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METHODS AND APPARATUS FOR PLASMA
PROCESSING

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority from U.S. patent
application Ser. No. 60/208,009, entitled METHODS AND
APPARATUS FOR PLASMA PROCESSING, filed May 25,
2000, the contents of U.S. patent application Ser. No.
60/208,009 are incorporated herein by reference.

TECHNICAL FIELD

This invention relates to improved methods and apparatus
for radio frequency (RF) power plasma processing at pres-
sures ranging from about sub-atmospheric pressure to
greater than atmospheric pressure.

BACKGROUND

RF plasma is extensively used in a wide variety of
applications for carrying out process operations. The manu-
facture of semiconductor devices is one area in which
plasmas are extensively used. During the manufacture of
semiconductor devices, etch processes involving RF plas-
mas and deposition processes involving RF plasmas are used
repeatedly during the fabrication process. One of the main
benefits of using plasma and downstream plasma species is
the ability of the plasma to stimulate chemical reactions that
would otherwise require temperatures that are too high for
use in the fabrication of semiconductor devices.

Plasmas are also used in cleaning processes in manufac-
ture of semiconductor devices. The plasmas are commonly
used to strip photoresist materials from semiconductor
wafers as part of post etch wafer clean procedures. Resist
material is stripped from the surface of the wafers by
creating a plasma in a gas containing oxidizing species such
as oxygen and possibly halogen species that are capable of
reacting with and volatilizing the resist material. In some
applications, the plasma is maintained at a position upstream
of the wafer. Reactive species generated in the plasma flow
downstream and react with the wafer surface for the strip-
ping process. Another cleaning process that uses plasmas is
the cleaning of reaction chambers used in semiconductor
manufacturing.

RF plasmas have also been used for decomposition of
chemical compounds that are hazardous or otherwise unde-
sirable. Some of the compounds are highly refractory in
nature and are difficult to decompose. Examples of com-
pounds that have been decomposed or abated with plasmas
include chlorofluorocarbons (CFC) and perfluorocom-
pounds (PFC).

Clearly, there are numerous applications requiring reliable
and efficient methods and apparatus for igniting and sus-
taining RF plasmas. Unfortunately, typical methods and
apparatus for old-style RF plasma systems have character-
istics that are undesirable for some applications. There is a
need for methods and apparatus for generating RF plasmas
that are simple, economical, and capable of operating at
atmospheric and sub atmospheric pressures.

SUMMARY

This invention seeks to provide methods and apparatus
that can overcome deficiencies in known plasma technology.
One aspect of the present invention includes methods and
apparatus for generating plasmas at pressures ranging from
less than one atmosphere to greater than one atmosphere.
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2

Another aspect of the present invention includes methods for
plasma processing. Still another aspect of the present inven-
tion includes apparatus for plasma processing.

One embodiment is a method of generating a plasma; the
method being carried out using a microwave power source
and a rectangular waveguide, the waveguide having an open
end capable of receiving microwaves and a closed end, the
open end of the waveguide being connected with the micro-
wave power source so as to be capable of receiving micro-
wave power, the microwave power source being capable of
providing microwaves at a wavelength lambda, the
waveguide having a gas entry port for flowing a gas into the
waveguide, the waveguide having a gas exit port for the gas
to exit the waveguide, the gas exit port being located at a
distance approximately an odd number of quarter wave-
lengths lambda from the closed end of the waveguide so that
the direction of the electric field lines is substantially parallel
to or at an angled to the direction of the exit gas flow, the
method comprising the steps of: providing a gas flow
through the waveguide so that the gas exits through the gas
exit port; providing microwave power to the waveguide so
as to create an electric field in the waveguide at the location
of the gas exit port; extending an electrically conducting
member into the waveguide near the gas exit port so as to
facilitate igniting the plasma, wherein the conducting mem-
ber is connected with an electrical ground, and coupling
sufficient microwave power to the gas to sustain the plasma.

It is to be understood that the invention is not limited in
its application to the details of construction and to the
arrangements of the components set forth in the following
description or illustrated in the drawings. The invention is
capable of other embodiments and of being practiced and
carried out in various ways. In addition, it is to be under-
stood that the phraseology and terminology employed herein
are for the purpose of description and should not be regarded
as limiting.

As such, those skilled in the art will appreciate that the
conception, upon which this disclosure is based, may readily
be utilized as a basis for the designing of other structures,
methods and systems for carrying out aspects of the present
invention. It is important, therefore, that the claims be
regarded as including such equivalent constructions insofar
as they do not depart from the spirit and scope of the present
invention.

