wo 2022/020707 A1 |0 00000 KO0 00 T 0 0O

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

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 00 O OO A0 00

International Bureau % (10) International Publication Number

WO 2022/020707 Al

(43) International Publication Date
27 January 2022 (27.01.2022) WIRPOIPCT

(51) International Patent Classification: (72) Inventors: PIQUX, Gabriel, 4650 Cushing Parkway, Fre-
HOIL 21/67 (2006.01) H01J 37/32 (2006.01) mont, California 94538 (US). RONNE, Allan; 4650 Cush-
(21) International Application Number: ing Parkway, Fremont, California 94338 (US).

PCT/US2021/042951  (74) Agent: SCHOLZ, Christian D. etal.; WEAVER AUSTIN
VILLENEUVE & SAMPSON LLP, P.O. Box 70250, Oak-

(22) International Filing Date: Jand, California 94612-0250 (US).

23 July 2021 (23.07.2021)
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English 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,

(25) Filing Language: English

(30) Priority Data:

62/706,004 24 July 2020 (24.07.2020) US HR. HU. ID, IL. IN. IR, IS, IT. JO, JP. KE. KG. KIL KN.
(71) Applicant: LAM RESEARCH CORPORATION KP, KR, KW,KZ,LA,LC, LK, LR, LS, LU, LY, MA, MD,
[US/US];, 4650 Cushing Parkway, Fremont, California ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
94538 (US). NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,

SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(54) Title: HIGH-CONDUCTANCE VACUUM VALVES FOR WAFER PROCESSING SYSTEMS

|

N P

(57) Abstract: A semiconductor processing chamber performs various wafer processing operations that involve at least one of pumping
the chamber to high vacuum states and regulating a vacuum (e.g., during introduction of process gases, as gas infiltrates the chamber,
as reactions emit gases, as a wafer off-gases, etc.). A vacuum valve may be fluidically coupled between a vacuum pumping system
and at least a portion of the semiconductor processing chamber. The vacuum valve may be a high-conductance mmlti-stage poppet
valve enabling a relatively high gas flow rate and/or low pressure drop. In an open state, the multi-stage design of the poppet valve
may have larger cross-sectional openings, in aggregate, than a comparable single-stage poppet valve could achieve, thereby increasing
conductance.

[Continued on next page]



WO 2022/020707 A [I 0]} 00 00 00O O DO O

(84) 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, FL, 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))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



(V43

16

[
(V43

b
]

WO 2022/020707 PCT/US2021/042951

HIGH-CONDUCTANCE VACUUM VALVES FOR
WAFER PROCESSING SYSTEMS

INCORPORATION BY REFERENCE

{0001} A PCT Request Form is filed concurrently with this specification as part of the present
application. Each application that the present application claims benefit of or priority to as
identified in the concurrently filed PCT Request Form is incorporated by reference herein in s

entirety and for all purposes.
BACKGROUND

{8002] Vacuum pumps are widely used in semiconductor processing equipment to provide a
clean and/or low-pressure environment in a processing chamber. Such vacuum pumps may be
fluidically connected to the processing chamber via a valve such as a poppei-style valve and used
to remove byproducts, unused eich reactants, unused deposition precursors, and/or other gases and

materials from the processing chamber.

{0003} The background provided herein 13 for the purposes of generally presenting the context
of the disclosure. Work of the presently named inventors, to the extent that it is described in this
background, as well as aspects of the description that may not otherwise gualify as prior art at the
time of filing, are neither expressly nor mmpliedly admitted as prior art against the present
disclosure.

SUMMARY

{0004} In one aspect an apparatus may be provided that includes a mulkti-stage poppet valve,
where the multi-stage poppet valve may include a valve seat a valve seat including a gas-permeable
region, two or more movable bodies including (1) a movable center body including a gas-
mpermeable region and (11) at least one movable intermediary body, each movable mtermediary
body including a gas-impermeable region and a gas-permeable region, the gas-impermeable region
of each movable mtermediary body surrounding the gas-permeable region of that movable
mntermediary body, where each of the movable bodies may be translatable relative to the valve seat
along a first axis and the movable bodies may be transitionable between at least a first

configuration and a second configuration. The movable bodies, m the first configuration, may be
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positioned proximate the valve seat to provide a first amount of flow restricion. The movable
bodies, 1 the second configuration, may be positioned at spaced-apart locations along the first
axis and relative to each other and the valve seat to provide a second amount of flow restriction
iess than the first amount of flow restriction and such that a first gap may be visible along the first
axis, the first gap being between at least two of the movable bodies in a first set of the movable
bodies and such that corresponding second gaps may be visible along the first axis, the second
gaps being between each of the movable bodies in the first set of the movable bodies and the valve

seat.

{0005} Inanother aspect of the apparatus, the movable bodies may be additionally transitionable
between a continuum of additional configurations between the first and second configurations. As
the movable bodies transition from the first configuration, through the continuum of additional
configurations, and into the second configuration, the movable bodies may provide a vanable
amount of flow restriction that ramps down from the first amount of flow restriction to the second

amount of flow restriction.

{0006] In another aspect, the apparatus may further include at least one actuator configured to
translate the movable bodies, where each of the movable bodies may include a main body and each
movable body of the movable bodies may inchude at least one wing that extends off the main body

and mechanically couples 1o a respective portion of the actuator.

{0007} In another aspect, the apparatus further may include at least one actuator configured to
translate the movable bodies. At least one of the movable bodies may include a main body, at least
one movable body of the movable bodies may nclude at least one wing that extends off the mamn
body and mwechanically couples to a portion of the actuator, and at least one movable body of the
movable bodies may include at least one bracket that extends off the main body and mechamcally
engages another one of the movable bodies for a partial fraction of the transiation of the movable

bodies between the {irst and second configurations.

[0048] In another aspect, the apparatus may 1nclude a semiconductor processing chamber having
walls defining an interior volume, a process gas dehivery system configured to wtroduce one or
more process gases nto the interior volume of the semiconductor processing chamber, and a

vacuumn foreline m fluidic communication with the imterior volume of the semiconductor

[xe]
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processing chamber. The multi-stage poppet valve may be fluidically interposed between the

vacuum foreline and the process gas delivery system.

{000%] In anocther aspect, the apparatus may include at least one actuator configured to translate
the movable bodigs, a substrate support, and a substrate support arm configured to hold the
substrate support within the semiconductor processing chamber. The substrate support arm may
mechanically couple a wall of the semuconductor processing chamber to the substrate support, each
of the movable bodies may include a main body and at least one wing that extends off the main
body, the wing of each movable body may mechanically couple that movable body to a portion of
the actuator, and the substrate support arm and at least one wing of each movable body may be

aligned along a second axis parallel to the first axis.

{0018} In another aspect,of the apparatus, when the multi-stage poppet valve is in the second
configuration, there may be an average gap of X between adjacent portions of the movable
mntermediary body and the walls of the semiconductor processing chamber and there may be an
average gap of Y between adjacent portions of the movable center body and the walls of the
semiconductor processing chamber. The movable intermediary body may be configured to
translate along the first axis a distance of at least 75% of X when transitiorung from the first
configuration to the second configuration. Similarly, the movable center body may be configured
to translate along the first axis a distance of at least 75% of Y when transitioning from the first

configuration to the second configuration.

[0611] In another aspect of the apparatus, the distance the movable intermediary body 1s
configured to translate along the first axis, when transttioning from the first configuration to the
second configuration, may be no more than 1253% of X Similarly, the distance the movable center
body 1s configured to translate along the first axis, when transitioning from the first configuration

to the second configuration, may be no more than 125% of Y.

[8012] In another aspect of the apparatus, the multi-stage poppet valve may nclude a fust
actuator or set of actuators configured to translate the movable center body, at least parally
independent of the movable intermediary body, along the first axis and between the first and
second configurations, and a second actuator or set of actuators configured to translate the movable

mtermediary body, at least partially independent of the movable center body, along the first axis
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and between the first and second configurations.

{8613} In another aspect of the apparatus, the movable bodies may be further transitionable to a
third configuration in which the movabie center body is positioned at a spaced-apart location along
the first axis relative to the valve seat and in which the movable intermediary body may be
positioned proximate the valve seat to provide a third amount of flow restriction that may be
between the first and second amounts of flow restriction. The multi-stage poppet valve may further
include at feast one actuator and at least one shaft that is translated along the first axis by operation
of the at least one actuator. The shaft may have (1) a first portion that engages with the movable

center body and (11} a second portion that engages with the movable mntermediary body.

{8014] In another aspect of the apparatus, the movable bodies may be further transitionable to a
third configuration in which the movable center body is positioned at a spaced-apart location along
the first axis relative to the valve seat and the movable intermediary body is positioned proximate
the valve seat to provide a third amount of flow restriction that is between the first and second
amounts of flow restriction. The multi-stage poppet valve may further include at least one actuator
and at least one stepped shaft that couples the at least one actuator to both the movable center body
and the movable intermediary body. A first portion of the stepped shaft may have a first diameter
and a second portion of the stepped shaft may have a second diameter larger than the first diameter.
The first portion of the stepped shaft may be coupled to the movable center body and may pass
between portions of the movable mtermediary body. The second portion of the stepped shaft may
be configured to press against the portions of the movable mtermediary body 1 order to translate

the movable intermediary body along the first axas.

[0015] In another aspect of the apparatus, the multi-stage poppet valve may further include at
least first and second seals. The first seal may contact both the valve seat and the movable
interroediary body at least when in the first configuration. The second seal may contact both the

movable intermediary body and the movable center body at least when 1o the first configuration.

[0616] In another aspect of the apparatus, 1o the first configuration, the movable intermediary
body may vest within the gas-permeable region of the valve seat and the movable center body may
nest within the gas-permeable region of the movable mtermediary body such that the valve seat,

movable mtermediary body, and movable center body may all overlap each other when viewed
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along an axis perpendicular to the first axis.

{8617] In another aspect of the apparatus, in the first configuration, the movable bodies and the

valve seat may be disposed in a stacked arrangement.

{6018] In another aspect of the apparatus, the second configuration may provide a minimum

flow restriction condition of the muliti-stage poppet valve.

{8619] In ancther aspect of the apparatus, the valve seat and two or more movable bodies may
be configured such that, in the first configuration, the multi-stage poppet valve 1s, in aggregate,

eas-impermeable.

18028} In another aspect of the apparatus, the gas-impermeable regions of the two or more
movable bodies, in aggregate, may overlap all of the gas-permeable region of the valve seat when
viewed along the first axis.

{8621] Inanother aspect of the apparatus, the movable center body and the movable itermediary
body may be movable into a third configuration, where, in the third configuration, the movable
mtermediary body s positioned in a spaced-apart relationship from the valve seat and the movable
center body 1s positioned proximate the movable intermediary body. The movable center body
may be translatable along the first axis, independent of the movable intermediary body, for at least

a portion of a transition between the second and third configurations.

{60221 Inanother aspect of the apparatus, the movable center body and the movable intermediary
body may be movable into a third configuration, where, in the third configuration, the movable
mtermediary body 1s positioned proximate the valve seat and the movable center body 1s positioned
in a spaced-apart relationship from the valve seat and mtermediary body. The movable center
body mayv be translatable along the first axis, independent of the movable intermediary body, for
at least a portion of a transition between the first and third configurations. The movable center
body and the movable intermediary bodies may be translatable in unison along the first axis for at

ieast a portion of the transition between the second and third configurations.
{80623] In another aspect of the apparatus, the movable center body may have a disc shape. The
movable intermediary body may have a ring shape  The gas-permeable region of the valve seat

may have a disc shape.

[
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{0024} In another aspect of the apparatus, the first configuration may provide a maximum flow
restriction condition and the second configuration may provide a mimimum flow restriction
condition. The movable center body may travel a distance of X along the first axis when moving
from the first configuration to the second configuration. The movable intermediary body may
travel a distance of Y along the first axis when moving from the first configuration to the second
configuration. In such an implementation, the movable intermediary body may have a ring shape

with an average radial width of A, where A 15 at most 125% of X nunus Y.

{8025]  In another aspect of the apparatus, the movable center body may travel a distance of X
when moving from the first configuration to the second configuration. The valve seat may, in such
cases, have a gas-impermeable region with an average radial width of A and A s at most 125% of
X,

{8026] In ancther aspect of the apparatus, the first configuration may be a maximum flow
restriction condition and the multi-stage poppet valve may be gas-permeable in the maximum flow

restriction condition.

{0027} Inanother aspect of the apparatus, when the multi-stage poppet valve is in the maximum
flow restriction condition, there may be one or more gaps between respective paurs of the valve

seat, the movable intermediary body, and the movable center body.

{0028] Inanother aspect, the apparatus may include a semiconductor processing chamber at least
partly enclosing a volume having an average lateral cross-sectional dimension, a process gas
delivery system configured to mtroduce one or more process gases mto the semiconductor
processing chamber, and a vacuum foreline in fluidic communication with the semiconductor
processing chamber. The multi-stage poppet valve may be fludically interposed between the
process gas delivery system and the vacuum foreline, the movable intermediary body may be
contigured to translate a fust distance between the first configuration, i which the movable
mtermediary body 5 proximate to the valve seat, and the second configuration, in which the
movable intermediary body is positioned away from valve seat by the first distance. The movable
intermediary body may have an average lateral cross-sectional dimension, and the movable center
body may be configured to franslate, relative to the movable intermediary body, a second distance

between the first configuration, in which the movable center body is proximate to the gas-
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permeable of the movable intermediary body, and the second configuration, in which the movable
center body 1s positioned away from the valve seat by the second distance and away from the
movable mtermediary body by the second distance minus the first distance. The movable center
body may have an average lateral cross-sectional dimension, and the first distance may be between
35% and 65% of the average lateral cross-sectional dimension of the volume of the semiconductor
processing chamber less the average lateral cross-sectional dimenstion of the movable intermediary
body. The second distance may be between 35% and 65% of average lateral cross-sectional
dimension of the movable intermediary body less the average lateral cross-sectional dimension of

the movable center body.

{8029]  In another aspect of the apparatus, the first distance may be between 75% and 125% of

the second distance.

{6036} In another aspect of the apparatus, at least a portion of the semiconductor processing
chamber may be cvlindrical and may have a diameter equal to the average lateral cross-sectional

dimension of the semiconductor processing chamber.

