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(57) Abstract

An emission enhanced sputtering magnetron apparatus (10) includes an elongated rod or bar like cathode (12) jacketed by
a target material (28). An electron emission enhancement device (34) positioned around the end (55) of the elongated cathode (12)
creates a thin, highly uniform plasma sheath along the remainder of the cathode (12), thereby enhancing the sputtering rate along
the entire length of the cathode target material. A low voltage, high current AC or DC magnet supply (50) connected across the
elongated cathode (12) generates a plasma-confining magnetic field circumferentially around the entire length of the cathode
(12). In an alternate embodiment, a single elongated tube or bar of the target material can be conformed into the cathode, the
electron emission enhancing device, and a working end portion that can be formed into nearly any shape to conform to the shape

of the surface being coated with the target material.
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1
METHOD AND APPARATUS FOR LINEAR MAGNETRON SPUTTERING

' Description
Technical Field

This invention relates generally to the field of magnetron sputtering and more specifically to
linear magnetron apparatus for enhancing the uniformity of a plasma sheath along an elongated target
to provide a uniform sputtering rate along the length of the target and to provide a uniform thin film

coating on the substrate.
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Background Art
Sputtering is a well-known process in which the surface of an object or substrate is coated

with a thin film of material that is sputtered, i.e., physically eroded by ion bombardment, from a
target. Sputtering is implemented by creating an 'elrectrical plasma over the surface of ther target
material in a low-pressure gas atmosphere. Gas ions from the plasma are accelerated by electric
fields to bombard and thereby eject atoms from the surface of the target material. These atoms travel
through the gas environment until they impact the surface of the object or substrate where they bond,
creating a coating layer. Sputtering has most commonly been used in the semiconductor industry
where thin metal coatings are formed on semiconductor substrates and then later patterned to form
the various conductive contacts, interconnections, and insulating surfaces on such substrates.
However, an ever-expanding variety of products are being coated by this sputtering process,
including, for example, architectural glass, computer screens, sheet steel, sunglasses, automobile
parts, automobile glazing, surgical implants, jewelry, tool bits, sheet plastic, fabrics, and fiber optics.
Generally speaking, the articles to be coated have been of a flat or planar nature.

In a typical DC magnetron sputtering operation, a target of the material one wishes to use for
a coating is placed within a low pressure gas plasma and connected as a cathode. Ions from the gas.
most usually a chemically inert noble gas sﬁch as argon, bombard the surface of the target and knock
off atoms of the target material. The object being coated is typically placed with respect to the
cathode such that it is in the path of the sputtered atoms. Accordingly, a thin film of the méterial is
deposited on the surface of the object. It is the nature of the sputtering process that the sputtered
atoms leave the target surface with relatively high energies and velocities such that when the atoms
bombard the substrate surface they actually intermix into the atomic lattice of the substrate surface,
creating a penetrating tight bond.

While the overall yield of the sputtering process, that is, the number of atoms sputtered per
incident ion, depends on the energy of the incident ions, the overall sputtering rate not only depends
on the energies of the incident ions, but also depends on the number of ions impacting the target
surface.  The ion energy and number of ions are dependent on the level of ionization in the gas
plasma (glow discharge) and also upon the location of this plasma with respect to the target surface.
Therefore. it is desirable that the ions in the plasma be produced adjacent the target surface. so that
their energies are not dissipated by collisions with intervening gas atoms.

A standard method of improving overall efficiency of glow discharge sputtering has been to
use magnetic fields to confine electrons to the glow region in the vicinity of the cathode target
surface. | The addition of such magnetic fields increases the rate of ionization. Numerous types of

magnetron sputtering apparatus, as they have come to be known, have been developed for this very
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purpose. Essentially, electrons emitted from the target surface will accelerate to a drift velocity that
is orthogonal to both the directions of the electric field and the magnetic field as measured over the
surface of the target. In almost every magnetron sputtering device, the paths travelled by these
electrons close on themselves forming a closed loop. Further, the magnetic fields of such devices are
typically designed such that arching lines of flux form "tunnels” through which the electrons travel
at drift velocity. That is, the electrons travel generally in "ring" or "racetrack” cdnﬁguration: As
they rise from the target surface, the electrons whirl around the racetrack loop in proximity to the
target surface, thereby increasing sputtering rate, as discussed in the patents issued to Chapin, U.S.
No. 4,166,018; Class, U.S. No. 4,198,283; McLeod, U.S. Patent No. 3,956,093; and Corbani, U.S.
Patent No. 3,878,085.

In magnetron type sputtefing devices, the efficiency of plasma generation is increased because
all of the electrons caught in the magnetic field have an increased effective path length in the
proximity of the target. That is, each electron emitted from the target surface has a much longer
distance of travel while in the proximity of the target. The result is that the electrons have collisions
with much higher numbers of gas atoms while near the target. Accordingly, the resultant higher
intensity plasma has more ions available to bombard the surface resulting in a higher sputtering rate.
Another method of increasing the sputtering rate is described by Cuomo in U.S. Patent No.
4,588,490. Essentially, Cuomo adds an additional electrode, known as a hollow-arc cathode as a
third and separately biased electrode to increase the numbers and energy of electrons generally
available in the vicinity of the target. However, a disadvantage associated with the addition of such
a hollow cathode is that the hollow cathode must be made of refractory metal because it operates at
extremely high temperatures. Another disadvantage associated with Cuomo’s hollow cathode is that
it must be operated with a gas flow through the arc cathode that needs to be appropriately controlled
for proper operation. Yet another disadvantage is the need for an additional high-current biasing
supply that must be set at an appropriate biasing level. In general, Cuomo does achieve higher rates
because he is working in the right direction; higher rates are achieved by a "hotter" plasma most
proximate to the cathode surface. However, this increased sputtering rate comes at the expense of
a relatively large increase in the number of additional components and complex control apparatus.

Magnetron sputtering systems can be classified into various groups. Principal among these
groups are the circular, planar, and cylindrical types of sputtering apparatus. Circular and planar
magnetron apparatus tend to suffer from non-uniform erosion which renders the target unusable even
when relatively large amounts of useful target material still remain. This nonuniformity of erosion
is a direct result of the "racetrack” effect described above. That is, the plasma is more intense over

the racetrack area and sputters the target material directly below the racetrack at a vastly greater rate
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than the portions not directly below the racetrack. After this portion of the target material is eroded
away, the target must be replaced even though material remains at the center and at the edges of the
racetrack so that the device will not sustain damage to the supporting cooling structure. Since many
sputtering applications require expensive high purity target materials, this is an uneconomic and
wasteful circumstance. Actually, any of the current sputtering devices having a closed flux-tunnel
electron loop or racetrack configuration will suffer non-uniform target erosion, since the plasma
concentration necessarily varies over the surface of the target. Another disadvantage of circular and
planar magnetrons is that they tend to have quite bulky magnet structures making them large and
cumbersome. Because of this bulky structure, such magnetrons are generally useless for creating
uniform films inside concave or cylindrical structures.