The above and still further features and advantages of the
present invention will become apparent upon consideration
of the following detailed descriptions of specific embodi-
ments thereof, especially when taken in conjunction with the
accompanying drawings.

DESCRIPTION OF THE DRAWINGS

FIG. 1a is a diagram of a first embodiment of the present
invention.

FIG. 1b is a diagram of a second embodiment of the
present invention.

FIG. 1c¢ is a diagram of a third embodiment of the present
invention.

FIG. 1d is a diagram of a fourth embodiment of the
present invention.

FIG. 1e is a diagram of a fifth embodiment of the present
invention.

FIG. 1f is a diagram of a sixth embodiment of the present
invention.

FIG. 1g is a diagram of a seventh embodiment of the
present invention.
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FIG. 14 is a diagram of an eighth embodiment of the
present invention.

FIG. 2a is a diagram of a ninth embodiment of the present
invention.

FIG. 2b is a diagram of a tenth embodiment of the present
invention.

FIG. 2¢ is a diagram of an eleventh embodiment of the
present invention.

FIG. 2d is a diagram of a twelfth embodiment of the
present invention.

FIG. 2¢ is a diagram of igniter configurations.

DESCRIPTION

The principles of microwave power transfer for
waveguides is well known. Discussions of microwave prin-
ciples can be found in references such as Thomas S.
Laverghetta, “Practical Microwaves,” Prentice-Hall, N.J.,
1996, Stephen C. Harsany, “Principles of Microwave
Technology,” Prentice-Hall, N.J., 1997, and John A. Seeger,
“Microwave Theory Components and Devices,” Prentice-
Hall, N.J., 1986. All these references are incorporated herein
by this reference.

According to microwave transmission principles, a rect-
angular waveguide having a cross-sectional width “a” and a
cross-sectional thickness “b”, where “a”>“b”, TE;, mode
(or a TE,, equivalent mode) produces the largest electric
field variation across the thickness of the waveguide.
Embodiments of the present invention take advantage of this
characteristic of microwave power transmission to produce
a plasma using a waveguide without the need for a resonant
cavity.

In the following description of the figures, identical
reference numerals have been used when designating sub-
stantially identical elements or steps that are common to the
figures.

Reference is now made to FIG. 1a wherein there is shown
an embodiment of the present invention for generating a
plasma in a gas using microwave power. The apparatus
includes a microwave power source 30 capable of providing
microwave power having a wavelength lambda. The appa-
ratus further includes a rectangular waveguide 40, shown in
cross-section in FIG. 1a. Waveguide 40 has an open end and
a closed end. The closed end comprises a conductive mate-
rial so as to contain the microwaves. The open end of
waveguide 40 is connected with microwave power source 30
so as to be capable of receiving microwave power from
power source 30. Waveguide 40 has a gas entry port 42 for
receiving gas and a gas exit port 44 for releasing gas. For the
embodiment shown in FIG. 14, gas entry port 42 and gas exit
port 44 are located a distance equal to about an odd number
of ¥ lambda from the closed end of waveguide 40. In a
preferred embodiment, the distance is about % lambda.

The dimensions of waveguide 40 are selected so that for
microwave power having wavelength lambda, waveguide 40
supports a mode equivalent to a TE,, mode. Preferably, the
dimensions are selected so that waveguide 40 supports the
TE,, mode. When supporting the TE,, mode, the maximum
variation in electric field through the thickness of waveguide
40 occurs at locations that are an odd number of % lambda
from the closed end of waveguide 40. Consequently, estab-
lishing a net gas flow such as a gas flow between gas entry
port 42 and gas exit port 44 produces a net gas flow direction
that is substantially parallel to or at an angle to the direction
of the electric field at an odd number of % lambda distance
from the closed end of waveguide 40. Furthermore, appli-
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cation of a sufficient amount of microwave power generates
a plasma in the flowing gas.

Reference is now made to FIG. 1o wherein there is shown
the embodiment presented for FIG. 1a with the addition of
an electrically conducting member 50. Member 50 is elec-
trically conductive so as to be able to absorb microwaves.
Member 50 extends into waveguide 40 at a position near gas
exit port 44. In other words, member 50 is located at about
an odd number of % lambda distance from the closed end of
waveguide 40, i.e. a distance that corresponds to the desired
gas flow path. Specifically, FIG. 1b shows member 50
extending into waveguide 40 through gas entry port 42. For
the embodiment shown in FIG. 15, member 50 is electrically
grounded with electrical ground connection 54. In some
embodiments, member 50 helps to stabilize the plasma and
facilitates igniting the plasma.