{0031} In another aspect of the apparatus, the movable intermediary body may be ring-shaped

and the movable center body may be circular,

{0032} In another aspect, the apparatus may further include at least one turbomolecular pump

fluidhically coupled to the vacuum foreline,

{0033} In another aspect, the apparatus may further include a semiconductor processing
chamber, a process gas delivery system configured to introduce one or more process gases into the
semiconductor processing chamber, and a vacuum foreline n fluidic communication with the
semiconductor processing chamber.  The first configuration may include a maximum flow
restriction condition. The second configuration may include a mmimum flow restriction condition.
When the movable intermediary body 15 in the second configuration, there may be a first nunimum
cross-sectional area between the movable intermediary body and the semiconductor processing
chamber and there way be a second mimmum cross-sectional area between the movable
intermediary body and the valve seat. The first minumur cross-sectional area may be hetween
75% and 125% of the second numimum cross-sectional area.  When the movable intermediary

body is 1 the second configuration and the movable center body 15 1n the second configuration,

~d
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there may be a third mumimum cross-sectional area between the movable center body and the
semiconductor processing chamber and there may be a fourth munimum cross-sectional area
between the movable center body and the gas-permeable region of the movable intermediary body.
The third minimum cross-sectional area may be between 75% and 125% of the sum of the second

minimum cross-sectional area and the fourth minimum cross-sectional area.

{6034} In another aspect, the apparatus may further include at least one turbomolecular pump

flurdically coupled to the vacuum foreline,

{8635] In another aspect, an apparatus may be provided that may include a semiconductor
processing chamber including a subsirate support, where the semiconductor processing chamber
has chamber walls that define a first volume at and above the substrate support and that define a
second volume below the substrate support, a process gas delivery system configured to introduce
one Of more process gases into the semiconductor processing chamber, a vacuum foreline in fluidic
communication with the first and second volumes of the semiconductor processing chamber, and
a valve flmdically interposed between the process gas delivery system and the vacuum foreline,
where the second volume has an average horizontal cross-sectional width, the valve has a valve
throat with an average horizontal cross-sectional width, and the average horizontal cross-sectional
width of the valve throat 1s between 85% and 100% of the average horizontal cross-sectional width

of the second volume.

{0036] In another aspect of the apparatus, the valve may include a butterfly vent having at least
a first body and a second body, where the first and second bodies may be configured to be
transitionable between at least first and second configurations relative to each other through
rotation of one or both the first and second bodies about a rotation axis. In the first configuration,
gas-permeable regions of the first body may be in a state of maxumum overlap with gas-permeable
regions of the second body. In the second configuration, the gas-permeable regions of the first
body may be n a state of maximum overlap with gas-impermeable regions of the second body and
the gas-permeable regions of the second body may be in a state of maxamam overlap with gas-

mpermeable regions of the first body.

{0037} In another aspect of the apparatus, the valve may have an ris valve having movable

blades configured to be transitionable between a first configuration 10 which the movable blades
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are at least partially recessed under a penimeter of the iris valve and a second configuration in

which the movable blades are extended into a central region of the iris valve.

BRIEF BESCRIPTION OF THE DRAWINGS
{0638] Figure 1 15 a schematic diagram of an example semiconductor processing system for
performing etch, deposition, and other operations according to some implementations.
{8639] Figure 2 is a perspective view of a multi-stage poppet valve according to some
implementations.
{8046] Figure 3A 1s a cross-sectional side view and Figure 3B is a cross-sectional perspective
view of a semiconductor processing system including a high-conductance multi-stage poppet valve

according to some implementations.

{0041} Figure 4 15 a cross-sectional side view of a semiconductor processing system inchuding a
high-conductance multi-stage poppet valve according to some implementations.

{0042] Figure 5 15 a cross-sectional side view of a semiconductor processing system inchuding a
high-conductance multi-stage poppet valve according to some implementations.

10043} Figures 6A, 6B, and 6C illustrate an example of a multi-stage poppet valve i various
states of operation according to some implementations.

10044} Figures 7A and 7B illustrate an example of a multi-stage poppet valve in various states
of operation according to some implementations.

{0045] Figure 7C illustrates an example of a multi-stage poppet valve in various states of
operation according to some implementations.

10046] Figures 8A, 8B, 8C, and 8D illustrate an example of a multi-stage poppet valve according
to some implementations.

10047} Figures 8E, &F, and 8G illustrate an example of a multi-stage poppet valve in various
states of operation according to some implementations.

{0048] Figures 9A, 9B, and 9C illustrate examples of high-conductance vacuum valves

according to some implementations.
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10049] Figures 10A, 108, 10C, 10D, 10E, and 10F illustrate examples of a multi-stage poppet

valve according to some implementations.

{0058} Figure 11 15 a schematic diagram of an example control module for controlling
semiconductor fabrication tools including vacuum pumping systems and vacuum valves according

to some implementations.

DETAILED DESCRIPTION
{8651] In the following description, numerous specific details are set forth to provide a thorough
understanding of the presented embodiments. The disclosed embodiments may be practiced
without some or ali of these specific detatls. In other instances, well-known process operations
have not been described in detail to not unnecessarily obscure the disclosed embodiments. While
the disclosed embodiments will be described in conjunction with the specific embodiments, it will
be understood that 1t 15 not intended to limit the disclosed embodiments. The techniques and
devices disclosed herein may be implemented in a variety of ways, including, but not limited to,
the vartous implementations described below. 1t 15 to be understood that one of ordinary skill in
the art may use the techniques and devices described herein to produce other implementations
consistent with the information disclosed in this document, and that such aliernative

implementations are also to be considered as within the scope of this disclosure.

Terminalogy
{0052] The following terms are used throughout the instant specification:

{8053} The terms “semiconductor wafer,” “wafer,” “substrate,” “wafer substrate” and “partially
fabricated integrated circuit” may be used interchangeably. Those of ordinary skill in the art
understand that the term “partialiy fabricated integrated circuit” can refer to a semiconductor wafer
during any of many stages of integrated circuit fabrication thereon. A wafer or substrate used in
the semiconductor device industry typically has a diameter of 200 mm, or 300 mm, or 450 ram.
This detailed description assumes the embodiments are implemented on a wafer. However, the

disclosure is not so limited. The work piece may be of various shapes, sizes, and matenals,

10
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meluding, for example, large rectangular substrates used in manufacturing display screens.
Besides semiconductor waters, other work pieces that may take advaniage of the disclosed
embodiments include various articles such as printed circuit boards, magnetic recording media,

magnetic recording sensors, mirrors, optical elements, micro-mechanical devices and the like.

{0054] A “semiconductor device fabrication operation” or “fabrication operation,” as used
heremn, 15 an operation performed during fabrication of semiconductor devices. Typically, the
overall fabrication process inclhides muitiple semiconductor device fabrication operations, each
performed in its own semiconductor fabrication tool such as a plasma reactor, an electroplating
cell, a chemical mechanical planarization tool, a wet etch tool, and the like Categories of
semiconductor device fabrication operations include subtractive processes, such as etch processes
and planarization processes, and additive processes, such as deposition processes {e. g., physical
vapor deposition, chemical vapor deposition, atomic layer deposition, electrochemical deposition,
electroless deposition). In the context of etch processes, a substrate etch process may include
processes that etch a mask layer or, more generally, processes that etch any layer of matenal
previously deposited on and/or otherwise residing on a substrate surface. Such etch processes may

etch a stack of layers in the substrate.

[0055] “Manufacturing equipment” or “fabrication tool” refers to eguipment in which a
manufacturing process takes place. Manufacturing equipment may nclude a processing chamber
in which the workpiece resides during processing. Typically, when in use, manufacturing
equipment perforrs one or more semiconductor device fabrication operations. Examples of
manufacturing equipment for semiconductor device fabrication nclude subtractive process
reactors and additive process reactors. Examples of subtractive process reactors melude dry eich
reactors {e.g., chemical and/or physical etch reactors), wet etch reactors, and ashers. Examples of
additive process reactors include chemical vapor deposition reactors, and atomuc layer deposition
reactors, physical vapor deposition reactors, and electroplating cells.

[0056] 1t s to be understood that, as used herein, “hermetic” and “gas mapermeable” refers to a
structure or an interface that 1s generally gastight under normal operating conditions. A hermetic
seal may, nonetheless, pernit an acceptable mmimum amount of gas communication across the

seal. For example, a high-vacuum gate valve may have a leak rate on the order of 107%t0 1077

11
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Torr-liters/sec.  Such leak rate amounts are typically defined and budgeted during equipment
design, and are verified using methods described in, for example, standards such as SEMI E-16.
It 1s 1o be understood that while the seals and valves used to maintaim the pressure environments
discussed herein may not provide a theoretically perfect seal due fo such negligible leak rates, such
seals and valves are still described as “preveniing” fluid flow when closed (1.e, as being “gas
mpermeable”). As used herein, “hermetic” and “gas impermeable” refers to a structure or an
interface with a leak rate no greater than 10 *liters/sec when at a pressure differential of at least
100 Torr and using Helium as a tracer gas. In contrast, “gas permeable” refers to a structure or an
interface that has a leak rate greater than 107* liters/sec when at a pressure differential of no more

than 100 Torr and using Helium as a tracer gas.

Introduction and Context

{8657]  Semiconductor wafer processes typically require exacting environmental condifions
within a semiconductor processing chamber. Gas composition, density, pressure, temperature, eic.
may all be required to be within certain pre-established ranges in order to successfully process a
semiconductor wafer.  Providing these environmental conditions may require inducing various
kinds of gas flow, eg., evacuating gas from a portion of a semiconductor tool to produce or

maintain a particular low-pressure, e.g., vacuum, environment,

{0058] Gas flow, in general, can be categorized as falling within one of three categories: viscous
flow, transitional flow, and molecular flow. Viscous flow generally refers to fluid flow under
conditions where the mean free path of the molecules in the tlnd Hlow 18 small 0 comparison with,
for example, the smallest transverse section of a duct through which the fhuid flows. In the case
of fluid flow through a large chamber, viscous flow may be characierized by the mean free path of
the roolecules being sroall in comparison to the smallest overall internal dimension of the chamber,
in viscous flow, for example, the density of gas molecules 18 generally high enough that many of
the gas molecules collide with other gas molecules 1 the flow before colliding with, for example,
the chamber walls. As a result, the mean {ree path of the gas molecules, 1.e., the average distance
that a gas molecule in the fhuid flow travels before colliding with another moleculde, is considerably

shorter than the mternal dimensions of the volume within which the flow occurs. I viscous flow,

12
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the flow of some portions of a substance may cause other, contiguous portions of the substance to

exhibit similar flow characteristics.

{005%] Molecular flow generally refers to fluid flow under conditions where the mean free path
of the molecules in the thud flow s much greater than a characteristic system dimension, for
example, the smallest transverse section of a duct through which the thud flows. In the case of
fluid flow through a large chamber, the mean free path may be much greater than, for example,
the smallest overall internal dimension of the chamber. In molecular flow, the density of the gas
molecules 1s sufficiently low that many of the gas molecules will collide with the chamber walls
before colliding with another gas mwolecule. Due to the mfrequency of molecule-molecule
collisions i molecular flow, the flow of one gas molecule 1s unlikely to have much of an impact
on other gas molecules in the flow. A flow’s characterization as viscous or molecular at a given
temperature 15 largely dependent on the density of the gas in the flow. For a given temperature,
viscous flows occur at much higher pressures, eg., 1 mTorr to 760 Torr, than molecular flows,

e.g., 0.1 mTorr and below.

{00608} Transitional flow generally refers to a transitional regime between viscous flow and
molecular flow. In transitional flow, both wall collisions {e g., the typical collisions m molecular
flow} and intermolecular collisions {e.g., the typical collisions in viscous flow) are influential in

determaining flow charactenistics.

{0061} For a vacuum pumping system, an important property 1s the conductance, which is the
gas volume flow rate between two points along the flow path divided by the pressure drop between
those two points. Since the flow path of each gas molecule 1n the molecular flow regime 1s,
statistically speaking, free from influence from other gas molecules, vacuum pumps removing gas
from a chamber while operating in the molecular flow regume rely, 10 a general sense, on gas
molecules ricocheting off of the chamber walls until they happen to ricochet in a manner that leads
them mito the throat of the vacuum pump. Thus, a vacuwm pump, particularly when operating m
the molecular flow region, sees significant performance benefits {e.g., higher conductance} when
its throat 1s relatively large (in cross-sectional area} and when there 15 a relatively unobstructed
path between the chamber and the vacuum pump’s throat As a result, 1t 15 often desirable to

mereass or maximize the size of a4 vacuurmn valve, at least 1 terms of cross-sectional area, in order
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to increase or maximize the conductance.

{8662] A vacuum pumping system may include one or more vacoum valves fluidically
interposed between one of more vacuum pumps and a semiconductor processing chamber. The
vacuum valve(s} may facilitate regulation of pressure within the semiconducior processing
chamber and/or gas flow rates through the semiconductor processing chamber and the vacuum
pumping system. In some embodiments, the vacuom valve{s} may hermetically isolate the

semiconductor processing chamber and the vacuum pumping system: from each other when mn a

closed state.

18063} One type of vacuum valve is a poppet valve. A poppet valve generally mcludes a valve
seat {which has a valve throat through which gases flow} and a movable plug. To close the valve
and block or reduce gas flow rates through the valve throat, the movable plug i1s moved toward
and eventually pressed against, or seated within, the valve seat. To open the valve and permit or
increase gas flow rates through the valve throat, the movable plug is moved away from the valve
seat. The movement of the plug is generally translational movement along an axis that is

perpendicular, for example, to the surface of the valve seat against which the plug is pressed.

[6064] When increasing the conductance of a vacuum pumping system utilizing a poppet valve,
it 15 generally desirable to increase the size of the poppet valve through which the vacuum pump
draws gas in order to improve the conductance to the vacuum pumping systern; this, n turn,
generally also causes the movable plug to correspondingly increase in size. However, as the plug
of the poppet valve gets larger, clearance between the plug and the nner walls of the processing
chamber may shrink and eventually become a bottleneck to systemn conductance {e.g, increasing
the size of the poppet valve beyond a certamn point actually acts to reduce system conductance

comparison to some smaller-sized poppet valves).

