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(57) Abstract

A plasma apparatus which generates a
radio frequency (UHF or microwave) disk plas-
ma (16) and a hybrid plasma (45) derived from
the disk plasma. The microwave plasma acts as a
source of excited ion and free radical species and
electrons for the second plasma which is hybrid
in that it contains species from both microwave
and dc (or rf depending on bias) excitation. The
hybrid plasma can be used to treat an article (43)
with different species than are present in the disk
plasma and provides more control in this regard
than a single plasma.
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DUAL PLASMA MICROWAVE APPARATUS AND
METHOD FOR TREATING A SURFACE

Cross-Reference to Related Application

This application is a continuation-in-part of
U.S. application Serial No. 798,309, filed November 15,
1985 which is a division of U.S. application Serial WNo.
641,190, filed August 16, 1984, now U.S. Patent No.
4,585,668 and a continuation-in-part of Application Serial
No. 849,052 filed april 7, 1986 which is a

continuation-in-part of Sérial No. 641,190 referred to

praviously.
BACKGROUND OF THE INVENTION
(1) Field of the Invention
The present iavention ralates to a dual plasma

UHF or microwave apparatus and method. In particular the
present iavention relates to a UHF or microwave plasma
apparatus which allows the formation of a second hybrid
plasma for treatment of an article separate from a first
disk plasma which is the source of the hybrid plasma. The
hybrid plasma is a combination of a microwave and a D.C. or
R.F. plasma and is used to treat a surface of an article in
a different manner than the disk plasma.
(2) Prior Art

U.S. Patent No. 4,507,588 by some of the
inventors herein describes some of the prior art. It is
not believed that a dual microwave plasma apparatus has
been described by the prior art.
Objects

It is therefore an object of the present
invention to provide a UHF or microwave, plasma apparatus
which produces separate dual plasmas including a hybrid
plasma having improved properties‘for treating an article.
Further it is an object of the present invention to provide
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a UHF or microwave plasma apparatus for producing a hybrid
plasma which is relatively simple to construct. These and
other objects will become increasingly apparent by
reference to the following description and the drawings.
In the Drawings

Figure 1 is a front cross-sectional view of the

)

UHF or microwave apparatus of the present invention
particularly illustrating a disk plasma 16 and a separate
derived hybrid plasma 45.

Figure 2 is a plan cross-sectional view along
line 2-2 of Figure 1. -

Figure 3 is a front partial cross-sectional view
of another embodiment of the UHF or microwave plasma
apparatus showing a hybrid plasma 45a with gas conduits 49
provided for enhancing the properties of the hybrid plasma
45a,

General Description

The present invention relates to an ion
generating apparatus for treating a surface which
comprises: a plasma source employing a radio frequency,
including UHF or microwave, wave coupler or applicator
which is metallic and in the shape of a hollow cavity and
which is excited in one or more of its TE or TM modes of
rasonance and optionally including a static magnetic field
surrounding the plasma source which aids in coupling
electromagnetic energy to plasma electrons at electron
cyclotron resonance and aids in confining the charged
species in the discharge chamber, wherein the plasma is
maintained at a reduced pressure in operation and wherein
the ion source apparatus includes an electrically insulated
chamber having a central longitudinal axié mounted in
closely spaced relationship to an area of the applicator
defining an opening from the chamber; perforated means
ad jacent the opening which allows ions, free radicals and

4

electrons to be removed from the plasma; gas supply means
for providing a gas which is ionized to form the plasma in
the insulated chamber, wherein the radio frequency wave,
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including UHF and microwave, applied to the applicator
creates and maintains the plasma in the shape of an
elongate plasma disk perpendicular to and surrounding the
central longitudinal axis in the chamber; metal plate means
in the cavity mounted perpendicular to the axis; a probe
means (including a conventional loop) connected to and
extending inside the applicator for coupling
electromagnetic energy to the applicator, wherein the plate
means and the probe means in the applicator achieves the
selected TE or TM mode of resonance of the radio frequency
wave in the applicator; ion attracting means mounted in
spaced relationship to the perforated means outside of the
chamber for attachment to the surface to be treated for
purposes of igniting a hybrid plasma and for attracting
ions from the plasma to the surface by bias means providing
a suitable voltage potential; and a platform means
supporting the surface to be treated and electrically
insulated from the ion attracting means, wherein the ion
attracting means and platform means are spaced from the
plasma in the chamber such that the hybrid plasma is formed
adjacent to the ion attracting means which is separate from
the elongate plasma disk. The plate means and the probe
means are preferably moveable to change the mode of

