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REMOVAL OF PROCESS EFFLUENTS

CLAIM OF PRIORITY

[6001] This patent application claims priority to U. 5. Provisional
Application Serial Number 62/455,425, entitled, “SUBSTRATE
CLEANING AND DRYING MECHANISM,” filed 6 February 2017,
and U. S. Provisional Application Serial Number 62/518,297, filed 12
June 2017, and entitled, “REMOVAL OF PROCESS EFFLUENTS,”
the disclosures of which are each incorporated herein by reference in

their entiveties.

TECHNICAL FIELD

{0001} The disclosed subject matter relates to, for example,
semiconductor manufacturing and allied industries. In particular, the
disclosed subject matter relates to an apparatus and related method

for precision cleaning and drying of flat ohjects.

[06002] More specifically, the invention relates to an apparatus and
related method of cleaning and drying semiconductor-wafer and other
substrates in a single-chamber apparatus equipped with cleaning
nozzles for hquid cleaning and with means for flowing an ultra-clean
gas (e.g., nitrogen) to assist in evacuating effluents and moisture

while rotating the substrate for drying.
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BACKGROUND

{0003} Cleaning and dryving of surfaces of wafers and other
substrates is one of the most important steps in the fabrication of
semiconductor microelectronic devices. It is well known to a person of
ordinary skill in the art the that presence of chemical contaminants
and particles of impurities may significantly reduce the yield of
fabricated products and noticeably affect the performance and
reliability of the produced semiconductor or related devices {e.g.,

integrated circuits).

[6004] In view of the present trend in the semiconductor and allied
industries, which goes far beyond characteristic features of a device,
having, for example, sub-micron or nanometexr-level sizes, effective
techniques for cleaning substrates initially and after various
deposition and patterning operations, are becoming increasingly
important. Since designed features and design rules for producing the
features have become increasingly small, therve exists an extreme
sensitivity of semiconductor surfaces to the presence of contaminants.
For example, total metallic impurities on a substrate (e.g., silicon
wafer) should be far less than 1010 atoms per cm2 The presence of
particles larger than 0.1 gm in size should be much less than
approximately 0.1 per cm2. In addition, organic contaminants,
particulates, and/or other impurities may be present on the substrate.
These requirements are not currently being addressed by the prior

art.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0005] FIG. 11is a diagram showing a simplified overview of an
example of a vertical substrate cleaning and dryving chamber

mechanism of the disclosed subject matter;

[0006] FIG. 21is a diagram showing an example of an outer
chamber plus additional details of the vertical substrate cleaning and

dryving chamber mechanism of FIG. 1;
ying :

{0007} FIG. 3 1s a diagram showing additional details of the
exemplary mechanisms of FIGS. 1 and 2 during a substrate drying

operation;

[0008] FIG. 4 shows examples of various physical dimensions of a
portion of the vertical substrate cleaning and drying chamber

mechanism of FIG. 1, when used with a 300 mm wafer;

{0009] FIG. 5 shows a three-dimensional example of an exterior
view of the vertical substrate cleaning and drying chamber

mechanism described by FIG. 1;

{0010] FIG. 6 shows a three-dimensional example of an interior

portion of the chamber mechanism of FIG. 5;

{0011} FIG. 7 shows an example of a process recipe for the vertical

substrate cleaning and drying mechanism of FIGS. 1 through 6;

[0012] FIG. 8 shows an example of a separation diagram for a

finger arm and finger-end cap combination for holding a substrate;

{0013} FIG. 9 shows an exemplary embodiment of a finger and cam
housing mechanism for the finger arm and finger-end cap

combination of FIG. 8;
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[0014] FIG. 10A shows an exemplary actuator mechanism used
with the finger and cam housing mechanism of FIG. 9 to lock the

substrate in place;

[0015] FIG. 10B shows a three-dimensional view of a portion of the

cam housing mechanism of FIG. 9;

[6016] FIG. 11 shows a portion of an exemplary alternative
chamber-design to the vertical substrate cleaning and drying chamber

of FIG. 1;

[6017] FIG. 12 shows an exemplary cross-section of an interior
portion of a vertical substrate cleaning and drying chamber having

the alternative chamber-design of FIG. 11;

[0018] FIG. 13 shows additional details of an exemplary cross-
sectional interior portion view of the alternative chamber-design of

FIGS. 11 and 12;

[0018] FIG. 14A shows an example of the cross-sectional view of
FIG. 13 and additionally shows hiquid stream-lines during a substrate

cleaning or drying operation;

[0020] FIG. 14B shows an example of the cross-sectional view of
FIG. 13 showing gas stream-lines during a substrate cleaning or

drying operation;

{0021} FIG. 15 shows exemplary dimensions of a schematic of an
interior portion of a chamber of the alternative chamber-design 1100

of FIGS. 11 and 12.;

[6022] FIGS. 16A and 168 show alternative or optional
embodiments for removing effluents from the chamber-design of

FIGS. 11 and 12;
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[0023] FIG. 17 shows an exemplary embodiment of a nomogram
used to determine a relationship between various physical dimensions
of the vertical substrate cleaning and drying mechanism disclosed

herein;

{0024} FIG. 18 shows various eddy viscosity contours from an
example of a computational fluid dynamic (CFD) analysis based on
the various exemplary physical dimensions of a portion of the vertical

substrate cleaning and drying chamber mechanism shown in FIG. 4;

[6025]  FIG. 19 shows various eddy viscosity contours from an
example of CFD analysis based on the various exemplary physical
dimensions of a portion of the vertical substrate cleaning and drving

chamber mechanism shown in FIG. 4.

[06026] FIG. 20 shows contours of velocity magnitude for a portion

of the chamber mechanism shown i FIG. 4;

[0027] FIG. 21 shows a simplified CFD diagram indicating

contours of turbulent viscosity based on another design model;

[0028] FIG. 22 shows a portion of another exemplary chamber
design considered for CFD analysis having a greater distance between

chamber sidewalls than the chamber design used in FIG. 4;

{6029] FIG. 23 shows an example of a full 3D simulation basis

model for the exemplary chamber design of FIG. 22; and

{0030} FIG. 24 shows an exemplary gas flow diagram for a

modified version of the side-exhaust chamber of FIG. 11;

[0031] FIG. 25A1s an exemplary embodiment of a turbine disk
used to assist in removing effluent from the vertical substrate

cleaning and drying chamber mechanism;
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[0032] FIG. 25B shows a cross-section of the exemplary turbine
disk, and an exemplary method to machine the turbine disk, of FIG.

25A;

{6033} FIG. 26A1s a three-dimensional drawing of an exemplary

embodiment of a turbine disk;

[6034] FIG. 26B is a cross-section of the turbine disk of FIG. 26A,

taken along an axis along the diameter of the turbine disk;

[6035] FIG. 26C 1s a cross-section of the turbine disk of FIG. 26A,

taken near a pair of fins of the turbine disk; and

[0036] FIGS. 27A through 27D show examples of diagrams that

may be used for calculations in determining turbine blade profiles.

o
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SUMMARY

{0037} The description that follows includes illustrative
apparatuses (devices, structures, systems, and the like) and methods
(e.g., processes, sequences, technigues, and technologies) that embody
at least aspects the disclosed subject matter. In the following
description, for purposes of explanation, numerous specific details are
set, forth in order to provide an understanding of various
embodiments of the subject matter. After reading and understanding
this disclosure, it will be evident to those of ordinary skill in the art
however, that various embodiments of the subject matter may be
practiced without these specific details. Further, well-known
apparatuses and methods have not been shown in detail s0 as not to
obscure the description of various embodiments. Moreover, as
understood by a person of ordinary skill in the art, relative terms that
may be employed herein (for example, top, bottom, upper, lower, over,
under, etc.) are used merely to convey the general concepts disclosed

and should not be considered as absolute terms.

[0038] Moreover, as the person of ordinary skill in the art will
understand upon reading and understanding the disclosure provided
herein, the term “or” may be construed in an inclusive or exclusive

sense unless otherwise explicitly noted or operationally defined.

[6039] During the cleaning operations within a vertical substrate
cleaning chamber, one challenge is to remove excess fluids, effluents,
and moisture rapidly to enable the drying of the vertical substrate
without water or other chemical spots. A vertical substrate cleaning
and drying chamber of the disclosed subject matter cleans both faces
(sides) of the vertical substrate, as well as the edge(s) of the substrate

simultaneously.
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DETAILED DESCRIPTION

[0040] In general, various components of the disclosed subject
matter include, but are not mited to, continuous-ligquid spray jets in
combination with or separate from a plurality of pulsed-liquid spray
jets (hvdro-jet) chamber. Pulsed-liquid spray jet systems are disclosed
in U.S. Published Patent Application No. 2006/0174919 Al, filed 9
November 2005 and entitled, “Apparatus and Method for Cleaning
Flat Objects in a Vertical Orientation with Pulsed Liquid Jet,” which

1s hereby incorporated by reference in its entirety.

{6041} The continuous-liquid spray jets and the pulsed-liguid spray
jets deliver either a continuous spray or a pulsating spray of process
Liguids (e.g., one or more combinations of deionized (DI) water or
liguid cleaning chemicals on both faces (sides) and edges of the
rotating vertical substrate during a cleaning operation. In various
embodiments, all interior (wetted) surfaces of the chamber may be
hydrophobic to assist in evacuating (removing) lquids {(e.g., at least a
portion of the effluents) from the chamber quickly, thereby reducing
or minimizing a drying time of the substrate undergoing cleaning and

drying operations.

{0042} In various embodiments, the pulsed-liquid spray jets are
considered as gasless pulsed-jets since the pulsed-liguid spray jets do
not necessarily depend on any type of gas to produce the pulsating
spray of process liquids. In one embodiment of a gasless pulsed-jet, a
diaphragm pump (e.g., a membrane pump) is utilized to produce
gasless pulsed-jets. The diaphragm pump is a positive displacement
pump that alternates a reciprocating pumping-action of a liquid from
one side of a membrane to the other, thereby creating a continuously
varying pressure of the liquid that is presented to a spray-jet nozzle.
In a specific exemplary embodiment, a three-diaphragm pump is used

to produce a variety of sizes, velocities, and/or numbers of process-
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Liquid droplets from the gasless pulsed-jets. In other embodiments,
diaphragm pumps having two, four, or more diaphragms are used to
produce gasless pulsed-jets. In still other embodiments, diaphragm
pumps having a single diaphragm with only one chamber {e.g., a

single-sided diaphragm pump) is used to produce a gasless pulsed-jet.

[0043] The skilled artisan will recognize that other pump types,
such as a gear-drive pump, alternating-pressure pump, peristaltic
pump, axial-piston pump, and others, may be utilized to produce a

gasless pulsed-jet as well.