[0065] The present disclosure relates to high-conductance vacuum valves for semiconductor
processing systems. A high-conductance vacuum valve may, n some embodiments, be a multi-
stage poppet valve. The multi-stage poppet valve may provide a higher level of conductance than
a single-stage poppet valve, particularly when the poppet valves are constrained by the dimensions
of a semiconductor processing chamber and the vacuuming pumping system is operating in a

molecular flow regime. High-conductance vacuum valves may, alternatively, be implemented with
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another style of valve such as a butterfly vent, butterfly valve, and/or an iris valve, as will be

discussed in more detail in connection with Figures 9A, 98, and 9C.

Semiiconducior Processing Systems with a High-Conductance Vacuum Valve

[0066] Figure 1 schematically illustrates an example of a tool 100 {eg, a semiconductor
processing system). The tool 100 may be a fabrication tool including a semiconductor processing
chamber 102, which may include a plasma processing confinement chamber 104 therem. In some
other embodiments, ool 100 may be a metrology tool or other tool involved i semiconductor
fabrication. A plasma power supply 106, tuned by a match network 108, supplies power to a
transformer-coupled-plasma (TCP} coil 110 located near a power window 112 to create a plasma
114 1n the plasma processing confinement chamber 104 by providing for wireless power transfer
to the process gases within the chamber 104 via mnductive coupling. The TCP coil {upper power
source} 110 may be configured to produce a diffusion profile within the plasma processing
confinement charmber 104. For example, the TCP coil 110 may be configured to generate a toroidal
power distribution in the plasma 114 The power window 112, which may be generally
transnussive to radio-frequency energy, is provided to separate the TCP cotl 110 from the plasma
processing confinement chamber 104 while allowing energy to pass from the TCP coil 110 to the
plasma processing confinement chamber 104, A wafer bias voltage power supply 116 tuned by a
match network 118 provides power to an electrode in the form of a substrate support 120 to set the
bias voltage on the substrate 132 which 1s supported by the substrate support 120, A cootroller 124
sets pomnts for the plasma power supply 106, gas source/gas source 130 {e.g., a processing gas
delivery system}, wafer bias voltage power supply 116, valve 143, pump 144, and optional rough

pump 143,

[0667] The gas source 130 1s in fluidic connection with the serniconductor processing chamber
102 through gas mlets 182 n a shower head 142 The gas mlets 182 may be located in any
advantageous location in the plasma processing confinement chamber 104, and may take any form
for injecting gas. The process gases and byproducts are removed from the plasma process
confinement chamber 104 via a pressure control valve 143 and a pump 144, which also serve to

maintain a particular pressure within the plasma processing confinement chamber 104,

Ju—
(9]
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{0068] The vacuum pumps 144 and 145 may be fluidically coupled to the semiconductor
processing chamber 102 and may be used to draw out process gases from the semiconductor
processing chamber 102 and to maintain a certain pressure within the semiconductor processing
chamber 102 The vacuum pumps 144 and 145 may be fluidically coupled to the valve 143 through
a vacuum foreline 146, The valve 143 may control the amount of conductance between the vacuum
pump 144 and the semiconductor processing chamber 102, and thus help control the level of
vacuum within the semiconductor processing chamber 102, In some implementations, the vacuum
pump 145 can include a one or two stage mechanical dry pump and/or turbomolecular pump. In
some implementations, the vacuum pump 144 may be activated after each time a deposition or
etch operation is completed to purge the semiconductor processing chamber 102, In some
implementations, the vacuum pump 144 may run during deposition, etch, or other fabrication
operations, while valve 143 18 used to modulate the level of vacuurmn within chamber 102, The
vacuum pump 144 is fluidically connected to the semiconductor processing chamber 102 and may
serve to remove etch gases, deposition precursors, and reaction byproducts from the semiconductor
processing chamber 102, In some embodiments, the pump 144 15 a high vacuum pump such as a
turbomolecular pump. The output of pump 144 may be coupled 1o a rough pump 145, The output

of rough pump 145 may be vented to atmosphere or another gas sink.

[0669]  The tool 100 may be coupled to facihities (not shown) when nstalled n a clean room or
a fabrication facility. Facdities include plumbing that may provide processing gases, vacuum,
temperature control, and environmental particle control. In some such embodiments, pump 144
and/or pump 145 may be a part of the facility and may be shared by multiple tools 100, As an
example, valves 143 of multiple fabrication tool 100 may be fhadically coupled to one or more
common pumps 144 and/or pumps 145 through a network of vacoum forelines 146 (which may
branch as needed}. Thus, these facilities may be coupled to the tool 100 when mstalled in the target
fabrication facility. Additionally, the tool 100 may be coupled to a transfer chamber that allows
robotics to transfer substrates mto and out of the semiconductor processing chamber 102 using

automation.

[0078] Insome embodiments, the tool 100 may be a multi-station tool {e.g., multiple fabrication
stations operating on multiple wafers and sharing a common semiconductor processing chamber).

In some such embodiments, the semiconductor processing chamber may have an even larger cross-
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section and the size of valve 143 can be correspondingly scaled up. In some other such
embodiments, there may be a separate valve 143 for each station in the multi-station tool. The

teachings herein can thus also apply to multi-tool arrangements.

{8671}  As shown in Figure 1, the semiconductor processing chamber 102 may have a width 163
and the valve 143 may have a width 150, Valve 143 may be configured to provide a high level of
conductance {e.g., a relatively high gas flow rate and/or a relatively low pressure drop through the
valve}. In general, larger valves have larger throats (e.g., cross-sectional areas through which gas
can flow) and thus have greater conductance than similar smaller valves. Thus, 1t is generally
desirable to mcrease the size of a valve 1n order to increase conductance {e. g., increase the width
150). This general trend can break down for certain types of valves when clearance shrinks
between the enlarged valves and adjacent structures {such as the walls of the semiconductor
processing chamber 102}, thereby limiting conductance. As an example, if valve 143 were a single-
stage poppet valve, with a plug that moves perpendicularly to the width 150 of the valve and valve
143 were enlarged so that its width 150 matched the width 103 of the semuconductor processing
chamber, there would be no clearance between the plug of the poppet valve and the walls of the
semiconductor processing chamber, thus gas flow through the poppet valve would be severely

Iimited or even blocked even when the poppet valve 1s open.

{80721 Toaddress such problems, the present inventors concerved of lugh-conductance vacuurn
valves such as a multi-stage poppet valve. The multi-stage poppet valve may include a plug that 13
sphit into a movable center body and a movable intermediary body. By sphiting the plug into a
movable center body and a movable ntermediary body, the potential overall conductance of the
poppet valve is increased, relative to a single-stage poppet valve. As an example, the movable
mtermediary body can have an outer diameter as large as the single~stage plug, providing a large
throat while mamntaining clearance with adjacent structures (such as the walls of the semmconductor
processing chamber 102). The movable center body, m its open configuration, may expose an
additional gas-permeable region of the movable mtermediary body, raising the potential overall

conductance beyond what 1s achievable with a single-stage poppet valve.

A Multi-Stage Poppet Valve

[y
~1
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{0073} Figure 2 is a perspective view of an example multi-stage poppet valve 200, which may
be used as valve 143 1n tool 100, Multi-stage poppet valve 200 may include a valve seat 240 and
two or more movable bodies such as movable center body 210 and movable intermediary body
220 ¥f desired, valve 200 may include additional movable bodies. As an example, valve 200 could

inchide a movable center body 210 and multiple intermediary bodies {e.g., a center disc, a first

g,
ring surrounding the center disc, a second ring surrounding the first ring, a third ring surround the
second ring, etc.}. In general, increasing the number of movable bodies in this manner increases
the conductance potential of the overall valve 200. However, increasing the number of movable
bodies in this manner may also require additional vertical clearance for each additional movable

body, as will become evident from the discussion below; space constraints may thus drive selection

of a particular number of movable bodies.

{8674] The movable center body 210 may include a gas-impermeable region 211; in the depicted
example, the gas-impermeable region 211 of the movable center body 210 i1s a circular disk,
although other shapes are potentially usable as well if desired. One or more wings such as wings
212 can extend from the movable center body 210 and mechanically couple the movable center
body 210 to one or more actuator shafis or other structures capable of being translated vertically
so as to also translate the movable center body 210 vertically. The wings 212 may be formed from
an integral extension of the movable center body 210 {e.g, the wings and movable center body
210 may be a single integral piece} or the wings 212 may be formed of separate structures attached
to the movable center body. The wings 212 may extend beyond the perimeter of the gas-permeable
region 242 ot the valve seat 240 {e.g., the opeming formed by the valve seat 240}, There may be
any desired number of wings 212, mcluding a single wing 212, The movable center body 210 may
translate along a first axis 213, normal o the plane 1n which the movable center body 210 hes.

{0075] The movable intermediary body 220 may include gas-permeable regions 223 (e.g., the
opening n the center of the ning shape of Figure 2, indicated by cross-hatching) and gas-
mpermeable regions 221 {e.g., in the solid regions of the ring shape of Figure 2, mdicated by a
dashed outline). The gas-permeable regions 223 and gas-impermeable regions 221 extend, m the
perspective of Figure 2, beneath moveable center body 210, One or more wings such as wings 222
can extend from the movable mtermediary body 220 and mechamcally couple the movable

mtermediary body 220 to one or more actuator shafis or other structures capable of being translated
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vertically so as to also translate the movable intermediary body 220 vertically. The wings 222 may
be formed from an integral extension of the movable ntermediary body 220 (e.g., the wings and
movable intermediary body 220 may be a single integral piece} or the wings 222 may be formed
of separate structures attached to the movable intermediary body 220, The wings 222 may extend
beyond the perimeter of the gas-permeable region 242 of the valve seat 240 {e.g., the opening
formed by the valve seat 240). There may be any desired number of wings, including a single

wing. The movable intermediary body 220 may also be translatable along the first axis 213

{0076]  As will be discussed in further detail below, the movable center body 210 1s translatable
along the first axis 213 wmto a first position, a second position, and one or more posttions
therebetween {e.g., a continuum of additional positions between the first and second positions). In
the first position, the gas-impermeable region 211 of the movable center body 210 is positioned
proximate the gas-permeable regions 223 of the movable intermediary body 220, thus restricting
conductance to a first amount {which may be as low as zero conductance). In the second position,
the movable center body 210 1s positioned 1 a spaced-apart location along the first axis 213,
relative to the movable intermediary body 220. In the one or more positions between the first and
second positions, the movable center body 13 positioned somewhere between the first and second
posttions {e.g., m a partially spaced-apart location relative to the movable intermediary body 220
along the first axis 213) When the movable center body 210 1s translated away from the movable
mtermediary body (in the second position or positions between the fust and second positions), a
gap exists between the movable center body 210 and the movable intermediary body 220 when
viewed along a direction perpendicular 1o the first axis 213 Gas from within the semiconductor

processing chamber 102 can flow throw these gaps.

{80771  As will be discussed in further detail below, the movable intermediary body 220 13
translatable along the f{irst axis 213 into a first posttion, a second position, and one or more
positions therebetween {e.g., a continuum of additional positions between the first and second
positions). In the first position, the gas-impermeable regions 221 of the movable mtermediary body
220 are positioned proximate the gas-permeable regions 242 of the valve seat 240 {whose position
is shown in Figore 2 via a dashed hme), thus restricting conductance between the movable
mtermediary body 220 and the valve seat 240 to a first amount {(which may be as low as zero

conductance mn situations where the movable intermediary body 220 and the valve seat 240 contact
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each other}. In the second position, the movable intermediary body 220 is positioned in a spaced-
apart location along the first axis 213 relative to the valve seat 240 In the one or more positions
between the first and second positions, the movable center body 1S positioned somewhere between
the first and second positions {e.g., in a partially spaced-apart location relative to the valve seat
240 along the first axis 213} When the movable mtermediary body 220 is translated away from
the valve seat 240 {(in the second position or posttions between the first and second positions), gaps
exist between the movable intermediary body 220 and the valve seat 240 when viewed along a
direction perpendicular to the first axis 213, (Gas from within the semiconductor processing
chamber 102 can flow throw these gaps. In some embodiments, the gas-impermeable regions of
the movable bodies {e.g., gas-impermeable regions 211 and 221) may, in aggregate, overlap at
ieast 90%, but less than 100%, of the gas-permeable region 2472 of the valve seat 240 when viewed
along the first axis 213, In some other ermbodiments, the gas-impermeable regions of the movable
bodies {e. g., gas-impermeable regions 211 and 221) may, i aggregate, overlap 100% of the gas-

ermeable region 242 of the valve seat 240 when viewed along the first axis 213,
L) =

{0078} The multi-stage poppet valve 200 may also include one or more actuators 230, In general,
there may be any desired sumber of actuators and the actuators may be placed in any desired
locations. Inthe example of Figure 2, the actuators 230 are linear actuators that translate respective
shafts 231, which in turn translate the movable bodies along the first axas 213, The actuators 230
may be any suitable types of actuators such as linear actuators, rotary actuators, stepper actuators,
servo actuators, ete. The actuators 230 may, as examples, be electromechanical, electromagnetic,
pneumatic, or hydraulic. Shafts 231, 1 some arrangements, are stepped shafts. Ton particular, shafis
231 may have a first portion 232 and a second portion 234, where the second portion 234 1s larger
m cross-section  than the first portion 232, Addwionally, the wings 222 of the movable
mtermediary body 220 may be configured such that the first portion 232 passes through an
opening, notch, cut-out, recess, or the hike in the wings 222 without binding or, i many cases,
contacting the wings 222 when the shaft 231 1s translated along the first axis 213, while the second
portion 234 1s too large to fit through the opeming 1n the wings 222, As will be discussed in further
detail below, this type of configuration allows for semi-independent movement of the movable

center body 210 and the movable intermediary body 220,

{0879} An example of the movement of the multi-stage poppet valve 200, in embodiments
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utilizing stepped shafts 231, s ilustrated in Figures 6A, 6B, and 6C. While Figures 64, 6B, and
6" illustrate the movable bodies stacking together and on top of the valve seat 240, this is merely
one arrangement. An alternative arrangement, with the movable bodies and valve seat nesting

together 1s illustrated in Figures 7A, 7B, and 7C.

