor deposition
(“PECVD”). PECVD devices are also known in the art. Examples of PECVD devices can be
found in U.S. Patent Nos. 5,298,587; 5,320,875, 5,433,786; and 5,494,712, (collectively “Hu

et al.”)_the teachings of which are herein incorporated by reference.

As explained in Chapter 6 of the Handbook of Plusma Processing Technology. Noyes
Publications 1990, magnetrons are a class of cold cathode discharge devices generally used in
a diode mode. A plasma is initiated between the cathode and the anode at pressures in the
mTorr range by the application of a high voltage, which can be either dc or rf. The plasma s
sustained by the ionization caused by secondary electrons emitted from the cathode due to ion
bombardment which are accelerated into the plasma across the cathode sheath. What
differentiates a magnetron cathode from a conventional diode cathode is the presence of a
magnetic field. The magnetic field in the magnetron is oriented such that a component of the
magnetic field is parallel to the cathode surface. The local polarity of the magnetic field is
oriented such that the ExB drift paths of the emitted secondary electrons form a closed loop.
Due to the increased confinement of the secondary electrons in this ExB drift loop compared
to a dc or rf diode device, the plasma density is much higher, often by an order of magnitude
or more, than a conventional 1f or dc diode plasma. The result of the high plasma density and

its proximity to the cathode is a high current, relatively low voltage discharge.

Hu et al. teaches a method of forming a protective abrasion resistant coating onto a
substrate surface. In the method taught in Hu et al., a PECVD method utilizing a2 magnetic
confined clectrode is used to initiate the polymerization reaction of an organosiliconc
compound and excess oxygen employing a power density ranging from 10° to 10 Jouies
(J¥Kilogram (Kg), in the presence of a substrate having a suitable surface to cause the

polymerization product of the plasma process to adhere to the substrate surface. In Hu et al.,
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the magnetic confined electrode utilizes magnets having sufficient strength to provide at least

100 gauss.

It is also known in the art, that when using a magnetron in a process to coat a substrate
such as in a PECVD process, it is difficult to obtain a coating of uniform thickness and
quality. One aspect of quality is uniform chemical composition of the coating both in
thickness and width directions. To get a coating of uniform thickness and quality the substrate
must be moved relative to the electrodes. This is especially true for large substrates. Moving

the substrates relative to the electrodes causes a decrease in throughput.

The present invention allows for morc uniform (thickness and quality) coatings to be
obtained more easily than do devices of the prior art, especially on large substrates. In one
aspect, the present invention is an electrode containing multiple magnets positioned such that
like magnetic poles of said magnets are all facing in substantially the same direction. Each
magnet produces a magnetic field between the opposite magnetic poles on the same magnet.
Each magnetic field has a component parallel to the surface of the electrode. Electrodes of the
present invention have a higher number of closed loop ExB drift paths per number of magnels
than electrodes of the prior art. Electrodes of the present invention are capable of producing a
more uniform plasma across the surface of an electrode. In addition, electrodes of the present
invention produce plasmas of greater height than electrodes of the prior art. According (o the
present invention, large numbers of magnets (that is, two or more) can be aligned in various
configurations so as to create large electrodes capable of producing large, more uniform,

plasmas.

In another aspect, the present invention is an improved plasma-generating device
utilizing electrodes of the present invention. In yet another aspect, the present invention is an
improved method of forming a plasma and an improved method for coating various

substrates.

In one embodiment of the present invention, the electrode is a planar clectrode
comprising two or more magnets positioned such that like poles of said magnets are in a
single geometric planc parallel to the geometric plane of the planar electrode and the polarity
of said magnets is perpendicular to the gecometric plane of the planar electrode, each magnet
producing a magnetic field having a component parallel to the geometric plane of the

electrode.
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Fig. 1 is a schematic view of a plasma apparatus of the present invention.
Fig. 2 is an exploded view of an electrode of the present invention.

Fig. 3 is another view of the electrode of Fig. 2.

Fig. 4 is a view of another electrode of the present invention.

Fig. 5 is a view of an alignment of magnets useful in an electrode of the present

invention.

Fig. 6 is a view of another alignment of magnets usefu! in an electrode of the

present invention.

Fig. 1 illustrates an apparatus of the present invention in which an electrode of the
present invention can be effectively utilized. The apparatus comprises a reactor vesscl 10 into
which gaseous reactants can be introduced from sources 11, 12, 13, and 14 through mass flow
controllers 15, 16, 17, and 18. If desired, the different gases and vapors from the indicated

sources can be mixed in a mixer 19 prior to introducing them into the reactor vessc.

