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MICROWAVE PLASMA APPLICATOR WITH IMPROVED POWER UNIFORMITY

BACKGROUND

1. Technical Ficld

This disclosure is related to microwave plasma systems and, more particularly, toa
finid-cooled microwave plasma applicaior for producing reactive gaseous species for
processing applications.

2. Discussion of Related Art

Reactive gases and gas mixtures are used in many industrial operations including the
processing of materials such as semiconductor wafers for fabricating electronic and oplical
devices. Reactive gases can be used, for example, in thin film deposition and etching in
microclectronics manufacturing to etch dielectric and semicondnctor materials or various
masking films such as photoresist and polyimide. Reactive gasses can be used to form
dielectric films and metal films, and can also be used to clean wafer surfaces in various stages
of wafer processing,

Reactive species of gas molecules can be produced by exciting gas molecules ina
plasma discharge. The discharge can be created with a plasma source by coupling energy into
a plasma discharge tube or a dielectric window on a chamber containing the gas. Microwave
energy is often used as the energy source to create and susiain a plasma discharge. A typical
microwave frequency used for creating plasma discharges is 2.45 GHz, due to the availability
of power sources and system cormponenis.

It is desirable to have a plasma source which is capable of producing a large quantily
of various reactive gaseous species under very clean conditions. Examples of desirable
species include the various atomic halogens (atomic Huorine, chlerine, bromine, ete.), atomic
oxygen, atomic nitrogen, and atoroic hydrogen, (e technical difficulty in using microwave
energy for creating a large quantity of reactive gaseous species in a plasma source is cooling
the plasma discharge tube or dielectric window. Alr cooling can be used for the plasma
discharge tube, but it is relatively inefficient compared with Hquid cooling. In addition, alr
cooling requires relatively large and cxpensive air blowers or compressors fo remove a
sufficient amount of heat. Also, air cooling may not be compatible with modern clean room

environments used for manufacturing semiconductors,
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Liguid cooling is advantageous because it is efficient. Water cooling is particularly
desirable because water has high heat capacity, and it is both safe to handle and
snvironmentally benign. Also, chilled water is readily available in nearly all manufacturing,
university and research and development facilities. A barrier to using water for cooling
microwave plasma discharge tubes is that water also readily absorbs microwave energy.
Similarly, many other desirable cooling Hquids readily abscrb microwave energy.

Certain fluids such as silicone oils, some chlorofluorocarbons, and various
hydrocarbon compounds do not shsorb microwave energy and thus can be used 1o cool the
outside of a plasma discharge tube. Unfortunately, these fluids are often environmentally
undesirable, hazardous to handle, and expensive. In addition, using these fluids requires the
use of closed-loop heat exchangers, which further increases the cost and complexity of the
system,

A number of technigues have been used o generate plasmas and to produce activated
gases. These include capacitively coupled discharges, inductively coupled discharges and
microwave discharges. None of the prior devices have been adeguate for producing high-

flow-rate, contamination-free, chemically activaied gases useful for industrial applications.

SUMMARY

According to one aspect, an apparatus for generating plasma is provided. The
apparatus includes a plasma discharge tube being substantially transparent to microwave
energy and having 2 longitudinal axis. A conductive coil comprising an clectrically
conductive material is substantially helically wound around an outer surface of the plasma
discharge tube. A microwave cavity surrounds the plasma discharge tube. A waveguide is
coupled to the microwave cavity for guiding the microwave energy into the plasma discharge
tube such that the plasma is generated in the plasma discharge tube, The waveguide has g
major cross-sectional axis and a minor cross-sectional axis, the major and minor cross-
sectional axes being positioned with respect to the longitudinal axis of the plasma discharge
tube such that an electric field of the microwave energy is orfented at a predetenmined angle
with respect to the longitudinal axis of the plasma discharge tube. The eleciric field of the
microwave cnergy induces an electric current in the conductive coil, the electric current

affecting power absorption in the plasma discharge tube, the predetermined angle being
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selectable such thal power ahsorption in the plasma discharge tube is according to a
predetermined profile with respect to the longitudinal axis of the plasma discharge tube.

In some exemplary embodiments, the predetermined angle is such that the electric
ficld is oriented substantially perpendicular to the longitudinal axis of the plasma discharge
tube. In some exemplary embodiments, the predetermined angle is such that the electric field
is oriented gt an angle of 30° to 90° with respect to the longitudinal axis of the plasma
discharge tube. In some exemplary embodiments, the predetermined angle is such that the
electric ficld is oriented at an angle of 45° to 90° with respect to the longiiudinal axis of the
plasma discharge tube. In some exemplary embodiments, the predetermined angle is selected
1o increase uniformity of power absorption with respect to the longitudinal axis of the plasma
discharge tube.

in some exemplary embodiments, the conductive coil comprises a plurality of loops
around the plasma discharge tube, the plurality of loops defining a patfern of spacing between
adjacent loops, the pattern of spacing being selectable based on a predetermined desired effect
of the current induced in the conductive coil on the power absorption in the plasma discharge
tube. In some exemplary embodiments, the pattern of spacing between adjacent loops is
selected to increase uniformity of power absorption with respect to the longitudinal axis of the
plasma discharge tube. In some exemplary embodiments, the spacing between selected
adjacent loops can be decreased to increase the electric current indnced in the conductive coll
such that propagation of microwave energy in the plasma discharge tube in proximity to the
selected adjacent loops increases. In some exemplary embodiments, the spacing between
selected adjacent loops can be increased to decrease the electric current induced in the
conductive coil such that propagation of microwave energy in the plasma discharge tube in
proximity to the selected adjacent loops decreases.

In some excrmplary embodiments, the conductive coil is thermally coupled to the
plasma discharge tube, and the conductive coil comprises a channel through which a cooling
fluid can flow, such that the cooling fuid removes heat from the plasma discharge tube. The
spacing between adjacent loops can be selected to control temperature of the plasma discharge

tube.
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Inn some exemplary embodiments, the apparatus further comprises a microwave choke
at each of two ends of the conductive coil, the microwsve chokes substantially preventing
leakage of the microwave energy from the plasma discharge tube.

In some exemplary embodiments, the conductive coil is helically wound around the
outer surface of the plasma discharge tube,

In some exemplary embodiments, a controller controls the predetermined angle
hetween the electric field of the microwave energy and the longitudinal axis of the plasma
discharge tube. The apparalus can include at least one of an electromagnetic field sensor for
generating a first signal indicative of electromagnetic field intensity in the plasma discharge
tube and a temperature sensor for generating a second signal indicative of temperature in the
plasma discharge tube, and the controller controls the predetermined angle based on at least
one of the first and second signals. The apparatus can include at least one actuator for
rotating the waveguide with respect to the plasma discharge tube to adjust the predetermined
angle, the controller controlling the at least one actuator to control the predetermined angle.

According to another aspect, an apparatus for generating plasma is provided. The
apparatus includes a plasma discharge tube being substantially transparent to microwave
energy and having a longitudinal axis. A conductive coil comprising an electrically
conductive material is substantially helically wound around an outer surface of the plasma
discharge tube. An electric field of the microwave energy induces an electric current in the
conductive coil, and the electric current affects power absorption in the plasma dischargs
tube, A microwave cavity surrounds the plasma discharge tube, A waveguide is coupled to
the microwave cavity for guiding the microwave energy inio the plasma discharge tube such
that the plasima is generated in the plasma discharge tube. A rotational coupling device
couples the waveguide to the plasma discharge tube and allows the waveguide o be rotated
with respect {0 the plasma discharge tube to adjust an angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tube, such that power
absorption in the plasma discharge tube is adjustable via the rotational coupling device to a
predetermined profile with respect to the longiiudinal axis of the plasima discharge tube.

In some exemplary embodiments, the waveguide comprises a major cross-sectional
axis and a minor cross-sectional axis, the rotational coupling device allowing the major and

minor cross-sectional axes to be adjusted with respect to the longitudinal sxis of the plasma
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discharge tube to adjust the angle between the electric field of the microwave energy and the
longitudinal axis of the plasma discharge tube.