[06044] In various embodiments, different forms of pump, for
example, the diaphragm pump, may be coupled to a variable-
frequency drive. The variable-frequency drive produces different
speeds of the piston. For example, a 1 Hz to 10 Hz frequency range
can be used to produce atomized droplets from a few tens of microns
up to millimeters in size. In a specific exemplary embodiment,
droplets may be produced from 30 microns to 150 microns in size with
a given nozzle size. In other embodiments, multiple size and types of
nozzles can be combined for various applications. Combining multiple
sizes and types of nozzles can create yet a greater variation in droplet
sizes {e.g., smaller than 30 microns and greater than 150 microns

singly or simultanecusly).

[0045] In various embodiments, one or more of the embodiments
for producing a gasless pulsed-jet may be combined with different
sizes and shapes of nozzles. Techniques for producing different sizes
and shapes of nozzles are known in the art and are also discussed in

more detail, below.

[0046] Based on the disclosure provided herein, the person of
ordinary skill in the art can determine readily a kinetic energy level

imparted by each of a variety of droplets produced by the pulsed-
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Liquid spray jets. The determination of kinetic energy is based on, for
example, a droplet size, a density of the liquid in the droplet (e.g., a
total mass of the dvoplet), and a velocity of the droplet size. The
determination of kinetic energy may then be considered in light of a
pressure required to dislodge a given particle size from the substrate.
Such pressures are based on forces holding the particle to the
substrate (e.g., electrostatic forces, molecular forces, other adhesive
forces, etc.), a cross-sectional are of the particle, and an arvea of the
particle in contact with the substrate. Governing equations for
determining both kinetic energy and particle dislodge pressures are

known in the arxt.

[0047] As described in more detail below, during various ones of
the cleaning/drying operations, the substrate is rotating (spinning)
vertically within the chamber. Additionally, various embodiments are
disclosed herein of, for example, center evacuation and side

evacuation rotatable shields.

[6048] In various embodiments, turbine disks may be attached to
one or more of the rotatable shields. In various embodiments, the
turbine disks may be independently rotatable. The turbine disks
assist in evacuating gases, liquids, and other effluents from the
cleaning/drying chamber to assist in more rapidly drying the

substrate.

[0049] The disclosed subject matter also describes various
embodiments of optional drain channels that may be utilized
separately or in combination with one another. Various embodiments
of gas (e.g., ultra-pure nitrogen) dispense mechanisms inside the

cleaning/drying chamber are also disclosed.

[0050] As described in more detail below, in various embodiments

the vertical substrate cleaning and dryving chamber is a closed system

10
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having an inner shell and an outer shell. The outer shell opens and
closes to load and unload a substrate vertically {(e.g., by an end-
effector of a robot) for cleaning and drving. The outer shell, when
closed, produces a fluid tight seal that prevents any of the process
fluids and effluents (e.g., gases and Liquids) from leaking outside the

outer shell enclosure.

{6051] The inner shell includes the vertical substrate holding
mechanism and two rotatable shields that are independently
controllable for rotational speed and direction. One shield is coupled
to a first rotating motor, and may also be coupled to the vertical
substrate holding mechanism (and substrate) while the second shield
has a separate, independent motor. In specific exemplary
embodiments, there are one or more turbine disks attached to the
rotatable shields. The turbine disks may be configured with slots
placed at various points and angles calculated to provide increased

fluid-removal efficiency.

[6052] In various embodiments, a gas {e.g., nitrogen), is dispensed
via a plurality of different devices. In one example, a mushroom
design allows for a low pressure, high flow of gas. In another example,
an array of gas outlets in a gas inlet tube produces a knife-edge
shower of the gas in the inner chamber. In other embodiments, both

devices are combined.

{0053] At the start of an exemplary cleaning operation, the
substrate is rotated, slowly at first, to facilitate the cleaning of the
substrate via multiple streams of liquids that impinge substantially
simultaneously on the frontside, backside, and edge(s) of the
substrate. During this cleaning operation, multiple liquids can be
used depending upon the type of contaminant to be removed from the

substrate.

11
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[0054] A shield rotary drive mechanism may be coupled with a first
of the shields (which may have one of the turhine disks attached to it).
As the first shield rotates, the substrate, if coupled coupled to the
shield rotary drive mechamism, also rotates at the same speed. As
described above, the second, opposing shield is coupled to a separate,
independent motor and also rotates. However, since the second shield
has a separate motor, the speed and direction of the second shield is
independent of the first shield, and consequently, is also independent

of a rotational speed of the substrate.

{6055]  As both shields rotate during the cleaning operation, with
one or more hiquids impinging onto the substrate, the effluent coming
from the vertical rotating substrate is evacuated through the
rotatable shields due to a centrifugal-force effect. A curvature or angle
of the shield is designed such that the effluent moves towards an edge
(either an inner edge or an outer edge, depending on a particular
embodiment) of the shields and is evacuated (removed) from the inner

chamber.

[0056] A rotational speed of the rotatable shields can be increased
to increase effluent evacuation. During this cleaning operation, a high
purity gas (e.g., wltra-pure nitrogen) is introduced into the chamber
by at least one of the gas-dispersion devices, facilitating dehydration
of the moisture-rich environment proximate the rotating vertical

substrate.

[6057] At the end of the cleaning operation, lquid emanating from
the spray jets is stopped. A rotational speed of the rotatable shields,
and consequently the speed of the substrate, is accelerated to a higher
speed to further facilitate the drying process. In various
embodiments, a solvent, such as isopropyl alecchol (IPA) vapor, can
also be introduced with the high-purity gas for applications where the

substrate may require or be aided by IPA drying.

12
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[0058] As will be understandable to a person of ordinary skill in
the art, the high rotational speed of the shields creates a pressure
differential between the substrate and a volume proximate the
substrate facilitating evacuation (removal) of both liquids and
moisture away from the rotating substrate. The high rotational speed
of the substrate, coupled with the gas flow and rotation of the shields,
removes all or substantially all effluents and moisture thereby drying
the substrate without water or chemical marks. One or more
secondary gas flow devices create a gas barrier to prevent or
substantially reduce particulate migration into the inner (process)
chamber from the outer chamber. During the cleaning and the drying
operations, the speed of the rotatable shields can be manipulated to
effect a volumetric removal of the effluent and vapor to aid in
producing a water/chemical spot free, or substantially spot free,

substrate at the end of the cleaning and drying process.

[0059] The disclosed subject matter is applicable to other fields
such as cleaning and drying of optical substrates, bio-tech
substrates used for gene sequencing and drug discovery, flat panel
displays, substrates used in the manufacture of space optics,
optical recording substrates, as well as a variety of other substrate
types known in various arts. Overall, the principals of the
disclosed subject matter will substantially be the same in some
aspects wherein the substrate will be held vertically and rotated

at variable, programmable speeds during cleaning and drying.
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DETAILED DESCRIPTION

[0060] With reference now to FIG. 1, a diagram showing a
simplified overview of an example of a vertical substrate cleaning and
drying chamber mechanism 100 of the disclosed subject matter is
shown. Overall, the vertical substrate cleaning and drying chamber
100 is shown to include a first rotatable shield 101 and a second
rotatable shield in a first position 103A, proximate to the first
rotatable shield 101, and in a second position 1038 that 1s moved
laterally away from, and therefore distal to, the first rotatable shield
101. As explained in more detail herein, the first rotatable shield 101
and the second rotatable shield capture and redirect cleaning liquids
away from a substrate 118. One of the two rotatable shields is
configured to move from an operating position 120 (indicated as
position “A” on FIG. 1) and a load position 140 (ndicated as position
“B” in FIG. 1) to allow the substrate 119 to be mounted in and
removed from the vertical substrate cleaning and drying chamber
100. An actuator mechanism 109 moves the second rotatable shield
103A, 103B from the operating position 120 to and from the load

position 140.

[0061] In one embodiment, an angle of the first rotatable shield
101 and the second rotatable shield 103 (velative to normal of a
vertical location of the substrate 119) may be from about 3° to about
15°. In other embodiments, the angle may be from about 1° to about
3°. In other embodiments, the angle may from about 15° to about 45°
or more. In embodiments, the angle may not be a continuous straight
angle but may be comprised of various straight portions, with each of
the straight portions having different angles {(e.g., increasing in angle
as edges of the rotatable shields approach the openings 125). In still
other embodiments, the edges of the rotatable shields may be curved
(e.g., see FIG. 4), where the curvature has either a constant radius or

variable radi. Additionally, the skilled artisan will recognize that a

14



WO 2018/145070 PCT/US2018/017014

steeper angle (e.g., 15° rather than 5°) or greater radius of curvature
may provide for more efficient lguid/effluent removal from the
chamber. However, the greater angle or greater radius of curvature
vill also increase a physical overall height of the chamber. Therefore,
the skilled artisan will recognize how to achieve a balance between
steepness or angle/greater radius of curvature versus a reasonable
size of the chamber based on reading and understanding the
disclosure provided herein. Each of the embodiments may be
accomplished by machining, stamping, deep drawing, or otherwise

forming the shields by technigues known in the art.

[6062] In various embodiments, a larger of the shields (the second
rotatable shield 103 in the example of FIG. 1) extends over the
smaller shield. Although not shown, at least one or both of the
rotatable shields may be formed to have a labyrinth lip (not shown
but understandable to a skilled artisan) at an outermost edge (e.g.,
near the openings 125) to form a mechanical seal to remove most or
all fluid droplets, thereby preventing or substantially ehiminating any
fluid from dripping back into an interior portion of the chamber
containing the substrate (see, e.g., FIG. 15). Consequently, a profile of
the outermost edge may be formed such that the fluid droplets cannot

collect above the substrate, thereby preventing fluid from dripping.

[6063] The actuator mechanism 109 may be pneumatically
activated, hydraulically activated, magnetically activated, electrically
activated, or by other means or by a combination of means as
understood by the skilled artisan. The actuator mechanism may also
include various types of position sensors (e.g., electrical, optical, etc.)
to indicate whether the second rotatable shield 103A, 1038 1s in the
operating position 120 or the load position 140. In various

embodiments, the position sensors (not shown) may be located in
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other locations outside of or in addition to being placed within the

actuator mechanism 109.

[0064] As noted in figure 1, the substrate 119 1s held in a
substantially vertical position during both cleaning and drying
operations. In some embodiments, the vertical position is maintained
within a range of approximately +0.1 degree to approximately +1
degree from vertical. In some embodiments, the vertical position is
maintained within approximately +2 degrees from vertical. In other
embodiments, the vertical position 1s maintained within
approximately +5 degrees from vertical. In still other embodiments,
the vertical position is maintained within approximately +10 degrees

from vertical.