{0088} As shown in Figure 6A, the mulli-stage poppet valve 200 may be placed mnto a first
configuration {(e.g., a fully closed state} by retracting of the stepped shafts 231 into actuators 230.
In the first configuration, the multi-stage poppet valve 200 may be in a minimum conductance
state, which may generally be gas-impermeable or which may generally be slightly gas-permeable.
In embodiments in which the multi-stage poppet valve 200 is gas-permeable in iis first
configuration, the conductance of the multi-stage poppet valve 200 in the first configuration may
be orders of magnitude less than the conductance of the multt-stage poppet valve 200 in a second

configuration {e.g., a fully opened state).

{0081} As shown in Figure 6B, the multi-stage poppet valve 200 may be placed into a third
configuration {e.g., a partially opened state) by partially extending the stepped shafts 231 out of
actuators 230 such that the movable center body 210 1s ratsed into a spaced-apart relationship with
respect to the movable intermediary body 220, As the thinner portion 232 of the stepped shafts
231 passes through the movable intermediary body 220, the movable intermediary body remains
proximate the valve seat during transifions between the first and third configurations {e g, between

the partially open state of Figure 6B and the fully closed state of Figure 6A).

[8082] As shown in Figure 6C, the multi-stage poppet valve 200 may be placed nto a second
configuration {e g, a fully opened state) by further extending the stepped shafts 231 out of
actuators 230, such that the movable intermediary body 220 15 raised wnto a spaced-apart
relationship from the valve seat 240, As the thicker portion 234 of the stepped shafts 231 cannot
pass through the moveable intermediary body 220, the thicker portion 234 of the stepped shafts
231 may engage with the movable intermediary body and cause 1t and the movable center body to
move in unison during transitions between the third and second configurations {e.g., between the

partially open state of Figure 6B and the fully opened state of Figure 6C).

{0083] The movable center body 210, movable intermediary body 220, any other movable

bodies, and the valve seat may have any desired shape. In general, 1t may be desirable for these
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components of the valve 200 to be conformal with adjacent walls 106 of the semiconductor
processing chamber 102, although it 1s noted that components or elements such as wings 212 and
222 and shafts 231 may not be conformal in the same manner. In other words, if the semiconductor
processing chamber 1s cyhindrical, it may be desirable for the movable bodies and valve seat of the
valve 200 to aiso be cylindrical or circular 1n order to provide increased conductance, where a
relatively uniform gaps exists between the semuiconductor processing chamber and adjacent
portions of the movable bodies and valve seat and where components such as wings 212 and 222
and shafts 231 may reside within such gaps). Simiarly, if the semiconductor processing chamber
18 square or rectangular {(at least in outline at the position of the valve 200}, it may be desirable for
the movable bodies and valve seat of the valve 200 to have a matching square or rectangular shape.
Irregular shapes of the semiconductor processing chamber 102 and valve 200 components are also
possible. To the example of Figure 2, the movable center body 210 1s primarily circular (excepting
the wings 212}, the movable intermediary body 220 is primanily ring-shaped {excepting the wings
2203, and the valve seat 15 also contemplated as being ring-shaped {although onutted from Figure
2). In general the outer diameter of the movable center body 210 s contemplated as being
approxamately equal to that of the inner diameter of the movable intermediary body 220, whule the
outer diameter of the movable intermediary body 220 15 contemplated as being approximately
equal to that of the 1oner diameter of the valve seat. As will be discussed i further detail below,
arrangements in which the movable center body 210 overlaps the movable intermediary body {e.g.,
i which the movable center body has a larger diameter than the inner diameter of the movable
mtermediary body} and/or in which the movable intermediary body overlaps the valve seat are
contemplated. Additionally, arrangements in which the movable center body 210 nests within the
movable intermediary body and/or in which the movable intermediary body nests within the valve

seat are coniemplated.

A Semiconductor Processing Chamber with a Multi-Stage Poppet Valve

{8084] Figure 3A 13 a cross-sectional side view and Figure 3B 15 a cross-sectional perspective

view of the multi-stage poppet valve 200 of Figure 2 mstalled i tool 100 of Figure 1.

{B083] Valve seat 240 may be formed, as shown in Figures 3A and 3B, by the floor 105 of the
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semiconductor processing chamber 102, The floor 105 1s highlighted by a dashed line in Figure
3A. I desired, valve seat 240 may be formed of a component separate from the floors 105 of the

semiconductor processing chamber 102,

{0086] The substrate support 120 may be held in place by a substrate support arm 122, As shown
in Figure 3B, the substrate support arm 122 may be aligned with wings 212 and/or wings 222 of
the movable bodies 210 and 220, respectively. In particular, when viewed from a perspective
paralle] to the first axis 213, the substrate support arm may overlap with the wings on at least one
side of the movable bodies. As shown in Figure 3B, the substrate support arm 122 and at least one
wing 212 of movable body 210 and at least one wing 222 of movable body 220 can be aligned
along a second axis 250 parallel to the first axis 213, Aligning the substrate support arm 122 with
the wings 212 and 222 can help to further improve conductance through the system, as it reduces
the total cross-sectional area in which gas flow is restricted by the presence of physical structures.
In some embodiments, the tool 100 may have two or more subsirate support arms 122 and some

or all of the substrate support arms 122 may be simiarly aligned with wings of the movable bodies.

{0087} The multi-stage poppet valve 200 may, if desired, include seals in some implementations.
As examples, valve 200 may include a first seal 214 mounted to the movable center body 210 and
a second seal 224 mounted to the movable intermediary body 220. When the movable center body
210 13 posttioned proximate the movable itermediary body 220, the first seal 214 may be m
contact with both the movable intermediary body 220 and the movable center body 210, Suwalarly,
when the movable intermediary body 220 1s positioned proximate the valve seat 240, the second
seal 224 may be in contact with both the movable ntermediary body 220 and the valve seat 240,
The first seal 214 may provide a hermetic seal between the movable intermediary body 220 and
the movable center body 210 when the wovable bodies are proximate and/or pressed agaiost each
other. The second seal 224 may provide a hermetic seal between the movable intermediary body
220 and the valve seat 240, when the movable intermediary body 220 13 proximate and/or pressed
against the valve seat 240,

{B088] Figure 4 illustrates the miterplay between the sizes of various movable bodies and the
clearances with the suwrrounding walls 106 and floors 105 of the semiconductor processing

chamber. As discussed above, larger valves typically have a greater conduciance than smaller
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valves, unless the valves become so large that there is msufficient clearance with surrounding
structures in which case the effective conductance 1s limited or reduced. A multi-stage poppet
valve 200 of the type disclosed herein 1s capable of achieving a greater conductance within the
confines of a semiconductor processing chamber, as compared to the potential conductance of a

single-stage poppet valve.

{0089] As shown in Figure 4, when the multi-stage poppet valve 200 15 m s fully open
configuration, there are gas flow paths 402 and 404 that pass through the valve. The flow path 404
passes between the movable center body 210 and the movable mtermediary body 220, while the
flow path 402 passes between the movable intermediary body 220 and the valve seat 240, In order
to increase the conductance of the valve 200 in its fully open configuration, it may be desirable to

increase the total cross-sectional area provided by flow paths 402 and 404

{8096]  The conductance of flow path 402, when the movable mtermediary body 220 is in its
fully opened configuration, is primarily determined by three dimensions, the outer radius of the
movable imtermediary body 220, the distance 406 between the movable intermediary body 220
and the valve seat 240, and the distance 408 between the movable intermediary body 220 and the
walls 106 of the semiconductor processing chamber 102 {assuming the valve s 1 its fully opened
configuration). The distance 406 may represent the gap between the movable intermediary body
220 and the valve seat 240, when the movable intermediary body 220 15 10 its fully open position.

The distance 408 can be measured perpendicular to the fust axis 213,

[0091]  Similar to the conductance of flow path 402, the conductance of flow path 404, when the
movable center body 210 1 1 its fully opened configuration, s puimanly deternined by three
dimensions, the radius of the movable center body 210, the distance 410 between the movable
center body 210 and the movable mtermediary body 220, and the distance 414 between the
movable center body 210 and the walls 106, Additionally, it 1s noted that both flow paths 402 and
404 have to pass through the gap determined by distance 414, when both movable bodies 210 and
220 are m therr fully opened configurations. As a result, distance 414 should preferably be sized
to account for both flow paths 402 and 404, The distance 412 may represent the gap between the
movable center body 210 and the valve seat 240, when the movable center body 210 15 10 1ts fully

open posttion. In conirast, the distance 410 may represent the separation between the movable
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center body 210 and the movable intermediary body 220 when the valve 200 15 1n its fully opened

configuration. The distance 414 can be measured perpendicular o the first axis 213,

{0092} The present inventors have recognized that, in an implementation such as that depicted
in Figure 4, the overall conductance of valve 200 can be increased by adjusting dimensions of
various componentis of the multi-stage poppet valve 200. In particular, the overall conductance of
valve 200 can be increased by increasing the cross-sectional areas of flow paths 402 and 404, while
respecting space constraints within the semiconductor processing chamber (e g., avoiding
excessively large travel distances such as distances 406 and 412, which could cause one or more

of the movable bodies to impinge on overhead components such as substrate support arm 122).

{8093]  In some embodiments, it may be desirable for the distance 408 to be approximately equal
to the distance 406. As examples, the distance 406 may be between 50% and 150% of the distance
408, between 75% and 125% of the distance 408, between 90% and 110% of the distance 408, at
least 75% of the distance 408, at least 90% of the distance 408, no more than 125% of the distance
408, or no more than 110% of the distance 408. Such arrangements improve the potential
conductance of flow path 402 by generally balancing the two chokepoints along the flow path 402
{the first between the movable body and the walls 106, the second between the movable body and
the valve seat). Al examples of distances, including distances 406 and 408, provided herein are
intended to refer to average distances, thus allowing for varnations around the perumeter of the
movable itermediary body 220, m the semiconductor processing chamber 102, and/or 1 other

relevant structures.

[0094] Insome embodiments, it may be desirable for the distance 412 to be approximately equal
to the distance 414, As examples, the distance 412 may be between 50% and 150% of the distance
414, between 75% and 125% of the distance 414, between 90% and 110% of the distance 414, at
least 75% of the distance 414, at least 90% of the distance 414, no more than 125% of the distance
414, or no wore than 110% of the distance 414, Such arrangements wmprove the potential
conductance of flow path 404 by generally balancing the two chokepoints along the flow path 404
{the first between the movable center body and the walls 106, the second between the movable
center body and the movable intermediary body). It 15 noted that while the first chokepoint in flow

path 404 {between the movable center body 210 and the walls 106 of the semiconductor processing

]
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chamber 102) 15 significantly larger in cross-sectional area than the second chokepoint, the first
chokepoint 13 also a chokepoint for the other flow path 402 and thus its cross-sectional area s
shared between both flow paths. Thus, even with its significantly larger cross-sectional area, the
first chokepoint in flow path 404 remains relatively balanced with the second chokepoint. All
examples of distances, including distances 412 and 414, provided herein are intended to refer to
average distances, thus allowing for variations around the perimeter of the movable center body

210, in the semiconductor processing chamber 102, and/or in other relevant structures.

{0095]  In various embodiments, the gap 408 represents an average gap between adjacent
portions of the movable intermediary body 220 and the walls 106 of the semiconductor processing
chamber 102 and the gap 414 represents an average gap between adjacent portions of the movable
center body 210 and the walls 106 of the semiconductor processing chamber 102, An average gap
between two structures may refer to an average of all the different gaps between the structures at
all radial orientations. As an example, consider a circle within a square, with the circle being as
large as possible while remaining entively within the square. In such an example, the gap between
the circle and the square varies between zero {(where the circle is touching the square} and some
non-zero maximum {measured along a line that passes through two opposite corners of the square).
The average gap would be found by averaging together all the different gaps at every radial
orientation {with equal weight to each radial orientation). In the simple example of a first circle
centered within a second curcle, the average gap 1s just the radius of the second circle less the radius

of the first circle.

[8096] In some embodiments, 1t may be destrable for the radial thickness 416 of the movable
interroediary body 220 to be approximately equal to the distance 412 minus distance 406, Tn other
words, may be desirable for the radial thickness 416 of the movable intermediary body 220 to be
approximately equal to the distance 410, As examples, the radial thickness 416 of the movable
mtermediary body 220 may be between 50% and 150% of the distance 412 munus distance 406,
between 75% and 125% of the distance 412 minus distance 406, between 90% and 11096 of the
distance 412 munus distance 400, at least 75% of the distance 412 minus distance 406, at least 90%
of the distance 412 munus distance 406, no more than 125% of the distance 412 munus distance
406, or no more than 110% of the distance 412 munus distance 406, Such arrangements improve

the conductance of the multi-stage poppet valve 200,
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{8097} In some embodiments, the movable center body 210 and/or the movable intermediary
body 220 may be formed of conductive materials and may be electrically coupled {e.g., shorted)
to ground. Grounding the movable center body 210 and/or the movable intermediary body 220

may help to contain plasma within the semiconductor processing chamber 102,

{0098} As shown in Figure 4, the valve seat 240 has a gas-impermeable region 241 with a radial
width 418 and has a gas-permeable region 242, which may also be referred to as a valve throat. In
some embodiments, it may be desirable for the radial width 418 of the valve seat 240 to be
approximately equal to the distances 406 and 408, As examples, the radial width 418 of the valve
seat 240 may be between 50% and 150% of the distance 406, between 75% and 125% of the
distance 406, between 90% and 110% of the distance 406, at least 75% of the distance 406, at least
90% of the distance 406, no more than 125% of the distance 406, or no more than 110% of the
distance 406. As additional examples, the radial width 418 of the valve seat 240 may be between
30% and 150% of the distance 408, between 75% and 125% of the distance 408, between 90% and
110% of the distance 408, at least 75% of the distance 408, at least 90% of the distance 408, no
more than 125% of the distance 408, or no more than 110% of the distance 408. Such arrangements
improve the conductance of the multi~stage poppet valve 200, All examples of measurements,
mecluding radial width 418, provided herem are ntended to refer to average distances, unless

otherwise stated.