In some exemplary embodiments, the apparatus further comprises a controller for
adjusting the angle between the electric fleld of the microwave energy and the longitudinal
axis of the plasma discharge tube. The apparatus can include at least one of an
eleciromagnetic field sensor for generating a first signal indicative of electromagnetic field
intensity in the plasma dischargs tube and a temperature sensor for generating a second signal
indicative of temperature in the plasma discharge tube, and the controller controls the angle
between the electric fiold of the microwave encrgy and the longtiudinal axis of the plasma
discharge tube based on at least one of the first and second signals. The apparatus can include
at least one actuator for rotating the wavegnide with respect to the plasma discharge tube to
adjust the angle between the electric field of the microwave energy and the longitudinal axis
of the plasma discharge tube, the coniroller controlling the at least one actuator o control the
angle between the electric field of the microwave energy and the longitudinal axis of the
plasma discharge tube,

In some exemplary embodiments, the angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tube is adjustable from
30° {0 90°, In some exemplary embodiments, the angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tube is adjustable from
45° o 90°. In some exemplary embodiments, the angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tbe is adjusted to
increase uniformity of power absorption with respect to the longitudinal axis of the plasma
discharge tube.

Tn some exemplary embodiments, the apparatus further comprises a sensor for
menitoring axial uniformity of the plasma in the plasma discharge tube,

In some exemplary embodiments, the conductive coil comprises a plurality of loops
around the plasma discharge tube, the plurality of loops defining a patiern of spacing between
adjacent loaps, the pattern of spacing being selectable based on a predetermined desired effect
of the current induced in the conductive coil on the power absorption in the plasma discharge
ube. In some exemplary embodiments, the patiern of spacing between adjacent loops is

selected to increase uniformity of power absorption with respect to the longiiundinal axis of the
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plasma discharge tube, In some exemplary embodiments, the spacing between selected
adjacent loops can be decreased to increase the electric current induced in the conductive coil
such that propagation of microwave energy in the plasma discharge tube in proxumity to the
selected adjacent loops increases. In some exemplary embodiments, the spacing between
selected adjacent loops can be increased to decrease the electric current induced in the
conductive coil such that propagation of microwave energy in the plasma discharge tube in
proximity to the selected adjacent loops decreases,

In some exemplary embodiments, the conduetive ooil is thermally coupled fo the
plasma discharge tube, and the conductive coil comprises a channel through which a cooling
fluid can fow, such that the cooling fluid removes heat from the plasma discharge tube, The
spacing between adjacent loops can be selected to minimize the temperature of the plasma
discharge tube while ensuring propagation of the microwave fields.

In some exemplary embodiments, the apparatus further comprises a microwave choke
at each of two ends of the conductive coil, the microwave chokes substantially preventing
leakage of the microwave energy from the plasma discharge tbe,

In some exemplary embodiments, the conductive coil is helically wound around the
outer surface of the plasma discharge tube.

According to another aspect, a plasma discharge tube assernbly for g plasma
generating device is provided, The assembly includes a plasma discharge tube being
substartially transparent to microwave energy and having a longitudinal axis. A conductive
coil comprising an electrically conductive material is substantially helically wound arcund an
outer surface of the plasma discharge tube, An clectric field of the microwave energy induces
an eleciric current in the conductive coil, the eleciric current affecting power absorption in the
plasma discharge tube. A plurality of microwave chokes is disposed at each of two ends of
the conductive coil, the microwave chokes substantially preventing leakage of the microwave
energy from the plasma discharge tube,

Tn some exemplary embodiments, the conductive coil comprises a plurality of loops
around the plasma discharge tube, the plurality of loops defining a patiemn of spacing between
adiacent loops, the pattern of spacing being selectable based on a predetermined desired effect
of the current induced in the conductive coil on the power gbsorption in the plasma discharge

tube. In some exemplary embodiments, the patiern of spacing between adjacent loops is
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selected to increase uniformity of power absorption with respect to the longitudinal axis of the
plasma discharge tube, In some exemplary embodiments, the spacing between selected
adjacent loops can be decreased to increase the electric current induced in the conductive coil
such that propagation of microwave energy in the plasma discharge tube in proximity to the
selected adjacent loops increases. In some exemplary embodiments, the spacing between
selected adjacent loops can be increased 1o decrease the electric current induced in the
conductive coil such that propagation of microwave energy in the plasma discharge tube in
proximity to the selected adjacent loops decreases. In some exemplary embodiments, the
spacing between adiacent loops is between 0.2 and 1 om.

In some exemplary embodiments, the conductive coil is thermally coupled o the
plasma discharge tube, and the conductive coil comprises a channel through which a cooling

fluid can flow, such that the cooling Huid removes heat from the plasma discharge tube,

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages will be apparent from the more
particular description of preferred embodiments, as illustrated in the accompanying drawings,
in which like reference characters refer to the same paris throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating the
principles of the inventive concept.

FIG. | includes a schematic cross-sectional view of a lHguid-cooled microwave plasma
applicator.

FIG. 2 includes a schematic cross-seciional view of a Hguid-cooled microwave plasma
applicator, which can nse microwave-~-ahsorbing fluids,

FIG. 3 includes a schematic cross-sectional diagram of an embodiment of the cooling
jacket illustrated in FIG. 2,

FIGs. 44 and 4B include schematic power absorption profiles for the plasma
applicator 2 illustrated in FIG, 2.

FIGs. SA through 5D include schemstic dlagrams which illustrate a plasma applicator,

according to some exernplary embodiments.
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FIG, 6 includes a schematic cross-sectional diagram of the plasma applicator of FiGs,
54 through 5D, which iHustrates eleciric fleld distribution in the plasma applicator, sccording
to some exemplary embodiments,

FiGs. 7A and 7B include schematic cross-sectional diagrams of the plasma applicator
of FIGs. A through 5D, which illusirate stmulated power absorption profiles in the plasma
applicator, according to some exemplary embodiments.

FiGs. 8A and 8B include plasma discharge tube temperature-pressure curves for a
prior plasma applicator such as the plasma applicator illustrated in FIG. 2 and a plasma
applicator of the exemplary embodiments, such as plasma applicator ilustrated in FIGs. 34
through 5D, according to some exemplary embodiments.

FI3. 9 is a graph of temperature versus axial position, which illustrates multiple
longitudinal or axial operational temperature profiles for a plasma discharge tube in a plasma
applicator, according to some exemplary embodiments,

FIG. 10 includes a schematic perspective view of a plasiua appleator, according to
some exemplary embodiments,

FiGs, 11A and 118 includde schematic diagrams of an operational power ghsorption
profile for the plasma applicator illustrated in FIG. 10, according to some exemplary
embodirments.

FIG. 124 through 12D include schematic perspective views of another plasma
applicator, according fo some exemplary embodiments.

FIG, 13 includes a schomatic functional block diagram and perspective view of
another plasma applicator, with controllable waveguide rotation, according to some

exernplary embodiments.

DETAILED DESCRIPTION
1.8, Patent No 3,625,259 (hereinafter, “the ‘259 patent”), incorporated herein in its
enttirety by reference, discloses that a microwave electric field ortented in 8 particular
direction can be efficiently coupled to a microwave plasma discharge tube having a channel
containing a microwave absorbing cooling Hquid surrounding the plasma discharge tubsina

certain path. For example, a microwave electrie field oriented parallel to 4 longitudinal axis
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extending through the center of the plasma discharge tube will efficiently couple to the
plasma discharge iube having a cooling channel encircling the tube in a helical path.

Furthermore, a microwave electric field oriented in a particular direction can be
efficiently conpled to a dielectric window having one or more channels in contact with the
window and containing a microwave absorbing cooling liquid, For example, a microwave
electric field oriented parallel 1o the surface of the window will efficiently couple o a plasma
discharge tube having one or more cooling channels encircling the plasma discharge tubein a
helical path.

