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MICROWAVE PLASMA APPLICATOR WITH IMPROVED POWER UNIFORMITY

BACKGROUND

1. Technical Field

This disclosure is related to microwave plasma systems and, more particularly, to a
fluid-cooled microwave plasma applicator for producing reactive gaseous species for
processing applications.

2. Discussion of Related Axt

Reactive gases and gas mixtures are used in many industrial operations including the
processing of materials such as semiconductor wafers for fabricating electronic and opiical
devices. Reactive gases can be used, for example, in thin film deposition and etching in
microeloctronics manufacturing to etch diclectric and semiconductor materials or various
masking films such as photoresist and polyimide. Reactive gasses can be used to form
diclectric films and metal films, and can also be used o 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 diclectric window on a chamber containing the gas. Microwave
energy is often used as the energy source o create and susiain a plasma discharge. A tvpieal
microwave frequency used for creating plasma discharges is 2.45 GHz, due to the availability
of power sources and system components.

It is desirable 10 have a plasma source which is capable of producing g large guantity
of various reactive gaseous species under very ¢lean conditions. Examples of desirable
species include the various atomic halogens {atomic fluorine, chlorine, bromine, etc.), atomic
oxygen, atomic nitrogen, and atomic hydrogen. (¥ne technical difficulty in using microwave
energy for creating a large guantity of reactive gaseous species in a plasma source is cooling
the plasma discharge tube or dieleciric window, Alr cooling can be used for the plasma
discharge tube, but it is relatively imefficient compared with liguid cooling. In addition, air
cooling requires relatively large and expensive air blowers or compressors 1o remove a
sufficient amount of heat. Also, air cooling may not be compatible with modern clean room

envirenments used for manufacturing semiconductors,
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Liquid 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
environmentally 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 liquids readily absorb microwave energy.

Certain fluids such as silicone oils, some chlorofluorocarbons, and various
hydrocarbon compounds do not absorb microwave energy and thus can be used to 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 to 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 adequate for producing high-
flow-rate, contamination-free, chemically activated gases useful for industrial applications.

SUMMARY

In a first aspect, there is provided an apparatus for generating plasma, including 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 including an electrically conductive material; a
microwave cavity surrounding 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, the waveguide having a rectangular
cross-section defining a narrower side of the rectangular cross-section and a wider side of the
rectangular cross-section, a first cross-sectional axis of the rectangular cross-section being
parallel to the wider side of the rectangular cross-section and a second cross-sectional axis of
the rectangular cross-section being parallel to the narrower side of the rectangular cross-
section, the second cross-sectional axis being positioned at a predetermined angle with respect

to the longitudinal axis of the plasma discharge tube such that an electric field of the
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microwave energy induces an electric current in the conductive coil, the electric 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; and
an actuator for receiving a signal to control the predetermined angle.

In a second aspect, there is provided an apparatus for generating plasma, including: 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 including 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 microwave cavity
surrounding 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, the waveguide having a rectangular cross-section
defining a narrower side of the rectangular cross-section and a wider side of the rectangular
cross-section, a first cross-sectional axis of the rectangular cross-section being parallel to the
wider side of the rectangular cross-section and a second cross-sectional axis of the rectangular
cross-section being parallel to the narrower side of the rectangular cross-section; a rotational
coupling device for coupling the waveguide to the plasma discharge tube, the rotational
coupling device allowing the waveguide to be rotated with respect to the plasma discharge
tube about an axis which is parallel to a longitudinal axis of the waveguide to adjust an angle
between the second cross-sectional axis of the waveguide 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 longitudinal
axis of the plasma discharge tube; and an actuator for receiving a signal to adjust the angle
between the second cross-sectional axis and the longitudinal axis of the plasma discharge
tube.

In a third aspect, there is provided an apparatus for generating plasma, including: 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 including an electrically conductive material; a
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microwave cavity surrounding the plasma discharge tube, and 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, the waveguide having a rectangular
cross-section defining a narrower side of the rectangular cross-section and a wider side of the
rectangular cross-section, a first cross-sectional axis of the rectangular cross-section being
parallel to the wider side of the rectangular cross-section and a second cross-sectional axis of
the rectangular cross-section being parallel to the narrower side of the rectangular cross-
section, the second cross-sectional axis being positioned at a predetermined angle with respect
to the longitudinal axis of the plasma discharge tube such that an electric field of the
microwave energy induces an electric current in the conductive coil, the electric 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,
wherein the predetermined angle is between 30° and 90°.

In a fourth aspect, there is provided an apparatus for generating plasma, including: 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 including 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 microwave cavity
surrounding 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, the waveguide having a rectangular cross-section
defining a narrower side of the rectangular cross-section and a wider side of the rectangular
cross-section, a first cross-sectional axis of the rectangular cross-section being parallel to the
wider side of the rectangular cross-section and a second cross-sectional axis of the rectangular
cross-section being parallel to the narrower side of the rectangular cross-section; and a
rotational coupling device for coupling the waveguide to the plasma discharge tube, the
rotational coupling device allowing the waveguide to be rotated with respect to the plasma
discharge tube about an axis which is parallel to a longitudinal axis of the waveguide to adjust

an angle between the second cross-sectional axis of the waveguide and the longitudinal axis
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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
longitudinal axis of the plasma discharge tube.

According to an example, 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. 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 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 electric 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 induces an electric current in the conductive coil, the electric 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.

According to an example, the predetermined angle is such that the electric field 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 at 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 field
is oriented at an angle of 45° to 90° with respect to the longitudinal axis of the plasma
discharge tube. In some exemplary embodiments, the predetermined angle is selected to
increase uniformity of power absorption with respect to the longitudinal axis of the plasma
discharge tube.