{8099] In some embodiments, the distance 406 traveled by the movable intermediary body 220
relative to the valve seat 240, as well as the distance 410 traveled by the movable center body 210
relative to the movable intermediary body 220, may be approxunately half of the average lateral
cross-sectional dimension of an interior volume of the semiconductor processing chamber 102 In
the case of a cylindrical sericonductor processing chamber 102, the average lateral cross-sectional
dimension of the mnterior volume 1s represented by the diameter of the chamber. For chambers of
other shapes, inclading non-uniform shapes, the average lateral cross-sectional dimension of the
mterior volume can be found by averaging the lateral (horizontal) dimensions of the nterior
volume m a plurality of cross-sectional planes comcident with a common vertical axis and at a
plurality of different angles relative to one of the cross-sectional planes. As a specific example, the
distance 406 may be between 35% and 65% of the average lateral cross-sectional dimension of an

nterior volume of the semiconductor processing chamber 102, Simlarly, the distance 408 may be

B
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between 35% and 65% of the average lateral cross-sectional dimension of an interior volume of

the semiconductor processing chamber 102,

{0108} In some embodiments, the distance 406 traveled by the movable mtermediary body 220
relative to the valve seat 240 may be approximately equal to the distance 410 traveled by the
movable center body 210 relative to the movable intermediary body 220. As a particular example,

the distance 406 may be between 75% and 125% of the distance 410.

{0101} Insome embodiments, it may be desirable to balance various cross-sectional areas in the
flow paths 402 and 404. In particular and when the valve 200 1s n #ts fully open configuration {as
shown in Figure 4}, there 1s a first cross-sectional area between the movable intermediary body
220 and the walls 106 of the semiconductor processing chamber 102, a second cross-sectional area
between the movable intermediary body 220 and the valve seat 240, a third cross-sectional area
between the movable center body 210 and the walls 106 of the semiconductor processing chamber
102, and a fourth cross-sectional area between the movable center body 210 and the gas-permeable
region 223 of the movable intermediary body 220. In various embodiments, the first cross-
sectional area may be approximately equal to the second cross-sectional area. As an example, the
first cross-sectional area may be between 75% and 125% of the second cross-sectional area. In
various embodiments, the third cross-sectional area may be approximately equal to the sum of the
second and fourth cross-sectional areas. As an example, the third cross-sectional area may be
between 75% and 125% of the sum of the second and fourth cross-sectional areas. In some
embodunents, the cross-sectional area of the gas-permeable regions 223 of the movable
mtermediary body 220 may be approximately equal to {e.g., between 75% and 125% of) the fourth
cross-sectional area. In some embodiments, the cross-section area of the gas-permeable region 242
of the valve seat 240 may be approxumately equal to {e.g., between 75% and 125% of) the thard

cross-sectional area.

[0102] If desived, the valve 200 of the Figure 4 embodiment may be operated 1n configurations
between its fully closed and fully opened configurations. Starting from a fully closed
configuration, the movable center body 210 may be translated independently until it 15 spaced apart
from the movable intermediary body 220 by distance 410, Then, the movable center body 210 and

the movable mtermediary body 220 may be transiated in umison until the valve 200 15 10 its fully
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opened configurations. Operating the valve 200 in such in-between configurations may provide
for controlled modulation of the conductance of the valve 200, which can be helpful in regulating

vacuum within a semiconductor processing chamber.

{81063} In various embodiments, the movable bodies of the multi-stage poppet valve 200 may
move in different manners. As examples, the movement of a first one the movable bodies may be
mdependent, semi-independent, or dependent on the movement of a second one of the movable
bodies. The Figure 4 embodiment discussed above is an example of a semi-independent
configuration, as the movable center body 210 can be moved independently between the fully
opened configuration and a partially opened configuration, while the movable center body 210 and
movable intermediary body 220 move in unison between the partially opened configuration and a
fully opened configuration. As another example of a semi-independent configuration, the movable
center body 210 and the movable intermediary body 220 may move in unison between the fully
closed configuration and a partially opened configuration, while the movable center body 210
moves independently between the partially opened configuration and the fully opened
configuration. As an example of a dependent configuration, the two movable bodies can be
configured to move simultaneously, but at different rates. As a specific example of a dependent
configuration, the movable center body 210 could be configured to move simultaneously with, but
at twice the speed of, the movable intermediary body 220, such that the movable bodies arrive at
their fully opened positions and fully closed positions substantially simultaneously. An example

of an independent configuration 1s provided by Figure 3, which 1s discussed in more detad below.

A Mulii-Stage Poppet Valve with Independent Stage Actuation

[0104] Fugure S tllustrates a multi-stage poppet valve 200 modified to have independent stage
actuation. As discussed above at least o connection with Figure 2, the multistage poppet valve
200 may 1nclude actuators 230 with stepped shafis 231 When the valve 13 transiioning from a
fully closed state to a fully opened state, the steps in the shafts 231 enable movement of the shafts
231 to at first result in translation of only the moovable center body 210 and then, after the movable
center body 210 15 m its spaced-apart relationship with the movable intermediary body 220, further

movement of the shafts 231 results 1o translation of both the movable center body 210 and the
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moveable intermediary body 220 in unison. In contrast with such embodiments, the embodiment
of Figure 5 utilizes one or more actuators 550, each of which drives independent shafts 552 and
554, Shatts 552 are mechanically coupled to the movable intermediary body 220, while shafis 554

are mechanically coupled to the movable center body 210,

{0105} The arrangement of Figure 5 may enable finer control of the conductance of the multi-
stage poppet valve 200, In particular, the arrangement of Figure 5 enables the moveable
mtermediary body 220 to be partially or fully transiated into its fully opened position, while the
movable center body 210 can be independently translated into any posttion between, and including,
its fully opened position and a position proximate the movable intermediary body 220 (which may
be in its fully closed position, its fully open position, or a partially open position therebetween).
By enabling a wider diversity of states of the multi-stage poppet valve 200, the actuators 550 with

mdependent shafis 552 and 554 can enable finer control of conductance through the valve.

A Multi-Stage Popnet Valve with Nested Movable Bodies

[0106] In the above-discussed examples, the movable bodies, when in the minimum flow
conductance state, may be stacked atop each other, with the gas-impermeable region of each body
overlapping the boundary between the gas-permeable region and the gas-impermeable region of
the adjacent body or bodies {or valve seat). This arrangement may provide for good sealing {e.g,,
a good face seal) between the bodies and the valve seat since surface-to-surface contact {or surface-
to-seal contact if seals are used) can be easily achieved with a munimum of potential particulate
generation, as there is no sliding contact between the bodies. However, in other implementations,
the movable bodies and valve seat of the multi-stage poppet valve 200 may be configured to nest
together when 1 a fully or partially closed configuration. Example arrangerents of such

implementations are itlustrated in Figures 7A, 7B, and 7C.

[8107]  As shown n Figure 74, the movable center body 210, movable mtermediary body 220,
and valve seat 240 may nest together when n a fully closed position. In some embodiments, the
movable intermediary body 220 remains nested in the valve seat 240 while the valve 200 15 1n or
between s fully closed position and 15 stage 1 fully open position {e.g., with the movable center

body fully lifted off the valve seat while the movable mtermediary body remains 1 its closed
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position). Figure 7B iHustrates the arrangement of a valve 200 mcluding nesting movable bodies
of the type shown in Figure 7A, but with the valve 200 m its fully opened configuration. The
nesting movable bodies may facilitate sealing (& g., one or more piston seals) between the movable
bodies and valve seat 240.

ey
I
7

{0108] Inthe arrangements of Figures 7A and 7B, the nesting components of the valve 200 have
vertically-oriented sides (e.g., sides parallel to the axis of travel of the movable bodies). If desired,
seals, such as O-rings, may be provided in between the sides to provide a hermetic seal between
the movable mtermediary body 220 and the valve seat 240 and/or between the movable

imntermediary body 220 and the movable center body 210.

{0109] Figure 7A also illustrates that actuators such as actuators 230 may include one or more
seals 700. The seals 700 may provide a hermetic seal between an interior volume of the
semiconductor processing chamber and the actuator 230, which may be disposed outside the
interior volume of the semiconductor processing chamber. As depicted in Figures 7A and 7B, seals
700 are formed as shiding seals. In other embodiments, seals 700 may be formed from non-sliding
seals such as static seals and/or bellows, which may be formed of metal. In various embodiments,
internal components of actuators 230 may be outside a vacuum environment {e.g., at atmospheric

pressure}.

[0116] As an alternative to the nesting arrangement of Figures 7A and 7B, the nesting
components of valve 200 may have sides with matching tapers {which may facilitate a tapered
seal}. In particular, the valve seat 240 may have a side that tapers outward {(towards the walls of
the sermiconductor processing chamber) along the first axis {e.g., the direction of travel of the
movable bodies of the valve 200}, the movable mtermediary body 220 may have an outer edge
that tapers outwards along the first axis and an inner edge that tapers imnwards along the first axis,
and the movable center body 210 may have an outer edge that tapers outwards along the first axis.
The tapering of the movable bodies 210 and 220 and the valve seat 240 may assist, as an example,
with creating hermetic seals between the movable bodies 210 and 220 and the valve seat. I desired,
seals, e.g., O-rings, may be provided to provide a hermetic seal between the movable mtermediary
body 220 and the valve seat 240 and/or between the movable mtermediary body 220 and the

movable center body 210, 1n the embodiment of Figure 7C.



(V43

20

WO 2022/020707 PCT/US2021/042951

A Multi-Siape Poppet Valve with the Intermmediary Movabie Body as a First Stage

{0111} In contrast with previous embodiments 1n which an 1mtial opening from a fully closed
state involves moving the movable center body away from the valve seat, a multi-stage poppet
valve such as valve 200 may be configured such that the movable intermediary body is the first
movable body to move during an mitial opening from a fully closed state. Arrangement of this
type are illustrated in Figures 6D-6F and in Figures SA-8D. Such arrangements may allow the
valve 200 to reach a high-flow condition earlier since the imtermediary body 220, when separated
from the valve seat 240 and the center body 210 by a gap, may allow gas to flow by it both around
the outside periphery of the intermediary body 220 and through the gas-permeable region of the

intermediary body 220

{8112} Insome embodiments in which the movable intermediary body is the first movable body
to move during an initial opening from a fully closed state, the moveable center body may need
pass through the plane of the movable intermediary body. In the embodiments of Figures 8A—-8D,
this 15 accomplished by splitting the movable intermediary body into two portions 820a and 8§20b,
each of which is coupled to an actuator 824 through a respective wing 822, as shown in Figure 8A.
Then, the movable center body 810 can be configured with wings 812 that can pass through gaps
between the two movable intermediary body portions 820a and 820b. In some configurations, the
valve 200 provides a hermetic seal in uts fully closed configuration, with one or more hermetic
seals between respective surfaces of the two movable intermediary body portions 820a and 820b,

the wings 812 of the movable center body 810, the movable center body, and the valve seat 240,

[0113] I desired, independent actuators may be provided for translating the movable center
body 810 and the two movable intermediary body portions 820a and 820b. As an example, one or
more actuators 814 may be coupled to wings 812 of the moveable center body 810, while one or
more actuators 824 may be coupled to each of the two movable intermediary body portions 820a

and 820h.

[8114] Whule Frigure 8A illustrates the movable intermediary body being split into roughly equal
halves, this 1s merely one arrangement. If desired, the moveable intermediary body could be split

unequally and/or into more than two portions. The two or more moveable mtermediary body



(V43

20

WO 2022/020707 PCT/US2021/042951

portions 8202 and 820b may be translated together in umson or, if desired, independently.
Independent translation of the two or more moveable intermediary body portions 820a and 820b
may enable finer control of conductance and/or control of the spatial distribution of the
conductance, which may help with spatial tuning of plasma within the semiconductor processing
chamber. A similar effect may be realized with a single-piece intermediary body having a C-
shape, where the center body has a single wing that passes through the gap in the C-shape and s

lifted by a single actuator.

{0115] Figures 8B, 8C, and 8D illustrates various configurations of a valve 200 of the type set
forth in the embodiment of Figure 8A (e.g, a valve where the movable intermediary body is the
first movable body to move during an initial opening from a fully closed state}. In Figure 8A, the
valve 200 of Figure 8A 15 in tis fully closed state. In Figure 8C, the valve 200 of Figure 8A s ina
partially opened state {e.g., with the moveable intermediary body portions 820a and 820b 1n their
fully opened positions). In Figure 8D, the valve 200 of Figure 8A is in a fully opened state. Figures
8B-80 dllustrate cross-sections 801, which are taken along dashed line 800 of Figure 8A, and

cross-sections 802, which are taken along dashed line 802,

[#116] In some embodiments 1n which the movable intermediary body 220 is the fust movable
body to move during an mnitial opening from a fully closed state, the movable intermediary body
220 18 stacked on top of the movable center body 210 in both the fully open and fully closed
configurations. An arrangement of this type 1s llustrated in Figures 8E-8(G. Tn Figure 8E, the valve
200 1s m its fully closed state. In Figure 8F, the valve 200 15 in a partially opened state with the
moveable mtermediary body 220 10 a partially opened position. In Figure 8G, the valve 200 151
a fully opened state. Oune benefit of the arrangement tllustrated in Figures 8E—8G 15 that, if desired,
actuators may be shared by the movable bodies. As examples, the actuators may nclude stepped
shafts and/or the movable bodies may mclude hangers that enable multiple movable bodies to be
translated by one or more shared actuators, as discussed i further detail in other sections of this

disclosure.

A Multi-Stage Poppet Valve with Hangers

[0117] In contrast with previous embodiments m which the movable center body and the
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movable intermediary body are each coupled to actuator, a multi-stage poppet valve such as valve
200 may be configured where only a first movable body is coupled to an actuator or actuators and
where one or more hangers, brackets, or other such structures couple the first movabie body to the

second movable body. Arrangements of this type are illustrated in Figures 10A-10F.

{0118] As shown in Figures 10A and 10B, the movable center body 210 may include hangers
1002 that extend down and ift the movable intermediary body 220 when the movable center body
210 1s sufficiently lifted away from the valve seat 240, Additionally, the valve seat 240, or other
suitable structure, may include extensions 1004 that support the movable intermediary body 220
when it 1s not being lifted by the hangers 1002, As an alternative, hangers 1003 could be attached
to and extend upward from the movable intermediary body 220, as shown in Figure 10C. In such
an alternative, the hangers 1003 catch on the movable center body 210 and Iift the movable
mtermediary body 220, when the movable center body 210 1s sufficiently lifted above the valve

seat 240.