The ‘259 patent describes a fluid-cooled plasmea applicator for microwave absorbing
flnids, which includes a plasma discharge tube formed from a material substantially
transparent {0 microwave energy such as quartz, sapphire, or alumina, Plasma discharge
tubes formed from sapphire are desirable for applications using fluorine-based gasses. A
cooling member surrounds the plasma discharge tube and defines a changel formed along an
inner surface of the member and encircles an outer surface of the plasma discharge tube. The
outer surface of the cooling member can be thermally bonded to the plasma discharge tube,
The channel provides a conduit for transporting a microwave absorbing cooling fluid over the
puter surface of the plasma discharge tube. A medium adjacent to the channel allows a
microwave slectric field to enter the plasma discharge tube and thus create and sustain a
plasma in the plasma discharge tube while the fluid is flowing through the channel. The
medium may be air,

The channel encircles the outer surface of the plasma discharge tube in a helical path.
A microwave electric field oriented parallel to a longlindinal axis extending through the
center of the plasma discharge tube enters the plasma discharge tube without being
significantly attennated by the fluid and thos allows 2 plasma to form and be sustained, The
cooling member may be formed from polytetrafiuorethylene, which is chemically inert and
microwave transparent, or from high-thermal conductivity material, which can be microwave
transparent or reflecting, The channel within the cooling member is connectable (o a pump
which forces the fluid over the outer surface of the plasma discharge tube. The flnid may be
water which has high thermal conductivity and is convenient fo use.

The *259 patent also describes a microwave or plasma system which includes a source

of microwave energy, a plasma discharge tube substantially transparent to microwave energy
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and coupled to the source, and a cooling jacket cireumferentially positioned with respect to
the plasma discharge tube and substantially transparent to microwave energy. The jacket
defines a channel formed along an inner surface of the jacket in 3 helical path for transporting
a fluid such as water over the outer surface of the plasma discharge tube. A mediom adjacent
{0 the channs! allows a microwave electric field oriented parallel to a longitudinal axis
extending through the center of the plasma discharge tube to enter the plasma discharge tube
and sustain a plasma while the water is flowing through the channel. The system also
includes & pump connected to a source of water and the channel which recirculates the water
through the channel.

The ‘259 patent also describes a fluid-cooled dieleciric window foruse ina
microwave plasma system. A cooling member is In contact with an outer surface of the
dielectric window. The window is formed of a material substantially transparent to
microwave energy such as quartz, sapphire, or alamina. The cooling member defines a
channe! for transporting the microwave absorbing cooling fluid such as water over the outer
surface of the window and a medium adjacent o the channel. The medium, which can be air,
allows a microwave electric field to enter through the window and sustain a plasma in the
chamber while the fluid is flowing through the channel.

The channel can form a spiral path over the owter surface of the window, An electric
field oriented parallel to the surface of the window enters the window without being
significantly attenuated by the fluid and thus allows & plasma to form and be sustained. The
cooling meniber may be formed from polytetrafluorethylene, which is chemically inert and
microwave transparent, or from high-thermal conductivity material, which can be microwave
transparent or reflecting. The channel within the member is connectable to & pump which
forces the fluid over the outer surface of the plasma discharge tube,

FIG. | includes a schematic cross-sectional view of a prior art Hquid-cooled
microwave plasma applicator 1. The applicator 1 includes a dieleciric plasma discharge tube
10. The plasma discharge tube 10 is made of a material which is substantially transparent 1o
microwave energy and which has suitable mechanical, thermal, and chemical properties for
plasma processing. Typical materials include quariz, sapphire, and alumina. A gas inlet 12
positioned at a top 14 of the plasma discharge tube 10 allows process gasses to be introduced

into the plasma discharge tube 10. A bottom 16 of the plasma discharge tube 10 is coupled to
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a vacuum chamber 18, A vacuum purnp 19 is used to evacuate the chamber 18, During
processing, reactive gas species generated in the plasma discharge tube 18 flow downstream
into the chamber 18.

A magnetron 20 generates the microwave energy reguoired to create and sustain a
plasma in the plasma discharge tube 10. An output 22 of the magnetron 20 is coupled to &
circulator 24, which atlows the microwave energy 10 pass unrestricted to a waveguide 26,
which is coupled to the plasma discharge tube 10 to iransport the energy to the plasma
discharge tube 10. The circulator 24 directs the microwave energy reflected by the plasma
discharge tube 10 to a dummy load 28 so as not to damage the magnetron 20. A tuner 30
minimives the reflected energy by perturbing the electromagnetic field in the wavegnide 26.

A cooling jacket 32 with an inlet 34 and an outlet 36 sunrounds the plasma discharge
tube 10. A pump 38 coupled to the jacket 32 forces cooling Hquid into the inlet 34, through
the jacket 32, and through the cutlet 36 back to the pump 38, The Hguid directly contacts the
entire outer surface of the plasma discharge tube 10, Thus, the microwave energy in the
waveguide 26 must fravel through the liquid to reach the plasma discharge tube 10, Hthe
Higuid significantly absorbs microwave energy, the energy in the waveguide 26 does not
sufficiently couple to the plasma discharge tube 10 to form and sustain 2 plasma.

Thus, in this configuration, only liquids which do not significantly absorb microwave
energy are nsed in the lguid-cooled microwave plasma applicator 1. Examples of such
liguids include silicone oils, certain chiorofluorocarbons, and various hydrocarbon
compounds. Unfortunately, such fluids are both environmentally undesirable and expensive.
Many such fluids are also hazardous to workers and require complex handling procedures. In
addition, most of these lguids require the use of ¢losed-loop heat exchangers which
significantly increase the system cost and complexity. Furthermore, if the plasma discharge
tube 10 were to rupture, these fluids would contaminate the processing equipment.

FIG. 2 includes a schematic cross-sectional view of a prior art liquid-cooled
microwave plasmia applicator 2, which cap use microwave-absorbing fluids. The applicator 2
of FIG. 2 includes a dielectric plasma discharge tube 50 which can be made of a material that
is substantially transparent fo microwave energy and which has suitable mechanical, thermal,
and chemical properties for plasma processing. Such materiale include quartz, sapphire and

alumina. A gas infet 52 positioned at a top 54 of the plasma discharge tube 30 allows process
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gasses to be introduced into the plasma discharge tabe 50. A bottom 36 of the plasma
discharge tube 50 is coupled to a vacuum chamber 58, Reactive gas species generated in the
plasma discharge tube 50 flow downstream into the chamber 38,

A cooling jacket 60 with an inlet 62 and an outlet 64 surrounds an outer surface 66 of
the plasma discharge tube 50, The jacket 60 is formed of a material which is substantially
{ransparent to microwave energy, such as, for example, polytetrafluorethylene. The jacket 60
includes a channel 68 formed along an inner surface 70 of the jacket 60 that encircles the
outer surface of the plasma discharge tube 50, The channel 68 provides a conduit for
transporting a microwave absorbing cooling flutd directly over the outer surface of the plasma
discharge tube 50. The fluid can be water,

The channe] 68 forces the cooling flnid to take a particnlar path around the outer
surface of the plasma discharge tube 50, The path is chosen to maximize the area of the
plasma discharge tube S0 exposed to the cooling fluld. The path, however, leaves sufficient
space to allow a microwave electric field with a certain orientation to enter the plasma
discharge tube and form and sustain the plasma discharge. In some exemplary embodiments,
the channel encircles the outer surface of the plasma discharge tube 50 in a helical path
leaving a small separation between the loops of the path.

A waveguide 72 carries the microwave energy necessary to create and sustain a
plasa in the plasma discharge tube 50 from the magnetron (not shown in FIG. 2} to the
plasma discharge tube 50. In some particular exemplary embodiments, the microwave
electric field is oriented parallel to a longitudingl axis 74 extending through a center 76 of the
plasma discharge tube 50. This orientation allows microwave energy to readily penetrate the
plasma discharge tube 50 between the loops of the helical channel 68 without being
significantly atienuated by the fluid and thus will allow a plasma to form and be sustained.

Although microwave energy is specified as the source for creating the plasma
discharge, it is noted that this disclosure applies to the use of radio frequency (RY) energy
sources. Also, although the use of microwave absorbing cooling liguids is specified, it is
noted that systems incorporating the invention can utilize non-absorbing cooling liquids.