Several different types of cylindrical magnetron sputtering devices have been developed in
part to solve the non-uniformity problems associated with the circular and planar devices, as described
above. Basically, the target material in a cylindrical device is in the form of an elongated tube.
Confining magnetic fields are usually provided by complex bulky solenoid coils dispoéed within the
target around the outside of the magnetron chamber as described in the patents issued to Penfold.
U.S. Patent No. 3,884,793 and 4,031,424. Penfold uses solenoidal coils to generate magnetic fields
having flux lines parallel to the axis of the elongated cathode target. Such cylindrical magnetrons tend
to be somewhat more even in their erosion patterns, however, they suffer from undesirable end
effects. That is, in a cylindrical magnetron the direction of the electron drift velocity vector causes
the electrons to orbit around a central target post. Unfortunately, however, the electrons tend to leak
out or escape their orbits near each end of the central post, resulting in lower ionization intensities.
thus lower sputtering rates, at each end of a cylindrical target. Further, such cylindrical magnetrons
are also expensive to construct and are not suitable for coating substrates with large planar surface
areas. Another disadvantage associated with the cylindrical magnetrons disclosed by Penfold is that
the elongated target may not be bent or shaped to follow the contours of irregularly shaped objects.
If the target in a cylindrical magnetron, such as that described by Penfold, is bent or shaped to follow
the contours of an irregularly shaped object, the magnetic field strength over the target surface would
not be uniform, resulting in marked non-uniformities in the plasma sheath, thus, the sputtering rate.
along and around the surface of the target. Further, because the magnetic field is axially oriented and
parallels the longitudinal axis of the elongated cathode of the target assembly, it is difficult, if not
impossible, to reshape the magnetic field so that it maintains the necessary uniform field strength over
the curved or bent target surface. Accordingly, such cylindrical sputtering devices utilizing axially
oriented magnetic fields are not useful in uniformly coating irregularly shaped objects. McKelvey.

U.S. Patent No. 4,445,997, realizes a fix for a somewhat non-planar surface. but his solution to thz
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problem is a device with multitudes of parts and a target surface that would be very expensive to form
with high-purity materials. Finally, a further disadvantage of these types of cylindrical sputtering
devices is that they are not useful for coating the inner surfaces of small diameter magnetic steel
tubing, because the magnetic field produced by the solenoid outside of the tube cannot penetrate into
the internal regions of the tube.

The patent issued to Zega, U.S. Patent No. 4,376,025, attempts to solve some of the
problems associated with the abovedescribed cylindrical magnetron sputtering apparatus by reorienting
the magnetic flux lines circularly around the axis of the elongated rod-like target material, as opposed
to the axial orientation used by Penfold. Essentially, Zega discloses a cylindrical magnetron device
utilizing a tubular currentcarrying electrode disposed within a tubular target cathode. Instead of using
a separate solenoid coil to generate the plasma-confining magnetic field, Zega uses a high-current
carrying hollow electrical conductor disposed within a tubular target to generate a circumferential
magnetic field that surrounds the tubular target. Zega presents data that show the device achieves
very poor uniformity of coatings. There is some improvement gained by the use of AC driving
potential for magnetic field generation, however, even depositions of coating are still not possible.
A further disadvantage of Zega’s device is that his cylindrical magnetron is still not useful for coating
large planar surfaces. Unlike the prior art magnetrons, the Zega magnetron, despite its poor
sputtering uniformity, does not depend on a closed-loop flux tunnel.

Corbani,; U.S. Patent No. 3,878,085, did try to make a similar embodiment work for coating
of planar surfaces. One of his patent embodiments shows a magnetron structure that is open-ended
with no looped magnetic field. He complains, however, that

"the embodiment of Fig: 6 has the disadvantage that its path has a beginning and an

end, and that charged particles will be ejected from the end. Also, since there is a

beginning, sputtering will not occur for an initial length of the path, and part of the

device is not functional for generation of sputtered material." '

The disadvantage of Corbani’s device is that it produces sputtering rates of different magnitudes

longitudinally along the surface. In operation, then, Corbani’s device would give a rate curve similar
to that shown in Fig. 2a of Zega’s U.S. Patent No. 4,376,025.

In summary, none of these prior art DC magnetron sputtering devices are capable of achieving

a uniform sputtering rate over the entire surface of an irregularly shaped target without going to great

pains and expense, such as in the device disclosed by McKelvey. There is a great need for an

inexpensive device that could be simply fashioned to coat such surfaces. However. to do so would

ideally require a target that is shaped to "silhouette” the object so that the object being coated can be

-
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brought adjacent the target in such a way that the distance between all points on the surface of the
object and the target are substantially equal. Unfortunately, prior art sputtering devices had to go to
extreme expense and complexity, sometimes sacrificing target use or power efficiency and almost
always introducing a large number of parts with a great surface areas into the vacuum system, thus
increasing the overall cost and complexity of the system. Moreover, large surface areas and great

numbers of parts are antithetical to the creation of quality-high purity films in that they tend to poison

the sputtered film with unwanted impurities.

Furthermore, the aforementioned prior art devices tend to have relatively large targets of
much greater lengths or diameters than would otherwise be necessary if such devices could achieve
a highly uniform plasma sheath over the target surface to provide at least an acceptable degree of
uniformity of the film deposited onto the substrate.

Therefore, there remains a need for a sputtering apparatus that is capable of uniformly and
efficiently depositing a thin film of the target material on objects having various shapes, such as the
inner surface of crucibles, the inner diameters of cylinders, shaped automobile glazing. and radically
curved lenses. Such an apparatus should achieve a uniform and intense plasma sheath evenlv over
the full surface of the target to achieve un.iform erosion and high sputtering rates. Further, such an
apparatus should have a target that can be easily placed in close proximity to the surface being coated
to increase the deposition efficiency and alleviate the problems caused by target atoms being sputtered
on objects in the vacuum system other than the substrate. Ideally, such a sputtering apparatus should
allow a wide variety of shapes, sizes, length, and widths of target cathode surface to be used while
maintaining uniform fluxes of sputtered atoms along the entire length of the target cathode surface.
Such a sputtering device should also be efficient, have a reasonable freedom from generating
contamination and particulates and still be relatively easy and inexpensive to manufacture. Prior to

this invention, no such sputtering device existed.
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Disclosure of Invention

Accordingly, it is a general object of this invention to provide a sputtering device that
achieves a uniform sputtering rate over the entire surface of the target.

It is another general object of this invention to provide a sputtering device capable of
depositing a very uniform coating on the surface of the object being coated.

It is arfurther general object of this invention to provide a magnetron sputtering device
wherein the target can be conformed to a wide variety of shapes while maintaining a uniform plasma
sheath over the entire length of the irregularly shaped target. |

1t is yet another general object of this invention to provide a magnetron sputtering device that
can be used with equal effectiveness with AC or DC currents fo create the confining magnetic field.

It is a specific object of this invention to provide a magnetron sputtering device that achieves
uniform deposition over planar surfaces.

It is another specific object of this invention to provide a magnetron sputtering device having
a close fitting plasma sheath over a curved or bent elongated target to produce high sputtering rates
with a high degree of uniformity over the entire length of the curved or bent elongated target.

It is a further specific object of this invention to provide a magnetron sputtering device that

achieves a uniform plasma sheath and uniform sputtering rate by using an electron emission enhancing

device.