According to an example, the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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
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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 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 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.

According to an example, 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 fluid removes heat from the plasma discharge tube. The spacing
between adjacent loops can be selected to control temperature of the plasma discharge tube.

According to an example, 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 tube.

According to an example, the conductive coil is helically wound around the outer
surface of the plasma discharge tube.

According to an example, a controller controls the predetermined angle between the
electric field of the microwave energy and the longitudinal axis of the plasma discharge tube.
The apparatus 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 an example, 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
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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 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. A rotational coupling device
couples the waveguide to the plasma discharge tube and allows the waveguide to 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 to a
predetermined profile with respect to the longitudinal axis of the plasma discharge tube.

According to an example, 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 axis of 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.

According to an example, the apparatus further comprises a controller for adjusting the
angle between the electric field of the microwave energy and the longitudinal axis of the
plasma discharge tube. The apparatus 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 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. The apparatus can include at least one
actuator for rotating the waveguide 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 controller controlling the at least one actuator to control the angle
between the electric field of the microwave energy and the longitudinal axis of the plasma
discharge tube.

According to an example, the angle between the electric field of the microwave energy
and the longitudinal axis of the plasma discharge tube is adjustable from 30° to 90°. In some

exemplary embodiments, the angle between the electric field of the microwave energy and the
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longitudinal axis of the plasma discharge tube is adjustable from 45° to 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 adjusted to increase uniformity of power
absorption with respect to the longitudinal axis of the plasma discharge tube.

According to an example, the apparatus further comprises a sensor for monitoring
axial uniformity of the plasma in the plasma discharge tube.

According to an example, the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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 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 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.

According to an example, 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 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.

According to an example, 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 tube.

According to an example, the conductive coil is helically wound around the outer
surface of the plasma discharge tube.

According to an example, a plasma discharge tube assembly for a plasma generating

device is provided. The assembly includes a plasma discharge tube being substantially
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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, the electric 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.

According to an example, the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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 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 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
spacing between adjacent loops is between 0.2 and 1 cm.

According to an example, 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 fluid 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 parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating the

principles of the inventive concept.
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FIG. 1 includes a schematic cross-sectional view of a liquid-cooled microwave plasma
applicator.

FIG. 2 includes a schematic cross-sectional view of a liquid-cooled microwave plasma
applicator, which can use microwave-absorbing fluids.

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

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

FIGs. 5A through 5D include schematic diagrams which illustrate a plasma applicator,

according to some exemplary embodiments.
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FIG, 6 includes a schematic cross-sectional diagram of the plasma applicator of FIGs,
SA through 5D, which iHlusirates eleciric field distribution in the plasma applicator, according
to some exemplary embodiments,

FiGs. 7A and 7B include schematic eross-sectional diagrams of the plasma applicator
of FiGs. 3A through 5D, which illustrate simulated power absorption profiles in the plasma
applicator, according to some exemplary embodiments,

FiGs, 8A and 8B include plasma discharge tube temperature-pressure curves fora
prior plasma applicator such as the plasma applicator illustrated in FIG. 2 and a plasma
applicator of the exemplary embodiments, such as plasma applicator llustrated in FIGs. 54
through 5D, according o some exemplary embodiments.

FIG. 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 plasma applicator, according to
sorme exemplary embodiments,

FiGe, 11A and 118 include schematic diagrams of an operational power ahsorption
profile for the plasma applicator llustrated in FIG, 16, sccording fo some exemplary
embodiments.

FIG. 12A theough 12D include schematic perspective views of another plasma
applicator, according {o some exemplary embodiments.

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

exeroplary embodiments,

DETAILED DESCRIPTION
U8, Patent No 5,625,259 (hereinafter, “the ‘259 patent™), incorporated herein in ifs
entivety by reference, discloses that a2 microwave electric Hield oriented in a particular
direction can be efficlently coupled to g microwave plasma discharge tube having a channel
containing a microwave absorbing cooling liguid surrounding the plasma discharge tube in g

ceriain path. For example, a microwave electric field oriented paraliel to g longitudinal axis
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extending through the center of the plasma discharge tube will efficiently couple to the
plasma discharge fube having a cooling channel encircling the tube in a helical path.

Furthermore, a microwave electric field oriented in a particular divection can be
efficiently coupled to a diclectric 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 to the surface of the window will efficiently couple to a plasma
discharge tube having one or more cooling channels encircling the plasma discharge tubc in a
helical path,

The 259 patent describes a fluid-conled plasina applicator for microwave absorbing
floids, 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 surrcunds the plasma discharge tube and defines a channel formed along an
inner surface of the member and encircles an cuter surface of the plasma discharge tube, The
outer surface of the conling member can be thermally bonded to the plasma discharge tube.
The channel provides a conduit for transporting a microwave absorbing cooling fluid over the
outer surface of the plasma discharge tube. A medium adjacent to the channel allows a
microwave electric 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 paraliel to a longitudinal axis extending thyough the
center of the plasma discharge tube enters the plasma discharge tube without being
significantly attenuated by the fluid and thus allows a plasma to form and be sustained. The
cooling member may be formed from polytetrafluorcthylene, which is chemieally 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 finid may be
water which has high thermal conductivity and is convenient o use.

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

of microwave energy, a plasma discharge tube substantially transparent o microwave energy
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and coupled to the source, and a cooling jacket circumferentially positioned with respeci to
the plasma discharge tube and substaniially transparent to microwave energy. The jacket
defines a channel] formed along an inner surface of the jacket in a helical path for transporting
a fluid such as water over the outer surface of the plasma discharge tube. A mediom adjacent
to the channel allows 2 microwave electric field oriented parallel to 8 longitudinal axis
extending through the center of the plasma discharge tube o enter the plasma discharge tube
and sustain a plasma while the water is flowing through the channel. The system also
includes & pump connected 1o a source of water and the channel which recirculates the water
through the channel.