[6065] The substantially vertical positioning of the substrate 119
allows for simultaneous frontside and backside cleaning (as well as
edge cleaning) and an increased and more thorough drying of the
substrate 119 from both sides (and an edge or edges depending upon a
shape of the substrate (e.g., circular versus square)) simultaneously
since liquids are less likely to remain on a surface of the substrate 119
while it is in a vertical orientation. The substrate 119 may be a
patterned or unpatterned circular semiconductor wafer that is, for
example, 100 mm to 450 mm in diameter, a square guartz-photomask
that is, for example, 125 mm or 150 mm per side, a flat panel display
that may be 1 mere square, or any of a variety of other substrates
known and used in the semiconductor and allied industries such as
flat-panel display substrates and magnetic and optical disk

substrates.

[6066] Although FIG. 1 indicates that the second rotatable shield
103A, 103B (generally also referred to collectively as the second
rotatable shield 103 herein) is the shield that moves for substrate

exchange, a person of ordinary skill in the art would understand,

16
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upon reading and understanding the disclosure provided herein, that,
in other embodiments, the first rotatable shield 101 moves toward
and away from the second shield 103. In still other embodiments, both
the first shield 101 and the second shield 103 can be configured to
move laterally toward and away from each other. Therefore, for
brevity of notation throughout the disclosure contained herein, the

second shield 103 will be indicated as the movable shield.

[0067] Further, although the first rotatable shield 101 is shown in
FIG. 1 to be smaller than the second rotatable shield 103, and
therefore being capable of being circumscribed by the second rotatable
shield in the first position 103A, the skilled artisan will recognize that
the second rotatable shield 103 can be configured to be smaller than,
and therefore be circumscribed by the first rotatable shield 101, when
the two shield are proximate one another (in the operating position

120).

{0068] With continued reference to FIG. 1, a first-side spray-jet
array 115 and a second-side spray-jet array 117 are shown, coupled to
a first-side hquid supply line 127 and a second-side hquid supply line
129, respectively. The spray jets are configured, during a cleaning
operation of the substrate cleaning and drying chamber 100, to spray
one or more higquids onto each face as well as the edges of the
substrate 119. The liquids may include, for example, detonized (DI)

water or one or more various types of chemical cleaning liguids.

[6069] As described in more detail below, each of the first-side
spray-jet array 115 and the second-side spray-jet array 117, include a
plurality of spray jets. In various embodiments, the spray jets may
also be configured to be pulsed, as discussed above, thereby adding
mechanical agitation to the sprayed Hquid, potentially increasing the

cleaning efficiency in certain operations.

oy
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[0070] FIG. 1 also shows a first-side gas inlet 111 and a second-side
gas inlet 113 arranged to allow a clean gas, such as filtered clean, dry
air (CDA), nitrogen, argon, or a number of other filtered or high
purity/ultra-clean gases to be introduced into the vertical substrate
cleaning and drying chamber 100 during a drying operation of the
substrate 119. Various embodiments of the drying operation are

described in more detail below.

[0071] When the vertical substrate cleaning and drying chamber
100 is in the load position 140 (position “B”), an end effector (not
shown) from a robot can pick the substrate 119 from a substrate
carrier {(e.g., a front-opening unified pod (FOUP) for carrying and
transporting 300 mm semiconductor wafers) to be placed and held by
a number of finger-end caps 123, each attached to a number of finger
arms 121. The finger arms 121 are in turn mechanically coupled to
the first rotatable shield 101. Depending on various physical
parameters and geometries of the substrate 119, there can be three or
more finger arm 121 and finger-end cap 123 combinations. For
example, in the case where the substrate 119 i1s a circular substrate,
there may be three finger arm 121 and finger-end cap 123
combinations. In the case where the substrate 119 is square,
rectangular, or otherwise polyvgonal, there may be four or move finger
arm 121 and finger-end cap 123 combinations. The skilled artisan will
recognize how to modify the number of finger arm 121 and finger-end

cap 123 combinations for a given substrate 119 size and shape.

{6072} The finger arm 121 may be fabricated from a number of
materials, depending on a particular application of the vertical
substrate cleaning and drying chamber 100. For example, the finger
arm 121 may comprise various metals such as aluminum (Al) or
stainless steel (e.g., a 316L alloy) or other metal alloys, ceramics such

as aluminum oxide (Al:O3) or carbide, or various types of plastics.

18
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Additionally, depending on a choice of the finger arm material, the
substrate being cleaned, and the industry in which the chamber is
being utilized, the material comprising the finger arm 121 may be
coated with various types of material including, for example,
perfluorcalkoxy (PFA), fluorinated ethylene propvlene copolymer
(FEP), a copolymer of ethylene and tetrafluoroethylene (ETFE),
polytetrafluorcethylene (PTFE), and other single or multi-layer

coatings known in the relevant art.

[0073] The finger-end caps 123 may be fabricated from a number of
materials that have some flexibility such as various plastics (e.g., an
acetal homopolyvmer or acetyl resin, such as Delrin®, various other
types of polyoxymethylene- (POM) based plastics, or other
thermoplastic materials and various synthetic polymers). The skilled
artisan will recognize a number of other materials (e.g., aluminum or
other coated metals, metal alloys, and ceramics) may be suitable at
least partially depending on a material from which the substrate is

formed.

{0074} At least one of the finger arm 121 and finger-end cap 12:
combinations is movable to allow the substrate 119 to be readily
mounted in the vertical substrate cleaning and drying chamber 100.
For example, the finger arm 121/ finger-end cap 123 combination may
be angled away from a substrate holding position to allow the end
effector from the robot to readily position (e.g., insert for clamping) or
remove the substrate 119. One embodiment of a movable finger arm
121/ finger-end cap 123 combination is described in detail below with
reference to FIGS. 8 ef seq. A positioning indicator (not shown but
known in the art such as a laser-based, mechanical-based, optical-
based, magnetic-proximity based, or other substrate proper-loading

indicator) ensures proper alignment of the substrate 119.
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[0075] In the case of a circular substrate, the substrate is held by
three slender finger arms (only two of which are shown in FIG. 1). In
this example, the finger arms are spaced about 120 degrees apart.
One of the finger arms, in the 12:00 o'clock position, has an actuator
linked to it (described in more detail, below) while the other two arms
are rigid with no actuation. The finger caps 123, one on each finger
arm 121, may be shaped like rollers (even though, in embodiments,
the finger caps 123 are non-rotatably mounted to a respective finger
arm 121) with, for example, a V-groove or a U-groove into which the
substrate is placed during cleaning and drying operations. A profile of
the groove is designed such that it ensures that the substrate can self-
align when placed in the grooves by an end-effector or a robot

(described in more detail, below).

[6076] In various embodiments, the profile of the groove is shaped
and sized such that only edges of the substrate are in contact with
portions of the groove such that faces of the substrate are not in
contact with the groove or any portion of the finger caps 123. Further,
the groove 1s sized and shaped such that no portion of the faces of the
substrate are covered by the groove or any portion of the finger caps

123.

[0077]  As described in more detail with reference to FIG. 8, below,
when the robot brings the substrate into the opened chamber, the
actuator-linked finger arm (e.g., programmed to stop at the 12:00
o'clock position so as to not interfere with a path of an end effector of
the robot) 1s actuated via an air cylinder (not shown in FIG. 1) and
cam mechanism. As the air cylinder pushes against a metal plate, the
cam operates the arm to open upwards, allowing for the robot to bring
the substrate into the chamber and situate the substrate into a groove
on at least one (or two in the case of a circular substrate) finger arm

121 and finger-end cap 123 combination. Once the substrate is
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positioned within the groove, or grooves, of the one or more finger-end
caps, the air cylinder retracts thereby operating the cam mechanism
again, closing the actuator-linked finger arm and clamping the
substrate. During this time, a substrate-present sensor (discussed
with reference to FIG. 5, below) ensures that the substrate is sitting
properly in the grooves. As noted above, if the substrate is not
properly positioned (e.g., the substrate is tilted), the system goes into
an error mode until the substrate is removed and repositioned
properly by the robot via a recovery and reposition mode,

programmed into the system as understandable by a skilled artisan.

[6078] With continued reference to FIG. 1, a first motor 105 and a
second motor 107 are arvanged to rotate the first rotatable shield 101
and the second rotatable shield 103, respectively. The first motor 105
and the second motor 107 may be rotary actuators of various types
(e.g., electrical, pneumatic, hydraulic, etc.) or other rotational

actuator-mechanism known in the art.

[6079] During a substrate cleaning operation, since the substrate
119 is, in this embodiment, mechanically coupled to the first rotatable
shield 101, the substrate 119 may be rotated relative to both the first-
side spray-jet array 115 and the second-side spray-jet array 117 by
the first motor 105. Independently, the second rotatable shield 103, at
the operating position 120, may be rotated by the second motor 107.
In various embodiments, the first motor 105 and the second motor
107 may rotate the respective shields in the same direction or in
opposite directions, or both directions in different timeframes. The
first motor 105 and the second motor 107 may also rotate the
respective shields at either the same rotational speed or different

rotational, programmable speeds, or both, in different timeframes.

{0080} During a substrate drying operation, the second rotatable

shield 103 remains at the operating position 120. The first motor 105
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and the second motor 107 may rotate the respective shields in the
same direction or in opposite divections, or both directions in different
timeframes. The first motor 105 and the second motor 107 may also
rotate the respective shields at either the same rotational speed or
different rotational speeds, or both, in different timeframes. As
described in more detail below, the rotational speeds can also be
varied depending upon a particular operation (e.g., cleaning or drving)

or varied during the particular operation.

{0081} During the drying operation, centrifugal forces on the
substrate 119 caused by the rotational motion, in combination with
gases introduced into the vertical substrate cleaning and drying
chamber 100 through the first-side gas inlet 111 and the second-side
gas inlet 113, along with gravitational forces due to the vertical
positioning of the substrate 119, help dry the substrate 119 much
more rapidly than is currently known by various substrate drying
mechanisms of the prior art. Liguids introduced into the vertical
substrate cleaning and drying chamber 100 during the preceding
cleaning cycle are evacuated from the chamber through the openings
125 formed between the first rotatable shield 101 and the second

rotatable shield 103 in the operating position 120.