It is yet a further specific object of this invention to provide a magnetron sputtering device
that can be used at very close working distances for achieving high sputtering rates and target material
utilization while maintaining a uniform coating of sputtered target material on the object being coated.

It is another further specific object of this invention to reduce the flux of emitted splattered
large sized particles.

It is still another further specific object of this invention to provide a magnetron sputtering
device that can be used to coat the outer surfaces of pipe, thread, rod, wires, fiber optics, and other

elongated or tube like materials.
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It is yet another specific object of this invention to provide a magnetron sputtering device that
can be used to sputter impurities from the inner surfaces of pipes or tubing having very small
diameters.

Another specific object of this invention is to provide a magnetron sputtering device that
achieves high sputtering rates, even when used with magnetic materials.

Another object of this invention is to eliminate many of the parts and large surfaces that must
be contained within the vacuum sputtering chamber as well as to minimize the number of rotary
feedthroughs and mechanical gearings that must pass through the vacuum chamber walls.

Additional objects, advantages, and novel features of the-invention shall be set forth in part
in the description that follows, and in part will become apparent to those skilled in the art upon
examination of the following or may be learned by the practice of the invention. The objects and the
advantages of the invention may be realized and attained by means of the instrumentalities and in
combinations particularly pointed out in tﬁe appended claims.

To achieve the foregoing and other objects and in accordance with the purpose of the present
i.nvention, as embodied and broadly described herein, the emission enhanced linear rﬁagnetron
apparatus of this invention includes an elongated cathode surrounded by a target material. The target
material may either be a sleeve, or a wire wound around the elongated cathode, if the cathode is rod-
like, or the target material could be a welded sheet or a plate attached to or fastened around an
elongated cathode having another shape. Alternatively, and in eithier case, the cathode may be made
entirely of the target material. An electron emission enhancement device positioned near the front
end of the elongated cathode enhances the emission of electrons by the cathode to create a highly
uniform plasma sheath and sputtering rate along the entire length of the target material. A low
voltage, high current AC or DC magnet supply connected across the elongated cathode generates a
plasma-confining magnetic field around the entire length of the cathode to further enhance efficiency.
If an AC magnet supply is used, an electron emission enhancement device must be positioned at each

end of the elongated cathode. In an alternate embodiment, a single elongated tube of target material
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can be conformed into a cathode, an electron emission enhancing device and a working end. The
working end can be formed into nearly any shape to conform to the. shape of the surface being coated
with the target material.

The method of this invention includes the steps of providing an elongated cathode and target
and an anode in a sputtering chamber, enhancing the emission of electrons by the cathode, applying
an elect;ic current through the elongated cathode to generate a coaxial magnetic field around the

elongated cathode, and generating a tight, thin plasma sheath around the target.
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Brief Description of the Drawings

The accompanying drawings, which are incorporated herein and form a part of the
specification illustrate preferred embodiments of the present invention, and together with the
description, serve to explain the principles of the invention. In the drawings:

Figure 1 is a schematic elevational cross-sectional view of a first embodiment of a linear
magnetron sputtering apparatus according to the present invention showing the elongated rod-like
cathode, the coaxial hollow cathode electron enhancer, the end terminator shell, and two trimming
anodes;

Figure 2 is a schematic elevation cross-section view of a térget material coating cathode
having a cylindrical cross-section and showing how the magnetic field lines encircling the target
material confine the plasma adjacent the target material;

Figure 3 is a schematic elevation cross-section view of a target material coating cathode
having a square or rectangular cross-section and showing how the magnetic field lines encircling the
target material confine the plasma adjacent the target material;

Figure 4 is a séhematic elevational cross-sectional view of a second embodifnent of a linear
magnetron sputtering apparatus according to the present invention showing the elongated rod-like
cathode, the coaxial hollow cathode electron enhancer, and a single anode encircling the coaxial
hollow cathode electron enhancer;

Figure 5 is a schematic elevational cross-sectional view of a third embodiment of a linear
magnetron sputtering apparatus according to the present invention showing the elongated rod-like
cathode, the coaxial hollow cathode electron enhancer, with a single anode disposed at the opposite
end of the sputtering chamber;

Figure 6 is a schematic elevational cross-sectional view of a fourth embodiment of a linear
magnetron sputtering apparatus according to the present invention, similar to the embodiment shown

in Figure 4, but having an alternate flat plate electron enhancer connected to a separate electron

source power supply;
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Figure 7 is a schematic plan view of a special configuration cathode for coating large planar
surfaces having an integral coaxial hollow cathode electron enhancer;

Figure 8 is a schematic elevational cross-sectional view of a second embodiment of the special
configuration cathode shown in Figure 7, but having a working portion curved to substantially follow

5 the contour of the curved surface of the object being coated;

Figure 9 is a perspective view 6f_ another special configuration cathode, wherein one end of
the elongated cathode is bent back on itself, forming a "U" section hollow cathode electron enhancer;
and

Figure 10 is a schematic elevational cross-sectional view of a fifth embodiment of a linear

10 magnetron sputtering apparatus according to the present invention, wherein the object being coated

¢
forms both the vacuum sputtering chamber and the anode.
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Best Mode for Carrying Out the Invention

A linear magnetron sputtering apparatus 10 according to the present invention is shown in
Figure 1 and comprises an elongated, rod-like cathode 12 positioned axially in a vacuum chamber
defined by cylindrical wall 14 and opposite end walls 16, 18. A planar piece of glass 20 that is to
be coated is positioned on supports 22, 24 within the vacuum chamber adjacent cathode 12, so that
the surface 26 of glass substrate 20 can be coated with the sputtered metal. The source of the metal
material to be sputtered is the target 28, which can either be a sleeve or a thick coating of the metal
material on the exterior surface of elongated cathode 12. Alternatively, target material 28 may be
a wire wound around cathode 12, or target material 28 may be a welded sheet or plate-like surface
connected to cathode 12. A pair of annular "trimming" anodes 30, 32 may be optionally positioned
around each end of cathode 12, to trim or finely adjust the density of the plasma sheath surrounding
the target 28, as will be described below. An electron emission enhancing device, such as coaxial
hollow cathode 34, is located at the "beginning" or front end 55 of cathode 12, also as will be fully
described below. An end terminator 36 is located at the opposite end of cathode 12. A suitable
sputtering gas, such as argon 38 is introduced into the vacuum chamber via valve 40 and inlet pipe
42, Suitable vacuum pump apparatus (novt shown) connected to outlet pipe 44 maintains the pressure
within the sputtering chamber at a predetermined level.