FIG, 3 includes a schernatic cross-sectional diagram of an exemplary embodiment of
the cooling jacket illustrated in FIG. 2. Referring to FIG. 3, a cooling tube 80 with an inlet 82

and an outlet 84 is wrapped around the plasma discharge mbe 86, The cooling tube 80
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preferably encircles the outer surface of the plasma discharge tube 86 in a helical path leaving
a small separation 88 between the loops of the path. In some particular exemplary
embodiments, the microwave electric fleld is oriented parallel to a longitudinal axis 90
extending through a center 92 of the plasma discharge tube 86, This orientation allows
microwave energy to readily penetraie the plasma discharge tube 86 between the loops of the
helical chammel without being significantly attenuated by the fluid and thus allows a plasma io
form and be sustained. The cooling tube 80 ¢an be either metallic or non-metallic and can be
thermally bonded to the outer surface of the plasma discharge tube 86,

Tt is dosirable that a plasma applicator such as those described above in connection
with FiCis. 1-3 adequately produce high-flow-rate, contamination-free, chemically-activated
gases needed for indusirial applications. As described above, the microwave plasma
applicator 2 Hlustrated in FIG. 2 includes a microwave cavity and a dielectric plasma
discharge fube 50 with a helical cooling coil 80, The direction of the microwave electric field
in the waveguide 72 is oriented in parailel with the longitudinal axis 74 of the plasma
discharge tube 30. Because the loops of the helical cooling coil 80 are nearly perpendicular to
the longitudinal axis of the plasma discharge tube 50, the electric field orientation allows
microwave energy to penetrate readily into the plasma discharge tube 50 between the turng or
foops of the helical coil 80,

In the device of FIG, 2, microwave power absorption is highly localized. FIGs, 4A
and 4B include schematic power absorption profiles for the plasma applicator 2 illustrated in
FIG. 2. Specifically, FIG. 4A includes a power absorption profile for the plasma applicator 2
of FIG. 2 viewing in the direction perpendicular to the waveguide 72. FIG. 48 includes a
power absorption profile for the plasma applicator 2 of FIG. 2 viewing in the divection along
the waveguide 72, As can be seen from FiGs. 4A and 4B, the power absorption profile in the
plasma discharge tube 50 is concentrated in the region facing the microwave inlet to the
plasma discharge tube 530, The high peak power density causes excessive erosion of the
plasma channel by the reactive gases and plasmas. Moreover, the peak heat flux near the
waveguide inlet is high, which creates strong thermal-mechanical stresses that can cause the
dielectric plasma discharge tube 50 to break. As a result, the maximum operating power of

this type of plasma applicator 2 is lmited to about 3kW.
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Inductively-coupled and capacitively-coupled plasma devices can be used for
generating activated gases, but they also suffer severe limitations. Capacitively-coupled
plasmas are encrgy inefficient in generating reactive gases. As electric currents terminate at
the discharge electrodes, a significant fraction of energy is lost in the clectrodes, thus reducing
encrgy available for gas excitation. In addition, high-energy electrons and ions are generated
at electrode surfaces, resulting in increased erosion of the plasma source surface. This leads
to high chemical and particle contarnination and reduces product lite.

Inductively-coupled plasmas can have higher energy efficiencies comparsd with
capacitivelv-coupled discharges. However, it 1s difficult to completely eliminate capacitive
coupling in an inductively-coupled plasma device. To achieve high magnetic coupling
efficiency, magnetic cores may be used in an inducitive plasma device, such as, for example,
in a toroidal plasma generator of the type disclosed in LL8. Patent No. 6,150,628, the entire
contents of which are incorporated herein by reference. The use of toroidal geometry limits
the selection of materials that can be used to form the plasma chamber. Metals, coated metals
or ceramics, such as aluminum, ancdized aluminum or alumina ceramic are wused to form
toroidal plasma chambers, However, # is difficult {0 use single-crystal materials such as
sapphire to form the plasma chamber. This has limited the use of inductive plasma sources in
applcations where low chemical and particle contamination is needed,

According to some exemplary embodiments, a microwave plasma applicator having
improved uniformity of power deposition, higher power capability, and lower contamination
as compared to prior microwave plasma applicators is provided. The applicator of the
exemplary embodiments includes a microwave cavity and a diglectric plasma discharge tube
surrounded by an electrically conductive cooling coil. In some particular exemplary
embodiments, the conductive cooling coil can be helically wound on the extenior of the
plasma discharge tube. The direction of the microwave slectric field in the waveguide is
angled at between 30° and 90°, and preferagbly between 453° and 90° relative to the
longitndinal axis of the plasma discharge tube. By having a component of the electric field in
parallel with the loops of the conductive codl, an electrie current is induced in the conductive
cooling coil. The electric current flows along the conductive cooling coil, which causes
microwave energy 1o propagate longitudinally and azirouthally around the dielectric plasima

discharge tube, thus making microwave power more uniformly absorbed in the plasma.
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FIGs. S5A through 3D include schematic diagrams which illustrate a plasma applicator
100, according io some exemplary embodiments. Specifically, FIG. 5A includes a schematic
perspective, partially cut-away view of the plasma applicator 100, according to exemplary
embodiments; FIG. 5B includes a schematic side view of the plasma applicator 106,
according o exemplary embodiments; and FIG. 3C includes a schematic cross-sectional view
of the plasma applicator 100, taken along Hne A-A of FIG. 5B, according to exemplary
embodiments. FIG. 53D includes g schematic detailed cross-sectional view of the plasma
discharge tube with swrrounding conductive helical cooling coil, according to some exemplary
embodiments.

In the embodiment of the plasma applicator 100 llustrated in FIGs, SA through 5C,
the waveguide 172 is orlented such that the direction of the electric field is %0° from the
longitudinal axis of the dielectric plasma discharge tube 150, In some exemplary
embodiments, the waveguide 172 hags a rectangular cross-section, with a wider side which
defines a major cross-sectional axis 170 of the waveguide 172 and a narrower side which
defines a minor cross-sectional axis 171 of the waveguide 172, The waveguide 172 is
oriented such that the major cross-sectional axis 170 of the waveguide 172 is in parallel with
the longitudinal axis 151 of the plasma discharge tube 130, In its fundamental mode, the
microwave electric field in the waveguide172 is primarily in parallel with the minor cross-
sectional axis 171 of the waveguide 172 (see FIG. 12B). Microwave energy is coupled oy
guided to the cavity 152 through the waveguide 172, The dieleciric plasma discharge tube
150, which is surrounded by a conductive cooling coil 160, is located at the center of the
cavity 152. The conductive cooling coil 160 is thermally bonded 1o the plasma discharge tube
150 to remove heat from the plasma discharge tube 150, In some exemplary embodiments,
the conductive cooling coil can be helically wound around the exterior of the plasma
discharge tube 150, as illustrated in the exemplary embodiment of FIGS. SA-5D. The spacing
between adjacent loops can be selected to contrel temperature of the plasma discharge tube.
The spacing between adjacent loops can be selected to minimize the temperature of the
plasma discharge tube while ensuring propagation of the nicrowave fislds,

In some embodiments, the spacing between adiacent loops of the conductive cooling
coil can be adjustable on the plasma discharge tube so that it can be adjusted according fo

plasma impedance and/or the level of microwave power. To that end, in some embodiments,
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the conductive cooling ¢oll can be made of flexible metal tubing. Dielectric forms or spacers
can be placed on the conductive cooling coil to set the spacing between adjacent loops, The
flexible tubing can be made of a soft mweial such as copper, or can have an elastic structure
similar 1o a bellow, or can have a flexible mechanism similar to those used in gooseneck
tubing. The spacing can be adjusted, for example, to inprove the uniformity of power
deposition in the plasma discharge tube, In general, in some embodiments, the spacing
between adjacent loops of the conductive cooling coil can be adjusted to obtain any desired
power profife in the plasma discharge tube.