- resonance of the UHF or microwave applicator and to

impedance match the applicator to the input transmission
system,

Further the present iavention relates to a
method for treating a surface which comprises: providing an
ion generating apparatus including a plasma source
employing a radio frequency, including UHF or microwave,
wave'coupler or applicator, which is metallic and in the
shape of a hollow cavity and which is excited in one or
more of its TE or T™ modes of resonance and optionally
including a static magnetic field surrounding the plasma
source which aids in coupling electromagnetic energy to the
plasma electrons at electron cyclotron resonance and aids
in confining the charged species in the discharge chamber,
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wherein the plasma is maintained at a reduced pressure in
operation, wherein the ion generating apparatus further
includes an electrically insulated chamber having a central
longitudinal axis and mounted in closely spaced
relationship to an area of the applicator defining an
opening from the chamber, further includes perforated means
adjacent the opening which allows the ions, free radicals
and electrons to be removed from the chamber, further
includes a gas supply means for providing a gas which is
ionized to form the plasma in the insulated chamber,
wherein the radio frequency wave (including UHF and
microwave) applied to the applicator creates and then
maintains the plasma in the shape of an elongate, thin
plasma disk perpendicular to and surrounding the central
axis in the chamber, further includes a metal plate means
mounted perpendicular to the axis, further including a
probe means connected to and extending inside the
applicator for coupling electromagnetic energy to the
applicator, wherein the plate means and the probe means in
the applicator achieves a selected TE or TM mode of
resonance of the radio frequency wave in the applicator and
in order to match the applicator, further includes ion
attracting means mounted in spaced relationship to the
perforated means outside of the chamber attached to the
surface to be treated for purposes of igniting the plasma
and for attracting ions from the plasma by bias means
providing a suitable voltage potential and further
including a platform means supporting the surface to be
treated and electrically insulated from the ion attracting
means wherein the ion attracting means and platform means
are spaced from the plasma in the chamber such that a
hybrid ion and microwave plasma is formed adjacent to the

. ion attracting means which is separate from the elongate

plasma disk; forming the plasma disk in the chamber and the
separate hybrid plasma adjacent the ion attracting means;
and attracting the ions from the hybrid plasma to the



o

«3

WO 87/07760 PCT/US87/01427

10

15

20

25

30

35

-5

surface with the bias means having a suitable voltage
potential attached to the surface.

As used herein the terms "coupler" and
"applicator® are used interchangeably. The latter term is
preferred.

The microwave or UHF plasma apparatus described
herein 1is based upon that described in earlier U.S. Patent
No. 4,507,588, A microwave discharge is created in a disk
shaped region which is separated from the applicator
(cavity) aperture (or antenna probe) by a quartz confining
enclosure or disk. The applicator is in the shape of a
hollow, cylindrical cavity which fbcuses and matches the
microwave energy into the plasma region utilizing single or
controlled multimode electromagnetic excitation and
"internal cavity" matching. The apparatus of U.S. Patent
No. 4,507,588 can be used as a broad-beam ion source or as
a plasma source for materials processing. U.S. patent
application Serial No. 849,052 filed April 7, 1986
describes the use of magnets for confining disk plasma.
This apparatus can be used with the present invention.
SPECIFIC DESCRIPTION

Figures 1 and 2 show the preferred improved

plasma generating apparatus of the present invention. The
basic construction of the apparatus is described in U.S.
Patent No. 4,507,588. The apparatus includes cylinder 10
forming the microwave cavity 1l with a sliding short 12 for
adjusting the length of the cavity 1l. Brushes 13
electrically contact the cylinder 10. The probe 14 is
mounted in cavity 1l by conduit 21. Radial penetration of
the probe 14 into the cavity ll varies the electromagnetic
mode of coupling to the plasma in the cavity 11. Sliding
short or plate 12 is moved back and forth in cavity 11l on
rods 22 to adjust to a specific electromagnetic mode of the
microwave cavity 11 using conventional adjustment means
such as threaded post 24 and nut 25 such as described in
U.S. Patent No. 4,507,588. Motors and gearing can be used
for movement of the short 12 (not shown). The impedance
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tuning within a particular mode is accomplished by
iterative movements of the probe 14 perpendicular to the

longitudinal axis of the cavity 1l and movement of the

plate 12 along the axis. Generally the adjustments are
made by threaded members on the plate 12. The probe 14 is
frictionally engaged with the cavity 1l or is moved by
threaded members (not shown).

