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COOLING FOR A PLASMA-BASED REACTOR

CLAIM OF PRIORITY

{30300} This application claims the priority benefit to U.S. Patent
Application Serial No. 62/830,896, filed on 8 April 2019, and entitled
“COOLING FOR AN INDUCTIVE PLASMA-BASED REACTOR,” which is

incorporated by reference herein in its entirety.

TECHNICAL FIELD

{0001} The subject matter disclosed herein relates to various types of
equipment used in the semiconductor and allied industries. More specifically,
the disclosed subject matter relates to temperature control of a dielectric

window of an inductive plasma-based reactor.

BACKGROUND

[6002] Plasma-based processing apparatuses are used to process
substrates by techniques including etching, atomic-layer deposition (ALD),
physical vapor deposition (PVD), chemical vapor deposition (CVD), ion
implantation, resist removal, and other technigues known the art. One type
of plasma-processing apparatus used in plasma processing includes an
inductively-coupled plasma (ICP), or transformer-coupled plasma (TCP),
chamber. Knergy is supplied by electric currents that are produced by
electromagnetic induction (by time-varying magnetic fields). A radio-
frequency (HF) antenna in the form of one or more RF coils provides energy to
excite a process gas in the chamber into a plasma state to process substrates

{e.g., silicon wafers) in the chamber.

{0003] In ICP/TCP chambers, a dielectrie (e.g., ceramic) window separates
the chamber from the RF antenna or coils. However, the brittle nature of the
dielectric window material poses a limitation to the R power used because,
as the RF power increases, heat flux into the dielectric window increases. The

heat flux leads to temperature gradients within the window, which can cause
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internal stresses in the dielectric window. Also, the distribution of heat flux
within the window can produce a highly non-uniform thermal distribution,

which exacerbates the thermal stress problem,

[0004]  As power applied to ICP/TCP chambers has increased, cooling of the
dielectric window has become a significant concern. Currently, the dielectric
windows are cooled using forced air. However, the complexity of a forced-air
system has been increasing. Forced air is inexpensive but the air heated by
the window usually cannot be rejected into a fabrication (fab) environment
but must instead be delivered to a ventilation system. The forced air
generally comprises compressed air that must be supplied to the window of
the plasma-based processing apparatus at high volumes. A multiple-zone
temperature control system is employed to maintain the window at a
substantially consistent temperature. This control system is difficult to
implement for various reasons: the large thermal masses involved, the slow
response of the heating/cooling systems, and the nonlinearity inherent in ‘on-
off’ control as is currently used for compressed-air cooling. The result of not
adequately controlling each of these variables creates large thermal swings in
the window temperature. One effect of the large thermal swings, in addition
{0 increased stresses in the window, 18 an increase w particulate
contamination on a substrate in the chamber due to mechanical rubbing of
internal chamber components due to thermal expansion of the dielectyic
window relative to surrounding components and potential delamination of

window coatings.

{(005] One approach used in high-density plasma CVD (HDPCVD)
reactors 1s to flow a cooling liquid through plasma-excitation coils and bond
these coils to the (in that case) dielectric dome of the HDPCVD reactor.
Unfortunately, the demands of chamber-to-chamber uniformity, the split-coil
design, and the need to refurbish and reinstall the dielectric window preclude

this approach for contemporaneous ICP/TCP reactors.
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{0006} In other attempted solutions to the window-heating problem,
cooling-liquid channels are embedded in the dielectric window. However,
experience gained by ICP/TCP manufacturers with electrostatic chuck (J858C)
design, which also rely on cooling-liquid channels, has shown that the design
of such channels is complex. Using cooling-liquid channels means that the
cooling Hauid is heated as it passes through the window, thereby leading to
thermal non-uniformity within the window. Further, a length of a required
channel leads fo a large depth of the channels if sufficient liquid is to be
circulated to remove the heat. Such channels are both difficult to

manufacture and weaken the dielectric window.

{0007} The information described in this section is provided to offer the
skilled artisan a context for the following disclosed subject matter and should

not be considered as admitted prior art.

SUBSTITUTE SHEET (RULE 26)



WO 2020/210240 PCT/US2020/027081

BRIEF DESCRIPTION OF THE FIGURES
{30308} FIG. 1 shows an embodiment of a cross-sectional drawing of an

FCPITOP plasma-based processing apparatus;

{6009] FIG. 2 shows a cross-sectional drawing of an embodiment of a heat-

pipe cooling system in accordance with various embodiments;

{00010] F1G. 3 shows a top view of the heat-pipe cooling system in

accordance with FIG. 2;

{06011} FIGS. 4A through 4C show various exemplary embodiments of

coolant-distribution channels on a dielectric window;

[00012] FIG. 8A shows an embodiment of a coclant preheater in accordance

with various embodiments;

{00013} FIG. 5B shows another embodiment of a coolant preheater
incorporated in an upper chamber in accordance with various emnbodiments;

and

[00014] FIG. 6 shows an embodiment of a top view of an upper window-
support structure and a coil-support ring in accordance with various

embodiments.
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DETAILED DESCRIPTION

{06016} The disclosed subject matter will now be described in detail with
reference 1o a few general and specific embodiments as illustrated in various
ongs of the accompanying drawings. In the following description, numerous
specific details ave set forth in order to provide a thorough understanding of
the disclosed subject matter. It will be apparent, however, to one skilled in
the art, that the disclosed subject matter may be practiced without some or
all of these specific details. In other instances, well-known process steps,
construction techniques, or structures have not been described in detail so as

not to obscure the disclosed subject matiter.

{00017 The disclosed subject matter uses concepts from both heat pipe and
thermosyphon construction. Consequently, the terms “heat pipe” and
“thermosyphon” may generally be considered synonymous and may therefore

be used interchangeably herein, unless the context indicates otherwise.

[00018]  Asis known {0 a person of ordinary skill in the art, thermosyphon
and heat pipe structures may be used to control temperature at a
temperature determined by the vapor pressure of the working fluid (e.g., the
heat-transfer fluid). Heat transport is accomplished via latent heat transfer.
Interior surfaces of the thermosyphon may be considered to be approximately
isothermal because of the strong dependence of vapor pressure, and hence
gvaporation (condensation) rate, of the working fluid. If the heat-transfer
fluid 1s distributed on the heated surface in a thin layer (e.g., sufficiently thin
to avoid significant bubble formation), a temperature of the heated surface
will be highly uniform. An evaporation rate is high since the rate is a function
of temperature. As the temperature increases, the evaporation rate increases

substantially proportionately.