The 259 patent also describes a fluid-cooled dielectric window foruse ina
microwave plasma system. A cooling member is in contact with an outer surface of the
diefectric window. The window is formed of a materis! subsiantially transparent to
microwave energy such as quartz, sapphire, or alumina. The cooling member defines a
chamne! for transporting the microwave absorbing cooling Huid 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 eleciric field 1o enter through the window and sustain a plasmas 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 member may be formed from polyvtetrafluorethylene, 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 8 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 Hguid-cooled
ricrowave plasma applicator 1. The applicator | includes a dieleciric plasma discharge tube
10, The plasma discharge tube 10 is made of a material which is substantially transparent to
microwave energy and which has suitable mechanical, thermal, and chemical properties for
plasma processing. Typical materials include quartz, 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 1s coupled to
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a vacuun chamber 18, A vacuum pump 19 is used to evacuate the chamber 18, Dwring
processing, reactive gas species generated in the plasma discharge tube 10 flow downstream
into the chamber 18,

A magnetron 20 generates the microwave energy reguired to create and sustain a
plasma in the plasma discharge tube 10, An output 22 of the magnetron 20 is coupled o a
circulator 24, which allows the microwave energy o pass unrestricted {0 a waveguide 26,
which is coupled to the plasma discharge tube 10 to transport the energy to the plasma
discharge tube 10, The circulator 24 directs the microwave energy reflecied by the plasma
discharge tube 10 to a dummy load 28 s0 as not to damage the magnetron 20. A tuner 30
minimizes the reflected energy by perturbing the electromagnetic field in the wavegnide 26,

A cooling jacket 32 with an inlet 34 and an outlet 36 surrounds the plasma discharge
tabe 18, A pump 38 coupled to the Jacket 32 forces cooling lquid into the inlet 34, through
the jacket 32, and through the cutlet 36 back to the pump 38, The liquid directly contacts the
entire cuter surface of the plasma discharge tube 10, Thus, the microwave energy in the
waveguide 26 must fravel through the Hquid to reach the plasma discharge tube 18, If'the
Houid significantly absorbs microwave energy, the energy in the waveguide 26 does not
sufficiently couple to the plasma discharge tube 10 to form and sustain a plasma,

Thus, in this configuration, only Hguids which do not significantly absorb microwave
energy are used in the Hguid-cooled microwave plasma applicator 1. Examples of such
Hquids include siticone oils, certain chlorofluorocarbons, and various hydrocarbon
compounds. Unfortunately, such fluids are both environmentally undesirable and expensive.
Many such fluids are also hazardous to workers and require comnplex handling procedures. In
addition, most of these liguids require the use of ¢losed-loop heat exchangers which
significanily 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-seciional view of a prior art liquid-cooled
microwave plasma applicator 2, which can use microwave-absorbing fluids. The applicator 2
of FI1(. 2 includes a dielectric plasma discharge tube 30 which can be made of a material that
is substantially transparent fo microwave energy and which has sutiable mechanical, thermal,
and chemical properties for plasma processing. Such rateriale include guartz, sapphire and

alumina, A gas inlet 52 positioned at a top 54 of the plasma discharge tube 30 allows process
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gasses 1o be introduced into the plasma discharge tube 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 30 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 5¢. The jacket 60 is formed of 8 material which is substantially
fransparent 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
fransporting & microwave absorbing cooling fluid directly over the outer surface of the plasma
discharge tube 50. The fluid can be water,

The channel 68 forces the cooling fluid to take a particular path around the outer
surface of the plasma discharge tube 50, The path is chosen to maximize the area of the
plasma discharge tube 50 exposed to the cooling fluid. The path, however, leaves sufficient
space to gllow a microwave electric field with a certain orientation to enier 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 creste and sustain a
plasma in the plasma discharge tube 50 from the magnetron (1ot shown in FIG. 2) o the
plasma discharge tube 50. In some particular exemplary embodiments, the microwave
electric field is orienied parallel to a longitudingl axis 74 extending through a center 76 of the
plasma discharge tube 5. This orientation allows microwave energy to readily penetrate the
plasma discharge tube 530 between the loops of the helical channel 68 without being
significantly atienuated by the fluid and thus will allow g 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 radic frequency (RF) energy
sources. Also, although the use of microwave absorbing cooling liguids is specified, it is
noted that systems incorporating the invention can uiilize non-absorbing cooling Hauids.

FiG, 3 includes a schematic 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 tube 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 field is oriented parallel to a longitudina! 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 channel without being significantly attenuated by the fluid and thus allows a plasma to
form and be sustained. The cooling tube 80 can be either metallic or non-metallic and can be
thermally bonded to the outer surface of the plasma discharge tube 86.

