wo 2018/034690 A1 | I0E 000 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
22 February 2018 (22.02.2018)

(10) International Publication Number

WO 2018/034690 A1

WIPO I PCT

(51) International Patent Classification:
HO01J 37/32 (2006.01) HO5H 1/46 (2006.01)

(21) International Application Number:
PCT/US2017/013984

(22) International Filing Date:
18 January 2017 (18.01.2017)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
15/238,695 16 August 2016 (16.08.2016) Us

(71) Applicant: APPLIED MATERIALS,INC. [US/US];
3050 Bowers Avenue, Santa Clara, California 95054 (US).

(72) Imventors: KRAUS, Philip Allan; 1006 Broadway Av-
enue, San Jose, California 95125 (US). CHUA, Thai
Cheng; 527 Arleta Avenue, San Jose, California 95128
(US).

(74) Agent: SERVILLA WHITNEY LLC et al;; 33 Wood
Ave. South, Suite 830, Iselin, New Jersey 08830 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(84)

HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ, LA,LC,LK,LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: MODULAR MICROWAVE PLASMA SOURCE

(57) Abstract: Embodiments include a modular microwave source. In
an embodiment, the modular microwave source comprises a voltage

VOLTAGE CONTROL

VOLTAGE CONTROLLED
OSCILLATOR

TION
CIRCUITRY

l 105
— -

ey
=

e control circuit, a voltage controlled oscillator, where an output voltage

from the voltage control circuit drives oscillation in the voltage con-

trolled oscillator. The modular microwave source may also include a

solid state microwave amplification module coupled to the voltage con-
: trolled oscillator,. In an embodiment, the solid state microwave ampli-
fication module amplifies an output from the voltage controlled oscil-
lator. The modular microwave source may also include an applicator
coupled to the solid state microwave amplification module, where the
applicator is a dielectric resonator.
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MODULAR MICROWAVE PLASMA SOURCE

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Nonprovisional Patent Application 15/283,695
filed on 16 August 2016, entitled MODULAR MICROWAVE PLASMA SOURCE, and which

is incorporated herein by reference in its entirety for all purposes.

BACKGROUND

1) FIELD
Embodiments relate to the field of microwave plasma sources and, in particular, to
a modular microwave plasma source that includes solid state electronics and an applicator for

coupling the microwave radiation to a gas to form a plasma.

2) DESCRIPTION OF RELATED ART

Plasma processing is used extensively in the manufacture of many different
technologies, such as those in the semiconductor industry, display technologies,
microelectromechanical systems (MEMS), and the like. Currently, radio frequency (RF)
generated plasmas are most often used. However, plasmas generated with a microwave source
allow for denser plasmas and/or plasmas with a high concentration of excited neutral species.
Unfortunately, plasmas generated with a microwave source also suffer their own drawbacks.

Typical microwave plasma systems use a singular, large source of microwave
radiation (typically a magnetron) and a transmission path for guiding the microwave radiation
from the magnetron to the processing chamber. For typical high power applications in the
semiconductor industry, the transmission path is a microwave waveguide. Waveguides are used
because outside of a waveguide designed to carry the specific frequency of the microwave
source, the microwave power attenuates rapidly with distance. Additional components, such as
tuners, couplers, mode transformers, and the like are also required to transmit the microwave
radiation to the processing chamber. These components limit the construction to large systems
(i.e., at least as large as the sum of the waveguide and associated components), and severely limit
the design. As such the geometry of the plasma that may be produced is constrained since the
geomeltry of the plasma resembles the shape of the waveguides. Accordingly, it is difficult to
match the geometry of the plasma to the geometry of the substrate that is being processed. In

particular, it is difficult to create a microwave plasma where the plasma is generated over the
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entire surface of the wafer of larger substrates (e.g., 300 mm or greater wafers). Some
microwave generated plasmas may use a slot line antenna to allow the microwave energy to be
spread over an extended surface. However, such systems are complicated, require specific
geomeltry, and are limited in the power density that can be coupled to the plasma.