{00019} Various embodiments of a thermosyphon of the disclosed subject
matter may be adapted to cool or heat a dielectric window of various types of

an [CP/TCP plasma-based reaction chamber known in the art. As described
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herein, a condensing surface for the heat-transfer fluid (working fluid)
comprises a conical structure above the dieloctric window. A surface of the
conical structure is maintained at or near a desived temperature of the
dielectric window by the circulating heat-transfer fluid. In various
embodiments, JCP/TCP heater coils are embedded inside the thermosyphon
structure. The coils are exposed to the working fluid in order to have
sufficient room for the thermosyphon structure. However, the coils restrict
somewhat the choice of the fluid. For example, water is a good working fluid
for thermosyphon structures because of its exceptional latent heat per unit
volume. In some examples, water vapor may not be coropatible with voltages

that may be greater than 10 kV that are present near [CP/TCP coils.

{06027 Further, in certain applications and embodiments it may be
desirable to avoid use of a flammable or toxic working fluid due to a
(relatively small) possibility of a leak. As discussed in move detail below, a
working fluid suitable for use in the approximately 120 °C temperature range
encountered within the thermosyphon is a variety of perfluorinated or
fluorocarbon-based heat-transfer fluids, widely used for cooling. These heat-
transfer fluids can be formulated to have various boiling points (e.g., such as
a hoiling point of about 110 °C). Unfortunately, the latent heat per unit
volume is less than about 10% of the latont heat of an equivalent volume of
water. For example, calculations show that to remove approvimately 5kW
from the window surface a volume flow of about 2.5 liters/minute is
necessary. Because various embodiments of the thermosyphoun assembly
disclosed herein are generally large in physical dimensions, use of non-water-
based heat-transfer fluids may be feasible if sudfficient consideration is given
to the design of structures that control return of condensate to the dielectric

window.,

[00021]  Various embodiments of the disclosed subject matter provided

herein use a closed-cyele thermosyphon to remove heat from the dielectric

o}
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window. In various embodiments described herein, the thermosyphon may
also be considered to be a type of heat pipe (as noted above, the two terms
may be considered to be synonymous and may therefore be used
interchangeably herein). Thermosyphons remove energy from heated surfaces
via evaporation. Evaporated Hquid is condensed at a separate location and
recirculated to the cooled surface. If the heated surface can be made large and
is located above the heated surface, the system, in certain embodiments, can
be entirely passive. In other embodiments, the system may be assisted by
fluid pumps and heat exchangers that arc external to the thermosyphon
environment (e.g., cotling cotls formed on an exterior surface of the
condensing struoctures). Temperature control is obtained by controlling the
temperature of the cooled surface. Due to the highly nonlinear dependence of
evaporation rate on temperature, areas of the heated surface with higher
heat input are cooled more aggressively; thus, the system can lead to a much
more uniform temperature across a large surface than can otherwise be
obtained. Further, as described herein in various embodiments, the disclosed
subject matter uses ICP/TCP coils that are embedded within the
thermosyphon assembly and RE power is coupled through the walls of this

assembly.

[00022] With reference now to FIG. 1, an embodiment of a cross-sectional
drawing of an inductively-coupled plasma/ transformer-coupled plasma
(ICP/TCP) processing apparatus 100 is shown. As is understood by a person of
ordinary skill in the art, the ICP/TCP processing apparatus 100 can be used
for depositing materials ALD, CVD, PECVD, and other techniques known in
the art, as well as plasma etching of various materials on substrates. In
general, a process gas is supplied into a vacuum chamber at a low pressure
(e.g., below 100 mTorr) and an application of radio-frequency (RF) energy is
supplied to the gas. Examples of ICP/TCP plasma-processing chamber include
various deposition and etch systems. For example, suitable plasma-processing

chambers include the Altus® family of deposition systems and the Kiyo®

~J
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family of etch systems, both manufactured by Lam Research Corporation,

4650 Cushing Parkway, Fremont, California, USA.

{00023}  The ICP/TCP processing apparatus 100 is shown to inciude a
reaction chamber 105, a dielectric window 101, a gas-distribution device 103,
an RF source 113, an R¥F impedance-matching circuitry 111, and RF coils 115
that supply RF energy to gases in the reaction chamber 105. Process gases
are introduced into the reaction chamber 105 from a gas supply 119 (or
mudtiple process-gas supplies) through the gas-distribution device 103. The
gas-distribution device 103 may comprise a gas showerhead, a gas injector, or
other suitable devices known in the art. The RF energy from the RF coils 115

is inductively coupled to the process gases through the dielectric window 101,

{00024} The dielectric window 101 is less likely o break given a
substantially uniform temperature distribution across the window. The
disclosed subject matier provides a heat pipe (thermosyphon) that, due the
details provided herein, the interior portions of the heat pipe are at a fairly-
uniform temperature. As defined herein, a heat pipe provides for a passive
heat exchange within the heat pipe based on natural convection. Therefore,
no mechanical devices within the heat pipe are used to induce forced
convection after the dielectric window provides sufficient heat to produce
natural convection within the heat pipe. However, according to the various
embodiments, the liquid proceeds directly to a vapor phase without boiling. A
flat plane of an uppermost surface of the dielectric window 101 provides a
substantially flat plane on which evaporation may occur. Consequently, the
heat pipe may be considered a loop-type heat pipe. In various embodiments,
the heat pipe of the disclosed subject matter may be considered to be a sealed

unit with the heat-transfer fluid contained within the sealed heat pipe.