If is desirable that a plasma applicator such as those described above in connection
with FIGs, 1-3 adequately produce high-flow-rate, contamination-free, chemically-activated
gases needed for indusirial applications. As described above, the microwave plasma
applicator 2 iHustrated in FIG. 2 includes 8 microwave cavity and a dielectric plasma
discharge tube 50 with a helical cooling coil 80, The direction of the microwave electrie field
in the waveguide 72 is oriented in parailel with the longludingl axis 74 of the plasma
discharge tube 30. Because the loops of the belical cooling coil 80 are nearly perpendicular to
the longitudinal axis of the plasma discharge tube 50, the electric field orientation allows
microwave energy to penctrate readily into the plasima discharge tube 50 between the turns or
foops of the helical coil 80,

In the device of FIG, 2, microwave power absorption is highly localized. FIGs. 4A
and 48 include schematic power absorption profiles for the plasma applicator 2 illustrated in
FiG. 2. Specifically, FIG. 44 includes a power absorption profile for the plasma applicator 2
of FIG. 2 viewing in the direction perpendicular to the waveguide 72. FIG. 4B 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 FiQGs. 44 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 30, The high peak power density causes excessive erosion of the
plasma channel by the reactive gases and plasmas. Moreover, the peak heat fhux near the
waveguide inlet is high, which creates sirong thermal-mechanical stresses that can cause the
dielectric plasma discharge tube 50 to break. As a result, the waximum operating power of

this type of plasma applicator 2 is limited 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 lmitations. Capacitively-coupled
plasmas are energy inefficient in generating reactive gases. As electric currents terminate at
the discharge electrodes, a significant fraction of energy is lost in the clectredes, thus reducing
energy available for gas excitation. In addition, high-energy electrons and ions are generated
at electrode surfaces, resulting in increased erosion of the plasima source surface. This leads
to high chemical and particle contarnination and reduces product lite.

Inductively-coupled plasmas can have higher energy efficiencies compared 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 inductive plasma device, such as, for example,
in a toroidal plasma generator of the type disclosed in UL8. Patent No. 6,150,628, the entire
contents of which are incorporated herein by reference. The use of toroidal geomeiry limits
the selection of materials that can be used to form the plasma chamber. Metals, coated metals
or ceramics, such as aluminum, anodized aluminum or aluming ceramic are used to form
toroidal plasma chambers, However, it is difficult o 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 dielectric 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 exterior of the
plasma discharge tube. The direction of the microwave slectric field in the waveguide is
angled at between 30° and 90°, and preferably between 45° and 907, relative to the
longitndinal axis of the plasma discharge tbe, 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 o propagate longitudinally and azirouthally around the dielectric plasima

discharge tube, thus making microwave power more uniformly absorbed in the plasma.

14



A

16

U
A

WO 2015/148246 PCT/US2015/021382

FIGs, 5A through 5D include schematic diagrams which illustrate a plasma applicator
100, according o some exemplary embodiments. Specifically, FIG, 5A includes a schematic
perspective, partially cut-away view of the plasima applicator 100, according to exemplary
embodiments; FIG. 5B includes & schematic side view of the plasma applicator 100,
according o exemplary embodiments; and FIG. 53¢ includes a schematic cross-sectional view
of the plasma applicator 100, taken along line A-A of FIG. SB, according to exemplary
embodiments. FIG. 5D includes g schematic detailed cross-sectional view of the plasma
discharge tube with surrounding conductive helical cooling coil, according {0 some exemplary
etnbodiments.

in the embodiment of the plasma applicator 100 iHustraled in FiGs. SA through 3¢,
the waveguide 172 is oriented such that the divection of the electric ficld is 90° from the
longiiudinal axis of the dielectric plasma discharge tube 1530, In some exemplary
ermbodiments, the waveguoide 172 has a rectangular cross-section, with & wider side which
defines a major croas-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 150, 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 or
guided to the cavity 152 through the waveguide 172, The dielectric plasma discharge tube
150, which is surrounded by a conductive cooling coill 160, is located at the center of the
cavily 152. The conductive cooling coil 160 is thermally bonded 1o the plasma discharge tube
15¢ 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 tllustrated in the exemplary embodiment of FIGS. 5A-5D. The spacing
between adiacent loops can be selected 1o control 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 microwave fields,

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

plasma impedance and/or the level of microwave power, To that end, in some embodiments,
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the conductive cooling coil can be made of flexible metal tubing. Dielectric forms or spacers
can be placed on the conductive conling coil to set the spacing between adiacent loops. The
flexible tubing can be made of a soft metal such as copper, or can have an elastic structure
similar to a bellow, or can have a flexible mechanism similar to those used in goosensck
tubing. The spacing can be adjusted, for example, 10 improve 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 profile 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 waveguide 172, an clectric current is induced in the conductive
cooling coll 160, The current flows along the conductive helical cooling coil 160, helping to
propagate microwave energy along the longitudinagl axis 1531 of the plasma discharge tube
150, Other waveguide shapes, such as circular or oval waveguide can also be used according
to the exemplary embodiments.

In 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 ares
between the dielectric plasma tube 150 and the cooling coil 160, thereby improving thermal
conductance from the dieleciric plasma tube 150 1o the cooling cotl 160, The cooling thad
can be any of the cooling fluids described above. In some exemplary embodiments, the
cooling fluid is water, In some exemplary cmbodiments, microwave chokes 154, specifically
labeled as 1544, 15348, 154C and 1541 in FIG. 5D, are located at the ends of the cooling
structure to prevent leakage of microwave energy from the microwave cavity 152, The
cooling structure can include a fluid inlet 156 by which the cooling finid, e.g.. water, enlers
the cooling coil 160 and a fluid cutlet 158 by which the cooling fluid exits the cooling coil
160, Gas enders the dieleciric plasma tube 150 through a gas inlet 159, According to some
exemplary embodiments, a temperature sensor 157 is used to montior the temperature profile
of the exterior of the plasma discharge tube 150, 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 tomperature 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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ts used for protection of the plasma discharge tube 156 and for optimization of processes. An
optical sensor 164 can be instalied on the microwave cavily 152 for monitoring light
emissions from the plasima, The optical sensor is activated when g plasma i3 ignited in the
dielectric plasma tube 150, The signal indicates the formation of plasma after microwave
power turn-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 154 o
monitor the gas pressure in the diglectric plasma tube during a process.