Furthermore, microwave sources typically generate plasmas that are not highly
uniform and/or are not able to have a spatially tunable density. As the substrates that are being
processed continue to increase in size, it becomes increasingly difficult to account for edge
effects. Additionally, the inability to tune the plasma limits the ability to modify processing
recipes to account for incoming substrate nonuniformity and adjust the plasma density for
processing systems in which a nonuniformity is required to compensate for the design of the
processing system (e.g., to accommodate the nonuniform radial velocity of the rotating wafers in

some processing chambers).

SUMMARY

Embodiments include a modular microwave source. In an embodiment, the modular
microwave source comprises a voltage control circuit, a voltage controlled oscillator, where an
output voltage from the voltage control circuit drives oscillation in the voltage controlled
oscillator. The modular microwave source may also include a solid state microwave
amplification module coupled to the voltage controlled oscillator,. In an embodiment, the solid
state microwave amplification module amplifies an output from the voltage controlled oscillator.
The modular microwave source may also include an applicator coupled to the solid state
microwave amplification module, where the applicator is a dielectric resonator.

Additional embodiments may include a plasma processing tool that comprises a
processing chamber and a plurality of modular microwave sources that are coupled to the
processing chamber. The plurality of modular microwave sources may include an array of
applicators, where the array of applicators are positioned opposing a chuck in the processing
chamber on which one or more substrates are processed and an array of microwave amplification
modules, where each microwave amplification module is coupled to a different one of the
applicators in the array of applicators.

The above summary does not include an exhaustive list of all embodiments. It is
contemplated that all systems and methods are included that can be practiced from all suitable
combinations of the various embodiments summarized above, as well as those disclosed in the
Detailed Description below and particularly pointed out in the claims filed with the application.

Such combinations have particular advantages not specifically recited in the above summary.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic diagram of a plasma processing tool that includes a modular
microwave plasma source, in accordance with an embodiment.

Figure 2 is a schematic block diagram of a solid state microwave plasma source, in
accordance with an embodiment.

Figure 3A is cross-sectional illustration of an applicator that may be used to couple
microwave radiation to a processing chamber, in accordance with an embodiment.

Figure 3B is a cross-sectional illustration of an array of applicators positioned on a
dielectric sheet that is part of the processing chamber, in accordance with an embodiment.

Figure 4A is a plan view of an array of applicators that may be used to couple
microwave radiation to a processing chamber, in accordance with an embodiment.

Figure 4B is a plan view of an array of applicators that may be used to couple
microwave radiation to a processing chamber, in accordance with an additional embodiment.

Figure 4C is a plan view of an array of applicators and a plurality of sensors for
detecting conditions of a plasma, in accordance with an embodiment.

Figure 4D is a plan view of an array of applicators that are formed in one zone of a
multi-zone processing tool, in accordance with an embodiment.

Figure 5 illustrates a block diagram of an exemplary computer system that may be
used in conjunction with a modular microwave radiation source, in accordance with an

embodiment.

DETAILED DESCRIPTION

Devices that include one or more modular microwave plasma sources are described
in accordance with various embodiments. In the following description, numerous specific details
are set forth in order to provide a thorough understanding of embodiments. It will be apparent to
one skilled in the art that embodiments may be practiced without these specific details. In other
instances, well-known aspects are not described in detail in order to not unnecessarily obscure
embodiments. Furthermore, it is to be understood that the various embodiments shown in the
accompanying drawings are illustrative representations and are not necessarily drawn to scale.

Embodiments include a microwave source that comprises one or more microwave
modules. According to an embodiment, each microwave module comprises a microwave solid
state electronics portion and an applicator portion. In an embodiment, the applicator portion may
be a dielectric resonator.

The use of solid state electronics instead of a magnetron allows for a significant
reduction in the size and the complexity of the plasma source. Particularly, the solid state
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components are much smaller than the magnetron hardware described above. Additionally, the
use of solid state components allows for the elimination of bulky waveguides needed to transmit
the microwave radiation to the processing chamber. Instead, the microwave radiation may be
transmitted with coaxial cabling. The elimination of waveguides also allows for the construction
of a large area microwave source where the size of the plasma formed is not limited by the size
of waveguides. Instead, an array of microwave modules may be constructed in a given pattern
that allows for the formation of a plasma that is arbitrarily large (and arbitrarily shaped) to match
the shape of any substrate. Furthermore, the cross-sectional shape of the applicators may be
chosen so that the array of applicators may be packed together as tightly as possible (i.e., a
closed-packed array).