[0082] Referring now to FIG. 2, a diagram showing an example of
an outer chamber 200 plus additional details of the vertical substrate
cleaning and drying chamber mechanism 100 of FIG. 1 is shown. FIG.
2 1s shown to include an outer chamber 201, a first servomechanism
203 electrically, optically, or mechanically coupled to the first motor
105 and a second servomechanism 205 electrically, optically, or
mechanically coupled to the second motor 107, one or more fluid tanks
or reservoirs 207 for containing cleaning fluids (only one is shown),
including, for example, DI water or other agueous-based or solvent-

based cleaning solutions or chemicals, used to clean the substrate
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119, one or more fluid pumps 209 (only one of which is shown), and a

pump control mechanism 211.

[0083] The outer chamber 201 can be made of a variety of
materials and can be coated, inside or cutside, with one or more
materials as needed or required for various industries. The materials

and coatings are described above with reference to FIG. 1.

[0084] The first servomechanism 203 and the second
servomechanism 205 may be any number of mechanisms known in
the control engineering field. Generally, a servomechanism employs
error-sensing devices or feedback schemes to verify the action of
another device, such as a rotational device. With continuing reference
to FIG. 2, the first servomechanism 203 and the second
servomechanism 205 control the first motor 105 and the second motor
107, yespectively. The servomechanisms thervefore help to control

speed, acceleration, and direction of the motors.

[0085] The fluid pump 209 can be any of a variety of pumping-
mechanisms designed to move and transmit various types of liquids
or slurries (iquids containing abrasive or other suspended
particulates, e.g., colloidal suspensions of particles) from the reservoir
207 to the first-side spray-jet array 115 and the second-side spray-jet
array 117 (see FIG. 1). The pumping mechanisms can include radial-
flow pumps, axial-flow pumps, peristaltic pumps, or a variety of other

tvpes of pumps known in the art.

[0086] As shown, the first-side spray-jet array 115 each include a
first plurality of spray jets 219A, 219B and the second-side spray-jet
array 117 includes a second plurality of spray jets 219C, 219D. The
plurality of spray jets is designed to fully cover, perhaps with some
overlap between adjacent jets, both faces of the substrate 119 as well

as at least a portion of edge(s) of the substrate 119. Although only a
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total of four spray jets 219A, 2198, 219C, 219D are shown, the skilled
artisan will recognize, upon reading and understanding the disclosure
provided herein, that fewer or more spray jets may be used for a given

application and geometry of the substrate 119.

[BO87] In addition, a special single or multiple spray edge-jets (not
shown directly but readily understandable to a person of ordinary
skill in the art) can be directed separately at edge(s) of the substrate.
The special single or multiple spray edge-jets may be similar to the
plurality of spray jets 218A to 219D and may be used to perform
special cleaning functions or enhanced edge-cleaning. The edge-jets
can also be fed with the same or differing cleaning fluids and DI
water than the fluids fed to the jets directed at the surfaces (faces) of

the substrate.

[6088] In addition, or as a separate operation, while the frontside
and backside of the substrate are cleaned with jets of a chosen
cleaning fluid or DI water (for example), a special single or multiple
spray edge-jets can be directed separately at edge(s) of the substrate
to perform special cleaning functions or enhanced edge cleaning. The
edge-jets can also be fed with the same or differing cleaning fluids
than the fluids fed to the jets directed at the surfaces (faces) of the

substrate as described in more detail below.

[0089] FIG. 2 is also shown to include a first-side gas dispersion
mechanism 215 and a second-side gas dispersion mechanism 217. The
dispersion mechanisms are used to disperse and redirect any
incoming gas through the first-side gas inlet 111 and the second-side

gas inlet 113 (see FIG. 1) during, for example, a drying operation.

[6090] In one embodiment, the gas dispersion mechanisms 215,
217may be configured in a spaced-apart relationship (e.g., by perhaps

about 1 mm to about 5 mum or various other distances subsumed
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within this range) from the respective spray-jet arrays to deflect and
disperse incoming gases from impinging on opposing faces of the
substrate 119. In other embodiments, the gas dispersion mechanisms
may be configured with an array of apertures or orifices around the
periphery of the dispersion mechanism to direct the incoming gases in
a plane substantially parallel to faces of the substrate 119. In other
embodiments, the gas dispersion mechanisms may be configured to
incorporate both a spaced-apart relationship from the respective
spray-jet arrays and also incorporate an array of apertures or orifices.
The skilled artisan, upon reading and understanding the disclosure
provided herein, can envision other forms that the dispersion
mechanisms may take, which are intended to be within the scope of
the present disclosure. Overall, the dispersion mechanisms, described
in more detail below, assist in evacuation of ligquids from the vertical

substrate cleaning and drying chamber 100 to the outer chamber 201.

{0091] The outer chamber 201 may include an optional drain
channel 213 to collect liquid evacuated from the vertical substrate
cleaning and drying chamber 100. The drain channel 213 and its

function are described in more detail below.

{0092] FIG. 3 1s a diagram showing additional details of the
exemplary mechanisms of FIGS. 1 and 2 during a substrate drying
operation. As shown in FIG. 3, during a drying operation, gas (e.g.,
nitrogen, Nz) is introduced through the first-side gas inlet 111 and the
second-side gas inlet 113 of the first-side spray-jet array 115 and the
second-side spray-jet array 117, respectively. As shown in FIG. 1, the
first-side spray-jet array 115 and the second-side spray-jet array 117
may be considered as static manifolds, as the spray-jet arrays serve to
transport both liquids to the plurality of spray jets through the liquid
supply lines (see FIG. 2) and gases through the gasinlets 111, 113. In

various embodiment, the spray-jet arrays arve located within a fluid
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manifold 305 and may be positioned concentrically or neaxly
concentrically within the first rotatable shield 101 and the second
rotatable shield 103. In various embodiments, the fluid manifolds are
static (non-rotatable) and are positioned within the rotatable shields
101, 103 by a plurality of bearings 303 or other mechanical or

electrical devices that are known in the art.

[6093] As shown in FIG. 3, there are two fluid manifolds 305, one
on either side of the substrate 119 with spray-jet arrays (not shown in
FIG. 3) arranged in such a way that they dispense a fan spray of DI
water or other chemical-cleaning fluids aimed at the substrate 119
and covering the diameter (or other characteristic dimension) of the
substrate 119. The spray-jet arrays 115, 117 (see FIG. 1) may also be
arranged such that adjacent ones of the jets overlap each other to
clean an entire front or back surface of the substrate 119 as well as an
edge (or edges in the case of a non-circular substrate). By overlapping
the jets, a higher removal of particulates, films, residues, and so can
be achieved without the use of concentrated chemicals. Moreover, the
rotation of the substrate during a cleaning operation ensures full

substrate (faces and edge(s)) coverage during cleaning.

{0094] The fluid manifold 305 may be formed or otherwise
manufactured from, for example, polyvinylidene fluoride, or
polyvinylidene difluoride, (commonly referred to as PVDF) or other
non-reactive thermoplastic fluoropolymers, or various metals {(e.g.,
aluminum), metal alloys (e.g., stainless steel), or other materials
known in the art. As an example, PVDF material is generally inert to

all solvents, bases, and acids.

[6095] During the drying operation, the first rotatable shield 101,
and consequently the finger arm 121 and finger-end cap 123
combinations, and the substrate 119 mechanically coupled to the

arm/cap combinations, are either rotating at a predetermined
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velocity, or are accelerating to a predetermined velocity (or a series or
predetermined velocities). The rotational motion expels hquid, used
during a preceding cleaning operation, from the substrate 119 into the
vertical substrate cleaning and drying chamber 100 (see FIG. 1). The
mtroduced gas {e.g., Ng) is redirected (to avoid direct impingement
onto the substrate 119) by the gas dispersion mechanisms 215, 217
and serves to direct liquids or hquid vapors within the vertical
substrate cleaning and dryving chamber 100. The Lhiguids or hquid
vapors are then dirvected by the introduced gas through the openings
125 between the rotatable shields 101, 103A of the chamber. After
being evacuated from the chamber, the expelled hgquids or hiquid
vapors 301 are then directed to the drain channel 213 in the outer
chamber 200 (see FIG. 2). As explained in more detail below, the drain
channel 213 is coupled in fluid communication with a facility drain in
the environment (e.g., a semiconductor fabrication facility). Further,
the drain channel 213 assists in preparing the outer chamber to be
dry, or substantially dry, before substrate drying operations are

started.

[0096] Referring now to FIG. 4, examples of various physical
dimensions of a portion 400 of the vertical substrate cleaning and
drying chamber mechanism 100 of FIG. 1, when used with a 300 mm
wafer are shown. The dimensions are provided merely as an aid in
understanding the disclosed subject matter subject matter. As such,
the provided dimensions should not be construed to limit the present

disclosure in any way.

[6097] The portion of the chamber of FIG. 4 may be considered a

center-exhaust chamber as described herein. The exemplary physical
dimensions and layout were also used for various computational fluid
dynamic (CFD) analyses described below with regard to FIGS. 18 and

19. In the example of FIG. 4, a 300 mm wafer 401 is shown mounted
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and mechanically coupled to the first rotatable shield 101. In this
example, the 300 mm wafer 401 is mounted by a distance 409 of 50
mm from each of the first rotatable shield 101 and the second
rotatable shield 103A. An axial centerline 411 (axis of rotation) is
shown to indicate an approximately axial center of the wafer 401. The
skilled artisan will recognize that the distance 409 may be adjusted
readily based on factors such as a physical size of the substrate
undergoing a cleaning and dyying operation. For example, a small
substrate, such as a 100 mm semiconductor wafer, may be placed
closer to the rotatable shields than may be required for a 300 mm
wafer. Conversely, a substrate with a higher value of surface
roughness, patterned or machined features, or other asperities, may
require a distance 409 larger than 50 mm to remove effectively the
lLiguids used to clean the substrate having a rougher or patterned

surface.

[0098] The first-side spray-jet array 115 and the second-side spray-
jet array are each spaced apart from the respective shields (the first
rotatable shield 101 and the second rotatable shield 103) by a shield
manifold gap 403 of 9 mm. The shield manifold gap 403 may be
readily adjusted based on a number of factors such as anticipated
vibrational considerations (e.g., when spinning a non-symmetrical

substrate) and overall machining tolerances.

{0099] FIG. 4 also shows a shield opening 405 (a vertical distance
between the two rotatable shields) of 10 mm. This gap may be
adjusted readily for a given application depending on factors such as a
volume of liquid used during cleaning operations and a rate at which
liguids, Liquid vapors, and gases are evacuated from the vertical

substrate cleaning and drying chamber.