{00023] The ICP/TCP processing apparatus 100 is further shown to include
a substrate support 107 (e.g., an electrostatic chuck (ESC)) for supporting a

substrate 109 (e.g., a silicon wafer) in an interior of the reaction chamber 105.
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Umee one or more process gases are introduced into the interior of the
reaction chamber 105 from the gas supply 119 through the gas-distribution
device 103, the process gases are energized into a high-density plasma 117 by
the RF coils 115 supplying energy inductively into the interior of the reaction
chamber 105, In various embodiments, the RF coils 115 comprise an external
planar antenna powered by the RI" source 113 and the RF impedance-
matching eircuitry 111 to inductively couple RF energy into the reaction
chamber 105. An electromagnetic field generated by the application of RF
power to the RF coils (e.g., the planar antenna) energizes the one or more
process gases to form the high-density plasma 117, In an exemplary
embodiment, the high-density plasma 117 may comprise about 1010 to about

1012 ions/cm? formed substantially above the substrate 109,

™t

{06026] With continuing reference to FIG. 1, the diclectric window 101
forms a top or uppermost wall of the reaction chamber 105, Several different
tvpes of window material may be used for the dielectric window 101,
including ceramic, quartz, or glass materials. For example, various materials
suitable for the dielectric window 101 may include aluminum oxide (Ala(O3),
zirconium oxide (ZrOq), silicon dioxide (5i02), and other materials known in
the art. The dielectric window 101 maintains isolation of the interior of the
reaction chamber 105 from an outside environment (e.g., the fab), while
allowing penetration of a magnetic field produced by the R¥F coils 115, The RF
cotls 115 can be disposed very close to, or touching, the dielectric window 101
in order to increase or maximize an intensity of the maguetic field produced
within the reaction chamber 105. A thickness of the diclectric window 101 is
sclected to be thin enough to transmit RF energy from the RF coils 115 to the
interior of the reaction chamber 105, thereby allowing formation of the high-
density plasma 117. Conversely, the dielectric window 101 is selected to be
sufficiently thick enough to withstand the differential pressure created
between the vacuum created within the reaction chamber 105 and an cutside

environment. Based on a material selected to form the dielectric window 101
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and physical distances over which the dielectric window 101 is to span, a
person of ordinary skill in the art will recognize how to determine an

appropriate thickness of the dielectric window 101,

{00027  FIG. 2 shows a cross-sectional drawing of an embodiment of a heat-
pipe cooling system 200 in accordance with various embodiments. As noted in
FIG. 2, the left-half portion of the drawing shows the cross-section with
regard o Section A as indicated FIG. 3. The right-half portion of the drawing
shows the cross-section with regard to Section B, also as indicated by FIG. 3.
The heat-pipe cooling system 200 1s shown {o inclhude a conical structure 221
that is truncated (therefore the conical structure forms a type of frustoconical
structure, which generally has the shape of a frustum of a cone — the basal
(fower) part of a cone formed by cutting off the top by a plane generally
paralle] to the base, as is understood in the art). The conical structure 221
includes a top insulating-plate 217 and at least one cooling coil 2194 near or
in contact with {e.g., in proximity to) an uppermost portion of the conical
structure 221. The at least one cooling coil 219A contains a heat-transfer fluid
2198, which may be circulated within the cooling coil 219A by an external
pump and routed through a heat-exchanger to cool the heat-transter fluid
2198 (neither the external pump or the heat exchanger mechanism are
shown but the use of both devices in this application are understandable o a
skilled artisan upon reading and understanding the disclosed subject matier).
Generally, the cooling coil 219A and the heat-transfer fluid 2198 may be
maintained at or near a desired operating temperature of the dielectric

window 215,

[00028]  In certain embodiments, one or both of inner excitation-RE-
antennas 213A and peripheral excitation-RF-antennas 213B may also be
included and placed in proximity to a dielectric window 215. The inner
excitation-HF-antennas 213A may be inserted through the top insulating-

plate 217. The peripheral excitation-REF-antennas 2138 may be inserted
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through a port 225 formed within a portion of the conical structure 221. The

port 225 is capped with a port insulating-plate 223.

{60029] The conical structure 221 may be machined or otherwise formed
from a variety of materials. In certain exemplary embodiments, the conical
structure 221 may be formed from various types of metallic or otherwise
thermally-conductive materials. These materials include, for example, copper
and copper alloys (including zinc alloys (e.g., brass), aluminum and various
tvpes of aluminum alloys, or various grad@s of stainless steel (e.g., type 304 or
3161, In certain exemplary embodiments where the conical structure 221
may be in contact with corrosive gases or other liquids, the conical structure
221 may be formed from various types of high-performance alloys. Such high-
performance alloys include, for example, Inconel® (available from different
sources including Inco Alloys International, Inc., Huntington, West Virginia,
USA) or Hastelloy® {(available from different source including Haynes Stellite
Company, Kokomo, Indiana, USA and Union Carbide Corporation, New York,
New York, USA). In other exemplary embodiments, the conical structure 221
may be formed from various types of dielectric or polymeric materials. These
materials include machinable and/or formable polymers and high-
performance plastics {e.g., Delrin® or Kepital®, both of which are known in
the art). However, in order to retain a relatively high level of thermal
conductivity, the various dielectric or polymeric materials may be

impregnated with, for example, carbon.

{06603¢] The top insulating-plate 217 and the port insulating-plate 223 may
be at least partially formed of various types of thermally-insulating materials
known in the art to retain heat within the heat-pipe cooling system 200. The
thermally-insulating materials may include a material similar to or the same
as materials used to form the conical structure 221, coupled with a thermally-
insulating material known in the art. The insulating plates 217, 223 are

fastened or otherwise adhered (e.g., by chemical adhesives, welding, or other

11
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techniques known in the art) to an uppermost portion of the conical structure
221 and the port 225, respectively. In particular embodiments for certain
applications, the insulating plates 217, 223 may be formed entirely from a

thermally non-insulating material.

{00031] With continuing reference to FIG. 2, and now to FIG. §, both of the
inner excitation-RFF-antennas 213A and the peripheral excitation-REF-
antennas 2128 may be supported by a coil-support ring 227. The coil-support,
ring 227 may be machined or otherwise formed from a variety of materials
known in the art such as ceramics or metals. A process-gas injector 207 may
introduce one or more process gases into an interior portion 237 of a reaction
chamber (such as the reaction chamber 105 of FIG. 1). Each of the inner
excitation-RI-antennas 213A and the peripheral excitation-RF-antennas
2138, the dielectric window 215, and the process-gas injector 207 may be the
same ag or similar to the BRI cotls 115, the dielectric window 101, and the gas-
distribution device 103, respectively, of FIG. 1. Although not shown explicitly,
the process-gas injector 207 is sealed (fo prevent vacuum release or leaking to
an outside ambient environment) at both the top insulating-plate 217 and at

the dielectric window 215,

{0606032]  The conical structure 221 is fastened to an upper window-support
structure 239 by a plurality of {asteners 201 {e.g., machine screws, bolts, or
other fasteners known in the art), only one of which is shown for clarity. Each
of the plurality of fasteners is inserted through a plurality of corresponding
through-holes in a bolt circle 301 (see FI1G. 3). A sealant material 203
prevents a generated vacuum within the interior portion 237 of the reaction
chamber from leaking between the upper window-support structure 239 and
the conical structure 221. The sealant material 203 may comprise various
types of metal seals known in the art, or O-ring seals (e.g., fabricated from
Kalrez® or other types of perfluorinated elastomer or fluoroelastomer

materials), may be used to prevent gas from leaking between the upper

12
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window-support structure 239 and the conical structure 221. In a specific
exemplary embodiment, an integrity of the sealant material 203 may be

checked for a helivom leak-rate of about 109 Torr liter per second, maximum.