In operation, the sputtering chamber is evacuated, and argon gas 38 is fed through inlet pipe
42 into the vacuum or sputtering chamber. A high voltage from sputtering power supply 46 is
connected to cathode 12 and to both trimming anodes 30, 32, via voltage divider 48. as will be
thoroughly described below. Alternatively however, as will become apparent below, trimming anodes
30, 32, may be discarded, and the outside wall 14 of the sputtering chamber may be used as the
anode, or the object itself may be used as the anode, as will be shown and described below.
However, for the purposes of continuing this description, it is assumed that the trimming anodes 30.
32 are used. This high voltage between cathode 12 and anodes 30, 32 creates a glow discharge and

plasma in the argon gas adjacent the target surface 28 on cathode 12 forming a plasma sheath around
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target material 28. Essentially, electrons are discharged at high energies from the cathode 12 into
the argon gas 38 to create the plasma in which the argon atoms are stripped of electrons and ionized.
These highly excited ionized argon atoms from the plasma accelerate toward the cathode 12 and
bombard the target material 28 to sputter or erode atoms from the target 28. These sputtered atoms
from target 28, also quite high in energy, migrate to the surface 26 of object 20, where they embed
and plate themselves onto the surface 26. Meanwhile, the spent, now low energy electrons from the
plasma migrate to the anodes 30, 32 to complete the plasma-generating electric circuit.

To enhance the sputtering efficiency and to prevent the high energy ions in the plasma from
eroding other surfaces, including the surface 26 of object 20 being coated, it is highly desirable to
confine the glow discharge and plasma sheath to the area immediately surrounding the target material
28 on cathode 12. Such confinement of the gldw discharge and plasma sheath is accomplished by
using cathode 12 as an electrical conductor to create a magnetic field that encircles the cathode 12,
and, consequently, target material 28. A low voltage, high current magnet power supply 50 is
connected to opposite ends of cathode 12, causing a high current to flow axially through cathode 12.
This current flowing through cathode 12 creates a magnetic field with lines of force wrapping
concentrically around the cathode 12 according to fundamental electromagnetic principles. In the

preferred embodiment, it is preferred that the strength of the magnetic field generated around the

target be at least about 250 gauss as measured from a point about 1 mm above the surface of the

target. The combination of the concentric magnetic field around cathode 12 and the accompanying
electric field confines the high voltage induced, plasma-generating electron flow, which is different
than the low voltage, magnetic field inducing, axial flowing electric current in cathode 12. to
essentially a spiral pattern with a slight radial component, but mostly an axial component, around the
cathode 12, thus confining the glow discharge and plasma sheath to a fairly tight area around the
target material 28. Finally, as was briefly mentioned above, and as will be thoroughly described
below, the coaxial hollow cathode 34 located at the beginning or front end 55 of cathode 12, serves

to enhance the emission of electrons at the cathode 12, raising the electron drift current to a saturated
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Jevel such that it stays constant within the plasma sheath surrounding the surface of the cathode 12.
This saturated electron drift current results in uniform ion generation over the entire cathode 12, thus
target material 28, thereby producing highly uniform sputtering rates of the target 28 regardless of
whether cathode 12 is curved or bent into irregular shapes, as will be completely described below.

The primary advantage in using an electron emission enhancer, such as coaxial hollow cathode
34 in combination with the magnetic field that surrounds the cathode 12, is that highly uniform
sputtering rates can be easily achieved along the entire length of the cathode 12, even with a DC
magnetic field current. Further, since cathode 12 is used to generate the magnetic field, cathode 12
can be formed into a v'ariety of shapes to provide close sputtering coupling, thus high deposition
efficiency, with irregularly shaped planar objects, without affecting the uniform and tight plasma
sheath surrounding the cathode. That is, the plasma sheath substantially follows any bends or curves
in cathode 12. Finally, it is important to note that the linear magnetron sputtering apparatus
according to this invention does not requiré a closed loop field to achieve uniform sputtering at high
rates. For example, an elongated cathode loop, such as the one shown in Figure 7, can be easily used
to coat the inside surface of a blind-end pipe, as will be described in detail below.

Referring again to Figure 1, with occasional reference to Figures 2 and 3, the linear
magnetron sputtering apparatus 10 according to the present invention is described in detail. As was
briefly described above, the sputtering ta}'get 28 is integral with cathode 12. so that the target 28
follows any bends or contours in the cathode. Target 28 may be either a sleeve or a thick coating
of the metal material on the exterior surface of the cathode 12. Alternatively, cathode 12 may
entirely comprise target material 12. For example, if the target material 28 is copper, cathode 12
may simply be a length of copper tubing. Finally, water, or some other liquid or gas coolant may
be optionally introduced through open end 52 of cathode 12, ﬁowing through the cathode and out
through exit end 54, in the direction of arrows 56. See Figure 1.

As was briefly described above, magnet current from magnet power supply 50 flows axially

down cathode 12 and creates a magnetic field having flux lines 41 that substantially encircle cathod2
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12 and target 28, as is best seen in Figure 2. Note that the cathode and target may be of almost any
desired cross-section. For example, the cross-section of the cathodé 12 and target 28 may be square
or rectangular, and the flux lines 41 of the magnetic field will substantially conform to that cross-
section, as shown in Figure 3. If a DC magnet current supply is used, the negative pole or terminal
of magnet power supply 50 is connected to cathode 12 at end 54, with the positive terminal being
connected to end 52. With this polarity, end 54 of cathode 12 is the beginning end, and coaxial
hollow cathode 34 then functions as the electron enhancer. Finally, cathode 12 is also connected to
the negative terminal of high voltage sputtering supply 46 and the positive terminal of high voltagé
sputtering supply is connected to anodes 30 and 32 via voltage divider 48. With both supplies 46 and
50 energized and with an argon pressure of about 5x10? torr, an intense glow discharge and plasma
sheath forms evenly over the elongated target 28.

In operation, a very large emission of electrons is ‘created over the front end portion 55 of
target material 28 that is surrounded by coaxial hollow cathode 34, which is also in physical and
electrical contact with cathode 12. Therefore, the front end portion 55 of cathode 12 forms the inner
electrode of coaxial hollow cathode 34. Accordinggy, hollow cathode 34 serves as a source of
electrons and photons to enhance the emission of electrons at the front end portion 55 of target 28.
This extra electron enhancement at the front end 55 of cathode 12 increases the electron drift current
to saturation, such that the drift current remains constant within the plasma sheath over the surface
of target material 28. In other words, the current in the plasma sheath is raised to a high enough
value to establish a limiting, i.e., constant, current in the plasma sheath. Only when this limiting
condition is achieved is it possible to produce a plasma sheath having uniform thickness and density.
thus establishing a uniform sputtering rate along the entire length of the target material 28.

In practice, it has been found that a six (6) inch length of the coaxial hollow cathode 34 is
sufficient where both the target material 28 and hollow cathode 34 are copper and where the
sputtering gas is argon. However, the emissivity of the target material 28 depends on the particular

target material, surface impurities, gas pressures, and the partial pressures of any reactive gasses
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present in the sputtering chamber. Therefore, it may be necessary to adjust the length of the hollow
cathode 34 to achieve a uniform plasma sheath. Alternatively, a solenoid or coil of wire (not shown)
can be wound around hollow cathode 34 to stimulate the emission of even more electrons. That is,
increasing the current in such a solenoid will increase the electron emission of the cathode 12 until
the sputtering rate is again equal at all points, such as points 58 and 60, along target material 28.
Advantageously, the relative sputtering rate at any point along the target 28 can be optically
monitored during the sputtering operation by measuring the thickness of the plasma sheath over the

surface of target 28. For example, an optical micrometer telescope system can be used to determine

 the plasma sheath thickness at any point along the target 28. If any difference is detected, the current

in the optional solenoid wound around hollow cathode 34 can be adjusted as described above to
achieve a uniform plasma sheath. Alternatively, a voltage divider 48 connected to trimming anodes
30 and 32 can be adjusted to change the relative potentials between the trimming anodes 30 and 32
and cathode 12 to precisely adjust the plasma thickness, thus sputtering rate. In some instances, the
electron emission associated with hollow cathode 34, as well as the electron absorption by end
terminator 36 will excessively heat these components, necessitating the addition of éooling coils 62
and 64 surrounding coaxial hollow cathode 34 and end terminator 36, respectively.