With the helical turns or loops of the conductive cooling coil 160 nearly in parallel
with the electric fields in the wavegnide 172, an electric cwrrent is induced in the conductive
cooling coil 160, The current flows along the conductive helical cooling coil 164, helping to
propagate microwave energy along the longitudinal axis 131 of the plasma discharge tube
150, Other waveguide shapes, such gs circular or oval waveguide can also be used according
to the exemplary embodiments.

I one exemplary embodiment, the conductive cooling coil 160 can be made from a
copper tube with a cooling fluid flowing inside the copper tube. The use of a square or
rectangular cross-section cooling tube is advantageous in providing a larger contact areg
between the dielectric plasma tube 150 and the cooling coil 164, thereby improving thermal
conductance from the dieleciric plasma tube 150 to the cooling coil 160, The cooling fhuid
can be any of the cooling fluids deseribed above. In some exemplary embodiments, the
cooling fluid is water. In some exemplary embodiments, microwave chokes 154, specifically
labeled as 1544, 1348, 154C and 15413 in FIG. 51, are located at the ends of the cooling
structure 1o prevent leakage of microwave energy from the microwave cavity 152, The
cooling structure can include a fluid inlet 156 by which the cooling fluid, e.g., water, enters
the cooling cotl 160 and a fluid outlet 158 by which the cooling fluid exite the cooling coil
160, Gas enters the dieleciric plasma tube 150 through a gas inlet 159, According to some
exemplary embodiments, a temperature sensor 157 is used to mouttor the temperature profile
of the exterior of the plasma discharge tube 1530, The temperature sensor 157 can be an array
of infrared thermal sensors, positioned on the microwave cavity 152 and along the
longitudinal axis 151, for monitoring temperature and temperature profile of the exterior of

the plasma discharge tube 150, The temperature signal is transmitted to a control system and
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is used for protection of the plasma discharge tube 150 and for optimization of processes. An
optical sensor 164 can be installed on the microwave cavity 152 for monitoring light
emissions from the plasma. The optical sensor is activated when a plasma is ignited in the
dielectric plasma tube 150, The signal indicates the formation of plasma afier microwave
power tarn-on, and it can be used for controlling subsequent process parameters. Optionally, a
pressure sensor {not shown) can be connected fluidly to the dielectric plasma tube 15010
monitor the gas pressure in the diclectric plasma tube during a process.

FIG. 6 includes a schematic cross-sectional diagram of the plasia applicator 100,
which illustrates electric field distribution in the plasma applicator 100, The back wall 174 of
the waveguide 172, which is illusirated in FIG. 6 on the left side of the cavity 152, is selected
to be approximately half of a wavelength (W/2) from the outer radius of the conductive helical
cooling coil 160, inducing a maximum slectric current in the conductive helical cooling col
160 while maintaining the intensities of the electric field symmetric on the two sides of the
plasma discharge tube 150, In accordance with some exemplary embodiments, the diameter
of the dielectric plasma discharge tube 150 can be between 1 and 10 om, and the length of the
plasma discharge tube 150 can be between 10 and 100 om.

Fi(is. 74 and 7B include schematic cross-sectional diagrams of the plasma applicator
100, which illustrate simulated power absorption profiles in the plasma applicator 100,
according to some exemplary embodiments. FIG. 74 is oriented viewing in the direction
perpendicular to the waveguide 172, and FIG. 7B is oriented viewing in the direction along
the wavegnide 172, The simulated power absorption profiles of FiGs. 7A and 7B correspond
to the eleciric field distribution illustrated in FIGL 6. FIGs, 74 and 78 tllustrate that,
according to exemplary embodiments, microwave power is absorbed over the entire length of
the plasma discharge tube 150, with some wave structures due to finite wavelength of the
MICIOWave,

The power absorption profile ilusirated in FIGs. 7A and 78 illustrates that the
absorption of microwave power extends to the entire length of the plasma discharge tube 150,
The power coupling between the microwave current flowing in the conductive helical cooling
coil 160 and the plasma is relatively weak., Microwave energy ruay propagate up io 30-100
cm in the longitudinal direction of the plasma discharge tube 150, The power absorption has

a wavy structure along the longitadinal axis of the plasma discharge tube 130 due to the finite
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wavelength of the microwave. Since microwave energy is coupled from ouiside of the
dielectric plasma discharge twbe 150, power absorption also occurs at the outer rading of the
plasma column. The power absorption profile of FIGs. 7A and 7B is significantly more
uniform compared to that of the plasma applicator 2 of FIGs. 2, 4A and 4B.

As described above in detail and illustrated in FIGs. 53D, 6, 7A, and 7B, according to
the exemplary embodiments, microwave chokes 134, specifically labeled as 15344, 1348,
154C and 154D in FIG. 5D, are located at the ends of the cooling structure to prevent leakage
of microwave energy from the microwave cavity 152, A choke is a short-circuited stub line
approximately one-quarter wavelength long. The opening of the choke 154 faces the plasma
discharge tube. At a short-circuited end of cach choke 1534, the electric field is at minimum,
while current is maximum. At one-quarter wavelength away, the clectric field is maximum
and current is minimur. A high impedance ccours at the choke opening facing the plasma
discharge tube, preventing further propagation of microwave energy slong the tube.
According to the exemplary embodiments, a “double-choke” structure, in which two chokes
are disposed at cach end of the plasma discharge tube, The use of a double-choke structure
according to the exemplary embodiments reduces the microwave electric field by two orders
of magnitude (four orders of magnitude In power), in contrast with a single-choke structure in
which the electric field may be reduced by a single order of magnitude.  This reduction in
microwave electric field and power at the end of the plasma discharge tube blocks or
substantially reduces the amount of microwave electric feld and power which escapes at the
end of the tube. As a result, much higher power can be utilized within the plasma discharge
tube. It should be noted that the chokes 154 iHustrated in FIGs. 6, 7A and 7B are straight
chokes, while chokes 1544, 154B, 154C and 1541 illustrated in FIG. 5D are folded chokes.
As long as their electrical lengths are the same, straight chokes and folded chokes have the
same operational characteristics. The present disclosure is applicable to both folded chokes
and straight chokes.

According to the exemplary embodiments, uniform power absorption is a benefit fora
high-power plasma source, since maximun power capability of a device is often limited by
the peak heat load, Improving power uniformity reduces peak heat flux and surface
temperature, leading to lower thermo-mechanical stress on the plasma discharge tube.

Microwave chokes 154 located at ends of the plasma applicator cavity 152 reflect and confine
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microwave energy within the applicator cavity 152. As a result, a wide range for selection of
the length of the plasma applicator 100 is available. The plasrea applicator 100 of the
exemplary embodiments is therefore scalable to accommeodate various power requirements
and gas chemistries. In the particular exemplary embodiment of the plasma applicator 100 of
FIGs. 5A through 5D, a microwave frequency of 2.54 GHz can be used. It will be undersicod
that the present disclosure is applicable to microwave frequencies in the range 800 MHz
through 30 GHa.

FIGs, 8A and 8B include plasma discharge tube temperature-pressure curves for a
prior art plasma applicaior such as plasma applicator 2 illustrated in FIG. 3 and a plasma
applicator of the exemplary embodiments, such as plasma applicator 100 illustraied in FiGs,
5A through 5D. In the graphs of FIGs. 84 and §B, the dashed curves are for the prior
applicator 2, and the solid curves are for the applicator 100 of the exemplary embodiments.
For each of the operational experiments on which the two pairs of curves are based, the two
plasma applicators being tested weve of identical size and had identical cooling structures, and
were operated under identical gas conditions. In the curves of FIG. 84, both applicators were
operated at a power of 1.5 kW, and, in the curves of FIG. 8B, both applicators were operated
at a power of 3 XKW, As illustrated in FIGs. 84 and 8B, the plasma applicator 100 of the
cxemplary embodiments, in which the eleciric field orientation is rotated 90° with respect to
that of the prior plasma applicator 2, is 40-30% cooler than the prior art plasma applicator 2.