There are numerous embodiments for member 50. Mem-
ber 50 may include conductive metals and metal alloys such
as, for examples, aluminum, gold, copper, brass, steel,
platinum, titanium, tantalum, and tungsten. Member 50 may
comprise a metal rod or it may comprise a metal tube.

Reference is now made to FIG. 1¢ wherein there is shown
the embodiment presented in FIG. 15 with the addition of a
capacitor 58. Capacitor 58 is electrically connected between
member 50 and ground connection 54. Capacitor 58 elec-
trically decouples member 50. The capacitance for capacitor
58 will depend upon the hardware configuration and the
applications selected for the hardware. For one embodiment,
examples of suitable capacitance values range from about 20
to 300 pf, including all values and subranges subsumed
therein, with a preferred range from about 40 pf to 80 pf,
including all values subsumed therein.

Reference is now made to FIG. 1d wherein there is shown
the embodiment presented in FIG. 1¢ with the addition of a
conduit 59 for confining the gas flow through waveguide 40
to the region near gas entry port 42 and gas exit port 44. For
the embodiment shown in FIG. 1d, conduit 59 is contained
in waveguide 40. One purpose of conduit 59 is to prevent
unnecessary exposure of the interior of waveguide 40 to the
gas flowing in waveguide 40. Conduit 59 is made of a
material that is substantially transparent to microwaves;
examples of suitable materials include polymers, ceramics,
and quartz. In an alternative embodiment, a section of
waveguide 40 may be isolated from the gas flow using a
section of microwave window. It should be understood that
conduit 59 is not necessary for the function of embodiments
of the present invention.

Reference is now made to FIG. 1e wherein there is shown
another embodiment of the present invention. The apparatus
includes a microwave power source 30 capable of providing
microwave power having a wavelength lambda. The appa-
ratus further includes a rectangular waveguide 40.
Waveguide 40 has an open end and a closed end. The closed
end comprises a conductive material so as to contain the
microwaves. The open end of waveguide 40 is connected
with microwave power source 30 so as to be capable of
receiving microwave power from power source 30.
Waveguide 40 has a gas exit port 44 for releasing gas. The
apparatus further includes a gas injector 60 for providing gas
to waveguide 40. For the embodiment shown in FIG. 1e, gas
injector 60 and gas exit port 44 are located a distance equal
to about an odd number of % lambda from the closed end of
waveguide 40. In a preferred embodiment, the distance is
about % lambda.

The reasons for selecting the locations for gas injector 60
and gas exit port 44 are substantially the same reasons
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presented for the selection of the locations for gas entry port
42 and gas exit port 44 for the embodiment presented in FIG.
la.

The dimensions of waveguide 40 in FIG. 1e are substan-
tially the same as the dimensions of waveguide in FIG. 1a.
Furthermore, conduit 59 in FIG. le has substantially the
same characteristics as conduit 59 in FIG. 1d.

Gas injector 60 is electrically conductive so as to be able
to absorb microwaves. Gas injector 60 extends into
waveguide 40 at a position near gas exit port 44. In other
words, injector 60 is located at about an odd number of %
lambda distance from the closed end of waveguide 40 so as
to correspond to the desired gas flow path. In addition to
being capable of providing a gas flow into waveguide 40,
gas injector 60 also performs substantially the same function
as electrically conducting member 50 described in the
embodiments in FIG. 15, FIG. 1¢, and FIG. 1d. It is to be
understood that the grounding options for gas injector 60 are
substantially the same as those presented for conducting
member 50 even though FIG. 1e only shows grounding of
injector 60 through capacitor 58 and ground connection 54.

The apparatus further includes a housing 70 connected
with waveguide 40. Housing 70 has a hole arranged so as to
receive gas and plasma products from waveguide 40 through
gas exit port 44. Housing 70 has a port for exhausting the
gas. Optionally, cooling coils 78 may be connected with
housing 70 for controlling the temperature of housing 70
during operation of the apparatus. Preferably, housing 70 is
electrically conductive and electrically grounded. In other
words, housing 70 preferably comprises a metal or metal
alloy such as copper, aluminum, steel, and brass. Housing 70
further includes a connection 74 for generating a swirl gas
flow in housing 70. Connection 74 comprises a gas inlet
connected with housing 70 at a tangential angle so that gas
entering housing 70 through connection 74 creates a swirl
gas flow along the interior wall of housing 70. In a preferred
embodiment, housing 70 has a cylindrical shape so as to
further support the swirl gas flow. FIG. 1le indicates the
presence of a plasma 80 positioned above injector 60 and
extending into housing 70.