Disposed in the reactor vessel 18 are a pair of opposed electrodes 20 and 21.
The substrate to be treated is placed between the electrodes 20 and 21. Electrode 21, the
cathode, is connected to a variable frequency power source 22. Electrode 20 can be
advantageously grounded through the reactor vessel walls. Gaseous reactants are dispersed
into the interior of the vessel from gas supply line 23. The reactor vessel 10 can be
advantageously connected to a vacuum system 24 for evacuating the vessel 10. Optionally,

the reactor vessel could be equipped with monitoring devices such as an optical monitor 25 to

determine the thickness of the coating.

Preferably, both electrodes 20 and 21 are embodiments of the present
invention. However, it is not necessary for both electrodes to be embodiments of the present
nvention. If only one electrode is an embodiment of the present invention, then preferably

electrode 21, the cathode, is an embodiment of the present invention.

In operation, the reactor vessel 10 is first evacuated by means of the vacuum
pump 24 prior to introducing gaseous reactants (for cxample, organosilicone and oxygen) and
inert gases, if any, to the vessel at a predetermined flow rate through supply line 23. When the

flow rate of the gases becomes constant the variable frequency power 22 is turned on to a
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predetermined value to generate a plasma which causes the reactants to form a film on the

substrate.

Fig. 2 depicts an exploded view of an electrode 21 of the present invention. In
Fig. 2, bar magnets 30 are placed on a bottom plate 32. The magnets 30 can be
advantageously adhered to the bottom plate 32. A header plate 31 is place on the magnets 30.
The header plate 31 may optionally have holes or slits in it to allow the gaseous reactants and

inert gases, if present, to pass through it as taught in U.S. Patent No. 5.433,786.

It is a key feature of the present invention that each magnetic pole of each
magnet in an electrode of the present invention produces a magnetic field with the opposite
magnetic pole on the same magnet. This is depicted in Fig. 3, wherein the north pole of each
magnet 30 forms a magnetic field 33 with the south pole of the same magnet. Each magnet 30
has a component 34 of the magnetic field 33 that is parallel to the electrode surface. Each

magnet that forms a magnetic field with the opposite magnetic pole of thc same magnet

creates at least one closed loop ExB drift path.

Thus, magnets in electrodes of the present invention are configured such that
each magnet creates its own closed loop ExB drift path(s). Preferably, this is done by aligning
the magnets in electrodes of the present invention so that like magnetic poles are al facing in
substantially the same direction, as shown in Fig. 3. By substantially the same direction, it is
meant that like magnetic poles of all magnets are facing in the same direction relative to the
surface of the electrode. Thus, although the electrode depicted in Fig. 3 is a planar electrode,
it is envisioned that the electrode could be curved. For example, the electrode could be
formed into a cylindrical shape with all north poles facing outward from the center of the

cylinder.

When magnets in electrodes of the present invention are aligned so that their like
magnetic poles are facing in substantially the same direction, the magnets can be positioned in
close proximity of each other without having any of the magnets forming magnetic fields with
any of the magnets placed near it. Thus, even when magnets are placed in close proximity to

each other, each magnet still creates its own closed loop ExB drift path(s).

Because the magnets can be placed in close proximity with each other while each
magnet maintains its own closed loop ExB drift path(s), electrodes of the present invention

enjoy the benefit of having more closed loop ExB drift paths per electrode surface area. This
4
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increased number of closed loop drift paths per electrode surface area results in a more
uniform plasma than plasmas produced using magnetic confined type electrodes of the prior
art. It has also been visually observed that plasmas generated using electredes of the present
invention diffuse farther away from the electrode surface in the space between the electrodes
than plasmas generated using electrodes of the prior art. Although it is not definitively known
exactly why this behavior is observed, it is believed that a portion of each magnetic field is
repelled away from the electrode surface by the likc magnetic poles on the electrode surface.
It is also believed that these portions of magnetic field result in a portion of the plasma to be
produced further from the electrode surface than would be possible if the magnets were

positioned with alternating polarity.

Large electrodes of the present invention can be created by configuring large numbers
of magnets, all having like magnetic poles facing in substantially the same direction. For
example, Fig. 4 shows a planar electrode of the present invention containing two rows of
magnets 30. Even larger electrodes can be produced by increasing the number of magnets in

each row or by adding more rows of magnets.