[00100] The person of ordinary skill in the art will recognize that

the physical dimensions provided within FIG. 4 are exemplary only.
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(As the term is used herein, “exemplary” refers to one example or a
set of examples only, and should not necessarily be construed as the
preferred or best way to implement portions of the disclosed subject
matter described herein.) Consequently, the physical dimensions
should be viewed as aiding the skilled artisan in explaining the
disclosed subject matter and therefore should not be seeing as

limiting the scope of the disclosed subject matter.

[00101] With reference now to FIG. 5, a three-dimensional example
of an exterior view 500 of the vertical substrate cleaning and drying
chamber mechanism 100 described by FIG. 1 is shown. The three-
dimensional chamber 500 is shown to include a first filter unit 501
mechanically coupled to a first portion 510 of the three-dimensional
chamber 500 and a second filter unit 503 coupled to the second

portion 530 of the three-dimensional chamber 500.

[00102] Each of the filter units may contain, for example, a High-
Efficiency Particulate Air (HEPA) filter, an Ultra-Low Particulate Air
(ULPA) filter, or some other type of air/gas filter known in the art. A
choice of the type of filter may be determined by a level of air/gas
purity required for a given operation, substrate type, industry, or
application. For example, a semiconductor device fabricator making
high-density memory devices with small feature sizes {e.g., 65 nm or
smaller) may require an ULPA filter whereas a solar-cell
manufacturer working with polysilicon wafers with much larger
feature sizes (e.g., 2 pm or larger) may only require a filter with a
Minimum-Efficiency Reporting Value (MERV) rating of 16 or greater.

Such filter designations are well-known in the relevant art.

{60103} Regardless of the efficiency rating of a given filter, the first
flter unit 501 and the second filter unit 503 provide clean, filtered air
to an interior of the chamber 500. For example, the filter units 501,

503 can provide a filtered-air make-up supply to the chamber 500.
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One function of the make-up air is to allow a steady flow of clean dry
air into the chamber 500 as the chamber 500 evacuates itself during
the cleaning and drying operations described herein. The chamber air
and other gas {e.g., nitrogen) removal is supplemented by a house
exhaust system within a given fabrication facility tied into a drain
exhaust housing below the process chamber through fluid exhaust
ports 507, discussed below. The exhaust may be further supplemented
by an exhaust fan (not shown) installed in the pump cabinet to
prevent a drop in exhaust during the process cycle. Uses of the
filtered air are described in more detail, below. Moreover, the first
filter unit 501 and the second filter unit 503 can provide a filtered-air
supply that can be used on various chamber controls including
pneumatics on, for example, various electrical and control systems of

the chamber 500.

[00104] As noted above with reference to FIG. 1, at least one of the
rotatable shields 101, 103, is configured to be moved so as to place a
substrate between the shields. The shields (not shown in FIG. 5) are
located within the chamber 500. Consequently, either the first portion
510 or the second portion 530, or both, are configured to be moved
along, for example, linear tracks 505 such that an end effector from a
robot (described above) can place a substrate, to be cleaned and dried,
within the chamber 500. The substrate 119 is subsequently mounted
within the rotatable shields (that are stationary unless undergoing a
cleaning or drying operation) and onto the three or more finger arm
121 and finger-end cap 123 combinations, as described above. A
substrate-present sensor 509 aids in ensuring that the substrate (not
shown) is present and is properly mounted and gripped by the finger
arm 121 and finger-end cap 123 combinations. The substrate-present
sensor 509 may be any of a variety of sensors known in the art such

as, for example, a laser-based or other optically-based sensor.
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[00105] For example, in various embodiments, the substrate-present
sensor 509 may be an emitter-receiver type of sensor that emits a
light beam once the substrate 119 is placed on the finger arm 121 and
finger-end cap 123 combinations inside the chamber. A receiver (not
shown) installed on an opposing side of the chamber to the substrate-
present sensor 509 (e.g., at a backside of the chamber 500) receives
the beam emitted by the sensor and provides input to a control
processor (not shown but understandable to a skilled artisan) that the
substrate is vertically placed and properly oriented in the substrate
holding mechanism. If the wafer is not properly placed, the system
provides an error message and prevents the machine from running

until the substrate is removed and properly reinserted.

{00106] KEach of the drain channels 213 (see FIGS. 2 and 3) may be
in fluid communication with a fluid exhaust port 507. The hquid
exhaust is, in turn, coupled to a drain within the facility in which the

chamber 500 i1s istalled.

[60107] FIG. 6 shows a three-dimensional example of an interior
portion 600 of the three-dimensional chamber mechanism 500 of FIG.
5. The outer chamber and the rotatable shields have been removed in
FIG. 6. As described above with reference to FIGS. 1 through 3,
various components of the vertical substrate cleaning and drying
chamber 100 (see FIG. 1) are shown in a specific exemplary
embodiment. For example, the substrate 119 is shown mounted to
three (only two are visible in FIG. 6) of the finger arm 121 and finger-
end cap 123 combinations and situated apart from and between the
first-side spray-jet array 115 and the second-side spray-jet array 117.
Further, various ones of the spray jets 219 are visible on the first-side

spray-jet array 115,

[00108] Evacuation of liquids or liquid vapors may be assisted by

various types of turbine blade mechanisms 601 configured to
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withdraw liguids and vapors from the chamber. Various embodiments
of the turbine blade mechanisms 601 are described in more detail

below, with reference to FIGS. 25A, 25B, and 26A-26C.

[00109] FIG. 7 shows an example of a process recipe 700 for the
vertical substrate cleaning and drying mechanism 100 of FIGS. 1
through 6. A substrate is placed within the clamping mechanism by
an end effector on a robot (not shown). Once the substrate is loaded
into the process chamber, the chamber receives a command from a
controller or microprocessor (not shown but understandable to the

skilled artisan) to start the process.

[00110] As noted above and with concurvent reference to FIGS. 1
and 2, the first motor 105 provides a rotating (spinning) motion at a
pre-defined, programmable speed, at operation 705 (described below),
that is coupled with the first rotatable shield 101. The rotating motion
is subsequently coupled to the substrate 119. Therefore, as the first
rotatable shield 101 rotates, the substrate 119 that is coupled to the
rotatable shield also rotates at the same speed. The second rotatable
shield 103 (now in the first position for the cleaning and draying
operation) 1s coupled to its own motor (i.e., the second motor 107) and
also rotates. However, as described above, the speed of the second
rotatable shield rotates at a preselected speed and is independent of
the first rotatable shield 101, and consequently, the second shield is
also independent of the speed of the rotational speed of the substrate

118.

{00111} At operation 701, deiomized (DI) water or other iguid-based
cleaning chemicals (hereinafter referred to also as liquids to include
both DI water and hquid-based cleaning chemicals) are introduced
substantially simultaneously after the substrate starts rotating, or
shortly before or thereafter, to both faces and edges of the substrate

119 through the first-side lquid supply line 127 and the second-side
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Ligquid supply line 129 while at least the first rotatable shield 101 is
ramped up at operation 705 from 0 to about 100 rpm during a low
speed spin. The DI water initially starts spraying for a pre-wet
operation. The purpose of the pre-wet step is to build a liguid film on
the substrate. In various embodiments, the DI water may be
introduced into the chamber as a steady-state jet stream. In other
embodiments, the DI water may be introduced into the chamber as a
pulsed jet stream. In still other embodiments, the DI water may be
introduced into the chamber as a combination of a steady-state jet
stream and a pulsed jet stream (e.g., either concurrently through

various jets or alternating between steady state and pulsed jets).

[00112] For a specific exemplary embodiment, the skilled artisan
can assume that the second rotatable shield 103 is rotating at the
same speed but in the opposite direction. In other embodiments, the
second shield is rotating in the same dirvection as the first shield. In
still other embodiments, the second shield is rotating in either the
same direction or the opposite direction as the first shield and at
either a higher or lower speed. Additionally, either the first or the
second shields may be rotating at continuously or intermittently
variable, programmable speeds and directions. The speeds (fixed or
variable) and the directions (the same direction for both shields or
having counter-rotations at the same or different times) can each be
customized and depend on factors such as the substrate type and
shape, cleaning chemistries employed, a level of cleanliness desired
for a given substrate type, and other factors discernible to the skilled

artisan.

{00113] Substantially simultaneously with the initial wetting step
(e.g., at times of about 0 to about 2 seconds), the gas flow (e.g., ultra-
pure nitrogen) is provided at operation 703 into the chamber 100 at a

relatively low flow rate (e.g., about 283 lpm or approximately 10
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scfm). The introduced gas is dispersed within the chamber 100 via the
gas dispersion mechanisms 215, 217. The gas dispersion mechanisms
215, 217 (see FIG. 2) create a low-pressure, high-velocity flow of gas
(e.g., nitrogen) proximate to the rotating vertical substrate 119. The
low-pressure, high-velocity flow of gas facilitates the dehydration of
the moisture-rich environment proximate to the rotating vertical
substrate. The gas flow rate is maintained at this rate until about the
second wetting cycle (at times of about 13 seconds to about 15
seconds) when the gas flow rate increases to about 1700 Ipm
(approximately 60 scfm) to about 2265 lpm (approximately 80 scfm).
The gas flow is also exhausted from the chamber 100 at operation 707
at about the same time (or within several seconds either before or

after the introduction of the gas at operation 703).

[60114] During the substrate cleaning operation, gas is dispensed
into the chamber via a gas portion of the fluid manifold 305 (see FIG.
3) and a low flow dispense of gas is maintained that works on drying
the volume proximate the substrate or the volume of the cavity
surrounding the substrate. Although the gas flow does not need to
start at the same time as a flow the iquid-based cleaning chemicals,
the gas is dispensed prior to the end of the cleaning operation to begin
a dehvdration process during the cleaning operation so that excessive
moisture does not saturate the volume proximate substrate and

chamber volume during the cleaning operation.

{60115] Continuing with the cleaning operation, a high exhaust is
pulled from the fabrication facility that is further augmented by an
exhaust fan placed in the pump cabinet (not shown but readily
understandable to a person of ordinary skill in the art). As shown in
various figures, as the exhaust tubes on both sides of the wafer pull
exhaust they create a negative flow in the chamber that is balanced

by both gas being dispensed from the central manifold and make-up
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clean dry air being pulled in from the filter units 501, 503 (see FIG. 5)
above the chamber. By balancing both systems via pressure and flow
control of the gas, an improved or optimum moisture control
environment is achieved within the chamber during the cleaning and

drying operations.

[00116] At approximately the same time that the gas flow rate is
increased at about 13 seconds into the cleaning operation, the shields,
and conseguently the substrate, are ramped up in rotational speed to
approximately 1500 to about 2200 rpm. Drying of the substrate is
substantially performed via high speed spinning of the substrate
while the area around the substrate is controlled by the central
exhaust and gas dispense systems. Certain values of the exhaust are
set as parameters into the control software so if, for example, the
exhaust 1s out of a pre-programmed range, the system may enter into

a default mode until corrected.