The use of an array of microwave modules also provides greater flexibility in the
ability to locally change the plasma density by independently changing the power settings of
each microwave module. This allows for uniformity optimization during plasma processing, such
as adjustments made for wafer edge effects, adjustments made for incoming wafer
nonuniformity, and the ability to adjust the plasma density for processing systems in which a
nonuniformity is needed to compensate for the design of the processing system (e.g., to
accommodate the nonuniform radial velocity of the rotating wafers in some processing
chambers).

Additional embodiments may also include one or more plasma monitoring sensors.
Such embodiments provide a way to measure the density of the plasma (or any other plasma
property) locally by each applicator, and to use that measurement as part of a feedback loop to
control the power applied to each microwave module. Accordingly, each microwave module
may have independent feedback, or a subset of the microwave modules in the array may be
grouped in zones of control where the feedback loop controls the subset of microwave modules
in the zone.

In addition to the enhanced tuneability of the plasma, the use of individual
microwave modules provides a greater power density than currently available plasma sources.
For example, microwave modules may allow for a power density that is approximately five or
more times greater than typical RF plasma processing systems. For example, typical power into
a plasma enhanced chemical vapor deposition process is approximately 3,000 W, and provides a
power density of approximately 4 W/cm® for a 300 mm diameter wafer. In contrast, microwave
modules according to embodiments may use a 300 W power amplifier with a 4 cm diameter

applicator, to provide a power density of approximately 24 W/em®.
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Referring now to Figure 1, a cross-sectional illustration of a processing tool 100 is
shown, according to an embodiment. The processing tool 100 may be a processing tool suitable
for any type of processing operation that utilizes a plasma. For example, the plasma processing
tool 100 may be a processing tool used for plasma enhanced chemical vapor deposition
(PECVD), plasma enhanced atomic layer deposition (PEALD), etch and selective removal, and
plasma cleaning. While the embodiments described in detail herein are directed to plasma
processing tools, it is to be appreciated that additional embodiments may include a processing
tool 100 that include any tool that utilizes microwave radiation. For example, a processing tool
100 that utilizes microwave radiation without needing the formation of a plasma may include
industrial heating and/or curing processing tools 100.

Generally, embodiments include a processing tool 100 that includes a chamber
178. In processing tools 178 that are used for plasma processing, the chamber 178 may be a
vacuum chamber. A vacuum chamber may include a pump (not shown) for removing gases from
the chamber to provide the desired vacuum. Additional embodiments may include a chamber
178 that includes one or more gas lines 170 for providing processing gasses into the chamber
178 and exhaust lines 172 for removing byproducts from the chamber 178. While not shown, it
is to be appreciated that the processing tool may include a showerhead for evenly distributing the
processing gases over a substrate 174.

In an embodiment, the substrate 174 may be supported on a chuck 176. For
example, the chuck 176 may be any suitable chuck, such as an electrostatic chuck. The chuck
may also include cooling lines and/or a heater to provide temperature control to the substrate 174
during processing. Due to the modular configuration of the microwave modules described
herein, embodiments allow for the processing tool 100 to accommodate any sized substrate 174.
For example, the substrate 174 may be a semiconductor wafer (e.g., 200 mm, 300 mm, 450 mm,
or larger). Alternative embodiments also include substrates 174 other than semiconductor wafers.
For example, embodiments may include a processing tool 100 configured for processing glass
substrates, (e.g., for display technologies).

According to an embodiment, the processing tool 100 includes one or more
modular microwave sources 105. The modular microwave source 105 may include solid state
microwave amplification circuitry 130 and an applicator 142. In an embodiment, a voltage
control circuit 110 provides an input voltage to a voltage controlled oscillator 120 in order to
produce microwave radiation at a desired frequency that is transmitted to the solid state
microwave amplification circuitry 130 in each modular microwave source 105. After processing

by the microwave amplification circuitry 130, the microwave radiation is transmitted to the
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applicator 142. According to an embodiment, an array 140 of applicators 142 are coupled to the
chamber 178 and each function as an antenna for coupling the microwave radiation to the
processing gasses in the chamber 178 to produce a plasma.