Finally, in this embodiment, it is preferred that the end walls 16, 18 be non-conductive. s¢
that the cathode 12 may be run at a different potential from t'he walls 14 of the sputtering chamber.
which chamber is usually grounded for safety. Therefore, annular sputter shields 66, 68 are placed
circumferentially around hollow cathode 34 and end terminator 36 to insure that a conductive
sputtered film does not form a continuous conductive path between the hollow cathode 34 or end
terminator 36 and walls 14.

Another advantage of the magnetron sputtering device 10 shown in Figure 1 is that it can be
used with either a DC magnet power supply, as was described above, or with an AC supply. If an
AC magnet supply is used, the coaxial hollow cathode 34 and end terminator 36 will alternate their

functions. That is, during the first half of the AC cycle, shell 34 might be the end terminator while
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shell 36 is the emission enhancer, and vice versa. Therefore, the apparatus 10 according to the
present invention is readily adaptable for either AC or DC operation, without the need to change or
replace any components. Finally, this magnetron sputtering device 10 permits the deposition of
ferromagnetic target materials at a rate approximately equivalent to that achievable with non-
ferromagnetic conductive target materials.

A second embodiment 110 of é linear magnetron sputtering device for DC operation only is
shown in Figure 4 being used to coat thé inside surface of a cylindrical object. Essentially, the
cathode 112 coated with target material 128 is positioned in a sputtering chamber defined by
cylindrical wall 114 and opposite end walls 116 and 118, just like the first embodiment 10. The
cylindrical object 120 is positioned in the sputtering chamber concentrically around the cathode 112,
so that the inside surface 126 of the substrate 120 can be coated with the target material 128. In this
second embodiment, however, a single annular anode 130 surrounds coaxial hollow cathode 134.
Argon gas 138 is introduced into the sputtering chamber through coaxial hollow cathode 134. An
end shield 166 ig positioned around the opposite end of cathode 112 to protect the adjacent end wall
118 from sputtering damage. The operation of this second embodiment 110 is essentially identical
to the first, except that only DC magnetic field currents can be placed on cathode 112, because there
is not an opposing end terminator that can function as a coaxial hollow cathode for the half of the AC
cycle having reversed polarities.

A third embodiment 210 of a linear magnetron sputtering device, again for DC operation
only, is shown in Figure 5. Essent{ally, this third embodiment 210 is the same as the second
embodiment 110, except that the anode 230 is located at the opposite end of the sputtering chamber.
When this anode 230 is relocated, as in this embodiment 210, the positive terminal of magnet supply
250 should be connected to the end of the cathode 212 containing the coaxial hollow cathode 234.
As with the second embodiment 110, this third embodiment 210 can on be operated with a DC

magnet current.
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A fourth embodiment 310 of yet another DC linear magnetron sputtering device is shown in
Figure 6. This fourth embodiment 310 uses a different type of electron emission enhancer to provide
electron enhancement in the plasma. This plate type of emission enhancer 335 is essentially a flat
plate that is connected to an additional electron source power supply 351. |

While the above-described embodiments have all been shown and described utilizing straight.
rod-like targets, a nearly infinite variety of target shapes are possible, since the plasma sheath will
closely follow any contours, bends, or curves of the elongated target. The target can even be folded
back on itself to form a loop. For example, a special conﬁguratioh 410 of a combination cathode and
target 412 loop according to the present invention is shown in Figure 7. This configuration of the
combination cathode and target 412 would be useful in coating large, planar surfaces, such as large
glass plates. The plate 420 could be passed under or over the working portion 413 of combination
cathode/target 412 in a direction parallel.to the plane of the paper as indicated by arrow 443. The
elongated working portion 413 can be of any length, and preferably would be as long as the object
being coated. Since the object can easily be drawn past working end 413 in close proximity,
deposition efficiency will be relatively high, with the majority of the sputtered target atoms coating
the surface of the planar object. Thus, a.uniform coating on the surface of such a planar object can
be easily achieved on a single pass. The rate at which the object is moved past working portion 413
controls the thickness of the plated material. Alternatively, this embodiment 410 could be used to
coat the inside surface of a blind-end tube or cylinder, since the working portion 413 can be easily
inserted into the open end of the cylinder and does not require a opening in the blind end to complete
the circuit.

Referring now in detail to Figure 7, the combination cathode and target 412 is made from
tube stock of the target material, e.g., aluminum, gold, copper, etc. End plate 416 supports the
cathode/target 412 and mounts to some suitable vacuum sputtering chamber (not shown) large enough
to accommodate the object 420 being coated. In this special configuration 410, the front end 455 of

combination cathode target 412 is necessarily the end that enters the sputtering chamber through



1

0

15

20

[
wn

WO 92/18663 PCT/US92/03133

19

insulating feedthroughs 413. Also, the generation of the magnetic field is necessarily done with direct
current from a suitable magnet power supply (not shown). Connecter 454 is connected to the negative
pole or terminal of the magnet power supply and connecter 452 is connected to the positive terminal
of the supply. A suitable coolant can be directed through the tubing as indicated by arrows 456. An
important feature of this special configuration 410 is that the plurality of coils 434 form the hollow
cathode emission enhancer around the beginning portion 455 of cathode/target 412, thereby
eliminating the need for a separate element, thus reducing cost. The "working" portion or loop 413
of cathode 412 extends into the sputtering chamber in a straight line, which is preferred when coating
large planar surfaces. The individual tubes 411, 415 comprising working loop 413 should be
separated by at least three (3) or four (4) diameters of the tube stock comprising cathode 412, (shown
by arrow 441), so that the magnetic field compréssion and hollow cathode effects will not cause the
facing surfaces of these tube portions 411, 415 to be the only parts to sputter. However, there are
certain instances where it might be desired to sputter the facing surfaces of the tube portions, such
as, for example, wﬁen plating both sides of a thin object passing between the loops 411, 415 in a
direction perpendicular to the plane of the drawing shown in Figure 7.

An alternative embodiment 510 to the special embodiment 410 is shown in Figure 8.

Essentially, this embodiment 510 is identical to the embodiment 410 as described above, except that

this embodiment 510 has a curved or bent working portion 513 of combination target/cathode 512.

The working portion 513 is curved to substantially follow the curved contour of a curved glass plate
being passed adjacent working portion 513 perpendicular to the plane of the drawing. The uniform
distance between the working portion 513 of the target and the surface 526 of the object 520 being
coated allows a uniform coating to be applied with a high deposition efficiency.