[00117] A skilled artisan will recognize that one limitation of an
upper rotational speed is at least partially dependent on an overall
dynamic balancing of the components of the inner and outer
chambers, coupled with an overall balance of the substrate (e.g., an
overall physical symmetry of the substrate, concentricity of mass
balance homogeneity of the substrate, and a number of other factors

recognizable to a skilled artisan).

{00118} As both shields and the substrate rotate at operation 705
during the cleaning operation, effluent coming from the vertical
rotating substrate is evacuated through the opening 125 (see FIG. 1)
in the rotatable shields due to a centrifugal effect. In embodiments,
one or both of the rotatable shields 101, 103 may now be votated at a
higher speed to further facilitate the evacuation and removal of the
effluent from the substrate and the chamber 100. At substantially the
same time, the low-pressure, high-velocity flow of gas substantially or
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completely removes liquid molecules from faces and edge(s) of (e.g.,
immediately proximal to) the rotating substrate 119. In specific
exemplary embodiments, a solvent, such as isopropyl alcohol (IPA)
vapor, can also additionally be introduced with nitrogen as the carrier
gas when needed for certain applications that require IPA drying.
Other types of surfactant may be used to reduce the surface tension of

liquids remaining on the substrate 119 are known in the art.

[00119] At the end of the cleaning operation, the Hguid streams
(either steady-state or pulsating) emitted from the spray jets 219 (e.g.,
see FIG. 6) are stopped, the gas is continued for another time period
(e.g., 15 seconds past the end of the wetting step at operation 701 to
approxamately 30 seconds in this example) to facilitate the drying
operation that was started by the low-pressure, high-velocity flow of

gas into the chamber 100.

[00120] To prevent the drying of the substrate prematurely, the jets
may continue to be turned on spraying both sides and edge(s) of the
substrate at a low pressure, just enough to keep the substrate wet.
The low-pressure liquid prevents the drying of the substrate via
evaporation while the high-flow gas-assisted exhaust dries the
process chamber and the cavity proximate the substrate, assisted by a

slower speed rotation of the shields.

[00121] A rotational speed of the spinning substrate is ramped up to
a higher speed at operation 705 at the beginning of the wetting step
and continues for several seconds longer after the flow of nitrogen is
reduced or eliminated (e.g., to about 37 seconds in this example). The
gas exhaust continues at operation 707 to coincide substantially with
the spin operation 705. The chambers 100, 200 are then opened and
the substrate 119 is removed from the clamping mechanism by a
separate, clean end-effector (e.g., as opposed to the same end-effector

used to place the “dirty” substrate) of the robot (not shown). In the

36



WO 2018/145070 PCT/US2018/017014

above final step, the substrate is rotated at a high speed, thereby
drying the substrate using centrifugal force. The shields rotating at
high speed, coupled with a high exhaust, yield a water/chemical-mark

free, or substantially mark free, and dry substrate.

[00122] As disclosed herein, in some embodiments, a curvature of
the shield (see FIGS. 3 and 4) may be designed such that the effluent
moves towards the outer edge (1.e., proximate the opening 125) of the
shields and is removed via the opening 125 and into the outer
chamber 200 and collected by the drain channel 213 (see FIGS. 2 and
3). In other embodiments, where the shields 101, 103 are straight but
angled away from a dirvection of axial rotation of the shields (e.g., see
FIG. 1), effluent is also evacuated from the chamber 100 in a similar
fashion as described with regard to the curved shields. A speed of the
rotatable shields can be increased to increase evacuation of the

effluent from the chamber 100.

{00123] As will be recognized by a person of ordinary skill in the art,
the high-rotational speed of the two rotatable shields 101, 103 creates
a pressure differential between the substrate and the area around it
that further facilitates the removal of both liquids and moisture away
from the rotating substrate. The high-speed rotation of the substrate,
coupled with the gas flow and rotation of the shields, removes all or
substantially all effluent Gneluding moisture) thereby dyying the
substrate without water/chemical marks or other particulate or film
formation. The secondary gas (e.g., nitrogen) flow mechanism,
described in more detail below with reference to the computational
fluad dynamics (CFD) modeling portion of this disclosure, creates a
gas barrier substantially preventing particulate migration into the
vertical substrate cleaning and drying chamber 100 from the outer

chamber 200.
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[60124] As will be recognized by the skilled artisan upon reading
and understanding the disclosure provided herein, during the
cleaning and the drying operations a speed of the rotatable shields
can be manipulated to effect a volumetric removal of all of the effluent
and vapor. The effective removal of all of, or substantially all, the
effluent (ncluding vapor (moisture) helps to produce a spot-free or
substantially spot-free substrate at the end of the cleaning and drying
operations. In other embodiments, an optional single-sided (or single-
faced) cleaning operation may also be employed (with or without edge
cleaning of the substrate). In still other embodiments, the substrate
may be cleaned on alternate sides rather than cleaning both sides

simultaneously.

{00125] The skilled artisan will appreciate that many operations,
repetitions of operations, sequences of operations, and so on may be
employed to develop a process recipe for a given substrate or industry.
Therefore, the operations detailed with reference to FIG. 7 are given
as an example only, and may vary considerably based on the needs of
an end-user of the vertical substrate cleaning and drying mechanism
disclosed herein. Further, each of the operations is programmable for
a given substrate type and size. Moreover, each of the dynamic
process parameters, such as spin speed, shield rotation speed, time of
the spray for both DI water and chemicals, a droplet size of a pulsed-
jet spray or variations thereof, can be designed for various substrate

types, sizes, and applications.

SUBSTRATE-HOLDING MECHANISM

[00126] Referring now to FIG. 8, an example of a separation 800
diagram for a finger arm 121 and finger-end cap 123 combination for
holding a substrate is shown. Depending on a shape of the substrate
used in the vertical substrate cleaning and drying mechanism, only

one finger/end-cap combination needs to be movable away from the
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substrate to facilitate load and unload operations. For example, in an
embodiment of the finger arm 121 and finger-end cap 123
combinations used for holding and clamping a circular substrate (e.g.,
a semiconductor wafer), there are three fingers holding the substrate
with each of the fingers spaced apart from each other at about 120
degrees. In this example, only one of the finger arm 121 and finger-
end cap 123 combinations need to be movable (although more than
one finger may be movable to accommodate various combinations of

end effectors of a robot (not shown).

{60127} As shown in FIG. & a movable finger 807 of the finger arm
121 and finger-end cap 123 combinations is coupled to a cam housing
805 (described in more detail below). The movable fingerisin a
normal operating position 801 of about 0° and in a first separated-
position 803, in this example, at about 10°. The normal operating
position 801 occurs when the finger arm 121 and finger-end cap 123
combination is in a clamping position (.e., when a substrate is being
held within the finger/cap combinations) or an unloaded position. The
separated position 803 occurs when the finger arm 121 and finger-end
cap 123 combination is opened (i.e., away from the axial centerline
411 (see FIG. 4)) to facilitate loading or unloading a substrate (not

shown in FIG. 8).

[60128] In an example where the substrate is non-circular (e.g.,
square), four or more finger arm 121 and finger-end cap 123
combination may be used to accommodate the substrate. In this
example, two of the finger arm 121 and finger-end cap 123
combinations may be movable, gripping fingers to facilitate mounting
and removal of the substrate. The other two fingers are fixed (e,
stationary) in position. In general, any combination of movable,
gripping fingers and stationary fingers can be designed to address

different applications. One consideration, regardless of the number of
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fingers, is that the fingers be balanced around the axial centerline 411
(see F1Gz. 4) when combined with a substrate to reduce or eliminate
vibrational effects caused by a rotating substrate during cleaning and

drying operations.

[00129] With reference now to FIG. 9, an exemplary embodiment of
a finger and cam housing mechanism 805 for the finger arm 121 and
finger-end cap combination 123 of FIG. 8 is shown. FIG. 9 is shown to
include a pusher 901, a cam follower 903, a cam-follower surface 905,
a cam-return finger 907, one or more cam-return springs 909, and a
lower cam-surface structure 911. When a substrate (not shown) is to
be either inserted or removed, the cam follower 903 shides over the
cam-follower surface 905 and opens the movable finger 807 around a
pivot point 915 to the first separated-position 803 of about 10°. In
alternative embodiments, the movable finger 807 may be opened to a

second separated-position 917 of about 6°.

{00130} In additional or alternative embodiments, the movable
finger 807 may be opened to the first separated-position 833 when
inserting a substrate and opened to the second separated-position 917
when removing a substrate (or vice-versa or various combinations of
the above). The skilled artisan will recognize that the movable finger
807 may be pivoted to other angles, at least partially depending on an
overall size of the shields, the chamber, the substrate, and other

factors.

[60131] When the pusher 901 and the cam follower 903 retract, the
movable finger 807 will be forced by the one or more cam-return
springs 909, respectively acting on the cam-return finger 907 and the
lower cam-surface structure 911 to close, thereby gripping (clamping)
the substrate. An electrical (e.g., proximity or laser-based) or

mechanical sensor (not shown) may be used to verify that the
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substrate is properly inserted into the combination of movable and

stationary fingers.

[60132] In various process recipes, as described above with reference
to FIG. 7, a substrate may rotate at 2200 rpm (or higher) during a
drying operation. Depending on factors such as a physical size {(e.g.,
diameter), mass of the substrate, and rotational speed, any offset of
the movable and stationary fingers from being co-axial may create a
dangerous wobble and vibration. The one or more cam-return springs
909 may then not be able to hold the substrate in place, thereby
potentially resulting in a catastrophic failure (e.g., release and
destruction of the substrate). To address this potential problem, a
negative locking-mechanism (not shown in FIG. 9) engages an

aperture 913 (e.g., an opening or hole) in the cam-return finger 907.