[00033] The upper window-support structure 239 is fastened to the lower
window-support structure 231 by a plurality of fastencrs 229 (e.g., machine
screws, bolts, or other fasteners known in the art), only one of which is shown
for clarity. A sealant material 243 prevents a generated vacuum within the
interior portion 237 of the reaction chamber from leaking between the upper
window-support structure 239 and the dielectric window 215, or between the
diclectric window 215 and the lower window-support structure 231. The
sealant material 243 may be the same as or similar to the sealant material
203 described above {(e.g., a metal seal or an O-ring). In the various
embodiments disclosed herein, the pressure range inside the heat-pipe cooling
system 200 is considerable. Depending on the application, there must be little
or no leaking at absolute pressures from approximately 20 Torr to 1500 Tory.
Consequently, a person of ordinary skill in the art will recognize a need for

the scalant materials 203, 243.

[00034] 'The lower window-support structure 231 also includes one or more
channels 235 to provide thermal (heating or cooling) control as described
herein. The channels 235 are formed by machining or other techniques known
in the art within the lower window-support structure 231. Various types of
heat-transfer fluid, deseribed in more detail below, may be used and placed
within the one or more channels 235, The channels 235 may be formed near
an outer periphery of the lower window-support structure 231 or at any
location chosen within the lower window-support structure 231, Additionally,
the channels 235 may be formed continuously within the lower window-
support structure 231 (e.g., as a toroidally-shaped channel) or in a plurality of
segmented portions within the lower window-support structure 231.

Therefore, n various embodiments, the lower window-support structure 231

13
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may be formed from a material that has a high thermal-conductivity such
that the heat-transfer fluid contained within the channels 235 may, by
conductive cooling from the lower window-support structure 231 to the
dielectric window 215, and by convective cooling from the lower window-
support structure 231 to the heat-transfer fluid within the channels. In
various embodiments, the fluid within the channels may be circulated by, for

example, an external pump to provide additional convective cooling,.

{00033} During operation of the heat-pipe cooling system 200, heat-transfer
fluid placed within a space formed between the dielectric window 215 and the
conical structure 221 is evaporated from an uppermost surface of the
dielectric window 215. The heat-transfer fluid is then evaporated from the
uppermost surface as a vapor 211A and is then condensed on a facing cooled-
surface (the underside of the conical structure 221), thereby forming a heat-
transter fluid condensate 2118, In a specific exemplary embodimnent, a heat-
transfer liquid such as Galden® HT110 (available from Solvay Solexis, Inc,,
Thorotare, New Jersey, USA) may be used within the heat-pipe cooling
system 200. Galden® is a diclectric fluid (at standard temperature and
pressure) with selectable boiling points ranging from about 55 °C to about 270
°C. The dielectric propertios of perfluorinated polyethers (PFPE) within
Galden® as well as their chemical stability combined with the capacity to
operate at very low as well as elevated temperatures, make Galden® a
suitable heat-transfer fluid for conditions found in semiconductor and related
industries. In another specific exemplary embodiment, another fluorocarbon-
based heat-transfer luid may be used instead of or in addition to Galden®.
One such fluorocarbon-hased heat-transfer fluid is Fluorinert® (available from
the 3M Company, Maplewood, Minnesota, USA). Various formulations of
Fluorinert® can be selected to have boiling points ranging from about 56 °C to
about 215 °C. Upon reading and understanding the disclosed subject matier,
a person of ordinary skill in the art will recognize that a number of other

heat-transfer fluids, which are capable of acting in a two-phase regime (e.g.,

14
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liquid and vapor) to provide evaporative cooling as described herein, may be

used as well

[60036] Inncr sidewalls of the upper window-support structure 239 may
include a namber of capillary grooves 205 machined, etehed {e.g., chemically
etched or laser-oiched), or otherwise formed thercin. The capillary grooves
205 provide a path to transport the heat-transfer fluid condensate 2118,
formed on an interior portion of the conical structure 221, from the vapor
211A produced by heat of the diclectric window 215. An uppermost surface of
the dielectric window 215 also includes a plurality of capillary grooves 209
and may also optionally include a wick structure comprising one or more
types of Hquid-wicking material such as a mesh material, a porous (or
partially porous) sintered-powder, a sintered ceramic, a sintered polymer, or
another capillary structure known in the art (the capillary tubes and the
wicking material are not readily visible in F1G. 2, but are described in more

detail with reforence to FIGS. 4A through 4C, below).

{00037} Formation of the capillary grooves 209 may be the same as or
simnifar to the capillary grooves 205 formed on the inner sidewalls of the
upper window-support structure 239, However, the capillary grooves on the
inner sidewalls of the upper window-support structure 239 are formed to be
substantially vertically-oriented to increase the mass transport of the heat-
transfer fluid back the uppermost portion of the dieleciric window 215. The
capillary grooves 209 continue to transport the heat-transfer fluid condensate
211B back across an uppermost portion of the diclectric window 215. Once the
heat-transfer fluid condensate 211B receives sufficient heat from the
diclectric window 215 to transform the condensate again to the vapor 211A

phase, the entire thermodynamic cooling cycle begins again.