It is important to remember that the sputtering target/cathode used in conjunction with the
principles of this invention can take numerous forms other than the forms shown and described above
for the embodiments 410 and 510. For example, another possible configuration 610 of a sputtering

target/cathode 612 is shown in Figure 9. In this embodiment 610 the cross section of target/cathode
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612 is rectangular, as opposed to cylindrical, as was shown for embodiments 410 and 510, nor does
the target/cathode 612 double back on itself to form a wand or loop, although it could if the pipe
being coated has a blind end, as described above. Such a configuration 610 for the target/cathode
would be useful when coating the inside surface of an elongated object, such as a pipe or gun barrel,
as the entire cathode 612 can be appropriately sized to fit inside the object being coated. If such a
cathode 612 is to be used for DC operation, the hollow cathode emission enhancer 634 need only be
placed at the beginning end of the working portion 613 of the cathode 612 and can be formed by
bending end 627 of cathode 612 back upon itself, as seen in Figure 9. If the cathode 612 is to be
used for AC operation, a similar hollow cathode emission enhancer could be formed by bending end
629 back upon itself in a "U", similar to end 627. Note that only the target/cathode 612 is shown
in Figure 9, and suitable electrical connections, voltage and current sources, and a suitable sputtering
chamber would have to be accommodated similar to those shown and described above for the other
embodiments.

Still other configurations for the linear magnetron sputtering apparatus according to the
Present invention are possible. For example, for the embodiment 710 shown in Figure 10 is ideal
for coating the inside surface 726 of an elongated pipe or tube 720, which pipe or tube 720 also acts
as the vacuum coating chamber, thus dispensing with the need for a separate vacuum chamber. Pipe
or tube 720 is also connected to voltage’source 746, forming the anode, although a separate anode
could be used, as described above. Two end plates 716 and 718 would be placed over each end of
the pipe 720 to seal the interior and form the sputtering chamber. In this embodiment 710, the end
plates 716 and 718 also serve to position and locate the elongated cathode 712 and hollow cathode
emission enhancer 734, as seen in Figure 10.

During operation, the sputtering chamber formed by thé walls of pipe 720 and end plates 716
and 718 is evacuated by a vacuum pumping system (not shown), and a suitable inert gas 738 is
introduced into the sputtering chamber. The vacuum pumping system is connected to the sputtering

chamber via end wall 718 and maintains the sputtering chamber at the desired pressure. as described
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in detail above. A major advantage of this embodiment 710 is that since the tube or pipe 720 being
coated forms the vacuum sputtering chamber, relatively long pipé sections can be easily coated
without the need for a prohibitively large and expensive vacuum chamber. For example, this
embodiment 710 could be used to coat the inside surfaces of oil well casing pipes, process piping for
the petro-chemical, chemical, pharmaceutical, nuclear, waste management, and food and beverage
industrigs, as well as for barrels for injection molding machines, weapons barrels of all sizes and
descriptions, tubing for ultra-clean environments, and high pressure tubes and pipes and corrosion
resistant reaction vessels.

‘Another major advantage associated with this Vembodiment 710 is that it can be used in
"reverse" to thoroughly.clean the inside surface 726 of pipe 20 by sputtering away any impurities on
the ;urface 726. When used to clean the inside surface 726 of the pipe 720, the pipe 720 is connected
as the cathode, while the target material 712 is connected as the anode. A relatively large amount
of inert gas 738 flowing through the sputtering chamber must be used to capture the sputtered
impurities before they plate themselves to the target/anode 712 and are removed from the sputtering
chamber by the vacuum pumping system. After the inside surface 726 is cleaned in this manner, the
electrical connections could be reversed again, with the target 712 reconnected as the cathode and tube
720 reconnected as the anode. This embodiment 710 could now be used to sputter the target material
728 onto the newly cleaned inside surface 726. Since the sputtering operation can be performed
immediately following the cleaning operation, the chances of fe-contaminating the inside surface 726
are minimized.

Finally, by selectively and intermittently reversing the connections as described above, i.e.,
alternately making the tube 720 and target 728 be the anode and cathode, a gradient film of target
material 728 can be depositéd on the inside surface 726, varying in composition from 100% of the
pipe composition at the surface of the pipe to 100% of the target material composition 728 at the

surface of the deposited coating.
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This concludes the detailed descriptions of the various embodiments and special configurations
of the linear magnetron sputtering apparatus of the present invention. Note that numerous
-arrangements of the components of the linear magnetron sputtering apparatus according to this
invention are possible, and many other arrangements that are not shown and described herein would
be obvious to those persons having ordinary skill in the art after becoming familiar with the details
of this invention. For example, four different types of electron emission enhances have been shown
and described herein, but many other variations are possible and fall within the scope of this
invention. Further, it should be noted that this invention is not limited to coating only large planar
surfaces, curved glass plates, or tubes and cylinders. On the contrafy, the embodiments described
herein could be easily modified to uniformly coat myriad other objects.

Tt should also be remembered that the "deposition” inefficiencies referred to herein apply to
all types of sputtering apparatus. That is, any time atoms are sputtered from a target surface. a
portion will always wind up being deposited on other surfaces besides the surface being coated.
These coupling losses make it important to minimize the distance between the target and surface being
coated. The conformable target according to this invention ensures that the target-tosurface distance
can always be minimized, thereby maximizing the deposition or coupling efficiency.

The foregoing is considered as illustrative only of the principles of the invention. Further,
since numerous modifications and changes will readily occur to those skilled in the art, it is not
desired to limit the invention to the exact construction and operation shown and described. and

accordingly all suitable modifications and equivalents may be resorted to falling within the scope of

the invention as defined by the claims which follow.
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Claims
The embodiments of the invention in which an exclusive property or privilege is claimed are
defined as follows:

1. Emission enhanced sputtering cathode apparatus for producing a thin film on the

surface of an object, comprising:

an elongated cathode teﬁninating in first and second end sections;

a target material surrounding said elongated cathode and in electrical contact
therewith, forming a sputtering surface;

electron emission enhancing means connected to the first end section of said elongated
cathode for enhancing the emission of electrons at the sputtering surface of said target
material; and

means for applying an electric current through said elongated cathode for generating

a circumferential magnetic field around said elongated cathode and said target material.

2. The emission enhanced sputtering cathode apparatus of claim 1, wherein said electron
emission enhancing means includes a coaxial hollow cathode mounted to the first end section of said
elongated cathode and electrically connected thereto and wherein said coaxial hollow cathode
substantially encircles the first end section of said elongated cathode and said target material.

3. The emission enhanced sputtering cathode apparatus of claim 2, wherein said means
for applying an electric current through said elongated cathode includes a low voltage DC magnetic
field current source having its negative terminal connected to the first end section of said elongated
cathode and its positive terminal connected to the second end section of said elongated cathode.

4. The emission. enhanced sputtering cathode apparatus of claim 3, wherein said
elongated cathode is hollow.

5. The emission enhanced sputtering cathode apparatus of claim 4, wherein said
elongated cathode is made entirely of said target material, such that said elongated cathode and said

target material are now essentially one element.