{#119]  As shown in Figures 10D and 10E, the movable intermediary body 220 may include
hangers 1006 that extend down and hift the movable center body 210 when the movable
interruediary body 220 1s sufficiently lifted away from the valve seat 240, Thus, Figures 10D and
10E illustrate an arrangement 1in which the movable intermediary body 220 is the first body to
move away from the valve seat, when opernuing from a fully closed configuration. To prevent the
movable center body 210 from falling through, the valve seat, or other sustable structure, may
include extensions 1008 that support the movable center body 210 when 1t 15 not being lifted by
the hangers 1006, Figures 10D and 10E ilustrate the extensions 1008 with dashed outlines to
indicate that the extensions 1008 may be positioned radially offset from hangers 1006, to prevent
collisions. As an alternative, hangers 1007 could be attached to and extend upward trom the
movable center body 210, as shown in Figure 10F. In such an alternative, the hangers catch on the
movable intermediary body 220 and hift the movable center body 210, when the movable
mtermediary body 220 15 sufficiently lifted above the valve seat 240, Structures such as hangers
1004, hangers 1006, hangers 1007, and extensions 1008 may be disposed at multiple radial
positions around the circumference of the multi-siage poppet valve 200, Such structures may be
disposed evenly or non-evenly around the circumterence of the malti-stage poppet valve 200, In

general, it may be desirable to provide such structures in a sufficient number and with sufficient



16

2

3

WO 2022/020707 PCT/US2021/042951

spacing between the structures to provide stable support for the supported structure(s).

Additional High-Conductance Valves

{0126] In some embodiments, a fabrication tool 100 may include a high-conductance valve as
valve 143 of Figure 1 other than a multi-stage poppet valve 200, Examples of such high-

conductance valves are iitustrated in Figures 9A-9C.

{0121}  As shown in Figure 9A, a butterfly vent may serve as a high-conductance valve 143
Figure 1. The butterfly vent may include one or more first bodies 902 with gas-permeable regions
and gas-impermeable regions and one or more second bodies 904 with gas-permeable regions and
eas-impermeable regions. In some embodiments, the first bodies 902 may be movable bodies and
the second bodigs 904 may be fixed bodies. The gas-permeable regions of the one or more second
bodies 904 may also be referred to, in aggregate, as a valve throat. Transitioning the butterfly vent
between its fully opened and fully closed position (and any intermediary position} may involve
rotating the first bodies 902 about a central axis. As shown in image 906, the gas-impermeable
regions of the first bodies 202 may block off gas-permeable regions of the second bodies 204 when
the butterfly vent i1s in a fully closed position. When the butterfly vent 1s in a partially opened
position, as shown in image 908, the gas-impermeable regions of the first bodies 902 may be
partially blocking the gas-permeable regions between the second bodies 904 and may partially
overlap {e. g., be recessed below, above, or within} the gas-impermeable regions of the second
bodies 904 when viewed along the central axis. When the butterfly vent s m a fully opened
position, as shown in image 910, the gas-impermeable regions of the first bodies 902 may be
substantially or entirely aligned with the gas-impermeable regions of the second bodies 904,
leaving the gas-permeable regions of both the first bodies 902 and the second bodies 902 aligned,
thus providing a maximum conductance configuration. If desired, the second bodies 904 may also
be configured to rotate about the same axis as the first bodies 902, In at least some embodiments,
the first and second bodies 902 and 904 are configured to be transitionable between at least first
and second configurations relative to each other through rotation of one or both the fust and second
bodies about a rotation axis. In the first configuration, gas-permeable regions of the first body 502

are in a state of maximum overiap with gas-permeable regions of the second body 904 when

W
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viewed along the rotation axis {thus the valve is in a maximum conductance state). In the second
configuration, the gas-permeable regions of the first body 902 are 1n a state of maximum overlap
with gas-impermeable regions of the second body 904 and the gas-permeable regions of the second
body 904 are in a state of maximum overlap with gas-impermeable regions of the first body 902

(thus the valve is in a mimmum conductance siate).

{0122] I desired, a butterfly vent may include more than one layer of movable bodies, to further
improve the maximum potential conductance. A butterfly vent having a single laver of movable
bodies, as shown in Figure 9A, is only about 50% gas-permeable when fully opened. A butterfly
vent having two layers of movable bodies, where the first layer and second lavers both align with
one or more fixed bodies can be about 67% gas-permeable when fully opened. A buttertly vent
having three layers of movable bodies can be about 75% gas-permeable when fully opened. In
general, the maximum conductance of such butterfly valves i1s approximately equal to the number
of movable layers divided by the number of movable layers plus one (where that one corresponds

to the fixed body those movable layers align with in the fully open configuration),

{0123} As shown in Figure 9B, a butterfly valve may serve as a high-conductance valve 143 in
Figure 1. The butterfly valve may include a first body 928 and a second body 926, In some
embodiments, the first body 928 may be a movable body and the second body 926 may be a fixed
body. In some other embodiments, the first and second bodies 928 and 926 ray both be movable.
In some embodiments, the second body 926 may be formed by the walls 106 of the semiconductor
processing chamber 102, Transitioning the butterfly valve between s fully opened and fully
closed position {and any 1ntermediary position) may wnvolve rotating the first body 928 about an
axis. As shown in image 920, the first body 928 may block off gas-permeable regions between
the second body 926 when the butterfly valve 1s 1o a fully closed position. The gas-permeable
regions of the second body 926 may also be referred to as a valve throat. When the butterfly valve
15 1n a partially opened position, as shown in image 922, the first body 928 may be only partially
blocking the gas-permeable regions between the second body 926, When the butterfly valve 1s in
a fully opened position, as shown i image 924, the first body 928 may be substantially aligned
with the expected direction of gas flow and the gas-permeable regions between the second body
926 may be substantially open to gas flow, resulting in a maximum conductance condition for the

butterfly valve.
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{0124} As shown in Figure 9C, an iis valve may serve as a high-conductance valve 143 in
Figure 1. The iris valve may include a plurality of first bodies 938, which may also be referred to
herein as blades, and a second body 936, In some embodiments, the first bodies 938 may be
movable bodies and the second body 936 may be a fixed body. In some embodimentis, the second
body 936 may be at least partly formed by the walls 106 of the semiconductor processing chamber
102, Transitioning the inis valve between its fully opened and fully closed position {and any
mtermediary position} may involve retracting the first bodies 928 mto a recessed position under,
above, or within the second body 936, As shown in image 930, the first bodies 938 may block off
gas-permeable regions between the second body 936 when the iris valve 15 1n a fully closed
position. The gas-permeable regions of the second body 936 may also be referred to as a valve
throat In its fully closed posttion, the uis valve may provide a hermetic seal When the s valve
is in a partially opened position, as shown in 1mage 932, the first bodies 938 may be only partially
blocking the gas-permeable regions between the second body 936 and may be partially recessed
under, above, or within the second body 936, When the wis valve s in a fully opened position, as
shown 10 image 934, the first bodies 938 may be substantially or entively recessed under, above,
or within the second body 936, such that the gas-permeable regions between the second body 936
may be substantially open to gas flow, resulting in a maxumum conductance condition for the wis

valve.

[0123] In some embodiments, the butterfly vent of Figure 9A, the butterfly valve of Figure 9B,
and the w1s valve of 9C may wnchude valve throats with an average horizontal cross-sectional width
that 1s between 85% and 100% of the average horizontal cross-sectional width of the adjacent
portions of the semiconductor processing chamber, Simiarly, the one or more first bodies {e.g.,
movable bodies) of the valves of Figures 9A-9C may have an average horizontal cross-sectional
width that 13 between 85% and 100% of the average horizontal cross-sectional width of the
adjacent portions of the semiconductor processing chamber. A structure, such as a semiconductor
processing chamber or valve, may a width that varies depending on radial orentation. The average
horizontal cross-sectional width of such a structure may refer to an average of all the different
widths of the structure at all radial orientations. As an example, a structure shaped like an ellipse
has a mumimuom width {measured along the semi-muinor axis and equal to two times magnitude of

the semi-minor axis), has a maximum width, (measured along the semi-major axis and equal to
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two times magnitude of the semi-major axis), and a plurality of additional widths between the
maximum and minimum widths {with the additional widths measured along radial onientations not
paraliel to either the semi-minor or semi-major axis}. In the example of an ellipse, the average
horizontal cross-sectional width 15 determined by averaging together the munimum width, the
maximum width, and all of the additional widths. In the simple example of a circle, the average
horizontal cross-sectional width is just the diameter of the circle. As specific examples, in the
emnbodiment in which the semiconductor processing chamber 1s cylindrical and has a radws of R,
the valve throat, and corresponding first bodies 902, of the butterfly vent of Figure SA may have
a cross-sectional width that is between 85% and 100% of R; the valve throat, and corresponding
first body 928, of the butterfly valve of Figure 9B may have a cross-sectional width that 1s between
85% and 100% of R; and the valve throat, and corresponding first bodies 938 (at least in their fully
closed positions), of the 1nis valve of Figure 9C may have a cross-sectional width that is between

85% and 100% of R

Control Module

{#126] Figure 11 shows a control module 500 for controlling the systems described above. In
one embodiment, the controller 124 of Figure | may include some of the example components.
For instance, the control module 500 may nclude a processor, memory and one or more interfaces.
The control module 500 mayv be employed to control devices in the system based in part on sensed
values. For exarmople only, the control module 300 may control one or more of valves 502 {(which
may include migh-conductance valves such as valve 200}, filier heaters 504, pumps 506, and other
devices SO8 based on the sensed values and other control parameters. The control module 500
receives the sensed values from, for example only, pressure manometers 510, flow meters 512,
temperature sensors 314, and/or other sensors 516, The control module 500 may also be employed
to control process conditions during precursor debivery and deposition of the film and/or during
etching processes. The control module SO0 will typically mclude one or more memory devices and

ONg OF MOre processors.

{0127}  The control module S00 may control activities of the precursor delivery system and

deposition and/or etch apparatus. The control module 500 executes computer programs including
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sets of instructions for controlling process timing, delivery sysiem temperature, pressure
differentials across the filters, valve positions, mixture of gases, chamber pressure, chamiber
temperature, wafer temperature, RF power levels, wafer chuck or pedestal position, and other
parameters of a particular process. The control module 500 may alse monitor the pressure
differential and automatically switch vapor precursor delivery from one or more paths to one or
more other paths. Other computer programs stored on memaory devices associated with the control

module 500 may be emploved in some embodiments.

{0128] Typically there will be a user interface associated with the control module 500, The user
interface may include a display 518 (e.g, a display screen and/or graphical software displays of
the apparatus and/or process conditions), and user input devices 520 such as pointing devices,

kevboards, touch screens, microphones, etc.

10129]  Computer programs for controlling delivery of precursor, deposition and other processes
in a process sequence can be written m any conventional computer readable programming
language: for example, assembly language, C, C++ Pascal, Fortran or others. Compiled object

code or script 1s executed by the processor to perform the tasks identified in the program.

{6136} The control module parameters relate to process conditions such as, for example, filter
pressure differentials, process gas composition and flow rates, temperature, pressure, plasma
conditions such as RF power levels and the low frequency RF frequency, cooling gas pressure,

and chamber wall temperature.

[#131] The system software may be designed or configured m many dufferent ways. For
example, varicus chamber component subroutines or control objects may be written to control
operation of the chamber components necessary to carry out the processes. Examples of programs
or sections of programs for this purpose include substrate positioning code, process gas control

code, pressure control code, heater control code, and plasma control code.

[0132] A substrate positioning program may include program code for controlling chamber
components that are used to load the substrate onto a pedestal or chuck and to control the spacing
between the substrate and other parts of the chamber such as a gas olet and/or target. A process
gas countrol program may include code for controlling gas composition and flow rates and

optionally for flowing gas nto the chamber prior to deposition in order to stabilize the pressure n
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the chamber. A filter monitoring program includes code comparing the measured differential{s} to
predetermined value(s) and/or code for switching paths. A pressure control program may include
code for controlling the pressure in the chamber by regulating, e g, a throttle valve in the exhaust
system of the chamber. A heater control program may include code for controlling the current to
heating units for heating components in the precursor delivery svstem, the substrate and/or other
portions of the system. Alternatively, the heater control program may control delivery of a heat

transfer gas such as helium to the wafer chuck.

{#133] Examples of sensors that may be monitored during processing include, but are not limited
to, mass flow control modules, pressure sensors such as the pressure manometers 510, and
thermocouples located mn delivery system, the pedestal or chuck (e g the temperature sensors 514}
Appropriately progranmumed feedback and control algorithms may be used with data from these
sensors to maintain desired process conditions. The foregoing describes implementation of

embodiments of the invention in a single or multi-charaber semiconductor processing tool.

{#134] In some embodiments, the plasma may be monitored in-situ by one or more plasma
momnitors.  In one scenario, plasma power may be monitored by one or more voltage, current
sensors {e.g., VI probes). In another scenario, plasma density and/or process gas conceniration
may be measured by one or more optical emission spectroscopy sensors {OES) In some
embodiments, one or more plasma parameters may be programmatically adjusted based on
measurements from such n-situ plasma monttors. For example, an OES sensor may be used ina
feedback loop for providing programmatic control of plasma power and/or vacuum valve state
{and thus conductance). It will be appreciated that, in some embodirnents, other monitors may be
used to monttor the plasma and other process characteristics. Such monitors may nclude, but are

not hiroited to, mfrared (IR} monitors, acoustic monitors, and pressure transducers.

[0135] Any surtable chamber may be used to implement the disclosed embodiments. Example

®

deposition apparatuses include, but are not limated to, apparatus from the ALTUS™ product fanuly,
the VECTOR® product famuly, and/or the SPEED® product family, each available from Lam
Research Corp., of Fremont, Califorrua, or any of a vanety of other commercially available
processing systems. Two or more of the stations may perform the same functions. Sumlarly, two

or more stattons may perform different functions. Fach station can be designed/contfigured to
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perform a particular function/method as desired.

{8136] System control logic may be configured in any suntable way. In general, the logic can be
designed or configured in hardware and/or software. The insiructions for controlling the drive
circuitry may be hard coded or provided as sofiware. The instructions may be provided by
“programmuing.” Such programming 1s understood to include logic of any form, incleding hard
coded logic in digital signal processors, application-specific imntegrated circuits, and other devices
which have specific algorithms implemented as hardware. Programming 15 alse understood to
mclude software or firmware instructions that may be executed on a general purpose processor.

System control software may be coded in any suitable computer readable programming language.