Referring now to Figure 2, a schematic block diagram of the electronics in a
modular microwave source is shown and described in greater detail, according to an
embodiment. As described above, a voltage control circuit 110 provides an input voltage to a
voltage controlled oscillator 120. Embodiments may include an input voltage between
approximately 1V and 10V DC. The voltage controlled oscillator 120 is an electronic oscillator
whose oscillation frequency is controlled by the input voltage. According to an embodiment, the
input voltage from the voltage control circuit 110 results in the voltage controlled oscillator 120
oscillating at a desired frequency. In an embodiment, the microwave radiation may have a
frequency between approximately 2.3 GHz and 2.6 GHz.

According to an embodiment, the microwave radiation is transmitted from the
voltage controlled oscillator 120 to the microwave amplification circuitry 130. In the illustrated
embodiment, a single instance of the microwave amplification circuitry 130 is shown. However,
embodiments may include any number of instances of microwave amplification circuitry 130.
Particularly, the number of instances of microwave amplification circuitry 130 may be equal to
the number of applicators 142 needed in the array 140 of applicators 142. As such, each
applicator 142 may be coupled to different instances of the microwave amplification circuitry
130 to provide individual control of the power supplied to each applicator 142. According to an
embodiment, when more than one modular microwave source 105 is used in the process tool
100, the microwave amplification circuitry 130 may include a phase shifter 232. When only a
single applicator is used, the phase shifter 232 may be omitted. The microwave amplification
circuitry 130 may also include a driver/pre-amplifier 234, and a main microwave power
amplifier 236 that are each coupled to a power supply 239. According to an embodiment, the
microwave amplification circuitry 130 may operate in a pulse mode. For example, the
microwave amplification circuitry 130 may have a duty cycle between 1% and 99%. In a more
particular embodiment, the microwave amplification circuitry 130 may have a duty cycle
between approximately 15% and 30%.

In an embodiment, the microwave radiation may be transmitted to the applicator
142 after being amplified. However, part of the power transmitted to the applicator 142 may be
reflected back due to the mismatch in the output impedance. Accordingly, some embodiments
also include a feedback line 286 that allows for the level of reflected power to be fed back to the

voltage control circuit 110. The level of reflected power Vieeanack may be directed to the feedback
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line 286 by using a circulator 238 between the power amplifier 236 and the applicator 142. The
circulator 238 directs the reflected power to a dummy load 282 and ground 284, with the level of
reflected power Vieednack being read prior to the dummy load 282. In an embodiment, the level of
reflected power Veedback may be used by the voltage control circuit 110 to adjust the output
voltage that is sent to the voltage controlled oscillator 120, which in turn varies the output
frequency of the microwave radiation that is transmitted to the microwave amplification circuitry
130. The presence of such a feedback loop allows for embodiments to provide continuous
control of the input voltage of the voltage controlled oscillator 120, and allows for reductions in
the level of reflected power Vieeghack- In an embodiment, the feedback control of the voltage
controlled oscillator 120 may allow for the level of the reflected power to be less than
approximately 5% of the forward power. In some embodiments, the feedback control of the
voltage controlled oscillator 120 may allow for the level of the reflected power to be less than
approximately 2% of the forward power. Accordingly, embodiments allow for an increased
percentage of the forward power to be coupled into the processing chamber 178, and increases
the available power density coupled to the plasma. Furthermore, impedance tuning using a
feedback line 286 is superior to impedance tuning in typical slot-plate antennas. In slot-plate
antennas, the impedance tuning involves moving two dielectric slugs formed in the applicator.
This involves mechanical motion of two separate components in the applicator, which increases
the complexity of the applicator. Furthermore, the mechanical motion may not be as precise as
the change in frequency that may be provided by a voltage controlled oscillator 120.