{00038} The wick structure therefore causes the heat-transfor fluid
condensate 211B to drain and be distributed across an upper surface of the

diclectric window 215, For cases where a heat Ioad from the dielectric window
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215 cannot maintain a temperature of the dielectric window 215, a heated
sump (shown and described below, with reference to FIG. BA and 5B) is
provided so that the vapor 211A and heat-transfer fluid condensate 2118 can
be begin the two-phase thermodynamic eycle deseribed above to cool the

dielectyic window 215,

[000639]  Consequently, the heat-pipe cooling system 200 is therefore a heat-
transfor device that combines the principles of both thermal conductivity and
phase transition to transfer heat from the dieloctric window 215 to the conical
structure 221 that comprise two solid interfaces. The conical structure 221, in
turn, is further cooled by the cooling coil 219A and the heat-transfer fluid
219B contained therein. At the hot interface of the heat pipe (the dielectrie
window 215), the heat-transfer fluid condensate 211B in contact with the
thermally conductive solid surface turns into the vapor 2114 by absorbing
heat from an uppermost surface of the dielectric window 215, The vapor 2114
then travels to the cold-interface portion of the heat pipe (the conical
structure 221y and condenses back into a liquid, thereby releasing the latent
heat that was gained from contact with the dielectric window 215, The liquid
then returns to the hot interface (the dielectric window 215) through, for

example, a combination of capillary action (the capillary grooves 205) and

gravity, and the thermodynamic cycle repeats. In various embodiments, and
depending at least partially on the physical characteristics of a selected heat-
transfer fluid, as well as an overall physical size of the heat-pipe cooling
systermn 200, greater than 1 liter per minute (Ipm) of fluid can be evaporated

and then condensed to vrestart the cycle.

[00040] FIG. 3 shows a top view 300 of the heat-pipe cooling system 200 in
accordance with FIG. 2. The top view 300 therefore supplements FIG. 2 as
providing additional detail of an exeraplary arrangement of components in
the heat-pipe cooling system 200. Upon reading and understanding the

disclosed subject matter, a person of ordinary skill in the art will recognize
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that additional or varied arrangements of the components may be realized

and still be within a scope of the disclosed subjoct matter.

[60041] FIGS. 4A through 4C show various exemplary embodiments of
coolant-distribution channels. {n each of FIGS. 4A through 4C, a wick
structure consisting of grooves, a mesh material, a porous sinterved-powder, or
another capillary structure is formed on an uppermost surface 403 of the
diclectric window 215. In various embodiments, a combination of grooves and
a porous sintered structure may be used in conjunction for an enhanced
distribution of condensate. For example, a first pattern 400 of grooves 401, a
second pattern 410 of grooves 411, and a third pattern 430 of grooves 431 are
shown in FIGS. 4A, 4B, and 4C, respectively. With concurrent reference to
FIGS. 4A through 4C and FIG. 2, each of these patterns is arranged to allow
the heat-transfer fluid condensate 211B from the capillary grooves 205 on an
outer periphery of an interior of the upper window-support structure 239 (see
FiG. 2) to flow across the uppermost surface 403 of the dielectric window 215,
thereby transferring heat from the dielectric window 215 to the heat-transfer
fluid. Once sufficient heat is transferred into the heat-transfer fluid, the flwmd
is then evaporated from the uppermost surface 403 of the dielectric window

215 and transforms thermodynamic states from a Hauid to the vapor 211A.

{00042} Upon reading and understanding the disclosed subject matter, a
person of ordinary skill in the art will recognize how to determine a physical
dimnension (e.g., how deep and wide the grooves 401, 411, 431 should be)
based on a volume of condensate flowing through the grooves 401, 411, 431,
an amount of heat o be transforred to the fluid (condensate), a heat capacity
of the liquid, a thickness of the dielectric window 215, and other factors
known in the art. Also, the skilled artisan will recognize a number of other

patterns in which the grooves 401, 411, 431 may be formed.

{06043  With reference now to FIG. BA, an embodiment of a coolant

preheater 500 in accordance with various embodiments of the disclosed
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subject matter is shown. The upper window-support structure 239 and the
conical structure 221 are shown to include a reservoirfheater portion 503A,
which extends bevond the dielectric window 215. A sump containment portion
BO5A is formed below an underside of the upper window-support structure
239, and outside a diameter of the dielectric window 215 (see also FIG. 6). A
weir structure 501 allows liquid to flow into the sump containment portion
B5OBA if the liquid exceeds a predetermined depth above the dielectric window
215. The coolant vapor-cycle deseribed above functions when the diclectric
window 215 is heated due to a plasma reaction within the interior portion 237
of the reaction chamber 105 (see FIG. 1). However, when the dielectrie
window 215 is relatively cool (e.g., upon a plasma startup, such as after
systern maintenance or upon tool startup), such that the dielectric window
215 cannot provide sufficient heat to bring the heat-transfer fluid to a vapor
state as described above, a separate heater may be used. Therefore, the
dielectric window 215 may be cold and the conical structure 221 (the
condensing structure) may be at a higher temperature than the dielectric
window 215. In this situation, heat will not then flow effectively to or from
the dielectric window 215, In such cases, the disclosed subject matter may
include features to allow heat o be provided externally as is described in

more detail below,

[00044] With continuing reference to FIG. BA, a heat-transfer fluid 507 in
the sump containment portion 505A may be heated. For example, an
electrical-heater element 509 may be used to provide an imitial level of heat to
the heat-transfer flund 507 when the dielectric window 215 is cool. The heat-
transfer fluid 507 may be the same as or similar to the heat-transfer fluid

carried within the channels 235, as described above,

{060043]  The weir structure 501 allows liquid that condenses on the
diclectric window 215 to overflow into the sump containment portion 505A.

The amount of liquid in the thermosyphon syster is controlled so that when
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the heat-pipe cooling system 200 {see FI(5. 2) is at its initial temperature,
with essentially all the heat-transfer fluid (working fluid) in a Hquid state,
the sump containment portion 305A will at least partially fill. The sump
containment portion 505A can then be heated, as described above, with, for

example, the electrical-heater element 509,

{06046] FIG. 5B shows another embodiment of a coolant preheater 510
incorporated in an upper chamber in accordance with various embodiments of
the diaclosed subject matter. As with FIG. 5A, described above, the upper
window-support structure 239 and the conical structure 221 are shown fo
include a reservoir/heater portion 5038, which extends beyond the diclectric
window 215 (see also FIG. 6). A sump containment portion 505B is formed
below an wnderside of the upper window-support structure 239, and outside a
diameter of the dielectric window 215. Similar to the description provided
above with reference to FIG. 5A, the weir structure 501 allows liguid to flow
into the sump containment portion 5058 if the lquid excoeds a
predetermined depth above the diclectric window 215, Heat-transter fluid 515
in this case may be heated by a temperature-controlled block 511 surrounding

a channel 513,

{66047 The temperature-controlled block 511 may be coupled to an external
temperature controller (not shown). Heat supplied to the external
temperature controller may at least partially be heated by a number of
heating schemes known in the ari, such as reusing heat rejoected from various
pieces of equipment in a fabrication facility and dumped to facility cooling.
Upon reading and understanding the disclosed subjoct matier, a person of
ordinary skill in the art will recognize a number of other schemes to provide

heat to the temperature-controlled block 511,

{00048] The channel 513 may be filled, or at least partially filled, with any
of the heat-transfer fluids deseribed herein or otherwise known in the art.