Referring now to FIG. 1f wherein there is shown an
embodiment of the present invention substantially the same
as that shown in FIG. 1e. However, the embodiment shown
in FIG. 1f has gas injector 60 extending through waveguide
40 into housing 70.

Referring now to FIG. 1g wherein there is shown the
apparatus presented in FIG. 1f and a semiconductor process
chamber 90. Semiconductor process chamber 90 is con-
nected with the apparatus FIG. 1f so that exhaust gases
emanating from semiconductor process chamber 90 can be
provided as a component of the swirl gas provided to
connection 74. Providing the exhaust gases from semicon-
ductor process chamber 90 to housing 70 allows plasma 80
to abate undesirable compounds that may be present in the
semiconductor exhaust. For example, semiconductor pro-
cess chamber 90 may be a chamber such as an etching
chamber or a deposition chamber that uses perfluorocom-
pounds that need to be abated. Optionally, the gas from gas
injector 60 may include an ancillary abatement gas to
facilitate abatement of the undesirable components in the
exhaust from semiconductor process chamber 90. Gas and
plasma products 85 leave housing 70 and may be further
treated with liquid or solid scrubbing systems (not shown in
FIG. 1g) and/or particulate filters (not shown in FIG. 1g).
The liquid or solid scrubbing systems may include chemical
compounds or solutions that absorb acid gases or other gases
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that may result from abatement of halogen-containing
organic compounds, perfluorocompounds, and other refrac-
tory compounds.

Referring now to FIG. 14 wherein there is shown the
apparatus presented in FIG. 1f and a semiconductor process
chamber 90. Semiconductor process chamber 90 is con-
nected with the apparatus FIG. 1f so that gases and plasma
products 85 from housing 70 can enter semiconductor
process chamber 90 as feed gases for processes taking place
in semiconductor process chamber 90. Optionally, the swirl
gas fed through connection 74 and the gas from injector 60
may include chemical species required for the processes to
be performed in chamber 90.

For example, chamber 90 may be a chamber such as an
etching chamber or a deposition chamber that uses gases and
plasma products 85 such as those that can be produced by
plasma 80. Exhaust gas leaving chamber 90 may be further
treated with liquid, solid, or plasma scrubbing systems (not
shown in FIG. 1%) and/or particulate filters (not shown in
FIG. 1h).

Referring now to FIG. 2a wherein there is shown an
embodiment similar to the embodiment presented in FIG.
1g. The embodiment shown in FIG. 24 does not substan-
tially provide for a gas flow through waveguide 40.
Waveguide 40 has a hole 46 so that plasma 80 can extend
from the interior of waveguide 40 into housing 70. The
apparatus is configured so that the gas, including the swirl
gas and any additional gas can be applied to housing 70 via
connection 74 so that the gas fed to housing 70 creates a
swirl gas flow inside of housing 70. Unlike the embodiment
presented in FIG. 1g, the embodiment presented in FIG. 2a
does not have a separate port for feeding through waveguide
40. The additional gas that may be applied to connection 74
may include an ancillary abatement gas to facilitate the
abatement of undesirable species in the exhaust from the
semiconductor process chamber.

Referring now to FIG. 2b wherein there is shown an
embodiment similar to the embodiment presented in FIG.
2a. The embodiment shown in FIG. 2b is substantially the
same as the embodiment presented in FIG. 2a except that a
gas connection 76 is connected with housing 70 to provide
another gas input to housing 70. Exhaust gases from the
semiconductor process chamber are still provided to con-
nection 74 to generate the swirl gas flow. Optionally, ancil-
lary abatement gases or other gases may be applied to
housing 70 via connection 76.