Referring now to Figure 3A, a cut-away illustration of an applicator 142 is shown,
according to an embodiment. In an embodiment, the microwave radiation is transmitted to an
applicator 142 by a coaxial cable 351 that couples to a monopole 357 that extends axially
through the applicator 142. The monopole 357 may also extend into a channel 358 formed into a
center of a dielectric resonant cavity 353. The dielectric resonant cavity 353 may be a dielectric
material, such as quartz, aluminum oxide, titanium oxide, or the like. Additional embodiments
may also include a resonant cavity 353 that does not include a material (i.e., the dielectric
resonant cavity 353 may be air or a vacuum). According to an embodiment, the dielectric
resonator is dimensioned so that the dielectric resonator supports resonance of the microwave
radiation. Generally, the size of the dielectric resonant cavity 353 is dependent on the dielectric
constant of the material used to form the dielectric resonant cavity 353 and the frequency of the
microwave radiation. For example, materials with higher dielectric constants would allow for
smaller resonant cavities 353 to be formed. In an embodiment where the dielectric resonant

cavity 353 includes a circular cross-section, the diameter of the dielectric resonant cavity 353
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may be between approximately 1 cm and 15 cm. In an embodiment, the cross-section of the
dielectric resonant cavity 353 along a plane perpendicular to the monopole 357 may be any
shape, so long as the dielectric resonant cavity 353 is dimensioned to support resonance. In the
illustrated embodiment, the cross-section along a plane perpendicular to the monopole 357 is
circular, though other shapes may also be used, such as polygons (e.g., triangles, rectangles,
etc.), symmetrical polygons (e.g., squares, pentagons, hexagons, etc.), ellipses, or the like).

In an embodiment, the cross-section of the dielectric resonant cavity 353 may not
be the same at all planes perpendicular to the monopole 357. For example, the cross-section of a
bottom extension proximate to the open end of the applicator housing 355 is wider than the
cross-section of the dielectric resonant cavity proximate to the channel 358. In addition to having
cross-sections of different dimensions, the dielectric resonant cavity 353 may have cross-sections
with different shapes. For example, the portion of the dielectric resonant cavity 353 proximate to
the channel 358 may have a circular shaped cross-section, whereas the portion of the dielectric
resonant cavity 353 proximate to the open end of the applicator housing 355 may be a
symmetrical polygon shape (e.g., pentagon, hexagon, etc.). However, it is to be appreciated that
embodiments may also include a dielectric resonant cavity 353 that has a uniform cross-section
at all planes perpendicular to the monopole 357.

According to an embodiment, the applicator 353 may also include an impedance
tuning backshort 356. The backshort 356 may be a displaceable enclosure that slides over an
outer surface of the applicator housing 355. When adjustments to the impedance need to be
made, an actuator (not shown) may slide the backshort 356 along the outer surface of the
applicator housing 355 to change a distance D between a surface of the backshort 356 and a top
surface of the dielectric resonant cavity 353. As such, embodiments provide more than one way
to adjust the impedance in the system. According to an embodiment, an impedance tuning
backshort 356 may be used in conjunction with the feedback process described above to account
for impedance mismatches. Alternatively, the feedback process or an impedance tuning
backshort 356 may be used by themselves to adjust for impedance mismatches.

According to an embodiment, the applicator 142 functions as a dielectric antenna
that directly couples the microwave electromagnetic field into the processing chamber 178. The
particular axial arrangement of the monopole 357 entering the dielectric resonant cavity 353 may
produce an TMO16 mode excitation. However different modes of excitation may be possible
with different applicator arrangements. For example, while an axial arrangement is illustrated in

Figure 3, it is to be appreciated that the monopole 357 may enter the dielectric resonant cavity
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353 from other orientations. In one such embodiment, the monopole 357 may enter the dielectric
resonant cavity 353 laterally, (i.e., through a sidewall of the dielectric resonant cavity 353).

Referring now to Figure 3B, an illustration of a portion of a processing tool 100
with an array 140 of applicators 142 coupled to the chamber 178 is shown, according to an
embodiment. In the illustrated embodiment, the microwave radiation from the applicators 142 is
coupled into the chamber 178 by being positioned proximate to a dielectric plate 350. The
proximity of the applicators 142 to the dielectric plate 350 allows for the microwave radiation
resonating in the dielectric resonant cavity 353 (not shown in Figure 3B) to couple with the
dielectric plate 350, which may then couple with processing gasses in the chamber to generate a
plasma. In one embodiment, the dielectric resonant cavity 353 may be in direct contact with the
dielectric plate 350. In an additional embodiment, the dielectric resonant cavity 353 may be
spaced away from a surface of the dielectric plate 350, so long as the microwave radiation can
still be transferred to the dielectric plate 350.