{8137} The computer program code for controlling processes in a process seguence can be
written in any conventional computer readable programming language: for example, assembly
language, C, C++, Pascal, Fortran, or others. Compiled object code or script is executed by the
processor to perform the tasks identified in the program. Also as indicated, the program code may

be hard coded.

{0138] The controller parameters relate to process conditions, such as, for example, process gas
composition and flow rates, temperature, pressure, cooling gas pressure, substrate temperature,
and chamber wall temperature. These parameters are provided to the user in the form of a recipe,
and may be entered utilizing the user 1nterface. Signals for monitoring the process may be
provided by analog and/or digital input connections of the system controller. The signals for
controlling the process are cutput on the analog and digital output connections of the deposition

apparatus.

[#139] The systemn software may be designed or configured in many different ways. For
example, various chamber component subroutines or control objects may be written to control
operation of the chamber components necessary to carry out the deposition processes {and other
processes, in some cases) i accordance with the disclosed embodiments. Examples of programs
or sections of programs for this purpose include substrate positioning code, process gas control

code, pressure control code, and heater control code.

[0148] Insomemplementations, a controller is part of a system, which may be part of the above-

described examples. Such systems can include semconductor processing equipment, including a
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processing tool or tools, chamber or chambers, a platform or platforms for processing, and/or
spectfic processing components {a wafer pedestal, a gas flow system, etc.}. These systems may be
integrated with electronics for controlling their operation before, during, and after processing of a
semiconductor wafer or substrate. The electronics may be referred to as the “coniroller,” which
may control various components or subparts of the system or systems. The controller, depending
on the processing requirements and/or the type of system, may be programamed to control any of
the processes disclosed herein, including the delivery of processing gases, temperature settings
{e.g.. heating and/or cooling), pressure settings, vacuum settings, power settings, radio frequency
(R¥) generator settings in some systems, RF matching circuit settings, frequency settings, flow
rate settings, fluid delivery settings, positional and operation settings, wafer transfers into and out

of a tool and other transfer tools and/or load locks connected to or interfaced with a specific system.

{8141} Broadly speaking, the controlier may be defined as electronics having various integrated
circuits, logic, memory, and/or sofiware that receive instructions, issue instructions, control
operation, enable cleaning operations, enable endpomt measurements, and the like. The integrated
circutts may include chips in the form of firmware that store program instructions, digital signal
processors {ID8Ps), chups defined as application specific integrated circuits {ASICs), and/or one or
more microprocessors, of microcontrollers that execute program instructions {e g, software).
Program instructions may be 1nstructions communicated to the controller in the form of various
mdrvidual settings {or program files), defining operational parameters for carrying out a particular
process on or for a semiconductor wafer or to a system. The operational parameters may, in some
ernbodiments, be part of a recipe defined by process engineers to accoroplish one or wore
processing steps during the fabrication of one or more layers, matenals, metals, oxides, silicon,

stlicon dioxide, surfaces, circuits, and/or dies of a wafer.

{0142] Thetool 100 of Figure T may include a system controller 124, The system controller 124
{which may nclude one or more physical or logical controllers) controls some or all of the
operations of the tool 100, The system controller 124 may include one or more memory devices
and one or more processors.  The processor may include a central processing umt (CPLUY or
computer, analog and/or dignal input/output connections, stepper motor controlier boards, and
other hike components. Instructions for implementing appropriate control operations are executed

on the processor. These instructions may be stored on the memory devices associated with the

42



(V43

20

WO 2022/020707 PCT/US2021/042951

system controller 124 they may be provided over a network. In certain implementations, the

system conirolier 124 executes system controf software,

{0143} The system control software may include instructions for controlling the timing of
apphication and/or magnitude of any one or more of the following chamber operational conditions:
the mixture and/or composition of gases, chamber pressure, the state of valve 143, the operational
status of pump 144, the operational status of pump 145, chamber temperature, wafer/water support
temperature, the bias applied to the substrate {which in various implementations may be zero), the
frequency and power applied to coils or other plasma generation components, substrate position,
substrate movement speed, and other parameters of a particular process performed by the tool
The system control software may further control heating operations, purge operations, and
cleaning operations through the valve 143 and the vacuum pump 144, System conirol software
may be configured in any suitable way. For example, various process tool component subroutines
or control objects may be written to control operations of the process tool components necessary
to carry out various process tool processes. System control software may be coded in any suitable

compute readable programming language.

[#144] In some embodiments, system control software includes mput/output control (I0C)
sequencing nstructions for controlling the various parameters described above. For example, each
phase of a semiconductor fabrication process may include one or more wnstructions for execution
by the system controller 124, The mstructions for setting process conditions for a phase may be
inchuded 10 a corresponding recipe phase, for example. To some implementations, the recipe phases
may be sequentially arranged, such that steps i a doping process are executed in a certain order
for that process phase. For example, a recipe may be configured to perform etch operations and
mnclude one or more cycles of an atomic-layer-deposition {ALD) process performed in between
each of the etch operations. The recipe may be configured to perform purge operations and/or

clean operations between etch operations and the one or more cycles of the ALD process.

[0148] Other computer software and/or programs may be emploved in some embodiments,
Examples of programs or sections of programs for this purpose include substrate positioning
program, a process gas composition control program, a pressure control program, a heater control

program, and an RF power supply control program.
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{0146] Insome cases, the system controller 124 controls gas concentration, substrate movement,
and/or the power supplhied to the coil 110 and/or substrate support 120. The system controller 124
may conirol the gas concentration by, for example, opening and closing relevant valves to produce
one or more inlet gas stream that provide the necessary reactant(s} at the proper concentration{s).
The system controller 124 may also control the gas concentration by, for example, regulating the
state of valve 143 {(between open, closed, and intermediary positions} and controlling pumps 144
and 145, The substrate movement may be controllied by, for example, directing a substrate
positioning system to move as desired. The power supplied to the coil 110 and/or substrate support

120 may be controlled to provide particular RF power levels.

{8147} The system controller 124 may control these and other aspects based on sensor output
{e.z., when power, potential, pressure, gas levels, etc reach a certain threshold), the timing of an
operation {e.g., opening valves at certain times in a process, purging, etc.), or based on recetved

instructions from the user.

{03148] In some nnplementations, a system controller 124 s part of a system, which may be part
of the above-described examples. Such systems can include semiconductor processing equipment,
including a processing tool or tools, chamber or chambers, a platform or platforms for processing,
and/or specific processing components {(a wafer pedestal, a gas flow system, etc.). These systems
may be tegrated with electronics for controlling thewr operation before, during, and afier
processing of a semiconductor water or substrate. The electronics may be referred to as the
“controller,” which ray control various components or subparts of the system or systems. The
system countroller 124, depending on the processing requitements and/or the type of systern, may
be programmed to control any of the processes disclosed 104, including the delivery of etch gases
and deposition precursors into the plasma chamber 132, temperature settings {(e.g., heating and/or
cooling}, pressure sethings, vacuum settings, valve setting, power settings, RF generator settings,
RF matching cirawit settings, frequency settings, flow rate settings, fluid delivery settings,
positional and operation settings, substrate transfers mnto and out of a tool, and purging of gases

and byproducts from the plasma chamber 104,

[0148] Broadly speaking, the system controller 124 may be defined as electronics having various

mitegrated circuits, logic, memory, and/or software that receive nstructions, 1ssue mstructions,
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control operation, enable cleaning operations, enable endpoint measurements, and the ke The
mtegrated circuits may include chips in the form of firmware that store program instructions,
digital signal processors (DSPs), chips defined as application specific integrated circuts (ASICs}),
and/or one or more microprocessors, o microcontrollers that execute program instructions {(e.g.,
software). Program instructions may be instructions communicated to the system controiler 124
m the form of various individual settings {or program files), defining operational parameters for
carrying out a particular process on or for a semiconductor substrate or to a system.  The
operational parameters may, n some embodiments, be part of a recipe defined by process
engineers to accomplish one or more processing steps during the fabrication of one or more layers,

materials, metals, oxides, silicon, silicon dioxide, surfaces, circuits, and/or dies of a subsirate.

{01508} The system controller 124, in some implementations, may be a part of or coupled to a
computer that 15 integrated with, coupled to the system, otherwise networked to the system, or a
combmation thereof. For example, the system controller 124 may be in the “cloud” or all or a part
of a fab host computer system, which can allow for remote access of the substrate processing. The
computer may enable remote access to the system to monitor current progress of fabrication
operations, examme a history of past fabrication operations, examine trends or performance
metrics from a plurality of fabrication operations, to change parameters of current processing, to
set processing steps to follow a current processing, or to start a new process. In some examples, a
remote computer {e.g. a server) can provide process recipes 1o a system over a network, which
may mclude a local network or the Internet. The remote computer roay include a user interface
that enables entry or programming of parameters and/or seftings, which are then comuounicated to
the system from the remote computer. In some examples, the system controller 124 receives
mstroctions i the form of data, which specify parameters for each of the processing steps to be
performed during one or more operations. It should be understood that the parameters may be
spectfic to the type of process to be performed and the type of tool that the system controller 124
1s configured to mterface with or control. Thus as described above, the systern controller 124 may
be distributed, such as by including one or more discrete controllers that are networked together
and working towards a common purpose, such as the processes and controls described herein. An
example of a distributed system controller 124 for such purposes would be one or more integrated

circuits on a chamber in communication with one or more integrated circuits located remotely

PSS
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{(such as at the platform level or as part of a remote computer} that combine to control a process

on the chamber.

18151} As noted above, depending on the process step or steps to be performed by the tool, the
system controller 124 might communicate with one or more of other tool circuits or modules, other
tool components, cluster tools, other tool interfaces, adjacent tools, neighboring tools, tools located
throughout a factory, a main computer, another system controller 124, or tools used i material
transport that bring containers of substrates to and from tool locations and/or load poris in a

semiconductor manufacturing factory.

{0152} The plasma power supply 106 and the wafer bias voltage power supply 116 may be
contigured to operate at specific radio frequencies such as, for example, 13.56 MHz, 27 MHz, 2
MHz, 60 MHz, 100 kHz, 2.54 GHz, or combinations thereof. Plasma power supply 106 and wafer
bias voltage power supply 116 may be appropriately sized to supply a range of powers in order to
achieve desired process performance. In addition, the TCP coil 110 and/or the substrate support
120 may include two or more sub-coils or sub-electrodes, which may be powered by a single power

supply or powered by multiple power supplies.

Conclusion

{#183] “For the purposes of this disclosure, the term “fluidically connected” 1s used with respect
to volumes, plenums, openings, holes, etc., that may be connected with one another in order to
form a fluidic connection, similar to how the term “electrically connected” is used with respect to
components that are connected together to form an electric connection. The term “fluidically
mterposed,” if used, may be used to refer to a component, volume, plenum, or hole that is
fluidically connected with at least two other components, volumes, plenums, or holes such that
flud flowing from one of those other components, volumes, plenums, or holes to the other or
another of those components, volumes, plenums, or holes would first flow through the “fluidically
interposed” component before reaching that other or another of those components, volumes,
plenums, or holes. For example, 1t a pump s fluidically miterposed between a reservorr and an
outlet, fluid that flowed from the reservorir to the outlet would first flow through the pump before

reaching the outlet.
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{0154} It 15 to be understood that the phrases “for each <atem> of the one or more <items>)”
“each <itenr> of the one or more <ttems>,” or the like, if used herein, are inclusive of both a single-
item group and multiple-item groups, i.e., the phrase “for ... each” is used in the sense that it is
used in programming languages to refer to each item of whatever population of items 1s referenced.
For example, if the population of items referenced is a single tem, then “each” would refer to only
that single item {despite the fact that dictionary definutions of “each” frequently define the term to
refer to “every one of two or more things”) and would not imply that there must be at least two of
those ttems. Similarly, the term “set” or “subset” should not be viewed, n itself, as necessarily
encompassing a plurality of items—it will be understood that a set or a subset can encompass only
orre member or multiple members (unless the context indicates otherwise}.

BEIFS

[0155] Terms such as “about,” “approximately,” “substantially,” “nonunal)” or the like, when
used in reference to quantities or similar quantifiable properties, are to be understood to be
inclusive of values within £10% of the values or relationship specified {as well as inclusive of the

actual values or relationship specified), unless otherwise indicated.

{0156] The use, ifany, of ordinal indicators, e.g., {a), (b}, {c}... or the like, in this disclosure and
claims 15 to be understood as not conveying any particular order or sequence, except to the extent
that such an order or sequence 1s explicitly indicated. For example, if there are three steps labeled
{1}, (11}, and {111}, 1t 13 1o be vnderstood that these steps may be performed in any order {or even
concurrently, if not otherwise contraindicated) unless indicated otherwise. For example, if step
{11} involves the handling of an element that 1s created in step (1), then step (1) may be viewed as
happening at some point after step (1), Suwalarly, 1f step (i) mvolves the handling of an element
that s created 1o step (1), the reverse 1s to be understood. It 1s also to be understood that use of
the ordinal mdicator “first” herein, e g., “a first ttem,” should not be read as suggesting, imphicitly

or inherently, that there 18 necessarily a “second” mnstance, e.g., “a second tem.”

[8137] Inthe foregoing description, nurnerous specific detads are set forth to provide a thorough
understanding of the presented embodiments. The disclosed embodiments may be practiced
without some or all of these specific details. In other mmstances, well-known process operations
have not been described 1n detail to not unnecessarily obscure the disclosed embodiments. While

the disclosed embodiments are described in conjunction with the specific embodiments, 1t will be

s
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understood that 1t 1s not intended to limit the disclosed embodiments.

{0158] In the present disclosure and claims, “and/or” 1s intended to indicate “at least one of 7 As
an example, any disclosure or ¢laim here that describes a structure as having aspect A, aspect B,
and/or aspect C 15 intended to indicate that the structure has at least one of aspect A, aspect B, and

aspect C.