FIG. 9 is a graph of temperatwre versus axial position, which illustrates mulliple
longitudinal or axial operational temperature profiles for a plasma discharge tube 130 ina
plasma applcator 100, according to some exemplary ersbodiments. The multiple curves of
FIG. 9 illustrate various femperature profiles under various gas flow and power conditions,
The plasma applicator 100 operates at up to 6 kW of microwave power, which is
approximately twice the maximum operating power of the prior plasma applicator 2, while the
peak temperature of the plasma discharge tube 100 is below that of the prior plasma applicator
2. Since the length of the plasma applicator 100 is scalable, the power capability can be
increased, if necessary.

According to some exemplary embodiments, to further improve the untformity of
power deposition in the plasma, the piteh angle of the conductive helical cooling cotl 160 can

be varied along the fongitudinal axis of the plasma discharge tube 150, That is, the spacing
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hetween loops in the conductive helical cooling coil 150 can be varied to improve the
uniformity of the power absorption profile and/or to obtain a desired power absorption profile.

The conductive helical cooling coil 160 on the plasa discharge tube 150 serves
multiple fusctions, namely, propagating and coupling microwave energy to the plasma and
providing cooling to the dielectric plasma discharge tube 130, As microwave power
increases, thermal-mechanical stresses on the plasma discharge tube 150 increase. As
described above, in the exemplary embodiments, to maximize the power capability of the
plasma discharge tube 150, the conductive helical cooling coil 160 can be made of tubing, and
a cooling fiuid can flow inside the conductive helical cooling coil 160 to remove heat from
the plasma discharge tube 150, A thermally conductive, conformal thermal bonding material,
for example, a thermal silicone compound, may be used to bond the conductive helical
cooling coil 160 to the dielectric plasma discharge tube 1530, According to some exemplary
ermbodiments, the spacing between adjacent loops of the conductive helical cooling coil 160
can be selected based on optimization of microwave propagation/coupling and thermal
conduction requirements. When the spacing narrows, electric flelds between adjacent loops
increase, which can increase the current induced in the conductive helical cooling coil 160
and, therefore, the coupling and propagation of microwave energy to the plasma discharge
tube 150 and along the longitudinal axis of the plasma discharge tube 150, However,
narrowing of the space may also cause electric arcs at the conductive helical cooling coil 160,
To mitigate this possibility, a dieleciric material may be deposited to fill the spacing between
the adiacent loops to raise the arcing threshold. Tn contrast, when the spacing between loops
widens, thermal conductance from the dielectric plasma discharge tube 150 to the cooling
fluid flowing inside the conductive helical cooling coil 160 is reduced, which can result in
higher thermal-mechanical stress and sometimes higher plasma erosion on the dielectric
plasma discharge tube 150, In some exemplary embodiments, the preferred spacing between
ioops of the conductive helical cooling coll 160 for a microwave plasma discharge tube 150
operating at 1-10 kW of power can be in the range of 0.2 10 1 om,

FIG. 10 includes a schematlic perspective view of a plasma applicator 200, according
to another exemplary embodiment. The plasma applicator 200 of FIG. 10 is the same in many
respects as the plasma applicator 100 of FIGs. 5A through 5D, with the primary exception

being that, in the plasma applicator 200 of FIG. 10, waveguide 272 is rotated about its
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longitudinal axis with respect to plasma discharge tube 250, as indicated by arrow 273, such
that the minor cross-sectional axis 271 of waveguide 272, and, therefore, the microwave
electric field, forms a predetermined angle with respect to the longttudinal axis 231 of the
plasma discharge tube 250. Except as indicsted otherwise, the description above with respect
to the plasma applicator 100 of FIGs. SA through 5D applies to the plasma applicator 200 of
FIG 14

Referring to FIG. 10, in this particular HHlustrative exemplary embodiment, the
predetermined angle between the minor cross-sectional axis 271 of the waveguide 272 and the
longitudinal axis 251 of the plasma discharge tube 250 is illustrated to be 60° instead of the
angle of 90° in the plasma applicator 100 of FIGs. SA through SD. The use of an acute angle
between microwave electric field and the longitudinal axis 251 of the plasma discharge tube
250 is particularly useful for uniformly depositing microwave power in a relatively short
plasma discharge tabe 250. Also, like the plasma applicator 100, in the plasma applicator 200
of FI(3. 10, the loops of the conductive helical cooling coil (not shown) are nearly
perpendicular to the longitudinal axis of the plasma discharge tube 250. With the direction of
the electric field angled from the loops of the condustive helical cooling coil, there exist both
a perpendicular component and a parallel component of the electric field with respect to the
loops of the conductive helical cooling coil. The perpendicular electric field, £, , may
penetrate the conductive helical cooling coil relatively easily and be absorbed locally. The
paralle] electric field, Ey, induces an electric current in the conductive helical cooling coil, and
helps to propagate microwave energy along the longitudinal axis of the plasma discharge tube
250. Adiusting the angle between the microwave electric field and the conductive helical
cooling coll changes the relative strengths of £, and £y, allowing optimization of the power
absorption profile in the plasma discharge tube 250,

FiGs, 11A and 11B include schematic diagrams of an operational power absorption
profile for the plasma applicator 200 Hlustrated in FIG. 10, Specifically, FIG. 1A includes a
schematic cross-sectional view of the microwave power absorption profile viewed ina
direction perpendicular to the direction of the waveguide 272, and FIG. 11B includes a
schernatic cross-sectional view of the microwave power absorption profile viewed in the
direction along the waveguide 272, In this exemplary embodiment, the angle between the

minor cross-sectional axis 271 of the waveguide 272 and the longitudinal axis 251 of the
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plasma discharge tube 250 is 60°. At this angle the uniformity of microwave power absorplion
is optimdzed for a dielectric plasma discharge tube of 3.8 om in diameter and 20 cm in length,
as iHustrated in FIGs, 114 and 11B.

FIGs. 12A through 12D include schematic perspective views of another plasma
applicator 2004, in which the angle between the minor cross-sectional axis of the waveguide,
i.e., the microwave electric field llustrated by arrows or vectors labeled “E,” and the
longitudinal axis of the plasma discharge wbe can be adjusted in real time, according to some
exemplary embodiments. Referring to FIG. 124, the plasma applicator 200A is the same as
the plasma applicator 200 of FIG. 10, with the exception that the plasma applicator 2004
includes flaxible or rotating joints 275 and 276 by which the waveguide 2724 is coupled to
the microwave cavity 2524 and plasma discharge tube 250A. The flexible or rotating joints
275 and 276 permit rotation of the waveguide 2724 relative to plasma discharge tube 2504,
as indicated by arrow 273A, such that the angle of the microwave electric field relative to the
plasma discharge tube 2504 can be adjusted in real time, for example, to maich specific
plasma loads.

FIGs. 128 through 125 illustrate an exernplary embodiment of the rotating joints 275
and 276 shown in FIG. 12A. Fach rotating joint comprises two ciroular flanges, one fixed on
the microwave cavity 2524 and the other fixed on the waveguide 272A. The direction of the
lowest order microwave electric field in the waveguides is primarily in paralle! with the minor
cross-sectional axis, as illustrated by the arrows or vectors labeled “E” in FIGs, 12B and 12D,
The angles between the microwave cavity 252A and the waveguides facing the front and back
side of the cavity can be adjusted by rotating the waveguide sections relative o the
microwave cavity. Once a desired angle is obtained, the Hanges 2624 and 2628 (or 263A
and 263B) can be clamped and locked. In some embodiments, the surfaces of the interfacing
flanges are in electric contact to prevent microwave from leaking out of the jeint. In some
other embodiments, as shown in FIG. 12C, a microwave choke 264 is assembled in the
wavegnide flanges 263A or 263B. The use of microwave choke 264 prevents leakage of
microwave from the rotating joints when the waveguide flanges are not in electric contact.
This makes it more convenient to adjust the relative angle of the rotating joints,