Referring now to FIG. 2¢ wherein there is shown an
apparatus similar to that presented in FIG. 2a. The embodi-
ment shown in FIG. 2¢ shows waveguide 40 having a hole
95. The embodiment shown in FIG. 2¢ further includes an
igniter 100 for aiding plasma ignition. The igniter 100 is an
electrically conducting member movably connected with
waveguide 40 through hole 95 so that igniter 100 is capable
of movement to a first positioned at which igniter 100
extends into the interior of waveguide 40, as shown in FIG.
2c. Preferably, igniter 100 is electrically grounded as shown
in FIG. 2¢ through connection with electrical ground con-
nection 54. Furthermore, igniter 100 is capable of movement
to a second position at which igniter 100 does not substan-
tially extend into the interior of waveguide 40 as is shown
in FIG. 2d.

Hole 95 and igniter 100 are positioned in the waveguide
near the location for the plasma. More specifically, hole 95
and igniter 100 are positioned near port 46. In some
embodiments, igniter 100 is positioned within a distance of
about Y5 lambda from about the center of port 46.
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In a preferred embodiment, igniter 100 is extended into
waveguide 40 when needed to facilitate plasma ignition;
after ignition of the plasma, igniter 100 is substantially
removed from the interior of waveguide 40. Movement of
igniter 100 may be affected using a mechanical device such
as a worm gear, pneumatic actuator, or solenoid actuator.
Suitable linear actuators that can be used for moving igniter
100 are well known and they are commercially available.

Igniter 100 may include electrically conductive metals
and alloys. Some examples of suitable metals and alloys for
igniter 100 are aluminum, gold, copper, brass, steel,
platinum, titanium, tantalum, and tungsten.

Referring now to FIG. 2e wherein there are shown igniter
100 in a generic configuration and igniters 101, 102, 103,
and 104 showing examples of specific configurations that
have been tested and shown to be capable of facilitating
plasma ignition. It is believed that there are numerous
suitable configurations. Testing completed to date indicate
that igniters having shapes that include a bend, or a turn, or
a section at an angle to another section can provide superior
results in igniting the plasma.

Although the examples presented herein involve using
microwave power, such as microwave power at frequencies
of about 2.45 GHz, it is to be understood that other RF
frequencies can be included in embodiments of the present
invention. More specifically, suitable frequencies for
embodiments of the present invention include the full micro-
wave spectrum as well frequencies above and below the
microwave spectrum.

Embodiments of the present invention can be used to
produce microwave plasmas at about atmospheric pressure.
Alternatively, embodiments of the present invention can be
applied to plasmas operating at pressures other than approxi-
mately atmospheric pressure, such as at sub-atmospheric
pressure or at pressures greater than atmospheric pressure.
Plasmas operating at sub-atmospheric pressure, preferably,
may be enclosed in a vacuum chamber.

Another embodiment of the present invention includes
methods and apparatus for abatement of gaseous com-
pounds. Some examples of the gaseous compounds the can
be abated include halogenated organic compounds, other
refractory organic compounds, perfluorocompounds, and
refractory inorganic compounds. In a further embodiment of
the present invention, the treatment of gases is enhanced by
the addition of suitable ancillary reaction gases including
water, methane, hydrogen, ammonia, hydrogen peroxide,
oxygen, or mixtures thereof.

Embodiments of the present invention provide methods
and apparatus for generating plasmas for semiconductor
device fabrication steps such as etching, deposition,
cleaning, doping, oxidation, drying, photoresist stripping,
parts cleaning, reaction chamber cleaning, and annealing. In
one embodiment, the plasma generation and the semicon-
ductor device fabrication step occur in the same chamber. In
an alternative embodiment, the plasma generation occurs at
the plasma location and reactive species from the plasma are
transported to another chamber for the semiconductor device
fabrication step. In one embodiment, the plasma chamber is
connected with a semiconductor process tool so that the
process tool receives reactive species from the plasma.

Embodiments of the present invention provide methods
and apparatus for removal of refractory compounds from
waste streams. Refractory compounds include compounds
that show a high degree of stability with respect to tempera-
ture and reactivity and are difficult to decompose.

Embodiments of the present invention provide new and
useful methods and apparatus for the destruction of refrac-
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tory compounds such as perfluorocompounds, such as car-
bon fluorides, carbon tetrafluoride, nitrogen triflouride, and
sulfur hexafluoride by reactions facilitated by a plasma.

Embodiments of the present invention provide methods
and apparatus that are suitable for processing waste streams
emanating from one or more individual semiconductor pro-
cess tools and the apparatus can become an integral part of
the semiconductor device fabrication process. In one
embodiment, the apparatus is connected with semiconductor
process tools such as chemical vapor deposition tools,
plasma etching tools, plasma cleaning tools, doping tools,
photoresist stripping tools, and plasma deposition tools.