{0159]  Although the foregoing embodiments have been described in some detail for purposes of

clarity of understanding, it will be apparent that certain changes and modifications may be

practiced within the scope of the appended claims. It should be noted that there are many
alternative ways of mmplemeniing the processes, systems, and apparatus of the present
embodiments. Accordingly, the present embodiments are to be considered as illustrative and not

restrictive, and the embodiments are not to be limited to the details given herein.
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CLAIMS

What is claimed is:

i An apparatus, comprising a mulii-stage poppet valve, the multi-stage poppet valve

(V43

COMPrising
a valve seat including a gas-permeable region;
two or more movable bodies comprising (1} a movable center body including a gas-
impermeable region and (11) at least one movable intermediary body, each movable intermediary
body including a gas-impermeable region and a gas-permeable region, the gas-impermeable
10 region of each movable intermediary body surrounding the gas-permeable region of that movable
imntermediary body, wherein:
each of the movable bodies 1s translatable relative to the valve seat along a first
axis and the movable bodies are transitionable between at least a first configuration and a
second configuration,
15 the movable bodies, in the first configuration, are positioned proximate the valve
seat to provide a fust amount of flow restriction, and
the movable bodies, in the second configuration, are positioned at spaced-apart
locations along the fust axis and relative 1o each other and the valve seat to provide a
second amount of flow restriction less than the first amount of flow restriction and such
20 that a first gap s visible along the first axas, the first gap being between at least two of the
movable bodies in a first set of the movable bodies and such that corresponding second
gaps are visible along the first axis, the second gaps being between each of the movable

bodies in the first set of the movable bodies and the valve seat.

2. The apparatus of claim 1, wherein the movable bodies are additionally
25  transitionable between a continuum of additional contigurations between the first and second
contigurations and wheren, as the movable bodies transition from the fust configuration,
through the continuurn of additional configurations, and nto the second configuration, the
movable bodies provide a vanable amount of flow restriction that ramps down from the first

amount of flow resiriciion to the second amount of flow restriction.
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3. The apparatus of claim T further comprising:
at least one actuator configured to transiate the movable bodies, wherem:
each of the movable bodies includes a main body, and
each movable body of the movable bodies includes at least one wing that extends

off the main body and mechanically couples to a respective portion of the actuator.

4. The apparatus of claim T further comprising:
at least one actuator configured to transiate the movable bodies, wherem:

at least one of the movable bodies includes a main body,

at least one movable body of the movable bodies includes at least one wing that
extends off the main body and mechanically couples to a portion of the actuator, and

at least one movable body of the movable bodies includes at least one bracket that
extends off the main body and mechanically engages another one of the movable bodies
tor a partial fraction of the translation of the movable bodies between the first and second

configurations.

5. The apparatus of claim 1 further comprising:
a semiconductor processing chamber having walls defining an mterior volume;

a process gas delivery system configured to introduce one or more process gases into the

nterior volume of the semiconductor processing chamber; and

a vacuum foreline in fluidic communication with the interior volume of the

semiconductor processing chamber, wherein the multi-stage poppet valve is fluidically

mterposed between the vacuum foreline and the process gas delivery system.

G, The apparatus of claim 5 further comprising
at least one actuator configured to translate the movable bodies;

a substrate support; and
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a substrate support arm configured to hold the substrate support within the semiconductor
processing chamber, wherein:
the substrate support arm mechanically couples a wall of the semiconductor processing
chamber to the substrate support,
each of the movable bodigs includes a main body and at least one wing that
extends off the main body,
the wing of each movable body mechanically couples that movable body to a
portion of the actuator, and
the substrate support arm and at least one wing of each movable body are aligned

along a second axis parallel to the first axis.

7. The apparatus of claim 5, wherein, when the multi-stage poppet valve 15 in the
second configuration, there is an average gap of X between adjacent portions of the movable
mtermediary body and the walls of the semiconductor processing chamber and there is an
average gap of Y between adjacent portions of the movable center body and the walls of the
semiconductor processing charber, wherein the movable mtermediary body 15 configured to
translate along the first axis a distance of at least 75% of X when transitioning from the first
contiguration to the second configuration, and wherein the movable center body 18 configured to
translate along the first axis a distance of at least 75% of Y when transitioning from the first

contiguration to the second configuration,

8 The apparatus of claim 7, wherein the distance the movable intermediary body 1
contigured to translate along the first axis, when transitioning from the first configuration to the
second configuration, 15 no more than 125% of X and wherein the distance the movable center
body 15 configured to translate along the first axis, when transitioning from the first configuration

to the second configuration, 1s no more than 125% of Y.

9. The apparatus of claim 1, wherein the multi-stage poppet valve further comprises:
a first actuator or set of actuators configured to translate the movable center body, at least
partially independent of the movable intermediary body, along the fust axis and between the first

and second configurations; and

(v
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a second actuator or set of actuators configured to translate the movable intermediary
body, at least partiaily independent of the movable center body, along the first axis and between

the first and second configurations.

10, The apparatus of claim 1, wherein the movable bodies are further transitionable to

(V43

a third configuration in which the movable center body is positioned at a spaced-apart location
along the first axis relative to the valve seat and 1n which the movable intermediary body 1s
positioned proximate the valve seat to provide a third amount of flow restriction that 1s between
the first and second amounts of flow restriction and wherein the multi-stage poppet valve further
comprises:
10 at least one actuator; and

at least one shaft that 1s translated along the first axis by operation of the at least one
actuator, the shaft having (1} a first portion that engages with the movable center body and (i1} a

second portion that engages with the movable intermediary body.

11 The apparatus of claim 1, wherein the movable bodies are further transitionable to
15 athird configuration in which the movable center body 1s positioned at a spaced-apart location
along the first axis relative to the valve seat and the movable intermediary body 1s positioned
proxiumate the valve seat to provide a third amount of flow restriction that s between the first and
second amounts of flow restriction and wherein the multi-stage poppet valve further comprises:
at least one actuator; and
20 at least one stepped shaft that couples the at least one actuator to both the movable center
body and the movable intermediary body, wherein a first portion of the stepped shaft has a first
diameter and a second portion of the stepped shaft has a second diameter larger than the first
diameter, wherein the first portion of the stepped shatt 15 coupled 1o the movable center body and
passes between portions of the movable intermediary body, and wherein the second portion of
25  the stepped shaft s configured to press against the portions of the movable intermediary body m

order to translate the movable itermediary body along the first axis.

12. The apparatus of claim 1, wherein the multi-stage poppet valve further comprises
at least first and second seals, wherein the first seal contacts both the valve seat and the movable

intermediary body at least when in the first configuration, and wherein the second seal contacts
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both the movable intermediary body and the movable center body at least when in the first

configuration.

3. The apparatos of claim 1, wherein, in the first configuration, the movable
mtermediary body nests within the gas-permeable region of the valve seat and the movable
center body nests within the gas-permeable region of the movable intermediary body such that
the valve seat, movable intermediary body, and movable center body all overlap each other when

viewed along an axis perpendicular to the first axis.

14. The apparatus of claim 1, wherein, in the first configuration, the movable bodies

and the valve seat are disposed in a stacked arrangement.

15 The apparatus of claim 1, wherein the second configuration provides a minimum

flow restriction condition of the multi-stage poppet valve,

16 The apparatus of clamm 1, wherein the valve seat and two or more movable bodies
are configured such that, i the first configuration, the multi-stage poppet valve 13, in aggregate,

gas-impermeable.

17 The apparatos of claim 1, wherein the first configuration 15 a maximum flow
restriction condition and wherein the valve seat and two or more movable bodies are configured
such that, 1 the maximum flow restriction condition, at least one of the movable bodies 1s not in
seahing contact with an ttem selected from the group consisting of the valve seat and another

movable body of the movable bodies,

18 The apparatus of clamm 1, wherein the gas-impermeable regions of the two or
more movable bodies, in aggregate, overlap all of the gas-permeable region of the valve seat

when viewed along the first axis.

152 The apparatus of claim 1, wherein the movable center body and the movable
mtermediary body are additionally movable into a third configuration, wherein, 1n the third
configuration, the movable intermediary body 1s positioned 1 a spaced-apart relationship from

the valve seat and the movable center body 1s positioned proximate the movable intermediary
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body, and wherein the movable center body 1s translatable along the first axis, independent of
the movable intermediary body, for at least a portion of a transition between the second and third

configurations.

20, The apparatus of claim 1, wherein the movable center body and the movable
mtermediary body are additionally movable into a third configuration, wherein, in the third
configuration, the movable intermediary body 1s posttioned proximate the valve seat and the
movable center body is positioned in a spaced-apart relationship from the valve seat and
mtermediary body, wherein the movable center body is translatable along the first axis,
independent of the movable intermediary body, for at least a portion of a transition between the
first and third configurations, and wherein the movable center body and the movable
imntermediary bodies are transiatable i unuson along the first axis for at least a portion of the

transition between the second and third configurations..

21 The apparatos of claim 1, wherein the movable center body has a disc shape,
wherein the movable intermediary body has a ring shape, and wherein the gas-permeable region

of the valve seat has a disc shape.

22. The apparatus of claim 1, wherein the first configuration provides a maximum
flow restriction condition and the second configuration provides a minimum flow restriction
condition, wherein the movable center body travels a distance of X along the first axis when
moving from the first configuration to the second counfiguration, wherein the movable
mtermediary body travels a distance of Y along the first axis when moving from the first
configuration to the second configuration, wherein the movable intermediary body has a ring

shape with an average radial width of A, and wherein A is at most 125% of X minus Y.

23 The apparatus of claim 1, wherein the movable center body travels a distance of X
when moving from the first configuration to the second configuration, wherein the valve seat has

gas-tmpermeable region with an average radial width of A, and wherein A is at most 125% of X0

24 The apparatus of claim 1, wherein the first configuration is a maximum flow

restriction condition and wherein the multi-stage poppet valve is stil] gas-permeable in the
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maximum flow restriction condiion.

25. The apparatus of claim 24, wherein, when the multi-stage poppet valve is in the
maximum flow restriction condition, there are one or more gaps between respective paws of the

valve seat, the movable intermediary body, and the movable center body.

26. The apparatos of claim | further comprising:

a semiconductor processing chamber at least partly enclosing a volume having an average
iateral cross-sectional dimension;

a process gas delivery system configured to introduce one or more process gases into the
semiconductor processing chamber; and

a vacuum foreline 1in fhadic communication with the semiconductor processing chamber,
wherein:

the multi-stage poppet valve is fluidically interposed between the process gas delivery
system and the vacuum foreline,

the movable intermediary body is configured to translate a first distance between the first
configuration, in which the movable intermediary body is proximate to the valve seat, and the
second configuration, in which the movable intermediary body is positioned away from valve
seat by the first distance,

the movable intermediary body has an average lateral cross-sectional dimension,

the movable center body is configured to translate, relative to the movable intermediary
body, a second distance between the first configuration, in which the movable center body 1s
proxumate to the gas-permeable of the movable intermediary body, and the second configuration,
in which the movable center body is positioned away from the valve seat by the second distance
and away from the movable intermediary body by the second distance munus the first distance,

the movable center body has an average lateral cross-sectional dimension,

the first distance 1s between 35% and 65% of the average lateral cross-sectional
dimension of the volume of the semiconductor processing chamber less the average lateral cross-
sectional dumension of the movable mtermediary body; and

the second distance 1s between 35% and 65% of average lateral cross-sectional dimension

of the movable mtermediary body less the average lateral cross-sectional dimension of the
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movable center body.

27. The apparatus of claim 26, wherein the first distance 1s between 75% and 125% of

the second distance.

28. The apparatus of claim 26, wherein at least a portion of the semiconductor
processing chamber 1s cyhindrical and has a diameter equal to the average lateral cross-sectional

dimension of the semiconductor processing chamber.

29, The apparatos of claim 28, wherem:
the movable intermediary body 1s ning-shaped; and

the movable center body 15 cirenlar.

30. The apparatus of claim 26 further comprising at least one turbomolecular pump

fluidically coupled to the vacuum foreline,

31 The apparatus of clamm T further comprising;
a senuconductor processing chamber;
a process gas delivery system configured to introduce one or more process gases into the
semiconductor processing chamber; and
a vacuum foreline m fhadic commumnication with the semuconductor processimg chamber,
wherein:
the first configuration comprises a maximum flow restriction condition,
the second configuration comprises a mimmum flow restriction condition,
when the movable intermediary body is in the second configuration, there 1s a first
minimum cross-sectional area between the movable intermediary body and the semiconductor
processing chamber and there is a second minimum cross-sectional area between the movable
mntermediary body and the valve seat,
the first minimum cross-sectional area is between 75% and 125% of the second
minimum cross-sectional area,
when the movable infermediary body 1s in the second configuration and the

movable center body s in the second configuration, there is a third minimum cross-sectional area
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between the movable center body and the semiconductor processing chamber and there is a
fourth mintmum cross-sectional area between the movable center body and the gas-permeable
region of the movable intermediary body; and

the third minmum cross-sectional area is between 75% and 125% of the sum of

the second minimum cross-sectional area and the fourth minimum cross-sectional area.

32. The apparatus of claim 31 further comprising at least one turbomolecular pump

flurdically coupled to the vacuum foreline,

33. An apparatus comprising;

a semiconductor processing chamber including a substrate support, whergin the
semiconductor processing chamber has chamber walls that define a first volume at and above the
substrate support and that define a second volume below the substrate support;

a process gas delivery system configured to introduce one or more process gases into the
semiconductor processing chamber;

a vacuum foreline in flmdic communication with the first and second volumes of the
semiconductor processing chamber; and

a valve flutdically interposed between the process gas delivery system and the vacuum
foreline, wherein:

the second volume has an average horizontal cross-sectional width,
the valve has a valve throat with an average horizontal cross-sectional width, and
the average bornizontal cross-sectional width of the valve throat 1s between 85%

and 100% of the average horizontal cross-sectional width of the second volume,

34 The apparatus of claim 33, wherein the valve comprises a butterfly vent having at
least a first body and a second body, wherein the first and second bodies are configured to be
transitionable between at least first and second configurations relative to each other through
rotation of one or both the first and second bodies about a rotation axis, wherein, in the first
contiguration, gas-permeable regions of the fust body are in a state of maximum overlap with
gas-permeable regions of the second body, and wherein, in the second configuration, the gas-
permeable regions of the first body are m a state of maxamurn overlap with gas-vnpermeable

regions of the second body and the gas-permeable regions of the second body are in a state of
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maximum overfap with gas-impermeable regions of the first body.

35. The apparatus of claim 33, wherein the valve comprises an iris valve having
movable blades configured to be transitionable between a first configuration in which the
movable blades are at least partially recessed under a perimeter of the ins valve and a second

configuration in which the movable blades are extended into a central region of the iris valve.
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