According to an embodiment, the array 140 of applicators 142 may be removable
from the dielectric plate 350 (e.g., for maintenance, to rearrange the array of applicators to
accommodate a substrate with different dimensions, or for any other reason) without needing to
remove the dielectric plate 350 from the chamber 178. Accordingly, the applicators 142 may be
removed from the processing tool 100 without needing to release a vacuum in the chamber 178.
According to an additional embodiment , the dielectric plate 350 may also function as a gas
injection plate or a showerhead.

As noted above, an array of applicators 140 may be arranged so that they provide
coverage of an arbitrarily shaped substrate 174. Figure 4A is a plan view illustration of an array
140 of applicators 142 that are arranged in a pattern that matches a circular substrate 174. By
forming a plurality of applicators 142 in a pattern that roughly matches the shape of the substrate
174, the plasma becomes tunable over the entire surface of the substrate 174. For example, each
of the applicators 142 may be controlled so that a plasma with a uniform plasma density across
the entire surface of the substrate 174 is formed. Alternatively, one or more of the applicators
142 may be independently controlled to provide plasma densities that are variable across the
surface of the substrate 174. As such, incoming nonuniformity present on the substrate may be
corrected. For example, the applicators 142 proximate to an outer perimeter of the substrate 174
may be controlled to have a different power density than applicators proximate to the center of
the substrate 174.

In Figure 4A, the applicators 142 in the array 140 are packed together in a series of

concentric rings that extend out from the center of the substrate 174. However, embodiments are
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not limited to such configurations, and any suitable spacing and/or pattern may be used
depending on the needs of the processing tool 100. Furthermore, embodiments allow for
applicators 142 with any symmetrical cross-section, as described above. Accordingly, the cross-
sectional shape chosen for the applicator may be chosen to provide enhanced packing efficiency.

Referring now to Figure 4B, a plan view of an array 140 of applicators 142 with a
non-circular cross-section is shown, according to an embodiment. The illustrated embodiment
includes applicators 142 that have hexagonal cross-sections. The use of such an applicator may
allow for improved packing efficiency because the perimeter of each applicator 142 may mate
nearly perfectly with neighboring applicators 142. Accordingly, the uniformity of the plasma
may be enhanced even further since the spacing between each of the applicators 142 may be
minimized. While Figure 4B illustrates neighboring applicators 142 sharing sidewall surfaces, it
is to be appreciated that embodiments may also include non-circular symmetrically shaped
applicators that include spacing between neighboring applicators 142.

Referring now to Figure 4C, an additional plan-view illustration of an array 140 of
applicators 142 is shown according to an embodiment. The array 140 in Figure 4C is
substantially similar to the array 140 described above with respect to Figure 4A, except that a
plurality of sensors 490 are also included. The plurality of sensors provides improved process
monitoring capabilities that may be used to provide additional feedback control of each of the
modular microwave sources 105. In an embodiment, the sensors 490 may include one or more
different sensor types 490, such as plasma density sensors, plasma emission sensors, or the like.
Positioning the sensors across the surface of the substrate 174 allows for the plasma properties at
given locations of the processing chamber 100 to be monitored.

According to an embodiment, every applicator 142 may be paired with a different
sensor 490. In such embodiments, the output from each sensor 490 may be used to provide
feedback control for the respective applicator 142 to which the sensor 490 has been paired.
Additional embodiments may include pairing each sensor 490 with a plurality of applicators 142.
For example, each sensor 490 may provide feedback control for multiple applicators 142 to
which the sensor 490 is proximately located. In yet another embodiment, feedback from the
plurality of sensors 490 may be used as a part of a multi-input multi-output (MIMO) control
system. In such an embodiment, each applicator 142 may be adjusted based on feedback from
multiple sensors 490. For example, a first sensor 490 that is a direct neighbor to a first applicator
142 may be weighted to provide a control effort to the first applicator 142 that is greater than the
control effort exerted on the first applicator 142 by a second sensor 490 that is located further