A quartz dish or chamber 15 preferably shaped
like a petri dish or a circular cylinder closed on the
bottom and open at the top which defines the disk shaped
plasma region 16 along with base 30 and grid or screen 17
or other perforated means. A biased grid 17 must be
insulated from cavity 11 when a bias is applied. The grid

or screean 17 can have an electrical bias supplied by a D.C.

or R.F. Voltage source 34 to attract ions from the plasma.
The bias + or - removes ions or electrons from the plasma:
region 16. Gas is fed by tube 19 to annular ring 18 to
introduce molecules of the gas which forms the plasma in
region 16. Optionally a cooling line 26 is provided which
cools the base 30. The cylinder 10 slides onto the base 30
and is held in place on base 30 by ring l0a secured to the
cylinder 10. Sliding brushes 32 mounted on a brass ring 31
contact the cylinder 10 to provide good electrical contact.
The ring 1l0a is held in place on base 30 by bolts 33. This
construction allows the base 30 and dish 15 to be easily
removed from the inside of the cylinder 10. The basic
device operates without magnets as described in U.S. Patent
No. 4,507,588; however, it is preferred to use magnets 20,
which are shielded when in the plasma 16, around the inside
or outside of region 16 to confine the plasma 16.

In the improved apparatus a holder 39 is mounted
spaced from the grid or screen 17 on a pedestal 40 in space
41 defined by vacuum chamber 42. An article 43 is biased
by a D.C. or R.F. voltage source 44 and hybrid plasma 45 is
produced from charged and excited species 46 from the disk
plasma 16. A vacuum source 47 ramoves gas from the space
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41. The article 43 is supported on an insulator 48 and
biased by source 44,

Figure 3 shows a variation of part of the
apparatus of the present invention wherein gas is also fead
by conduits 49 to the hybrid plasma 45a so as to treat the
article 43a mounted on support 39a. The voltage source 44a
biases the article 43a which is supported on an insulator

'48a. This construction allows a different type of hybrid

plasma 45 to be generated because of the gas from conduits
49, '

The disk plasma 16 is used as .a source of ions,
electrons and free radicals. These species are drawn ‘
through the perforated grid or screen 17 by the vacuum pump
47 to the region where the article 43 to be treated is
located on holder 39. The grid 17 may optionally be a
single grid 17 or multiple grids (not shown) which can be
biased in order to select and impart energy to certain
plasma species.

A bias is applied to the article 43 to be
treated by voltage source 44 in order to establish the
hybrid plasma 45 over the article 43. Although the two
plasmas 16 and 45 are physically separated, their
properties are coupled. The hybrid plasma 45 is not
completely a microwave plasma. Rather it is a hybrid of a
microwave and dc (or rf, depending on the bias) plasma,
since it includes species from both microwave excitation
and D.C. (or R.F.) excitation. Reactive gases may be added
to the hybrid plasma 45a from peripheral gas conduits 49 as
shown in Figure 3.

The dual plasmas offer increased flexibility in
article 43 treatment. For example, it offers the
combination of reactive ion etching and ion beam assisted
etching. By adding reactive gases from gas conduits 49, a
combination of chemically assisted ion beam etching and
reactive ion etching results. Thus this apparatus and
method allows new modes of operation for etching. 1In
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addition similar combinations are possible for low
temperature oxidation and deposition.

The method and apparatus of the present
invention allows hybrid plasma 45 or 45a processing using
species found in a microwave plasma, but without direct
exposure to the microwave disk plasma. For certain uses,
the lack of direct exposure of a work surface to a highly
energetic selected microwave plasma may be beneficial.

Thus the microwave plasma disk 16 is used as the
source of ions, free radicals and electrons. The microwave
plasma disk 16 is contained in the quartz dish 15 at the
end of the tuned microwave cavity 11, The cavity ll is
mounted on a continuously pumped vacuum chamber 42. The
screen, grid or other perforated plate 17 terminates the
microwave cavity ll. Atoms, molecules, free radicals,
electrons, and ions flow from the microwave disk plasma 16,
downstream toward the article 45. The bias, dc or rf, is
supplied by source 44 to the article 43. Treatment of the
surface of the article 43 depends on the gases used.