FIG. 6 includes a schematic cross-sectional diagram of the plasioa applicator 100,
which tlustrates electric field distribution in the plasma applicator 100, The back wall 174 of
the waveguide 172, which ig iHlusirated in FIG. 6 on the left side of the cavity 152, is selected
to be approximately half of a wavslength (W2} from the outer radius of the conductive helical
cooling coil 160, inducing a maximum electric current in the conductive helical cooling coil
160 while maintaining the intensities of the electric ficld 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 cm, and the length of the
plasma discharge tube 150 can be between 10 and 100 om.

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

The power absorption profile ilustrated in FIGs. 74 and 78 illustrates that the
ahsorption of microwave power exiends 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 may propagate up to 50-100
cm in the longitudinal direction of the plasma discharge tube 150, The power absorption has

a wavy structure along the longitudinal axis of the plasma discharge tube 150 due to the finite
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wavelength of the microwave. Since microwave energy is coupled from ouiside of the
dielectric plasma discharge tube 130, power absorption also occurs at the outer radius of the
pasma columm. The power absorption profile of FIGs. 7A and 7B is significantly more
uniform compared to that of the plasma applicator 2 of FIs. 2, 4A and 48,

As described above in detail and iflustrated in F1Gs. 3D, 6, 74, and 7B, according to
the exemplary embodiments, microwave chokes 134, specifically labeled as 1544, 1548,
154C and 154D in FIG. 5D, are located at the ends of the cooling structure 1o prevent leakage
of microwave energy from the microwave cavity 152, A choke i3 a short-circuited stub line
approximately one~guarter wavelength long. The opening of the choke 154 faces the plasma
discharge tube. At a shori-circuited end of cach choke 134, the electric field is at minimuom,
while current is maximum. At one-quarter wavelength away, the electric field is maximum
and current is minimum. A high impedance occurs at the choke opening facing the plasma
discharge {ube, preventing further propagation of microwave energy along the tube.
According to the exemplary embodiments, a “double-choke” structure, in which two chokes
are disposed at each end of the plasma discharge tube, The use of a double-choke structure
according {0 the exemplary embodiments reduces the microwave electric field by two orders
of magnitude (four orders of magnitude tn power), in contrast with a single-choke structore in
which the electric field may be reduced by g single order of magnitude.  This reduction in
microwave eleciric field and power at the end of the plasma discharge tube blocks or
substantially reduces the amount of microwave ¢lectric field 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 illustrated in FIGs. 6, 7A and 718 are straight
chokes, while chokes 1544, 1548, 154C and 1540 illustrated in FIG. 5D are folded chokes.
As long as their electrical lengihs are the same, straight chokes and folded chokes have the
same operational characieristics, The present disclosure is applicable to both folded chokes
and straight chokes,

According 1o the exemplary embodiments, uniform power absorption is g benefit for a
high-power plasma source, since maximmun power capability of a device is often Hinited by
the peak heat load. Improving power uniformity reduces pesk heat flux and surface
femperature, leading to lower thermo-mechanical stress on the plasma discharge tube.

Microwave chokes 154 located af ends of the plasma applicator cavity 152 reflect and confine
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microwave engrgy within the applcator cavity 152, As a result, a wide range for selection of
the length of the plasma applicator 100 {s available. The plasma applicator 100 of the
exemplary erabodiments is therefore scalable to accommodate 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 understood
that the present disclosure is applicable to microwave frequencies in the range 800 MHz
through 30 GHz.

FiGs. 8A and 8B include plasma discharge tube temperature-pressure curves for a
prior art plasma apphicator such as plasma applicator 2 llustrated in FIG, 3 and a plasma
applicator of the exemplary embodiments, such as plasma applicator 100 illustrated in FiGs,
5A through 5D, In the graphs of FIGs. 8A and 8B, the dashed corves are for the prior
applicator 2, and the solid curves are for the applicator 100 of the exemplary cmbodiments.
For each of the operational experiments on which the two pairs of curves are based, the two
plasma applicators being tested were of identical size and had identical cooling structures, and
were operated under identical gas conditions. In the curves of FIG. 8A, both applicators were
operated at a power of 1.5 kW, and, in the curves of FIG, 88, both applicators were operated
at 8 power of 3 kW, Ag iHustrated in FIGs. 8A and 8B, the plasma applicator 100 of the
exemplary embodiments, in which the eleciric field orientation is rotated 90° with respect to
that of the prior plasma applicator 2, is 40-50% cooler than the prior art plasma applicator 2.

FIG. 9 is a graph of temperature versus axial position, which illustrates muliiple
fongitudinal or axial operational temperature profiles for g plasma discharge tube 1530 ina
plasma applicaior 100, according to some exemplary exnbodiments. The multiple curves of
FIG. 9 illustrate various temperature profiles under varicus gas flow and power conditions.
The plasma applicator 100 operates at up to 6 kW of wicrowave power, which is
approximately twice the maximum operating power of the prior plasma applicator 2, while the
pesk temperature of the plasma discharge tube 100 is below that of the prior plasma applicator
2. Bince 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 uniformity of
power deposition in the plasma, the pitch angle of the conductive helical cooling coil 160 can

be varied along the longitadinal 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 absorplion profile and/or to obtain & desired power absorption profile.