[60133] FIG. 10A shows an exemplary actuator mechanism 1001
used with the finger and cam housing mechanism 805 of FIG. 9 to
lock the substrate in place. With concurrent reference to FIG. 9, in
one embodiment, the actuator mechanism 1001 of FIG. 10A may
engage the aperture 913 in the cam-return finger 907 when the
combination of the pusher/cam follower 901, 903 is in the normal
operating position 801 (e.g., the closed position), thereby locking the
movable finger 807 in the normal operating position 8¢1. The actuator
mechanism 1001 may be, for example, operated by a small solenoid
(not shown}, pneumatic cylinder (not shown), or other linear-actuator
mechanism known in the art. The actuator mechanism 1001 may be
kept in a locked position by a small spring 1003. FIG. 10B shows a
three-dimensional view of a portion of the cam housing mechanism

805 of FIG. 9.
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ALTERNATE EMBODIMENTS OF THE VERTICAL
SUBSTRATE CLEANING AND DRYING MECHANISM

[00134] FIG. 11 shows a portion of an exemplary alternative
chamber-design to the vertical substrate cleaning and dyrying chamber
100 of FIG. 1. FIG. 11 may be considered as a side-exhaust chamber
design as described below. FI(G. 11 1s shown to include, in this
embodiment, a master side 1110 and a slave side 1120 (see FIG. 12).
As described above with regard to FIG. 1, in one embodiment, the
slave side 1120 of the chamber 1100 moves away from the fixed,
master side 1110 of the chamber 1100 to facilitate substrate mounting
and removal onto the finger arm 121 and finger-end cap 123
combinations. Although many of the fluid mechanical concepts may be
similar to chamber of FIG. 1, the alternative chamber-design 1100
relies on having a left-side fin 1101 and a right-side fin 1103 each
having a reverse slope as compared with the rotatable shields of the

chamber of FIG. 1.

[60135] For example, an angle of the fins 1101, 1103 (relative to
normal of a centerline location 1123 of a vertical location of the
substrate (not shown)) may be from about 3° to about 15° or more.
The fins 1101, 1103 may overlap each other as shown, or,
alternatively, may touch or nearly touch (e.g., within a few
millimeters) each other is shown with regard to FIG. 12, described
below. If the fins 1101, 1103 actually touch, the skilled artisan will
understand that both of the fins 1101, 1103 will rotate in the same

direction at the same rotational speed.

{00136] The fins 1101, 1103 may be mechanically coupled to a
rotational mechanism (not shown but understandable to a skilled
artisan and similar to or the same as the rotatable shields of FIG. 1)
by a number of support structures 1105. The support structures may

be continuous around an entire periphery of the fins 1101, 1103 (with
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reference to an axial centerline 1107), or may, in another
embodiment, comprise separate support arms located at two or more
locations around the periphery of the fins 1101, 1103. If the support
structures 1105 comprise a continuous structure, an area 1109 near
an exhaust area 1115 of the alternative chamber-design 1100 includes
a number of apertures, openings, slots, or other non-continuous
portions of the support structures 1105 such that gases and liquids
may readily be exhausted from the chamber 1100. All dimensions are

exemplary only and are given in millimeters.

[60137] FIG. 1115 also shown to include gas-dispersion devices 1111
that each include a porous area 1113 containing a number of openings
to disperse gas around a periphery of an incoming gas (e.g., ultra-pure
nitrogen) along a gas inlet channel 1121 (such as a tube having a
circular or other cross-section) In various embodiments, the gas-
dispersion devices 1111 may be screwed, press-fit, chemically
adhered, or otherwise affixed to accept the incoming gas from the gas
inlet channel 1121. The gas from the porous area 1119 diverts the
incoming gas from impinging onto a face of the substrate (not shown
in FIG. 11). Thus, the gas-dispersion devices 1111 may function the
same as or similar to the gas-dispersion mechanisms 215, 217 of FIG.
2. The gas dispersion mechanisms are explained in more detail below
in the computational fluid dynamics (CFD) analysis portion of this

disclosure.

{00138] FIG. 12 shows an exemplary cross-section of an interior
portion of a vertical substrate cleaning and drying chamber having
the alternative chamber-design 1100 of FIG. 11. In FIG. 12, the left-
side fin 1101 and the right-side fin 1103 may come into close contact
with one another or may optionally touch each other, as noted above.

If the fins 1101, 1103 actually touch, the skilled artisan will

g
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understand that both of the fins 1101, 1103 will rotate in the same

direction at the same rotational speed.

[60139] FIG. 12 1s also shown to include gas supply lines 1209, a

plurality of iquid exhaust lines 1207, and linear tracks 1205 to open,

mounting and removal of a substrate 119. Additionally, the
alternative chamber-design 1100 may be placed within an outer
chamber, such as the outer chamber 200 of FIG. 2. The outer chamber
for the alternative chamber-design 1100 may also include an optional

drain channel 213.

[00140] FIG. 13 shows additional details of an exemplary cross-
sectional interior portion view 1300 of the alternative chamber-design
1100 of FIGS. 11 and 12. The inner-chamber view 1300 of FIG. 1318
shown to include drain areas 1301, effluent and gas-exhaust areas
1303, a chamber inner-core area 1305, and air-knife separation areas
1307 (an inner portion of the gas-dispersion devices 1111 of FIG. 11).
The air-knife separation areas 1307 may be balanced with gas inlets
111, 113 (see, e.g., FIG. 3) of the central incoming gas supply system
(coming from the center of the fluid manifold 305 (FIG. 3) such that
these systems do not work against each other during cleaning and

drying operations.

{00141} FIG. 13 also shows spray jets 219, as described above with
reference to FIG. 2 and FIG. 6, and their relative placement with
regard to the subsirate 119. Functions of the various elements are
similar to or the same as those described herein with regard to items
having similar element numbers. Other elements are described in

more detail below.

[00142] For example, with concurrent reference to FIG. 13, FIG. 14A

shows the example of the cross-sectional inner-chamber view 1300
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and additionally shows an example of approximate locations of hiquad
stream-hines that occur during a substrate cleaning or drying
operation. In FIG. 14A, cleaning fluid (e.g., DI water or chemical-
based cleaning liquids) are emitted (continuous or pulsed) from the
spray jets 219 toward both faces and edges of the substrate 119,
which is rotating (spinning) at the same speed, or accelerating at the
same rate, as the master side 1110 of the chamber 1100. Depending
on a design of the spray jets 219, the cleaning fluid can be formed into
circular, elliptical, flat (e.g., fan-shaped), or a variety of other shapes,
or combinations of shapes, as known in the art. As described above,
the slave side 1120 may be rotating (or counter-rotating) at the same
speed, or accelerating at the same rate, or different speeds or rates, or
various combinations thereof, as the master side 1110. Effluents and
gases, if any, are then discharged through the drain areas 1031 and
into the outer chamber (not shown in FIG. 14A) and into hquid
exhaust ports (not shown in FIG. 14A) and into a facility drain in an
environment in which the vertical substrate cleaning and drying

mechanism is located.

[00143] With continued concurrent reference to FIG. 13, FIG. 14B
shows the example of a cross-sectional inner-chamber view of FIG. 13
and additionally shows approximate locations of an example gas
stream-lines that occur during a substrate cleaning or drying
operation. As shown in the specific exemplary embodiment of FIG.
14B, gas (e.g., ultra-pure nitrogen) is introduced into the chamber
inner-core area 1305 through the gas-dispersion devices 1111 and
circulates within the chamber volume to draw effluents away from
the substrate 119 and out the exhaust areas 1115. Exhausting the
gases, and other effluents, is further aided by turbine fins (see FIG. 6)
located within in the gas-exhaust areas 1303. The turbine fins are
located on and rotate at the same speed and direction as the fins in

the master side 1110 and the slave side 1120 of the chamber 1100.
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[00144] FIG. 15 shows exemplary dimensions of a schematic of an
interior portion 1500 of a chamber of the alternative chamber-design
1100 of FIGS. 11 and 12. For example, FIG. 15 shows an example of a
chamber design for a 300 mm semiconductor wafer. However, the
skilled artisan will recognize that the exemplary dimensions may be
readily modified to accommodate substrate of various sizes and
cleanliness requivements for those substrates. Therefore, the person
of ordinary skill in the art will recognize that the physical dimensions
provided within FIG. 15 ave exemplary only. (As noted above, the
term as used herein, “exemplary” refers to one example or a set of
examples only, and should not necessarily be construed as the
preferred or best way to implement portions of the disclosed subject
matter disclosed herein.) Consequently, the physical dimensions given
by FIG. 15 should be viewed as aiding the skilled artisan in
explaining and understanding the disclosed subject matter and
therefore should not be seen as limiting the scope of the disclosed

subject matter.

[60145] FIGS. 16A and 16B show alternative or optional
embodiments for removing effluents from the chamber-design of
FIGS. 11 and 12. For example, instead of or in addition to the effluent
draining directly into the outer chamber 201 (see, for example, FIGS.
2 and 3), the effluent may be divected into a drain channel 1601. The
drain channel 1601 may be constructed of, for example, polyvinyl
chloride (PVC) or a number of other materials described herein or
known in the art. The drain channel 1601 can be considered, in one
embodiment, to be a toroid, that drains directly into the outer
chamber 201 or directly into liquid exhaust ports, such as the fluid
exhaust port 507 of FIG. 5. In other embodiments, the drain channel
1601 may be used in conjunction with the optional drain channel 213

of FIG. 2.
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[00146] With concurrent reference to FIGS. 2 and 3, FIG. 17 shows
an exemplary embodiment of a nomogram 1700 used to determine a
relationship between the outside shell of a chamber, an inner wall of
the outside chamber, a lower side of the left-side fin 1101 (left
rotatable shield) and right-side fin 1103 (right rotatable shield) at an
exemplary angle of 10°, a size of the substrate (e.g., a diameter of a
wafer), and a distance from the finger-end caps at various distances
from a vertical wall of the chamber. All dimensions are given in
millimeters. The skilled artisan, upon reading and understanding the
disclosure provided herein, will recognize how to use the nomogram
1700 to design a vertical substrate cleaning and drying chamber for a
given substrate geometry.

EXAMPLES OF COMPUTATIONAL

FLUID DYNAMICS (CFD) ANALYSES

{00147} In efforts to divect gas and hguid flows more efficiently
within the vertical substrate cleaning and drying chamber, dozens of
physical arrangements and dimensions of the chamber were
considered with numerous iterations of each of the combinations of
arrangements and dimensions conducting simulations using
computational fluid dynamic (CFD) analysis using, for example, finite
element and finite volume analysis. Initially, the simulations were
conducted using a two-dimensional model, later expanding to using
three-dimensional (3D)) models, and still later, conducting simulations
in 3D and adding a fourth dimension, time (thereby producing time-
accurate animations to further aid in flow, pressure, vorticity
magnitude, Q-criterion, and other fluid parameters of interest known
to a skilled artisan). The arrangements and dimensional changes for
each of the iterations included varying the diameter of the chamber,
changing distances between walls of the chamber (and consequently
changes in distances from the substrate to the chamber walls),

changing gas flow rates, gas flow directions, and various placements
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of exhaust paths. Additional details were added to the various designs
of the chambers. However, the description below allows the skilled
artisan to appreciate the factors to be considered for further CFD
modeling, simulation, and analysis for a particular set of shapes and

dimensions for a substrate of interest.