Oxygen leads to low temperature oxidation of the surface,
SiH4 or the like leadé‘to deposition on the surface, and
CF4 or the like leads to etching of the surface.

Provided the power to the microwave disk plasma
16 is sufficient (on the order of 75 watts.or higher) and
provided the distance from the microwave disk plasma 16 is
not too great (on the order of several cm but above about
one centimeter and preferably between about 1 and 30 cm),
then the hybrid plasma 45 is formed over the article 43.
The hybrid plasma 45 is ignited by the applied bias from
the dc or rf voltage source 44 and is contingent on the
presence of the disk plasma 16. The hybrid plasma 45
incorporates and depends on the species generated by the
disk plasma 16 and also generates additional ions and free
radicals. This is the reason that it is a hybrid of a
microwave and de (or rf, depending on the bias) plasma,
since it includes species from both. Thus the exact
composition of ions or other atomic particles at article 43
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can be adjusted by controlling the input microwave power
into the cavity 1l or the applied voltage from a dc or rf
voltage source 44.

Biasing of the grid 17 provides the capability
of selectively attracting (or repelling) both positively
and negatively charged species, that is ions or groups of
ions, or electrons from the plasma by appropriate choice of
bias. In addition to the charged species, other species
including free radicals, atoms, and molecules continue to
stream to the article 45 due to the vacuum pump 47. The
apparatus allows combining a directed ion beam from the
disk plasma 16 with reactive ion chemical processes
occurring in the hybrid plasma 45. Single grid 17
operation allows very low energy ions to be incident on the
article 43. Multiple grids (not shown) can allow a more
energetic stream of incident ions.

The apparatus of Figure 1 was operated in the
dual plasma mode over a variety of pressure, powers, and
bias levels. Low temperature oxidation in the dual plasma
mode was observed using a silicon wafer as the article 43,
and a dc applied bias which formed a hybrid plasma 45,
approximately hemispherical in shape, over the silicon
wafer.

Figure 3 shows the apparatus where reactive
gases are directed into the hybrid plasma 45a by gas
conduits 49 in order to enhance treatment of the article
43a. The reactive gases may be CF4 or the like, in which
case etching of the article 43 occurs, or SiH4 or the like,
in which case deposition occurs, or 03, in which case low
temperature oxidation occurs. The potential applications
include deposition, low temperature oxidation, and etching.

It is intended that the foregoing description be
only illustrative of the present invention and that the
present invention be limited only by the hereinafter
appended claims.
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WE CLAIM:

An ion generating apparatus for treating a
surface which comprises:

(a) a plasma source employing a radio
frequency, including UHF or microwave, applicator which is
metallic and in the shape of a hollow cavity and which is
excited in one or more of its TE or T™M modes of resonance
and optionally including a static magnetic field
surrounding the plasma source which aids in coupling
electromagnetic energy to the plasma electrons at electron
cyclotron resonance and aids in confining the charged
species in the discharge chamber, wherein the plasma is
maintained at a reduced pressure and wherein the ion source
apparatus includes an electrically insulated chamber having
a central longitudinal axis mounted in closely spaced
relationship to an area of the applicator defining an
opening from the chamber;

(b) a perforated means adjacent the opening
which allows ions, free radicals znd electrons to be
removed Erom the plasma;

(c) gas supply means for providing a gas which
is ionized to form the plasma in the insulated chamber,
wherein the radio frequency wave applied to the applicator
creates and maintains the plasma in the shape of an
elongate plasma disk perpendicular to and surrounding the
central longitudinal axis in the chamber;

(d) metal plate means in the cavity mounted
perpendicular to the axis;

(e) probe means connected to and extending
inside the applicator for coupling electromagnetic energy
to the applicator, wherein the plate means and the probe
means in the applicator achieves the selected TE or TM mode
of resonance of the radio frequency wave in the applicator;

(£) 1ion attracting means mounted in spaced
relationship to the perforated means outside of the chamber
for attachment to the surface to ée treated for purposes of

/h

)
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igniting a hybrid plasma and for attracting ions from the
plasma to the surface by bias means providing a suitable
voltage potential; and

(g) a platform means supporting the surface to
be treated and electrically insulated from the ion
attracting means, wherein the ion attractiang means and
platform means are spaced from the plasma in the chamber
such that the hybrid plasma is formed adjacent to the ion
attracting means which is separate from the elongate plasma
disk.