The heat-transfer fluid 515 may be the same as, or similar to, the heat-

19

SUBSTITUTE SHEET (RULE 26)



WO 2020/210240 PCT/US2020/027081

transfer fluid contained within the channel 513. Both the channel 513 and
the heat-transfer fluid 515 may then be heated by the temperature-controlled
block 511 to provide sufficient heat to the heat-pipe cooling system 200 (see

FIG. 2) to begin the two-phase thermodynamic cycle described herein.

{60049} With regard to both FIG. 5A and 5B, in alternative or additional
embodiments, after the dielectric window 215 has been heated (e.g., due to a
plasma-processing reaction occurring), the heat-transfer fluid that is used to
remove heat from an upper portion of the heat-pipe cooling system 200 can be
used to heat the sump containment portion 505A, 5058, or a combination of
both methods of FIG. 5A and FIG. 5B can be used. When the sump
containment portion 5054, 5058 is heated, vapor will condense on a surface
of the dielectric window 215, thereby again starting a flow of liquid over the
weir structure 501 and back into the sump containment portion 505A, 505R.
This circwdation of liquid will, if the heat input 1s sufficient, lead to the heat-
pipe cooling system 200 (see FIG. 2) reaching an isothermal state with a

temperature approximately equal to that of the conical structure 221,

[00036]  FIGS. 5A and 5B describe only two methods that allow 2
temperature of heat-transfer fluid used with the diclectric window 215 to be
raised to a sufficient heat lovel to begin the thermodynamic processes
described herein. However, upon reading and understanding the disclosed
subject matter, a person of ordinary skill in the art will recognize other ways
of heating the dieleciric window 215 from a cooled state in order to begin the
two-phase process described herein. The other means of heating the heat-
transfer fluid used with the dieloctric window 215 are therefore considered to

be within a scope of the disclosed subject matter.

[00051]  FIG. 6 shows an embodiment of a top view 600 of the upper window-
support structure 239 and the coil-support ring 227 in accordance with
various embodiments. FIG, 6 has been deseribed in detail above with regard

to FIG. 2, FIG. A, and FIG. 5B. The top view 600 of FIG. 6 therefore supplies
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additional details for these figures as well as providing additional information

for a person of ordinary skill in the art.

{00052]  Overall, the disclosed subject matier contained herein describes or
relates generally to the heat-pipe cooling system that is operable with and
can be used to cool portions of tools in a semiconductor fabrication
environment (fab). Such tools can include various types of deposition
(ncluding plasma-based tools such as atomic-layer deposition (ALD),
chemical vapor deposition (CVD), plasma-enhanced CVD (PECVD), ete.) and
etching tools {e.g., reactive-ion etehing (RIE) tools). Therefore, in various
embodiments, the disclosed subject matter relates to a thermal-management
system o cool a plasma-based reactor. The disclosed subject matter may also
be used with various types of thermal furnaces (e.g., such as rapid thermal
annealing and oxidation), ion implantation, and a variety of other process and
metrology tools found in various fabs and known to a person of ordinary skill
in the art. However, the disclosed subject matter is not limited to
semiconductor environments and can be used in a number of machine-tool
environments such as cooling operations in robotic assembly, manufacturing,
and machining environments {e.g., including those operations using physical
vapor deposition (PVD tools)), as well as a variety of other environments.
Upon reading and understanding the disclosure provided herein, a person of
ordinary skill in the art will recognize that various embodiments of the
disclosed subject matter may be used with other types of process tools as well

as a wide variety of other tools, equipment, and components.

{00053}  As used hercin, the term “or” may be construed in an inclusive or
exclusive sense. Further, other embodiments will be understood by a person
of ordinary skill in the art upon reading and understanding the disclosure
provided. Further, upon reading and understanding the disclosure provided

herein, the person of ordinary skill in the art will readily understand that
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various combinations of the techniques and examples provided herein may all

be applied in various configurations.

100054]  Although various embodiments are discussed separately, these
separate embodiments are not intended to be considered as independent
techniques or designs. As indicated above, each of the various portions may
be inter-related and each may be used separately or in combination with
other embodiments discussed herein. For example, although various
embodiments of methods, operations, and processes have been described,
these methods, operations, and processes may be used either separately or in

various combinations.

100033}  Consecquently, many modifications and variations can be made, as
will be apparent to a person of ordinary skill in the art upon reading and
understanding the disclosure provided herein. Further, functionally
equivalent methods and devices within the scope of the disclosure, in addition
to those enumerated herein, will be apparent to the skilled artisan from the
foregoing descriptions. Portions and features of some embodiments,
materials, and construction techniques may be included in, or substituted for,
those of others. Such modifications and variations are intended to fall within
a scope of the appended claims. Therefore, the present disclosure is to be
limited only by the terms of the appended claims, along with the full scope of
cquivalents to which such claims are entitled. It is also to be understood that
the terminology used herein is for the purpose of describing particular

embodiments only and is not intended to be limiting.

Examples

{06036] In afirst example, the disclosed subject matter is a heat-pipe
cooling system that includes a conical structure having an upper portion that
is truncated. The conical structure is disposed above a diclectric window. The
conical structure condenses vapor from a first heat-transfer fluid formed

within a volume between the dielectric window and the conical structure. At
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least one cooling coil is formed proximate to an exterior portion of the conical

structure.

[60037]  The at least one cooling coil of the first example is to transport a

second heat-transfer fluid therein.

[00058]  In any of the previous examples, during an operation in which the
dielectric window is heated, the first heat-tramsfer fluid is to receive sufficient
heat from the dielectric window to transform the first heat-transfer fluid from
a liquid phase into a vapor phase, and, after contact with the conical

structure, the vapor phase is to form a condensate from the condensed vapor.