As one example, exhaust gases from the semiconductor
process tools may be included in the swirl gas flow so that
the exhaust gases can be abated by the plasma. In addition,
an ancillary abatement gas may be included with the gas
flowing through the waveguide that sustains the plasma. The
ancillary abatement gas can help to facilitate abatement of
undesirable species from the semiconductor process tools.

As another example, exhaust gases from the semiconduc-
tor process tools may be mixed with the plasma from an
additional gas stream. As a third example, exhaust gases
from the process tools may be applied to the plasma through
the gas injector.

Embodiments of the present invention can also be used
for applications such as synthesis of chemical compounds
that are difficult to produce other than by using plasma
processes.

An important advantage of embodiments of the present
invention is the capability of generating plasmas at about
atmospheric pressure. The capability of producing plasmas
at atmospheric pressure alleviates the need for expensive
vacuum chambers and vacuum pumping systems.
Furthermore, plasma processing at about atmospheric pres-
sure may reduce the net energy consumption of the process
because energy does not have to be expended in maintaining
vacuum conditions.

While there have been described and illustrated specific
embodiments of the invention, it will be clear that variations
in the details of the embodiments specifically illustrated and
described may be made without departing from the true
spirit and scope of the invention as defined in the appended
claims and their legal equivalents.

What is claimed is:

1. A method of generating a plasma, the method being
carried out using a microwave power source and a rectan-
gular waveguide, the waveguide having an open end capable
of receiving microwaves and a closed end, the open end of
the waveguide being connected with the microwave power
source so as to be capable of receiving microwave power,
the microwave power source being capable of providing
microwaves at a wavelength lambda, the waveguide having
a gas entry port for flowing a gas into the waveguide, the
waveguide having a gas exit port for the gas to exit the
waveguide, the gas exit port being located at a distance
approximately an odd number of quarter wavelengths
lambda from the closed end of the waveguide so that the
direction of the electric field lines is substantially parallel to
or at an angled to the direction of the exit gas flow, the
method comprising the steps of:

a. providing a gas flow through the waveguide so that the

gas exits through the gas exit port;

b. providing microwave power to the waveguide so as to
create an electric field in the waveguide at the location
of the gas exit port;

c. extending an electrically conducting member into the
waveguide near the gas exit port so as to facilitate
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igniting the plasma, wherein the conducting member is
connected with an electrical ground; and

d. coupling sufficient microwave power to the gas to
sustain the plasma.

2. The method of claim 1 wherein the gas entry port faces

the gas exit port.

3. The method of claim 2 wherein the center of the gas
entry port and the center of the gas exit port are about %
lambda from the closed end of the waveguide.

4. The method of claim 1 wherein lambda and the
dimensions of the rectangular waveguide support at least
one of TE,, mode and modes equivalent to TE,, modes.

5. The method of claim 1 wherein the exit gas is at least
one of about atmospheric pressure and substantially greater
than atmospheric pressure.

6. The method of claim 1 wherein the electrically con-
ducting member is connected with the electrical ground
through a capacitor.

7. The method of claim 1 wherein step a. further com-
prises confining the gas flow between the gas entry port and
the gas exit port within a conduit, the conduit being sub-
stantially transparent to microwave power.

8. The method of claim 1 further comprising the step of
generating a swirl gas flow so as to stabilize and confine the
plasma.

9. The method of claim 8 further comprising the step of
providing a swirl gas from exhaust gas generated by a
semiconductor wafer processing tool.

10. The method of claim 1 wherein the gas recited in step
a. comprises a perfluorocompound.

11. The method of claim 9 wherein the gas recited in step
a. comprises an ancillary abatement gas.

12. An apparatus for generating plasma in a gas for
plasma processing, the apparatus comprising:

a microwave power source capable of providing micro-

wave power having a wavelength lambda;

a rectangular waveguide having a closed end and an open
end, the open end of the waveguide being coupled with
the microwave power source for receiving microwave
power, the waveguide having a gas exit port for the gas
to exit the waveguide, the gas exit port being located
approximately an odd number of quarter wavelengths
from the closed end of the waveguide;

a gas injector for flowing gas into the waveguide, the gas
injector being connected with the waveguide, the gas
injector being arranged to extend into the waveguide,
the injector being electrically conductive and capable
of absorbing rf power, the injector being capable of
connection with electrical ground;

wherein the dimensions of the waveguide supports a
mode equivalent to the TE;, mode upon application of
microwave power having wavelength lambda so that
the direction of the electric field lines is substantially
parallel to or at an angled to the direction of the exit gas
flow and application of a sufficient amount of micro-
wave power generates a plasma near the gas exit.