In some exemplary embodiments, rotation of the waveguide relative to the plasms

discharge tube can be precisely controlled such that the angle of the microwave electric field
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relative {o the plasma discharge tube can be adjusted in real time, As a vesult, real-time
adjustiment of the microwave power absorption profile, and/or the electromagnetic field
distribution and/or the temperature distribution within the plasma discharge tube is realized.
FIG. 13 includes a schematic perspective view of a plasma applicator with controliable
waveguide rotation, according to some exemplary embodiments. Referring to FIG. 13,
rotation of waveguide 372 relative to plasma discharge tube 250A can be controlled via 2
feedback loop by a processor/coniroller 314, one or more actuation controliers 3184, 3188
and one or more actuators 3204, 3208,

As shown in FIG. 13, plasma discharge tube 250A can be configured with one or more
electromagnetic field sensors 310 and/or one or more temperature sensors 312, Tt will be
understood that any number of electromagnetic field sensors 310 and any number of
temperature sensors 312, including no electromagnetic field sensors or no tomperature Sensors
can be emploved in accordance with the exemplary embodiments, and the sensors can be
physically located at a variety of positions in and/or near plasma discharge tube 250,
accordance with the exemplary embodiments. Any and all electromagnetic field sensors at
any and all locations are collectively depicted and referred to in FIG. 13 by reference numeral
310. Similarly, any and all temperature sensors at any and all locations are collectively
depicted and referred to in FIG. 13 by reference numeral 312,

Flectromagnetic field sensors 310 can provide signals indicative of electromagnetic
field intensity and uniformity in and/or near plasma discharge tube 250A to processor/
controller 314, Temperature sensors 312 can provide signals indicative of temperature and s
uniformity in and/or near plasma discharge tube 230A to processor/controller 314, Processor/
coniroller 314 processes the received signals 1o determine whether a desired electromagnetic
field and/or power absorption and/or temperature profile is being achieved. Processor/
controller 314 then generates actuation control signals and forwards the signals {0 one or both
actuator controllers 3184, 318R, which control movement, such as, for example, longitudinal
displacernent, of actuator arms 3204, 320B, respectively. Actualor arm 320A controls
rotation of front or lower section 372A of waveguide 372 about rolating joint 276, and
actuator arm 3208 controls rotation of back or upper section 3728 of waveguide 372 about
rotating joint 275, Thus, in some exernplary embodiments, using the feedback provided by

electromagnetic sensors 319 and/or temperature sensors 312, processor/controller 314
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controls rotation of waveguide 372 relative to plasma discharge tube 230A o achieve a
desired electromagnetio, power absorption and/or temperature profile within plasma discharge
tube 250A.

In some exernplary embodiments, it may be acceptable or desirable to rotate both
sections 372A and 3728 to the same angle with respect to plasma discharge tube 250A. In
such embodiments, only one of actuation controllers 3184, 3188 is required; one of actuation
controllers 318A, 3188 can be climinated. In this case, an optional rigid atiachment member
378 can be used to attach waveguide sections 372A and 3728 such that, when one of them is
actuated into rotation, the other is carried into the same rotation via the rigid attachiment
provided by rigid attachunent member 378,

In some exemplary embodiments, user input can also be provided by a user io
manually control rotation of waveguide 372 with respect to plasma discharge tube 250A.

This user input can be in addition to the closed-loop control faeilitated by electromagnetic
sensors 310 and/or temperature sensors 312, The user input can also be instead of the closed-
loop control, Le., user input can be used instead of the feedback from sensors 310 and/or 312,
That is, in some embodiments, open-loop conirel of rotation of wavegnide 372 with respect io
plasma discharge tube 250A can be effected via optional user input,

The present disclosure provides an improved microwave plasma applicator for
generation of reactive gases for material processing, The approach of the disclosure provides
a high uniformity of power gbsorption in the plasma, thereby fowering peak power flux to the
plasma chamber walls and reducing surface erosion. The approach of the disclosure also
reduces thermal~-mechanical stress on the plasma charber and increases power capabilities of
the plasma applicator. The reduced surface erosion of the chamber walls and reduced
thermal-mechanical stress on the plasma chamber resulis in increased applicator lifetime. A
plasma topology is used such that a straight dielectric tube with, for example, a circular,
elliptical or rectangular cross-section, can be used as the plasma chamber. This allows wider
selection of dielectric materials for the plastua discharge chamber, such as Al(s, Y20,
YAG, MgQ, and/or $10;, in the form of single crystal or ceramic, to form the plasma chamber
and 1o handle various plasma chemistries, The plasma applicator of the disclosure can operate
with highly reactive gases, such as hydrogen, oxygen, nitrogen, fluorine, chiorine, and

mixtures of these gases, with fast response to changes in gas flow rates. Examples of the
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gALES include Hg, Qz, Nz, NF3, Ci:, HCL NE'{:;, CFq, CEF(;, C3Fg, C.q.Fg, Ci;f“, NQ_O, and H20.
The plasma applicator of the disclosure is operable at a gas flow vate of 0.1 to 100 slm, a gas
pressure range of 0.001 o 1000 torr, and a microwave power of 1 1o 20 kW, The higher
power capability results in increased process throughput. In accordance with the disclosure,
erosion of the plasma chamber surface and associated chemical and particle contamination are
mimimized. Surface recombination or deactivation of excited atomic and molecular gases,
such as atomic H, N, O, F, C1, and Br, are lowered, in order to increase the reactive gas
output. A highly-energy-efficient plasma applicator which can be readily integrated into
sericonductor fabrication systems is provided in accordance with the disclosure. The
processes to which the plasma applicator of the disclosure is applicable include photoresist
stripping, anisotropic etching, chemical vapor deposition, atomic layer deposition or eich,
surface oxidation and/or nitration, and surface cleaning.

While the exemplary embodiments have been particularly shown and described herein,
it will be undersiood by those of ordinary skill in the art that various changes in form and
details may be made therein without departing from the spirit and scope of the following

claims.
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CLAIME

i An apparatus for generating plasma, comprising:

a plasma discharge tube substantially transparent to microwave energy, the plasma
discharge tube having a longitudinal axis;

a conductive coil wound around an outer surface of the plasma discharge tube, the
conductive coil comprising an electrically conductive material;

a microwave cavity surrounding the plasma discharge tube, and

a waveguide coupled to the microwave cavity for guiding the microwave energy into
the plasma discharge ube such that the plasma is generated in the plasma discharge tube, the
waveguide having a major cross-sectional axis and a minor cross-sectional axis, the major and
minor cross-sectional axes being positioned with respect to the longitudinal axis of the plasma
discharge tube such that an eleciric field of the microwave energy is oriented at a
predetermined angle with respect to the longitudinal axis of the plasma discharge tube, the
electric field of the microwave energy inducing an electric current in the conductive coil, the
eleciric current affecting power absorption in the plasma discharge tube, the predetermined
angle being selectable such that power absorption in the plasma discharge tube is according to

a predetermined profile with respect to the longitudinal axis of the plasma discharge tube.

2. The apparatus of claim 1, wherein the predetermined angle is such that the electric
field is oriented substantially perpendicular to the longitudinal axis of the plasma discharge

fube,

3. The apparatus of claim 1, wherein the predeterrained angle is such that the electric
ficld is oriented at an angle of 30° to 90° with respect to the longitudinal axis of the plasma

discharge tube.

4. The apparatus of claim 1, wherein the predetermined angle is such that the elecinic
field is oriented at an angle of 45° to 90° with respect to the longitudinal axis of the plasma

discharge tube.
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5. The apparatus of claim 1, wherein the predetermined angle is selected to increase
uniformity of power absorption with respect o the longitudinal axis of the plasma discharge

tube.