{00059} In any of the previous examples, the at least one cooling coil is
formed proximate to the exterior portion of the conical structure and is in

direct thermal contact with the exterior portion of the conical structure.

[00060] In any of the previous examples, the first heat-transfer fluid is a
dielectric fluid having a selectable boiling-point and is capable of acting in a
two-phase regime, including a liquid-phase regime and a vapor-phase regime,

to provide evaporative cooling of the dislectric window.
te]

{06061}  In the provious example, the selectable boiling-point is selectable
within a range from about 55 °C to about 270 °C at a pressure within the

volume between the dielectric window and the conical structure.

{00062] In any of the previous examples, the heat-pipe cooling system
includes an upper window-support structure that is mechanically coupled to
respective outer peripheries of both the conieal structure and the dielectric

window.

{00063} In the previous example, capillary grooves are formed on an outer
periphery of an interior of the upper window-support structure to flow the

first heat-transfer fluid across an uppermost surface of the dielectric window.

[}
]
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{00064] In any of the previous examples, an uppermost surface of the
diclectric window includes a number of capillary grooves in which the first

heat-transfer fluid is to flow.

[00065]  In any of the previous examples, an uppermost surface of the
dielectric window includes a wick structure comprising one or more types of
hguid-wicking materials including one or more materials selected from
materials including a mesh material, an at least partially-porous sintered-

powder, a sintered ceramic, and a sintered polymer.

[00066] In any of the previous examples, the heat-pipe cooling system
includes a sump that can be heated. The sump is formed proximate to the
diclectric window to initiate a two-phase thermodynamic cycle of the first

heat-transfer luid.

[000867] In the previous example, the heat-pipe cooling system includes a
weir structure to allow liguid from the first heat-transfer fluid to flow into the
sump if the Liquid exceeds a predetermined depth above the dielectric

window.

[00068]  In any of the previous examples, the fivst heat-transfer {luid is to be
distributed on the dielectric window in a layer sufficiently thin to reduce

bubble formation within the first heat-transfer {fuid.

{0600691  In another example, the disclosed subject matter is a thermal-
management system to remove heat from at least some components in a
plasma-based reactor. The thermal-management system includes a conical
structure to be disposed above a dielectric window. The conical structure is
arranged to condense vapor from a first heat-transfer fluid placed within a
volume between the dielectric window and the conical structure. An interior
surface of the conical structure has a downward slope from a central portion
of the conical structure towards an outer periphery of the conical structure.

At least one cooling coil is formed proximate to the conical structure. The at
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least one cooling coil is arranged to transport a second heat-transfer fluid

thersin.

{60070} In another example of the thermal-management system, the conical
structure includes an upper portion that is truncated, thereby forming a type
of frustoconical structure. The upper portion is located near the central

portion of the conical structure.

{06671} In any of the previous examples of the thermal-management
system, during an operation of the plasma-based reactor, the first heat-
transter fluid is to receive sufficient heat from the dieleciric window to
transform the first heat-transfer fhuid from a liquid phase into a vapor phase.
After contact with the conical structure, the vapor phase is to form a

condensate from the condensed vapor.

[00072] In any of the previous examples of the thermal-mmanagement
system, the at least one cooling coil is formed on an exterior portion of the
conical structure and is in divect thermal contact with the exterior portion of

the conical structure.

[00073]  In any of the previous examples of the thermal-management
system, the second heat-transfor fluid is circulated within the at least one

cooling coil by an external pump.

06674}  In any of the previous examples of the thermal-management
system, the conical structure is formed from one or more thermally-
conductive materials including at least one material selected from materials
including copper, copper alloys, zine alloys, aluminum, aluminum alloys,

stainless steel, and high-performance alloys.

{60075}  In any of the previous examples of the thermal-management
system, the conical structure is formed from one or more thermally-

conductive materials inchuding at least one material selected from materials

[}
o]
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including carbon-impregnated dielectric materials and carbon-impregnated

polymeric materials.

[60076] In any of the previous examples of the thermal-management
system, an uppermost surface of the dielectric window includes a plurality of

capillary grooves in which the first heat-transfer fluid is to flow.

{80077 In any of the previous examples of the thermal-management
system, the system includes a sump that can be heated. The sump is
proximate to the dielectric window. The sump is to initiate a two-phase

thermodynamic cycle of the first heat-transfer fluid.

{00078} In any of the previous examples of the thermal-management
system, the system includes a weir structure to allow Hguid from the first
heat-transfer fluid to flow into the sump if the Haquid exceeds a predetermined

depth above the dielectric window.

[00879]  In another example, the disclosed subject matter is a thermosyphon
to remove heat from a diclectric window in a plasma-based reactor. The
thermosyphon includes a conical structure to be disposed above the diclectric
window. The conical structure is arvanged to condense vapor from a first
heat-transfor fluid placed within a volume between the dielectric window and
the conical structure. An interior surface of the conical structure has a
downward slope from a central portion of the conical structure towards an
outer periphery of the conical structure. The system also includes at least one
cooling cotl formed on the conical structure. The at least one cooling coil is
arranged to transport a second heat-transfer fluid therein A sump, which is
arranged to be heated, is formed proximate to and below the dielectric
window to initiate a two-phase thermodynamic cycle of the first heat-transfer

fhaid.

{60080} In another example of the thermosyphon, a weir structure is

included to allow Haquid from the first heat-transfer fluid to flow into the
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sump if the Hquid exceeds a predetermined depth above the dielectric

window.

{60081} In any of the previous examples of the thermosyphon, an uppermost
surface of the dielectric window includes a plurality of capillary grooves in

which the first heat-transfer fluid is to flow.

{00082] The Abstract of the Disclosure is provided to allow the reader to
quickly ascertain the nature of the technical disclosure. The abstract is
submitted with the understanding that it will not be used to interpret or limit
the claims. In addition, in the foregoing Detailed Description, it may be seen
that various features may be grouped together in a single embodiment for the
purpose of streamlining the disclosure. This method of disclosure is not to be
interpreted as limiting the claims. Thus, the following claims are hereby
incorporated into the Detailed Description, with each claim standing on its

own as a separate embodiment.