from the first applicator 142 than the first sensor 490.
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Referring now to Figure 4D, an additional plan-view illustration of an array 140 of
applicators 142 positioned in a multi-zone processing tool 100 is shown, according to an
embodiment. In an embodiment, the multi-zone processing tool 100 may include any number of
zones. For example, the illustrated embodiment includes zones 475, — 475,. Each zone 475 may
be configured to perform different processing operations on substrates 174 that are rotated
through the different zones 475. As illustrated, a single array 140 is positioned in zone 475,,.
However, embodiments may include multi-zone processing tools 100 with an array 140 of
applicators 142 in one or more of the different zones 475, depending on the needs of the device.
The spatially tunable density of the plasma provided by embodiments allows for the
accommodation of nonuniform radial velocity of the rotating substrates 174 as they pass through
the different zones 475.

Referring now to Figure 5, a block diagram of an exemplary computer system 560
of a processing tool 100 is illustrated in accordance with an embodiment. In an embodiment,
computer system 560 is coupled to and controls processing in the processing tool 100. Computer
system 560 may be connected (e.g., networked) to other machines in a Local Area Network
(LAN), an intranet, an extranet, or the Internet. Computer system 560 may operate in the
capacity of a server or a client machine in a client-server network environment, or as a peer
machine in a peer-to-peer (or distributed) network environment. Computer system 560 may be a
personal computer (PC), a tablet PC, a set-top box (STB), a Personal Digital Assistant (PDA), a
cellular telephone, a web appliance, a server, a network router, switch or bridge, or any machine
capable of executing a set of instructions (sequential or otherwise) that specify actions to be
taken by that machine. Further, while only a single machine is illustrated for computer system
560, the term “machine” shall also be taken to include any collection of machines (e.g.,
computers) that individually or jointly execute a set (or multiple sets) of instructions to perform
any one or more of the methodologies described herein.

Computer system 560 may include a computer program product, or software 522,
having a non-transitory machine-readable medium having stored thereon instructions, which may
be used to program computer system 560 (or other electronic devices) to perform a process
according to embodiments. A machine-readable medium includes any mechanism for storing or
transmitting information in a form readable by a machine (e.g., a computer). For example, a
machine-readable (e.g., computer-readable) medium includes a machine (e.g., a computer)
readable storage medium (e.g., read only memory (“ROM?”), random access memory (“RAM”),

magnetic disk storage media, optical storage media, flash memory devices, etc.), a machine (e.g.,

11



10

15

20

25

30

WO 2018/034690 PCT/US2017/013984

computer) readable transmission medium (electrical, optical, acoustical or other form of
propagated signals (e.g., infrared signals, digital signals, etc.)), etc.

In an embodiment, computer system 560 includes a system processor 502, a main
memory 504 (e.g., read-only memory (ROM), flash memory, dynamic random access memory
(DRAM) such as synchronous DRAM (SDRAM) or Rambus DRAM (RDRAM), etc.), a static
memory 506 (e.g., flash memory, static random access memory (SRAM), etc.), and a secondary
memory 518 (e.g., a data storage device), which communicate with each other via a bus 530.

System processor 502 represents one or more general-purpose processing devices
such as a microsystem processor, central processing unit, or the like. More particularly, the
system processor may be a complex instruction set computing (CISC) microsystem processor,
reduced instruction set computing (RISC) microsystem processor, very long instruction word
(VLIW) microsystem processor, a system processor implementing other instruction sets, or
system processors implementing a combination of instruction sets. System processor 502 may
also be one or more special-purpose processing devices such as an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA), a digital signal system processor
(DSP), network system processor, or the like. System processor 502 is configured to execute the
processing logic 526 for performing the operations described herein.

The computer system 560 may further include a system network interface device
508 for communicating with other devices or machines. The computer system 560 may also
include a video display unit 510 (e.g., a liquid crystal display (LCD), a light emitting diode
display (LED), or a cathode ray tube (CRT)), an alphanumeric input device 512 (e.g., a
keyboard), a cursor control device 514 (e.g., a mouse), and a signal generation device 516 (e.g., a
speaker).

The secondary memory 818 may include a machine-accessible storage medium 531
(or more specifically a computer-readable storage medium) on which is stored one or more sets
of instructions (e.g., software 522) embodying any one or more of the methodologies or
functions described herein. The software 522 may also reside, completely or at least partially,
within the main memory 504 and/or within the system processor 502 during execution thereof by
the computer system 560, the main memory 504 and the system processor 502 also constituting
machine-readable storage media. The software 522 may further be transmitted or received over a
network 520 via the system network interface device 508.