The conductive helical cooling coil 160 on the plasma discharge tube 150 serves
multiple functions, namely, propagaling and coupling microwave energy to the plasma and
providing cooling to the dielectric plasma discharge tube 150, As microwave power
increases, thermal-mechanical stresses on the plasrua discharge tube 150 incregse. 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 fhuid can flow inside the conductive helical cooling cotl 160 to remove heat from
the plasma discharge tube 150, A thermally conductive, conformal thermal bonding matenial,
for example, a thermal silicone compound, may be used to bond the conductive helical
cooling coil 160 to the dielectric plasma discharge fube 150, According to some exemplary
embodiments, the spacing between adjacent loops of the conductive helical cooling coil 169
can be selected based on optimization of microwave propagation/coupling and thermal
conduction requirements. When the spacing narrows, electric fields 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 {50, 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 £ill the spacing between
the adjacent loops o raise the arcing threshold, In contrast, when the spacing between loops
widens, thermal conductance from the dielectric plasma discharge fube 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 fube 150, In some exemplary embodiments, the preferred spacing between
loops of the conductive helical cooling coil 160 for a microwave plasma discharge tube 150
operating at 1~10 kW of power can be in the range of 8.2 10 1 om.

FIG. 10 includes a schemalic perspective view of a plasma applicator 200, according
io 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
slectric field, forms a predetermined angle with respect to the longitudinal axis 251 of the
plasma discharge tube 250. Except as indicated otherwise, the description above with respect
to the plasma applicator 100 of F1Gs. SA through 5D applies to the plasma applicator 200 of
FIG. 14,

Referring to FIG. 10, in this particular illustrative exemplary embodiment, the
predetermined angle between the munor cross-sectional axis 271 of the waveguide 272 and the
tongitudinal axis 251 of the plasma discharge tube 250 is illustrated to be 607, instead of the
angle of 90° in the plasma applicator 100 of FIGs. 5A through 5D, The use of an acute angle
between microwave electric field and the longitudinal axis 231 of the plasma discharge tube
250 is particularly useful for uniformly depositing microwave power in g relatively shori
plasma discharge tube 250, Also, like the plasma applicator 100, in the plasma applicator 200
of FIG. 16, 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 conductive helical cooling coil, there exist both
a perpendicular component and a parallel component of the electric field with respect to the
toops of the conductive helical cooling coil, The perpendicular electric field, £y , may
penetraie the conductive helical cooling coil relatively easily and be absorbed locally. The
parallel electric ficld, £y, induces an electric current in the conductive helical cooling coil, and
helps to propagate microwave energy slong the longitudinal axis of the plasma discharge tube
250, Adijusting the angle between the microwave eleciric field and the conductive helical
cooling coll changes the relative strengths of £ and £y, sllowing optimization of the power
absorption profile in the plasma discharge tube 250

FIGs. 114 and 11B include schematic diagrams of an operational power absorption
profile for the plasma applicator 200 illustrated in FIG. 10, Specifically, FIG. 114 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
schematic cross-sectional view of the microwave power absorpiion 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 absorption
is optimized for a dielectric plasma discharge tube of 3.8 om in diarueter and 20 am in lengih,
as ilustrated in FIGs, 114 and 118,

FiGs, 124 tdwough 12D include schematic perspective views of another plasma
applicator 2004, in which the angle between the minor cross-sectional axis of the wavegnide,
1.2, the microwave electric field illustrated by arrows or vectors labeled “E,” and the
longitmdinal axis of the plasma discharge tube 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, 19, with the exception that the plasma applicator 2004
includes flexible or rotating joints 275 and 276 by which the waveguide 272A is coupled fo
the microwave cavity 252A 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 273 A, such that the angle of the microwave slectric field relative to the
plasma discharge tube 2504 can be adjusied in real time, for example, to maich specific
plasma loads.

FIGs. 12B through 125 illustrate an exemplary embodiment of the rotating joints 275
and 276 shown in FIG. 12A. Hach rotating joint comprises two ctronlar flanges, one fixed on
the microwave cavity 2524 and the other fixed on the wavegnide 272A. The direction of the
lowest order microwave electric field in the wavegnides is primarily in paralle! with the minor
cross-sectional axis, as tlustrated by the arrows or vectors labeled “E” in FIGs. 128 and 12D
The angles between the microwave cavity 252A and the waveguides facing the front and back
side of the cavity can be adiusted by rotgting the wavegnide sections relative to the
microwave cavity. Once a desired angle is obtained, the Sanges 2624 and 2628 {or 263A
and 2638} 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 joint. In some
other embodiments, as shown in FIG. 12C, g microwave choke 264 is assembled in the
waveguide 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 eleciric contact.
This makes if 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 to the plasma discharge tube can be adjusted in real ime. As a result, real-time
adiustment of the microwave power absorption profile, and/or the electromagnetic field
distribution and/or the lemperature distribution within the plasma discharge tube is realized.
FiG. 13 includes a schematic perspective view of a plasma applicator with controliable
waveguide rotation, according (o some gxemplary embodiments. Referring to FIG. 13,
rotation of waveguide 372 relative to plasma discharge tube 250A can be controlled via a
feedback loop by a processor/controller 314, one or more actuation controllers 3184, 3188
and one oy 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, Howill be
understood that any number of electromagnetic field sensors 310 and any number of
temperature sensors 312, including no electromagnetic field sensors or no temperature sensors
can be employed in accordance with the exemplary embodiments, and the sensors can be
physically located at a variely of positions in and/or near plasma discharge tube 250, in
accordance with the exemplary embodimenis. Any and all electromagnetic field sensors at
any and all locations are collectively depicted and reforred to in PG, 13 by reference numeral
310, Similarly, any and all temperature sensors at any and all locations are collectively
depicted and referred to iIn 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 10 processor/
controller 314, Temperature sensors 312 can provide signals indicative of temperature and is
untformity in and/or near plasma discharge tube 230A to processor/controlier 314, Processor/
conireller 314 processes the received signals (o determine whether g 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 1o one or both
actuator controllers 3184, 318B, which control movement, such as, for example, longitudinal
displacement, of actuator arms 3204, 3208, respectively, Actuator arm 320A controls
rotation of front or lower section 372A of waveguide 372 about roifating joint 276, and
actuator arm 3208 controls rotation of back or upper section 3728 of waveguide 372 abowt
rotating joint 275, Thus, in some exemplary embodiments, using the feedback provided by

glectromagnetic sensors 310 and/or temperature sensors 312, processor/controller 314
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conirols rotation of waveguide 372 relative to plasma discharge tube 230A to achieve a
desired electromagnetic, 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, 318B is required; one of actuation
controllers 3184, 3188 can be climinaled. In this case, an optional rigid attachment member
378 can be used to gitach waveguide sections 372A and 3728 such that, when one of them is
actuated into rotation, the other is carried into the same rotgtion via the rigid attachment
provided by rigid attachiment member 378,