[}
-3
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CLAIMS
What is claimed is:

1. A heat-pipe cooling system, comprising:

a conical structure having an upper portion that is truncated, the conical
structure configured to be disposed above a dielectric window, the
conical structure being configured to condense vapor from a first heat-
transfer fluid formed within a volume between the dielectric window
and the conical structure: and

at least one cooling coil formed proximate fo an exterior portion of the conical

structure.

2. The heat-pipe cooling system of claim 1, wherein the at least one cooling

coil is configured to transport a second heat-transfer fluid therein.

3. The heat-pipe cooling system of claim 1, wherein, daring an operation in
which the dielectric window is heated, the first heat-transfer fluid is
configured to receive sufficient heat from the dielectric window to
transform the first heat-transfer fluid from a liquid phase into a vapor
phase, and, after contact with the conical structure, the vapor phase is

to form a condensate from the condensed vapor.
4. The heat-pipe cooling system of claim 1, wherein the at least one cooling
coil formed proximate to the exterior portion of the conical structure is

in direct thermal contact with the exterior portion of the conical

structure.
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8. The heat-pipe cooling system of claim 1, wherein the first heat-transfer
fluid is a dielectric fluid having a selectable boiling-point and is capable
of acting in a two-phase regime, including a hiquid-phase regime and a
vapor-phase regime, to provide evaporative cooling of the diclectric

window.

6. The heat-pipe cooling system of claim 5, wherein the selectable boiling-
point is selectable within a range from about 55 °C to about 270 °C at a
pressure within the volume between the diclectric window and the

conical structure,

7. The heat-pipe cooling system of claim {1, further comprising an upper
window-support structure mechanically coupled to respective outer

peripheries of both the conical structure and the dielectric window.

8. The heat-pipe cocling system of claim 7, wherein capillary grooves are
formed on an outer periphery of an interior of the upper window-
sapport structure and configured to flow the fivst heat-transfer fluid

across an uppermost surface of the dielectric window.

9. The heat-pipe cooling system of claim 1, wherein an uppermost surface of
the dielectric window includes a plurality of capillary grooves in which

the first heat-transfler {luid is o flow.
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10. The heat-pipe cooling system of claim 1, wherein an uppermost surface of
the dielectric window includes a wick structure comprising one or more
types of liguid-wicking materials including one or more materials
selected from materials including a mesh material, an at least
partially-porous sintered-powder, a sintered ceramic, and a sintered

polymer.

11. The heat-pipe cooling system of claim 1, further comprising a sump
configured to be heated, the sump formed proximate to the dielectric
window to initiate a two-phase thermodynamic eyele of the first heat-
transfer fluid.

12, The heat-pipe cooling system of claim 11, further comprising a weir
structure to allow liquid from the first heat-transfer fluid to flow into
the sump if the liquid exceeds a predetermined depth above the

dielectric window,
13. The heat-pipe cooling system of claim 1, wherein the first heat-transfer

fluid is o he distributed on the dielectric window in a layer sufficiently

thin to reduce bubble formation within the first heat-transfer {luid.
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14. A thermal-management system to remove heat from at least some
components in a plasma-hased reactor, the system comprising:

a conical structure configured to be disposed above a dielectric window, the
conical structure being configured to condense vapor from a first heat-
transfer fluid placed within a volume between the dielectric window
and the conical structure, an interior surface of the conical structure
having a downward slope from a central portion of the conical structure
towards an outer periphery of the conical structure; and

at least one cooling coil formed proximate to the conical structure, the af least
one cooling coil being configured to transport a second heat-transfer
fluid therein.

15. The thermal-management system of claim 14, wherein the conical
structure includes an upper portion that is fruncated, thercby forming
a type of frustoconical structure, the upper portion being located near

the central portion of the conical structure.

16. The thermal-management system of claim 14, wherein, during an
operation of the plasma-based reactor, the first heat-transfer fluid is
configured to receive sufficient heat from the dielectric window to
transform the first heat-transfer fluid from a liquid phase into a vapor
phase, and, after contact with the conical structure, the vapor phase is

to form a condensate from the condensed vapor.

17. The thermal-management system of claim 14, wherein the at least one
cooling coil is formed on an exterior portion of the conical structure and
is in direct thermal contact with the exterior portion of the conical

structure.
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18. The thermal-management system of claim 14, wherein the second heat-
transfer fluid is to be circulated within the at least one cooling coil by

an external pump.

19, The thermal-management system of claim 14, wherein the conical
structure is formed from one or more thermally-conductive materials
including at least one material selected from materials including
copper, copper alloys, zine alloys, aluminum, aluminum alloys,

stainless steel, and high-performance alloys.

20. The thermal-management system of claim 14, wherein the conical
structure is formed from one or more thermally-conductive materials
inchuding at least one material selected from materials including
carbon-impregnated dielectric materials and carbon-imprognated

polymeric materials,

21. The thermal-management system of claim 14, wherein an uppermost
surface of the diclectric window includes a plurality of capillary grooves

in which the first heat-transfer flwid is to flow.

22. The thermal-management system of claim 14, further comprising a sump
that is configured to be heated that is proximate to the dielectric
window, the sump to initiate a two-phase thermodynamic cycle of the

firet heat-transfor fluid.
23. The thermal-management system of claim 22, further comprising a weir
structure to allow liquid from the first heat-transfer thud to flow into

the sump if the liquid exceeds a predetermined depth above the

dielectric window.
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24. A thermosyphon to remove heat from a dielectric window in a plasma-
based reactor, the thermosyphon comprising:

a conical structure configured to be disposed above the dielectric window, the
conical structure being configured to condense vapor from a first heat-
transfer fluid placed within a volume between the dielectric window
and the conical structure, an interior surface of the conical structure
having a downward slope from a central portion of the conical structure
towards an outer periphery of the conical structure;

at least one cooling coil formed on the conical structure, the at least one
cooling coil being configured to transport a second heat-transfer fluid
therein; and

a sump, configured to be heated, the sump formed proximate to and below the
dielectric window to initiate a two-phase thermodynamic cycle of the

first heat-transfer fhud.

25. The thermosyphon of claim 24, further comprising a weir structure to
allow Houid from the first heat-transfer fluid to flow into the sump if

the liquid exceeds a predetermined depth above the dielectric window.
26. The thermosyphon of claim 24, wherein an uppermost surface of the

dielectric window includes a plurality of capillary grooves in which the

{first heat-transfer fluid is to flow.
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