While the machine-accessible storage medium 531 is shown in an exemplary
embodiment to be a single medium, the term “machine-readable storage medium” should be

taken to include a single medium or multiple media (e.g., a centralized or distributed database,
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and/or associated caches and servers) that store the one or more sets of instructions. The term
“machine-readable storage medium” shall also be taken to include any medium that is capable of
storing or encoding a set of instructions for execution by the machine and that cause the machine
to perform any one or more of the methodologies. The term “machine-readable storage medium”
shall accordingly be taken to include, but not be limited to, solid-state memories, and optical and
magnetic media.

In the foregoing specification, specific exemplary embodiments have been
described. It will be evident that various modifications may be made thereto without departing
from the scope of the following claims. The specification and drawings are, accordingly, to be

regarded in an illustrative sense rather than a restrictive sense.

13



WO 2018/034690 PCT/US2017/013984

CLAIMS

What is claimed is:

1. A modular microwave source, comprising:

10

15

20

25

30

a voltage control circuit;

a voltage controlled oscillator, wherein an output voltage from the voltage control
circuit drives oscillation in the voltage controlled oscillator;

a solid state microwave amplification module coupled to the voltage controlled
oscillator, wherein the solid state microwave amplification module amplifies an output
from the voltage controlled oscillator; and

an applicator coupled to the solid state microwave amplification module, wherein

the applicator is a dielectric resonator.

The modular microwave source of claim 1, wherein the solid state microwave
amplification module further comprises a pre-amplifier, a main power amplifier, and a

power supply electrically coupled to the pre-amplifier, and the main power amplifier.

The modular microwave source of claim 2, wherein the microwave amplification module

further comprises a phase-shifter.

The modular microwave source of claim 2, wherein the microwave amplification module
further comprises a circulator along a transmission path between the main power
amplifier and the applicator, wherein the circulator transmits reflected power from the
applicator to a dummy load; and a feedback line between the dummy load and the voltage

control circuit.

The modular microwave source of claim 2, wherein the microwave amplification module

operates in a pulsed mode.

The modular microwave source of claim 1, wherein the dielectric resonator comprises:
a dielectric resonant cavity;
an applicator housing formed around an outer sidewall of the dielectric resonant
cavity;
a monopole extending down an axial center of the dielectric resonator and into a

channel formed in the center of the dielectric resonant cavity.
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The modular microwave source of claim 6, wherein a cross-section of the dielectric
resonant cavity at planes perpendicular to the monopole are circular, rectangular, or a

symmetrical polygon.

The modular microwave source of claim 6, wherein a cross-section of the dielectric

resonant cavity is not be the same at all planes perpendicular to the monopole.

The modular microwave source of claim 8, wherein a first cross-section of the dielectric
resonant cavity at a first plane perpendicular to the monopole is a symmetric polygon,
and wherein a second cross-section of the dielectric resonant cavity at a second plane

perpendicular to the monopole is circular.

The modular microwave source of claim 6, further comprising an impedance tuning

backshort.

A plasma processing tool, comprising:
a processing chamber; and
a plurality of modular microwave sources coupled to the processing chamber,
wherein the plurality of modular microwave sources comprise:
an array of applicators, wherein the array of applicators are positioned
opposing a chuck in the processing chamber on which one or more substrates are
processed; and
an array of microwave amplification modules, wherein each microwave
amplification module is coupled to a different one of the applicators in the array of

applicators.

The plasma processing tool of claim 11, wherein a dielectric plate forms a portion of an
outer wall of the processing chamber, and wherein the array of applicators are coupled to

the dielectric plate.

The plasma processing tool of claim 11, wherein each of the microwave amplification

modules are independently controllable.

The plasma processing tool of claim 13, further comprising a plurality of plasma sensors

positioned among the applicators.

15
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15. The plasma processing tool of claim 11, wherein each of the applicators in the array of
applicators have symmetric polygon shaped cross-sections, and wherein the applicators in

the array of applicators are close-packed.
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