In some exemplary embodiments, user input can also be provided by a user o
manually control rotation of waveguide 372 with respect {0 plasma discharge tube 250A.

This user input can be in addition to the closed-loop control facilitated by slectromagnetic
sensors 310 and/or temperature sensors 312, The user input can also be instead of the closed-
loop conirel, L.e., user input can be used instead of the feedback from sensors 310 and/or 312,
That is, in some embodiments, open-loop contrel of rotation of waveguide 372 with respect {o
plasma discharge tube 2504 can be effected via optional user inpul.

The present disclosure provides an improved microwave plasma applicator for
generation of reactive gases for material processing, The approach of the discloswre provides
a high uniformity of power absorption in the plasma, thereby lowering 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 chamber 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 resulls in increased applicator Iifetime. A
plasma topology is used such that a straight dislectric tube with, for example, a circular,
elliptical or rectangular cross-section, can be used as the plasma chamber. This allows wider
selection of diclectric maierials for the plasma discharge chamber, such as Ab(y, Y0,

Y AG, MgO, and/or SiQs, in the form of single crystal or ceramic, to form the plasma chamber
and to handle various plasma chemistries. The plasma applicator of the disclosure can operate
with highly reactive gases, such as hydrogen, oxygen, nitrogen, {luorine, chiorine, and

mixtures of these gases, with fast response to changes in gas flow rates. Examples of the
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FASCS include Hg, Oz, Nz, NF3, Cl};, HCL N}'i};, CF‘;, Cgfg, C;;Pg, C-.gFg, Ci;f“, Nz_@, and H20.
The plasma applicator of the disclosure is operable at a gas flow rate of 0.1 to 100 slm, 2 gas
pressure range of 0.001 o 1000 torr, and a microwave power of 1 fo 20 kW, The higher
power capability results in increased process tiwonghput. In accordance with the disclosure,
erosion of the plasma chamber surface and associated chemical and particle contamination are
minimired. Surface recombination or deactivation of excited atomic and molecular gases,
such as atomic H, N, O, ¥, CL, and By, are lowered, in order {o increase the reactive gas
output. A highlv-energy-cfficient plasma applicator which can be readily integrated inio
semiconductor fabrication systems is provided in accordance with the disclosure. The
processes to which the plasma applicator of the disclosure is applicable include photoresist
stripping, anisotropie 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,

b
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1. 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;

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, the
waveguide having a rectangular cross-section defining a narrower side of the rectangular cross-
section and a wider side of the rectangular cross-section, a first cross-sectional axis of the
rectangular cross-section being parallel to the wider side of the rectangular cross-section and a
second cross-sectional axis of the rectangular cross-section being parallel to the narrower side of the
rectangular cross-section, the second cross-sectional axis being positioned at a predetermined angle
with respect to the longitudinal axis of the plasma discharge tube such that an electric field of the
microwave energy induces an electric current in the conductive coil, the electric 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; and

an actuator for receiving a signal to control the predetermined angle.

2. The apparatus of claim 1, wherein the predetermined angle is such that the second cross-
sectional axis is oriented substantially perpendicular to the longitudinal axis of the plasma discharge

tube.

3. The apparatus of claim 1, wherein the predetermined angle is such that the second cross-
sectional axis 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 second cross-
sectional axis is oriented at an angle of 45° to 90° with respect to the longitudinal axis of the plasma

discharge tube.

5. The apparatus of claim 1, wherein the predetermined angle is selected to increase

uniformity of power absorption with respect to the longitudinal axis of the plasma discharge tube.
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6. The apparatus of claim 1, wherein the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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.

7. The apparatus of claim 6, 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.

8. The apparatus of claim 6, wherein 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.

9. The apparatus of claim 6, 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.

10. The apparatus of claim 1, 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.
11. The apparatus of claim 1, 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 plasma discharge tube.

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

surface of the plasma discharge tube.

13. The apparatus of claim 1, further comprising at least one of an electromagnetic field sensor

for generating a first signal indicative of electromagnetic field intensity in the plasma discharge tube
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or a temperature sensor for generating a second signal indicative of temperature in the plasma
discharge tube, the controller controlling the predetermined angle based on at least one of the first

and second signals.

14. The apparatus of claim 1, wherein the actuator rotates the waveguide with respect to the
plasma discharge tube about an axis which is parallel to a longitudinal axis of the waveguide to
adjust the predetermined angle, a controller controlling the actuator to control the predetermined

angle.