When bar magnets arc utilized according to the teachings of the present invention as
shown in Fig. 4, each magnet 30 creates a single closed loop ExB drift path 35, However, if
circular magnets are utilized as shown in Fig. 5 or Fig. 6, each magnet creates two separate
closed loop ExB drift paths. For example, Fig. 5 shows concentric rings of magnets 50
wherein the visible surface of each magnet (that is, the flat surface facing the reader) has the
same polarity. Each magnet in Fig. 5 generates two separate closed loop ExB drift paths. Fig.
6 shows circular magnets 60 all having the same radius aligned in a cylindrical shape. If the
curved surface of each magnet 60 that faces outward from the center of the cylinder has the

same polarity then each magnet 60 will generate two separate closed loop ExB drift paths.

The magnets utilized in electrodes of the present invention should not be positioned so
close to each other so as to prevent one magnetic pole of the magnet from producing a
magnetic field with the opposite magnetic pole of the same magnet. If the magnets arc
positioned too close to each other they may behave as a single magnet. There is no critical
limitation as to how far apart the magnets may be positioned. However, as magnets are
positioned farther apart, their corresponding closed loop ExB drift paths are farther apart and

the resulting plasma produced will be less uniform than a plasma produced when the magnets
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are positioned closer together. A distance between magnets adequate for a given application

can be determined without undue cxperimentation.

Wider bar magnets will produce a larger gap in the center of the corresponding closed
loop ExB drift path. Larger gaps in the closed loop ExB drift paths also result in the
production of a less uniform plasma. Thus, it is generally more desirable to utilize relatively
narrow bar magnets. However, if the magnets utilized in electrodes of the present invention
are too narrow then the closed loop ExB drift path also will be too narrow, making the plasma

increasingly difficult to initiate. A magnet width adequate for a given application can be
gty g q g PP

determined without undue experimentation.

Electrodes of the present invention can be advantageously utilized with the teachings
of U.S. Patent Nos. 5,298,587, 5,320,875; 5,433,786; and 5,494,712 to produce improved
PECVD devices and methods of forming plasmas and coatings onto various substrates. For
example, another embodiment of the present invention is a plasma-generating device,
comprising: a) two electrodes, at least one of said electrodes defining an clectrode surface and
containing two or more magnets, each magnet having_two opposite magnetic poles. said
magnets positioned such that like magnetic poles of said magnets are all facing in
substantially the same direction, each magnetic polc of each magnet producing a magnetic
field with the opposite magnetic pole on the same magnet, each magnetic ficld having a
component parallel to the electrode surface, the magnets having sufficient strength to generate
at least 100 gauss; and b) a means for injecting gaseous reactants through at least one
electrode, said means directing substantially all of said reactants through the magnetic fields.
Yet another embodiment of the present invention is a method of providing an abrasion
resistant coating onto the surface of a substratc employing plasma enhanced chemical vapor
deposition of an organosilicone monomer gas in a plasma reaction zone and oxygen gas,
comprising the steps of: a) plasma polymerizing the organosilicone monomer in the presence
of excess oxygen employing a power density within the range of about 10° to about 10 JKg
in the presence of the substrate; and b) conducting the oxygen and organosilicone monomer
gases in a direction which is essentially perpendicular to the substrate surface and through a
magnetic field of at least 100 gauss which is contained essentially in a zone adjacent to the
plasma zone and into the plasma reaction zone, wherein the magnetic ficld of at least 100
gauss is produced by an electrode, the electrode defining an electrode surfacc and containing

two or more magnets, each magnet having two oppositc magnetic poles, said magnets
6
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positioned such that like magnetic poles of said magnets are all facing in substantially the
samne direction, each magnetic pole of each magnet producing a magnetic field with the
opposite magnetic pole on the same magnet, each magnetic field having a component parallc}

to the electrode surface.