-
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6. A sputtering apparatus utilizing the emission enhanced sputtering cathode apparatus

as recited in claim 5, further comprising:
an air-tight sputtering chamber adapted to house said emission enhanced sputtering
cathode and the object being coated;

an anode; and

a DC high voltage sputtering supply having a negative terminal connected to the first
end section of said elongated cathode and having a positive terminal connected to said anode.
7. The sputtering apparatus of claim 6, including means for introducing a sputtering gas

into said sputtering chamber at a predetermined pressure.

8. The sputtering apparatus of claim 7, including means for circulating coolant through

said elongated hollow cathode.

9. The sputtering apparatus of claim 8, wherein said sputtering chamber is connected to

said DC high voltage sputtering supply as said anode.

10.  The sputtering apparatus of claim 8, wherein said anode is located at about the first

end of said elongated cathode.

11.  The sputtering apparatus of claim 8, wherein said anode is located at about the second

end of said elongated cathode.

12. The sputtering apparatus of claim 8, wherein said anode includes a first trimming
anode located at about the first end section of said elongated cathode and a second trimming anode
located at about the second end section of said elongated cathode and wherein said first and second
trimming anodes are connected together to said DC high voltage sputtering supply through a voltage
divider, such that the potential between said first and second trimming anodes and said elongated
cathode can be varied.

13.  The emission enhanced sputtering cathode apparatus of claim 1. including end
terminator means connected to the second end section of said elongated cathode for intercepting

electrons from the sputtering surface of said target material.
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14.  The emission enhanced sputtering cathode apparatus of claim 13, wherein said
electron emission enhancing means includes a coaxial hollow cathode mounted to the first end section
of said elongated cathode and electrically connected thereto and wherein said coaxial hollow cathode
substantially encircles the first end section of said elongatéd cathode and said target material and
wherein said end terminator means includes a coaxial hollow end terminator shell mounted to the
second end section of said elongated cathode and electrically connected thereto and whgrein said
hollow end terminator shell substantially encircles the second end section of said elongated cathode
and said target material.

15.  The emission enhanced sputtering cathode apparatus of claim 14, wherein said means
for applying an electric current through said eiongated cathode includes a low voltage AC magnetic
field current source having a first terminal connected to the first end section of said elongated cathode
and a second terminal connected to the second end section of said elongated cathode.

16.  The emission enhanced sputtering cathode apparatus of claim 15, wherein said
elongated cathode is hollow.

17.  The emission enhanced sputtering cathode apparatus of claim 16, wherein said
elongated cathode is made entirely of said target material, such that said elongated cathode and said
target material are now essentially one element.

18. A sputtering apparatus utilizing the emission enhanced sputtering cathode apparatus
as recited in claim 17, further comprising:

an air-tight sputtering chamber adapted to house said emission enhanced sputtering
cathode and the object being coated;

an anode; and

a DC high voltage sputtering supply having a negative‘terminal connected to the first
end section of said elongated cathode and having a positive terminal connected to said anode.

19.  The sputtering apparatus of claim 18, including means for introducing a sputtering

gas into said sputtering chamber at a predetermined pressure.
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20.  The sputtering apparatus of claim 19, including means for circulating coolant through

said elongated hollow cathode.

21.  The sputtering apparatus of claim 20, wherein said sputtering-chamber is connected

to said DC high voltage sputtering supply as said anode.

22. The sputtering apparatus of claim 20, wherein said anode is located at about the first

end section of said elongated cathode.

23.  The sputtering apparatus of claim 20, wherein said anode is located at about the
second end section of said elongated cathode.

24.  The spﬁttering apparatus of claim 20, wherein said anode includes a first trimming
anode located at about the first end section of said elongated cathode and a second trimming anode
located at about the second end section of said elongated cathode and wherein said first and second
trimming anodes are connected together to said DC high voltage sputtering supply through a voltage

divider, such that the potential between said first and second trimming anodes and said elongated

cathode can be varied.

25.  The emission enhanced sputtering cathode apparatus of claim 1, wherein said electron

emission enhancing means comprises:

an electron emission enhancing plate located at about the first end of said elongated
cathode; and

electron source power supply means connected to said electron emission enhancing
plate for enhancing the emission of electrons at the sputtering surface of said target material.
26.  Emission enhanced sputtering cathode apparatus for producing a thin film on the

surface of an object, the surface of the object having a cross-section, comprising:

a elongated hollow tubular target cathode lodp having a front end section and 4
terminating end section, that is formed in an elongated loop to create a working end section
and a hollow cathode electron emission enhancer section, the hollow cathode electron

emission enhancer section being formed by coiling the terminating end section of said
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elongated hollow tubular target cathode loop around the front end section of said elongated

hollow tubular target cathode loop such that there is an annuiar space between said front end

section and the coils formed by the terminating end section; and

means for applying an electric current through said elongated hollow tubular target
cathode loop to generate a magnetic field that substantially conforms to the shape of the
working end section.

217. The emission enhanced sputtering cathode apparatus of claim 16, wherein the working
end section of said elongated hollow tubular target cathode loop is formed to substantially conform
to the cross-section of the surface of the object being coated.

28. A me_thod of depositing a thin film onto the surface of an object within an emission
enhanced cathode sputtering apparatus, comprisjng the steps of:

providing an elongated cathode, a target material surrounding the elongated cathode
and in electrical contact therewith to form a sputtering surface, and at least one anode
remotely located from the elongated cathode;

enhancing the emission of electrons at ‘the sputtering surface of the target material;

applying an electric current through the elongated cathode which generates a magnetic
field around the elongated cathode and the sputtering surface; and

generating a plasma sheath around the sputtering surface.

29. A sputtering apparatus utilizing the emission enhanced sputtering cathode apparatus
as recited in claim 1, wherein the object forms an air-tight sputtering chamber and is adapted to house
said emission enhanced sputtering cathode and including a DC high voltage sputtering supply having
a negative terminal connected to the first end section of said elongated cathode and having a positive
terminal connected to the object to form an anode.

30. The sputtering apparatus of claim 29, including means for introducing a sputtering

gas into said sputtering chamber at a predetermined pressure.
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31.  The sputtering apparatus of claim 30, including means for circulating coolant through
said elongated hollow cathode.

32.  The sputtering apparatus of claim 31, wherein said emission enhanced sputtering
cathode can be connected as an anode and wherein said sputtering chamber can be connected as a

cathode, such that material is sputtered from the object.

33.  The sputtering apparatus of claim 32, wherein said emission enhanced sputtering
cathode and said sputtering chamber can be alternately connected as a cathode and as an anode,
respectively, and vice-versa, such that said target material and the object can be alternately sputtered.

34.  Emission enhanced sputtering cathode apparatus for producing a thin film on the

surface of an object, comprising:

an elongated target cathode having a first end section and a second end section,
wherein said first end seétion is bent back on itself, forming a "U", such that there is a space

between said elongated target cathode and the bent back first end section, thereby forming a

hollow cathode electron emission enhancer section; and

means for applying an electric current through said elongated target cathode to
generate a magnetic field that substantially conforms to the shape of said elongated target
cathode.