15. 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 microwave cavity surrounding 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, the
waveguide having a rectangular cross-section defining a narrower side of the rectangular cross-
section and a wider side of the rectangular cross-section, a first cross-sectional axis of the
rectangular cross-section being parallel to the wider side of the rectangular cross-section and a
second cross-sectional axis of the rectangular cross-section being parallel to the narrower side of the
rectangular cross-section;

a rotational coupling device for coupling the waveguide to the plasma discharge tube, the
rotational coupling device allowing the waveguide to be rotated with respect to the plasma
discharge tube about an axis which is parallel to a longitudinal axis of the waveguide to adjust an
angle between the second cross-sectional axis of the waveguide 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 longitudinal axis of the
plasma discharge tube; and

an actuator for receiving a signal to adjust the angle between the second cross-sectional axis

and the longitudinal axis of the plasma discharge tube.
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16. The apparatus of claim 15, further comprising at 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 generating a second signal indicative of temperature in the plasma
discharge tube, the actuator controlling the angle between the second cross-sectional axis and the

longitudinal axis of the plasma discharge tube based on at least one of the first and second signals.

17. The apparatus of claim 15, wherein the actuator rotates the waveguide with respect to the
plasma discharge tube to adjust the angle between the second cross-sectional axis and the
longitudinal axis of the plasma discharge tube, a controller controlling the actuator to control the
angle between the second cross-sectional axis of the waveguide and the longitudinal axis of the

plasma discharge tube.

18. The apparatus of claim 15, wherein the angle between the second cross-sectional axis and

the longitudinal axis of the plasma discharge tube is adjustable from 30° to 90°.

19. The apparatus of claim 15, wherein the angle between the second cross-sectional axis and

the longitudinal axis of the plasma discharge tube is adjustable from 45° to 90°.

20. The apparatus of claim 15, wherein the angle between the second cross-sectional axis and
the longitudinal axis of the plasma discharge tube is adjusted to increase uniformity of power

absorption with respect to the longitudinal axis of the plasma discharge tube.

21. The apparatus of claim 15, further comprising a sensor for monitoring axial uniformity of the

plasma in the plasma discharge tube.

22. The apparatus of claim 15, wherein the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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.
23. The apparatus of claim 22, 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.
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24, The apparatus of claim 22, wherein 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.

25. The apparatus of claim 22, 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.

26. The apparatus of claim 15, 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.

27. The apparatus of claim 15, 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 plasma discharge tube.

28. The apparatus of claim 15, wherein the conductive coil is helically wound around the outer

surface of the plasma discharge tube.

29. 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 tube such that the plasma is generated in the plasma discharge tube, the
waveguide having a rectangular cross-section defining a narrower side of the rectangular cross-
section and a wider side of the rectangular cross-section, a first cross-sectional axis of the
rectangular cross-section being parallel to the wider side of the rectangular cross-section and a

second cross-sectional axis of the rectangular cross-section being parallel to the narrower side of the
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rectangular cross-section, the second cross-sectional axis being positioned at a predetermined angle
with respect to the longitudinal axis of the plasma discharge tube such that an electric field of the
microwave energy induces an electric current in the conductive coil, the electric 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, wherein the predetermined angle is between

30° and 90°.

30. The apparatus of claim 29, wherein the predetermined angle is such that the second cross-
sectional axis is oriented substantially perpendicular to the longitudinal axis of the plasma discharge

tube.

31. The apparatus of claim 29, wherein the predetermined angle is such that the second cross-
sectional axis is oriented at an angle of 45° to 90° with respect to the longitudinal axis of the plasma

discharge tube.

32. The apparatus of claim 29, wherein the predetermined angle is selected to increase

uniformity of power absorption with respect to the longitudinal axis of the plasma discharge tube.

33. The apparatus of claim 29, wherein the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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.

34, The apparatus of claim 33, 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.

35. The apparatus of claim 33, wherein 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.
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36. The apparatus of claim 33, 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.

37. The apparatus of claim 29, 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.

38. The apparatus of claim 29, 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 plasma discharge tube.

39. The apparatus of claim 29, wherein the conductive coil is helically wound around the outer

surface of the plasma discharge tube.

40. 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 microwave cavity surrounding 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, the
waveguide having a rectangular cross-section defining a narrower side of the rectangular cross-
section and a wider side of the rectangular cross-section, a first cross-sectional axis of the
rectangular cross-section being parallel to the wider side of the rectangular cross-section and a
second cross-sectional axis of the rectangular cross-section being parallel to the narrower side of the
rectangular cross-section; and

a rotational coupling device for coupling the waveguide to the plasma discharge tube, the

rotational coupling device allowing the waveguide to be rotated with respect to the plasma
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discharge tube about an axis which is parallel to a longitudinal axis of the waveguide to adjust an
angle between the second cross-sectional axis of the waveguide 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 longitudinal axis of the

plasma discharge tube.

41. The apparatus of claim 40, wherein the angle between the second cross-sectional axis and

the longitudinal axis of the plasma discharge tube is adjustable from 30° to 90°.

42. The apparatus of claim 40, wherein the angle between the second cross-sectional axis and

the longitudinal axis of the plasma discharge tube is adjustable from 45° to 90°.

43, The apparatus of claim 40, wherein the angle between the second cross-sectional axis and
the longitudinal axis of the plasma discharge tube is adjusted to increase uniformity of power

absorption with respect to the longitudinal axis of the plasma discharge tube.

44, The apparatus of claim 40, further comprising a sensor for monitoring axial uniformity of the

plasma in the plasma discharge tube.

45, The apparatus of claim 40, wherein the conductive coil comprises a plurality of loops around
the plasma discharge tube, the plurality of loops defining a pattern 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.

46. The apparatus of claim 45, 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.

47. The apparatus of claim 45, wherein 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.
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48. The apparatus of claim 45, 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.

49, The apparatus of claim 40, 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.
50. The apparatus of claim 40, 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 plasma discharge tube.

51. The apparatus of claim 40, wherein the conductive coil is helically wound around the outer

surface of the plasma discharge tube.
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