13. The apparatus of claim 12 further comprising a
conduit within the waveguide for confining the gas flow
through the waveguide, the conduit comprising a material
substantially transparent to microwaves.

14. The apparatus of claim 12 further comprising a
housing connected with the waveguide, the housing having
a hole for receiving exit gas from the waveguide, the
housing having a port for exhausting the gas.

15. The apparatus of claim 14 wherein the housing is
connected with a gas source so as to create a swirl gas flow
into the housing.
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16. The apparatus of claim 12 further comprising a
capacitor for connecting the gas injector with electrical
ground connection.

17. A method of generating a plasma, the method being
carried out using a microwave power source, a rectangular
waveguide, and a housing, the waveguide having an open
end for receiving microwaves and a closed end, the open end
of the waveguide being connected with the microwave
power source so as to be capable of receiving microwave
power, the microwave power source being capable of pro-
viding microwaves at a wavelength lambda, wherein lambda
and the dimensions of the rectangular waveguide support
modes equivalent to TE,, modes, the waveguide having a
port, the port being located approximately an odd number of
quarter wavelengths from the closed end of the waveguide
so that the direction of the electric field lines is substantially
parallel to or at an angle to the direction of the exit gas flow,
the housing being connected with the waveguide, the hous-
ing having a hole for allowing fluid communication between
the interior of the housing and the interior of the waveguide,
the housing having a portal for exhausting the gas the
method comprising the steps of:

a. providing a swirl gas flow through the housing;

b. providing microwave power to the waveguide so as to
create an electric field in the waveguide at the location
of the port in the waveguide;

c¢. coupling sufficient microwave power to the gas pro-
vided to the housing to sustain the plasma.

18. The method of claim 17 wherein the housing has a

plurality of gas exit portals.

19. The method of claim 18 wherein the center of the port
in the waveguide is about ¥ lambda from the closed end of
the waveguide.

20. The method of claim 17 wherein substantially all of
the gas for the plasma enters through the housing.

21. The method of claim 17 wherein the plasma is
generated at about atmospheric pressure, below atmospheric
pressure, or above atmospheric pressure.

22. The method of claim 17 further comprising between
step a. and step b. the step of providing an electrically
conducting member extending into the waveguide near the
port in the waveguide, wherein the conducting member is
connected with an electrical ground so as to facilitate
igniting the plasma.

23. The method of claim 22 wherein the electrically
conducting member is substantially removed from the inte-
rior of the waveguide when plasma is present.

24. The method of claim 17 wherein the swirl gas flow
includes chemical species to be reacted in the plasma.

25. The method of claim 24 wherein the swirl gas
comprises exhaust gas generated by a semiconductor wafer-
processing tool.

26. The method of claim 17 wherein the gas recited in step
a. comprises a perfluorocompound.

27. The method of claim 25 wherein the gas recited in step
a. comprises an ancillary abatement gas.

28. An apparatus for generating plasma in a gas for
plasma processing, the apparatus comprising:

a microwave power source capable of providing micro-

wave power having a wavelength lambda;

a rectangular waveguide having a closed end and an open
end, the open end of the waveguide being coupled with
the microwave power source for receiving microwave
power, the waveguide having a port for the plasma and
plasma species to pass through, the port being located
approximately an odd number of quarter wavelengths
from the closed end of the waveguide wherein the
dimensions of the waveguide supports a mode equiva-
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lent to the TE,, mode upon application of microwave
power having wavelength lambda;

a conduit within the waveguide for confining the gas flow
through the waveguide, the conduit comprising a mate-
rial substantially transparent to microwaves;

a housing for receiving and sustaining a swirl gas flow, the
housing being connected with the waveguide so that the
plasma can extend from the interior of the waveguide
through the port into the housing, the housing being
electrically conductive;

12

a cooling coil connected with the housing for controlling
the temperature of the housing; and

an igniter movably connected with the waveguide, the
igniter being capable of movement to a first position
within the interior of the waveguide to facilitate plasma
ignition and capable of movement to a second position
substantially out of the interior of the waveguide in the
presence of plasma.