35.  The emission enhanced sputtering cathode api)aratus of claim 1, wherein said electron
emission enhancing means includes hollow cathode means mounted to said elongated cathode in
spaced apart lateral relation to the first end section of said elongated cathode and electrically
connected to said elongated cathode.

36.  The emission enhanced sputtering cathode apparatus of claim 35, wherein said hollow
cathode means is formed by bending said first end section of said elongated cathode back on itself.
such that there is a space between said elongated cathode and the bent back first end section.

37.  The emission enhanced sputtering cathode apparatus of claim 35, wherein said holiow

cathode means is formed by coiling said first end section of said elongated cathode around said
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elongated cathode at about said first end section, such that there is an annular space between said first

end section and the coils formed by coiling said first end section.
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AMENDED CLAIMS
[recieved by the International Bureau
on 28 September 1992 (28.09.92);
original claims 1 and 28 amended; new claims 38-44 added;
other claims unchanged (5 pages)]

The embodiments of the invention in which an exclusive property or privilege is claimed are

defined as follows:

1. Emission enhanced sputtering cathode apparatus for producing a thin film on the
surface of an object, comprising:

an elongated cathode terminating in first and second end sections;

a target material surrounding said elongated cathode and in electrical contact
therewith, forming a sputtering surface;

electron emission enhancing means in radially spaced relation to the first end section
of said elongated cathode, wherei;l said electron emission enhancing means includes a surface
positioned in substantially radially opposed relation to the first end section of said elongated
cathode, whereby the surface substantially faces and is exposed to the first end section of said
elongated cathode, for enhancing the emission of electrons at the sputtering surface of said

target material; and .

means for applying an electric current through said elongated cathode for generating

a magnetic field having magnetic field vectors directed circumferentially around said

elongated cathode and said target material.

2. The emission enhanced sputtering cathode apparatus of claim 1, wherein said electron
emission enhancing means includes a coaxial hollow cathode mounted to the first end section of said
elongated cathode and electrically connected thereto and wherein said coaxial hollow cathode
substantially encircles the first end section of said elongated cathode and said target material.

3. The emission enhanced sputtering cathode apparatus of claim 2, wherein said means
for applying an electric current through said elongated cathode includes a low voltage DC magnetic
field current source having its negative terminal connected to the first end section of said elongated
cathode and its positive terminal connected to the second end section of said elongated cathode.

4. The emission enhanced sputtering cathode apparatus of claim 3, wherein said
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elongated cathode is hollow.
5. The emission enhanced sputtering cathode apparatus of claim 4, wherein said
elongated cathode is made entirely of said target material, such that said elongated cathode and said

target material are now essentially one element.
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elongated hollow tubular target cathode loop around the front end section of said elongated

hollow tubular target cathode loop such that there is an annular space between said front end

section and the coils formed by the terminating end section; and

means for applying an electric current through said elongated hollow tubular target
cathode loop to generate a magnetic field that substantially conforms to the shape of the
working end section.

27.  The emission enhanced sputtering cathode apparatus of claim 16, wherein the working
end section of said eloggated hollow tubular target cathode loop is formed to substantially conform
to the cross-section of the surface of the object being coated.

28. A method of depositing a thin film onto the surface of an object within an emission
enhanced cathode sputtering apparatus, comprising the steps of:

providing an elongated cathode, a target material surrounding the elongated cathode
and in electrical contact therewith to form a sputtering surface, and at least one anode
remotely located from the elongated cathode;

enhancing the emission of electrons at the sputtering surface of the target rﬁaterial;

applying an electric current through the elongated cathode to generate a magnetic field
having magnetic field vectors oriented to wrap circumferentially around the elongated cathode
and the sputtering surface; and

generating a plasma sheath around the sputtering surface.

29. A sputtering apparatus utilizing the emission enhanced sputtering cathode apparatus
as recited in claim 1, wherein the object forms an air-tight sputtering chamber and is adapted to house
said emission enhanced sputtering cathode and including a DC high voltage sputtering supply having
a negative terminal connected to the first end section of said eléngated cathode and having a positive
terminal connected to the object to form an anode.

30.  The sputtering apparatus of claim 29, including means for introducing a sputtering

gas into said sputtering chamber at a predetermined pressure.
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elongated cathode at about said first end section, such that there is an annular space between said first
end section and the coils formed by coiling said first end section. |

38. Emission enhanced sputtering cathode apparatus for producing a thin film on the
surface of an object, comprising:

an elongated cathode terminating in first and second end sections;

a target material surrounding said elongated cathode and in electrical contact therewith
and forming a sputtering surface;

Electron emission enhancement means positioned in radially spaced apart laterél
relation to the first end section of said elongated cathode for enhancing the émission of
electrons at the sputtering surface of said target material; and

means for applying an electric current through said elongated cathode for generating
a magnetic field having magnetic field vectors- directed circumferentially around said
elongated cathode and said target material.

39. The emission enhanced sputtering cathode apparatus of claim 38, wherein said
electron emission enhancement means is formed by b;nding said first end section of said elongated
cathode back on itself, such that there is a space between said elongated cathode and the bent back
first end section.

40.  The emission enhanced sputtering cathode apparatus of claim 38, ‘wherein said
electron emission enhancement means is formed by coiling said first end section of said elongated |
cathode around said elongated cathode at about said first end section, such that there is an annular
space between said first end section and the coils formed by coiling said first end section.

41.  The emission enhancedr sputtering cathode apparatus of claim 38, wherein said
electron emission enhancement means comprises:

an electron emission enhancing plate located at about the first end of said elongated
cathode; and

electron source power supply means connected to said electron emission enhancing
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plate for enhancing the emission of electrons at the sputtering surface of said target material.

42.  The emission enhanced sputtering cathode apparatus of claim 38, wherein said
electron emission enhancement means is formed by a hollow cathode surface that substantially
encircles the first end section of said elongated cathode.

43.  The emission enhanced sputtering cathode apparatus of claim 38, wherein said means
for applying an electric current through said elongated cathode includes a low voltage DC magnetic
field current source having its negative terminal connected to the first end section of said elongated
cathode and its positive terminal connected to the second end section of said elongated cathode.

44, A sputtering apparatus utilizing the emission enhanced sputtering cathode apparatus
as recited in claim 38, further comprising:

a sputtering chamber adapted to house said emission enhanced sputtering cathode and
the object being coated;

an anode; and

a high voltage plasma generating supply having a negative terminal connected to the

first end section of said elongated cathode and having a positive terminal connected to said

anode.
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STATEMENT UNDER ARTICLE 19

The amendments made to claims 1 and 28 and the new claims 38-44 in the replacement sheets
23, 23/1,27, 29, and 30 accompanying the applicant’s Amendment After Notification of Transmittal
of the International Search Report under Article 19(1), Rule 46, and as described in the accorﬁpanying
Letter Describing Differences Between Replaced Sheets and Replacement Sheets submitted
concurrently herewith, are made to better define the electron emission enhancer and to clarify that
it includes a surface that is spaced radially apart from, and faces, the first end section of the cathode
and to better define the orientation of the circumferential magnetic field. New dependant claims 38-
44 were added to more clearly claim the structure of the hollow cathode electron emission enhancer.

This amendment has no impact on the description and drawings.
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