Examples

Deposition of SiO,C,H, of was carried out according to the teachings of U.S.
Patent No. 5,433,786 except that the deposition was carried out in a PECVD stainless steel
box equipped with a pair of electrodes of the present invention. Each electrode was a planar
electrode having dimensions of 30 inches by 120 inches. Each electrode was constructed of 5
segments, each segment having dimensions of 30 inches by 24 inches. Each segment was
constructed by arranging 2 rows of 12 bar magnets on a backing plate made of a 1/16 inch soft
iron sheet. The magnets were arranged in the manner depicted in Fig. 4. Each of the magnets
was 8.5 inches long, 0.75 inches wide, and 0.5 inches high. The magnets in each row were
placed 1.5 inches apart Each magnet had a surface field of | kilogauss. The magnets were
obtained from Midwest Industries. On one electrode each magnet was placed such that the
north pole of each magnet faced away from the backing plate and on the other electrode each
magnet was placed such that the south pole of each magnet faced away from the backing
plate. The magnets were covered with a 3/16 inch aluminum sheet (header plate} which
became the surface of the electrode. The electrodes were placed in the PECVD chamber in
parallel 9 inches apart so that the surface of one electrode (all north poles) faced the surface of
the other electrode (all south poles). Utilizing these two clectrodes, the PECVD device

generated uniform plasma conditions over an area approximately 30 inches by 120 inches.
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1. A plasma-generating device, comprising two electrodes, at least one of said
electrodes defining an electrode surface and containing two or more magnets, each magnet
having two opposite magnetic poles, said magnets positioned such that like magnetic poles of
said magnets are all facing in substantially the same direction, each magnetic pole of each
magnet producing a magnetic {ield with the opposite magnetic_pole on the same magnet; each

magnetic field having a component parallel to said electrode surface.

2. A plasma-generating device according to Claim 1, wherein each magnet creates

a single closed loop ExB drift path parallel to the surface of the electrode.

3. A plasma-generating device according to Claim 1, wherein each magnet creates

two closed loop ExB drift paths parallel to the surface of the electrode.

4. A plasma-generating device, comprising two electrodes, at least one electrode
being a planar electrode and containing two or more magnets, each magnet having two
opposite magnetic poles, said magnets positioned such that like magnetic poles of said
magnets arc in a single geometric plane parallel to the geometric plane of the planar electrode
and the polarity of said magnets is perpendicular to the geometric plane of the planar
electrode, each magnetic pole of each magnet producing a magnetic field with the opposite
magnetic pole on the same magnet, each magnetic field having a component parallel to the

geometric planc of the electrode.

5. A plasma-generating device according to Claim 4, wherein each magnet creates

a single closed loop ExB drift path parallel to the geometric plane of the planar electrode

6. A plasma-generating device according to Claim 4, wherein each magnet creates

two closed loop ExB drift paths parallel to the geometric plane of the planar electrode.

7. A plasma-generating device, comprising:

a)  two electrodes, at least one of said electrodes defining an electrode surface
and containing two or more magnets, each magnet having two opposite magnetic poles, said
magnets positioned such that like magnetic poles of said magnets are all facing in
substantially the same direction, each magnetic pole of each magnet producing a magnetic
field with the oppositec magnetic pole on the same magnet, each magnetic field having a
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component parallel] to the electrode surface, the magnets having sufficient strength to generate
at least 100 gauss; and
b)  ameans for injecting gaseous reactants through at least one electrode, said

means directing substantially all of said reactants through the magnetic fields.

8. A method of providing an abrasion resistant coating onto the surface of 2
substrate employing plasma enhanced chemical vapor deposition of an organosilicone
monomer gas in a plasma reaction zone and oxygen gas, comprising the steps of:

a)  plasma polymerizing the organosilicone monomer in the presence of
excess oxygen employing a power density within the range of about 10° to about 10* J/Kg in
the presence of the substrate; and

b)  conducting the oxygen and organosilicone monomer gascs in a direction
which is essentially perpendicular to the substrate surface and through a magnetic ficld of at
least 100 gauss which is contained essentially in a zone adjacent to the plasma zonc and nto
the plasma reaction zone,
wherein thc magnetic field of at least 100 gauss is produced by an electrode, the electrode
defining an electrode surface and containing two or more magnets, each magnet having two
opposite magnetic poles, said magnets positioned such that like magnetic poles of said
magnets are all facing in substantially the same direction, each magnetic pole of each magnet
producing a magnetic field with the opposite magnetic pole on the same magnct, cach

magnetic field having a component paralle! to the electrode surface.

9. A plasma-generating device according to Claim 7, wherein each magnet creates

a single closed loop ExB drift path parallel o the surface of the electrode.

10. A plasma-generating device according to Claim 7, wherein each magnet creates

two closed loop ExB drift paths parallel to the surface of the electrode.
11. A plasma-generating device according to Claim 8, wherein each magnet creates
a single closed loop ExB drift path parallel to the surface of the electrode.

12. A plasma-generating device according to Claim 8, wherein cach

magnet creates two closed loop ExB drift paths parailel