6. The apparatus of claim 1, wherein the conductive coll comprises a plurality of loops
around the plasma discharge tube, the plurality of loops defining a pattern of spacing between
adjacent loops, the patiern of spacing being selectable based on a predetermined desired effect
of the current induced in the conductive coil on the power absorption in the plasma discharge

fube,

7. The apparatus of claim 6, whereln the patiern of spacing between adjacent loops is
selected to increase uniformity of power absorption with respect to the longitudinal axis of the

plasma discharge fube,

g The apparatus of claim 6, wherein the spacing between sslected adjacent loops can be
decreased o increase the electric current induced in the conductive coil such that propagation
of microwave energy in the plasma discharge tube in proximity 1o the selected adjacent loops

increases.

g, The apparatus of claim 6, wherein the spacing between selected adjacent loops can be
increased to decrease the eleciric current induced in the conductive coil such that propagation
of microwave energy in the plasma discharge tube in proximity to the selecied adjacent loops

decreases,

10, The apparatus of claim 1, wherein:
the conductive coil is thermally coupled to the plasma discharge tube;
the conductive ¢oil comprises a chammel through which a cooling finid can flow, such

that the cooling fluid removes heat from the plasma discharge tube.
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11.  The apparatus of claim 1, ferther comprising a microwave choke at each of two ends
of the conductive coil, the microwave chokes substantially preventing leakage of the

microwave energy from the plasma discharge tube.

12.  The apparatus of claim 1, wherein the conduetive coil is helically wound around the

outer surface of the plasma discharge tube.

13, The apparatus of claim 1, further comprising a controlier for controlling the

predetermined angle,

14, The apparatus of claim 13, further comprising ot least one of an electromagnetic field
sensor for generating a first signal indicative of electromagnetic field intensity in the plasma
discharge tube or a temperature sensor for genersting a second signal indicative of
temperature in the plasma discharge tube, the controller comtrolling the predetermined angle

based on at least one of the first and second signals.

15.  The apparatus of claim 13, further comprising at least one actuator for rotating the
waveguide with respect to the plasma discharge tube o adjust the predetermined angle, the

controfler controlling the at least one actuator to control the predetermined angle.

16, An apparatus for generating plasma, comprising:

a plasma discharge tube substantially transparent to microwave energy, the plasma
discharge tube having a longitudinal axis;

a conductive coil wound around an outer surface of the plasma discharge tube, the
conductive coil comprising an electrically conductive material, an electric field of the
microwave energy inducing an electric current in the conductive coil, the electric current
affecting power absorption in the plasma discharge tube;

a rolcrowave cavity swrounding the plasma discharge tube;

a waveguide coupled to the microwave cavity for guiding the microwave energy into

the plasma discharge tube such that the plasma is generated in the plasma discharge tube; and
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a rotational coupling device for coupling the waveguide to the plasma discharge tube,
the rotational coupling device allowing the waveguide 1o be rotated with respect to the plasma
discharge tube to adjust an angle between the electric field of the microwave energy and the
longitudinal axis of the plasma discharge tube, such that power absorption in the plasma
discharge tube is adjustable via the rotational coupling device 10 a predetermined profile with

respect to the longitudinal axis of the plasma discharge tube.

17.  The apparatus of claim 16, wherein the waveguide comprises a major cross-sectional
axis and a minor cross-sectional axis, the rotational coupling device allowing the major and
minor cross-sectional axes to be adjusted with respect o the longitudinal axis of the plasma
discharge tube to adiust the angle between the electric field of the microwave energy and the

fongitudinal axis of the plasma discharge tube,

18, The apparatus of claim 16, further comprising a controller for adjusting the angle
between the clectric fisld of the microwave energy and the longitudinal axis of the plasma

discharge tube,

19, The apparatus of claim 18, further comprising at least one of an eleciromagnetic field
sensor for generating a first signal indicative of electromagnetic field intensity in the plasma
discharge tube or g temperature sensor for generating a second signal indicative of
temperature in the plasma discharge tube, the controller controlling the angle between the
electric field of the microwave energy and the longitudinal axis of the plasma discharge tube

based on at least one of the first and second signals.

20.  The apparains of claim 18, further comprising at least one actuator for rotating the
waveguide with respect to the plasma discharge tube to adjust the angle between the electric
ficld of the microwave energy and the longitudinal axis of the plasma discharge tube, the
controller controlling the at least one actuaior to conirol the angle between the electric field of

the microwave energy and the longitudinal axis of the plasma discharge tube,
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23, The apparatus of claira 16, wherein the angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tube is adjustable from

30° 1o 90°,

22. The apparatus of claim 16, whercin the angle between the electric field of the
microwave energy and the longitadinal axis of the plasma discharge tube is adjustable from

45% 1o B0°,

23, The apparatus of claim 16, wherein the angle between the electric field of the
microwave energy and the longitudinal axis of the plasma discharge tube is adjusted to
increase uniformity of power absorption with respeet o the longimdinal axis of the plasma

discharge tube.

24, The apparatus of claim 16, further comprising a sensor for monitoring axial uniformity

of the plasma in the plasma discharge tube,

35 The apparatus of claim 16, wherein the conductive coil comprises a plurality of loops
arcund the plasma discharge tube, the plurality of loops defining a pattern of spacing between
adiacent loops, the pattern of spacing being selectable based ona predetermined desired effect
of the current induced in the conductive coil on the power absorption in the plasma discharge

fitbe,

26.  The apparatus of claim 25, wherein the pattern of spacing between adjacent loops is
selected to increase uniformity of power absorption with respect to the longitudinal axis of the

plasma discharge tube.

27, The apparatus of claim 25, wherein the spacing between selected adjacent loops can
be decreased to increase the electric current induced in the conductive coll such that
propagation of microwave energy in the plasma discharge tube in proximity to the selected

adjacent loops increases,

30
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2% The apparatus of claim 25, wherein the spacing between selected adjacent loops can
be increased to decrease the electric current induced in the conductive coil such that
propagation of microwave energy in the plasma discharge tube in proximity to the selected

adjacent loops decreases.

29, The apparatus of claim 16, wherein:
the conductive coil is thermally coupled to the plasma discharge tube;
the conductive coil comprises a channel through which a cooling fluid can flow, such

that the cooling fluid removes heat from the plasma discharge tube,

30, The apparatus of claim 16, further comprising a microwave choke at each of two ends
of the conductive coil, the microwave chokes substantially preventing leakage of the

microwave energy from the plasms discharge tube.

31.  The apparatus of claim 16, wherein the conduetive coil is helically wound around the

outer surface of the plasma discharge tube.

32. A plasma discharge tube assembly for a plasma generating device, the plasma
discharge tube asserbly comprising:

a plasma discharge tube substantially transparent to microwave energy, the plasma
discharge tube having a longitudinal axis;

a conductive coll wound arcund an outer surface of the plasma discharge tube, the
conductive coil comprising an electrically conductive material, an electric field of the
microwave energy inducing an electric current in the conductive coil, the electric current
affecting power absorption in the plasma discharge tube; and

a plarality of microwave chokes at each of two ends of the conductive coll, the
microwave chokes substantially preventing leakage of the microwave energy from the plasma
discharge fube.

33,  The plasma discharge tube assembly of claim 32, wherein the conductive coil

comprises a plurality of loops around the plasma discharge tube, the plurality of loops
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defining a pattern of spacing between adjacent loops, the pattern of spacing being seleciable
hased on a predetermined desired effect of the current induced in the conductive coil on the

power absorption in the plasma discharge tube.

34, The plasma discharge tube assembly of claim 33, wherein the pattern of spacing
between adjacent loops is selected 1o lncrease uniformity of power absorption with respect to

the longitudinal axis of the plasma discharge tube,

35, The plasma discharge tube assembly of claim 33, wherein the spacing between
selected adjacent loops can be decreased 1o increase the electric current induced in the
conductive coil such that propagation of microwave energy o the plasma discharge tube in

proximity to the selected adjacent loops increases.

36.  The plasma discharge tube assembly of claim 33, wherein the spacing between
selected adjacent loops can be increased to decrease the electric current induced in the
conductive coll such that propagation of microwave energy in the plasma discharge tube in

proximity to the selected adjacent loops decreases,

37.  The plasma discharge tube assembly of claim 33, wherein the spacing between

adjacent loops is between 0.2 and 1 om.

38.  The plasma discharge tube assembly of claim 32, wherein
the conductive coil is thermally coupled to the plasma discharge tube;
the conductive coil comprises a chanmel through which a cooling fluid can flow, such

that the cooling fluid removes heat from the plasma discharge tube.
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