-2
The apparatus of Claim 1 wherein the platform
means is mounted on a hollow tube through which a wire is
inserted and electrically connected to the surface, wherein
the wire provides the voltage potential.

-3=-

The apparatus of Claim 2 wherein the platform
means is a conductive metal and wherein an insulator is
provided between the platform means and the article to be
treated.

-4 -
The apparatus of Claim 1 wherein the perforated
means and the ion attracting means are separated by a
distance of greater than about one centimeter.

5=

The apparatus of Claim 1 wherein the perforated
means is biased to attract or repel positive or negative
ions or electrons in the chamber.

T
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- -
The apparatus of Claim 1 wherein the plate means
and probe means are moveable for the purpose of selecting a
particular mode of resonance of the microwave or UHF
applicator and for varying the mode to match the

‘j'i

applicator. 3

-7-
The apparatus of Claim 1 wherein the magnets are
provided outside the insulated chamber.

-8 -

A method for treating a surface which comprises:

(a) providing an ion generating apparatus
including a plasma source employing a radio frequency,
including UHF or microwave, applicator, which is metallic
and in the shape of a hollow cavity and which is excited in
one or moré of its TE or ™ modes of resonance and
optionally including a static magnetic field surrounding
the plasma source which aids in coupling electromagnetic
energy to plasma electrons at electron cyclotroan resonance
and aids in confining the charged species in the discharge
chamber, wherein the plasma is maintained at a reduced
pressure, wherein the ion generating apparatus further
includes an electrically insulated chamber having a central
longitudinal axis and mounted in closely spaced
relationship to an arsa of the applicator defining an
opening from the chamber, further includes a perforated
means adjacent the opening which allows the ions, free
radicals and electrons to be removed from the chamber,
further includes a gas supply means for providing a gas
which is ionized to form the plasma in the insulated
chamber, wherein the radio frequency wave applied to the
applicator creates and then maintains the plasma in the
shape of an elongate, thin plasma disk perpendicular to and
surrounding the central axis in the chamber; further
includes metal plate means mounted perpendicular to the
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axis, further including a probe means connected to and
extending inside the applicator for coupling the radio
frequency waves to the applicator, wherein the plate means
and the probe means in the applicator achieves a selected
TE or T™ mode of resonance of the radio frequency wave in
the applicator, further includes ion attracting means
mounted in spaced relationship to the perforated means
outside of the chamber attached to the surface to be
treated for purposes of igniting the plasma and for
attracting ions from the plasma by bias means providing a
suitable voltage potential and further including a platform
means supporting the surface to be treated and electrically
insulated from the ion attracting means wherein the ion
attracting means and platform means are spaced from the
plasma in the chamber such that a hybrid ion and microwave
plasma is formed adjacent to the ion attracting means which
is separate from the elongate plasma disk;

(b) Eorming the plasma disk in the chamber and
the separate hybrid plasma adjacent the ion attractidg
means; and

(c) attracting the ions from the hybrid plasma
to the surface with the bias means having a suitable
voltage potential attached to the surface.

..9..
The method of Claim 8 wherein the bias means is a
wire and circuit biasing the surface to be treated with a
voltage which attracts or repels the ions.

-10-

The method of Claim 9 wherein the platform means
is mounted on a hollow tube through which a wire is
inserted and electrically connected to the surface, wherein
the wire provides the voltage potential.
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The method of Claim 10 wherein the platform means

is a conductive metal and wherein an insulator is provided
between the platform means and the article to be treated.

-12-

The method of Claim 8 wherein the perforated

means and the ion attracting means are separated by a
distance of greater than about one centimeter.

-13- -
The method of Claim 8 wherein the perforated
means is biased to attract or repel positive or negative
ions in the chamber.

-14-

The method of Claim 8 wherein the plate means
and probe means are moveable and the mode of the microwave
or UHF applicator is varied with the plate means and probe

means.

-15-
The method of Claim 8 wherein magnets are
provided outside the insulated chamber.

-16-
The apparatus of Claim 1 wherein the bias means
is selected from D.C. and R.F.

-17-
The method of Claim 8 wherein the bias means is
sealected from D.C. and R.F.

by
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