[60148] For example, with concurrent reference to FIG. 4 (the
center-exhaust chamber design described above), FIG. 18 shows
various eddy viscosity contours from an example of a computational
fluid dynamic (CFD) analysis based on the various exemplary
physical dimensions of a portion of the vertical substrate cleaning and
drying chamber mechanism shown in FIG. 4. FIG. 18 shows good
dispersion of the stream lines from the gas inlet streams, across
opposing faces of the substrate, to the openings (e.g., gas exhaust

areas) of the rotatable shields.

[00149] With continuing reference to FIG. 4, FIG. 19 shows various
eddy viscosity contours (in units of Pascal second (also known as
Newton second/meter? or kilogram/metersecond)) from an example of
CFD analysis based on the various exemplary physical dimensions
described above with reference to FIG. 18. Additionally, FIG. 20
shows contours of velocity magnitude (n units of meters/second) for a
portion of the chamber mechanism shown in FIG. 4. FIG. 21 shows a
simplified CFD diagram indicating contours of turbulent viscosity
(also in units of Pascal second) based on another design model (not

shown).

[00150] Referring now to FIG. 22, a portion of another exemplary
chamber design was considered for CFD analysis having a greater
distance between chamber sidewalls is shown (all dimensions are in
millimeters) to consider any effects on cleaning and drying efficacy. In

FIG. 22, the sidewalls are about 200 mm apart, whereas, in FIG. 4,
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the sidewalls are about 100 mm apart (neglecting a thickness of the

substrate in both FIG. 4 and FIG. 22.).

[60151] FIG. 23 shows an example of a full 3D simulation basis
model for the exemplary chamber design of FIG. 22. Full CFD
analyses (not shown) for various fluids (e.g., liquid and gases) and
various processes (e.g., both cleaning and drying operations) were run
using the exemplary chamber design of FIG. 22 as well. Numerous
other shield and fin designs, sizes (e.g., distance between chamber
side walls and overall diameter), angles, and curvatures were

considered as well.

[00152] Additionally, additional CFD analyses were conducted
based on modifications of the alternative, side-exhaust chamber
design of FIG. 11. For example, FIG. 24 shows an exemplary gas flow
diagram for the modified side-exhaust chamber. FIG. 24 shows an
exemplary embodiment where nitrogen gas is introduced into the
chamber from each side inlet 2401 at about 1700 lpm (approximately
60 scfm). Approximately 80% of the gas enters the main portion of the
chamber containing the substrate (not shown) to assist in drying the
substrate as well as removing effluent and moisture within the
chamber. The remaining approximately 20% allows a portion of the
incoming nitrogen to prevent or substantially reduce contamination
or particulates from various mechanical components (e.g., the
bearings 303 of FIG. 3) from migrating into the process chamber

through key seal-areas.

[00153] The air knife system is balanced with the central nitrogen
system (coming from the center of the fluid dispense manifold) so that
these systems do not work against each other during the cleaning and

drying cycle.
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[00154] Additionally, filtered air 2403 enters by, for example, a
venturi effect from the topside provided by the first filter unit 501 and
the second filter unit 503 (see FIG. 5). The gas is exhausted through a
lower part 2405 of the chamber, carrying excess moisture from the

chamber and the substrate during a drying operation.

[60155] As noted above with reference to FIG. 13, the inner-chamber
view 1300 of FIG. 13 is shown to include drain areas 1301 and
effluent and gas-exhaust arveas 1303. Also, as noted above with
reference to FIG. 6, the evacuation of liquids or liguid vapors may be
assisted by various types of turbine blade mechanisms 601 configured
to withdraw liquids and vapors from the chamber as described in

more detail below.

[60156] Referring now to FIG. 25A, an exemplary embodiment of a
turbine disk 2501 is shown to include a number of openings 2505,
formed through the turbine disk 2501, and a number of turbine fins
2503. The number and shape of the openings 2505, and the resulting
turbine fins 2503, may vary considerably from what is shown in FIG.
25A. For example, the shape of the openings 2505 may be curved as
well as straight. In addition to or optionally, the shape of the openings
2505 may be formed as a series of straight edges with varying angles.
Examples of diagrams that may be used for calculations in
determining turbine blade profiles are described below with reference

to FIGS. 27A through 27E.

[60157] Generally, at least one of the turbine disks 2501 is coupled
to each of the rotating shields (e.g., the first rotatable shield 101 and
the second rotatable shield 103A/B of FIG. 1) to remove excess
amounts of bulk effluent during the cleaning and drying cycles. As the
shields rotate, the effluent is thrown outward due to centrifugal force
and exits through the openings 2505 in the turbine disks 2505

through drain areas (e.g., the drain areas 1301 of FIG. 13 or

2
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channeled to the various drain areas as discussed above). The
number, size, wall angle, shape, and other parameters may each be
manipulated depending on an overall chamber design. Although
discussed mainly for removal of liquids, the skilled artisan will
immediately recognize the turbine disks 2501 may also be used fo

remove excess gases from the chamber as well.

[60158] With reference now to FIG. 25B, a cross-section of the
exemplary turbine disk, and an exemplary method to machine the
turbine disk, of FIG. 25A is shown. A person of ordinary skill in the
art, upon viewing and understanding FIG. 258, will understand how
water, moisture, or effluent can be readily removed from within the
chamber based on a direction of rotation as shown. Machining or
otherwise forming the openings 2505 may be accomplished by cutiing
the openings 2505 using, for example, single-point or multipoint tools
(multipoint tools can include grinding tools and other abrasive tools).
In a specific exemplary embodiment, a thickness of the turbine disk is
10 mm (approximately .0394 inches). In this embodiment, one
dimension of the cross-section of the turbine fin 2503 (e.g., the short-
point to short-point distance) is 10 mm and a dimension of the other
dimension {e.g., long-point to long-point distance) 1s 20 mm

(approximately 0.787 inches). From the cross-section of FIG. 258,

[00159] With continuing reference to FIG. 25B, in a specific
exemplary method used to machine the openings 2505 in the turbine
disk 2501, an angle from the work table to the turbine disk is about
45° to form the turbine fins 2503 with about 45° walls. A cutting tool
2551 1s substantially perpendicular to the work table. However, in
other embodiments, the wall angle may be formed to be greater than
about 45° or less than about 45°. For example, in one embodiment,
the range of wall angles may be formed to be from about 15° to about

45°. In other embodiments, the range of wall angles may be formed to

(94
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be from about 45° to about 75°. The skilled artisan will recognize that
a determination of the wall angle may be determined based on a
rotational speed of the turbine disks 2501, an amount of effluent to be
removed from the chamber (not shown in FIG. 25A or FIG. 25B), an
amount of time in which all or most of the effluent should be removed,
and a number of other factors, at least some of which may be
determined from CFD analysis as will be understood by a skilled
artisan. Also, the skilled artisan will recognize that, in certain
applications, the turbine fins 2503 may be stamped from metals,

plastics, or other materials rather than being machined.

[60160] Also, in other embodiments, the cutting tool 2551 may be
substituted by other forming tools such as a plasma torch, a
directional chemical-etch, a laser, electrical discharge machining
(EDM), a water jet cutter, or a number of other techniques known in

the art.

{00161} FIG. 26A 1s a three-dimensional drawing of an exemplary
embodiment of a turbine disk. With concurrent reference to FIGS.
25A and 258, and as noted above, the skilled artisan will recognize
that other sizes of the openings 2505, the turbine fins 2503, an angle
of the walls of the turbine fins 2503, and other parameters may be

readily employed based on at least the factors discussed herein.

[00162] FIG. 26B is a cross-section of the turbine disk of FIG. 26A,
taken along an axis along the diameter of the turbine disk. In a
specific exemplary embodiment, and with concurrent reference to the
turbine blade mechanisms 601 of FIG. 6, the cross-section of FIG. 26B
shows an overall diameter of 420 mm (approximately 16.5 inches) to
be used in the interior portion 600 of the three-dimensional chamber
500 of FIG. 5. Other chamber designs would, accordingly, utilize other
sizes of the turbine disk. FIG. 26C is a cross-section of the turbine

disk of FIG. 26A, taken near a pair of fins of the turbine disk.

(¥4
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[00163] FIGS. 27A through 27D show examples of diagrams that
may be used for calculations in determining turbine blade profiles.
For determination of a blade profile, in this example, an elliptical
profile 2700 (sec FIG. 27A) is shown due to the blades relatively easy
manufacturability and a multipurpose nature of the blade. The

various variables are described as:

u — rotational velocity W — relative velocity
V - absolute velocity p — relative fluid angle
¢ — blade chord s — blade spacing(pitch)
& — deviation angle i - incidence
By — relative blade angle { — stagger angle
o= c¢/s — solidity t/c =0.08
Subscripts:
a — axial component g — tangential component
1, 2 inlet and outlet

[00164] For an exemplary calculation, a performance analysis of the
elliptical sections may be determined. A number of blades may bhe

obtained as indicated:

6r

~ 54
1—r

Ny =

where the hub-to-tip ratio is determined by:
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=
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[00165] In a specific exemplary embodiment, economic

considerations provide a reason to reduce the number of blades to 30.

[60166] Therefore, the pitch in this embodiment is equal to:

{00167} Solidity o roughly determines a flow rate per revolution of
the turbine disk and is represented by a ratio of the chord length to

the blade spacing of the elliptical profile 2700.

[00168] For a solidity value equal to 0.5, a chord length is

determined using the expression:
o= c/s
which for this calculation becomes 0.01 m.

[00169] For this calculation, an assumption is made that there i1s no
radial component of the velocity, and that the pressure rise across the
rotor 1s constant in a radial direction. In this case, a two-dimensional

plane 1s used.

{001706] In an axial turbo-machine, the blades Lie on a line of infinity
length and a solution obtained from an infinitely long linear cascade
of blades is applicable. The elliptical profile 2700 shows the linear

cascade and velocity triangles.

{00171} Aerodynamic parameters may be determined using the Lift
(L) and drag (D) diagram 2730 of FIG. 27B. In this calculation, There
are a number of aerodynamic parameters used in the design of

turbines as indicated below:

e Lift coefficient;
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Drag

coefficient;

Incidence;

Deviation angles; and

Lift and drag coefficients
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and coefficients for Lift and drag are determined, respectively, by the

following equations:

{60172}

mean velocity as measured by CFD analysis is given in Table I, below.

i-‘

P b

D

p. V2.4

Aerodynamic coefficients and their reduction according to

A measuring section is located at distance equal to blade chord from

the end of chord. X and Y velocities refer to Wy, which is tangential

component of the relative velocity and V, is the axial component of

velocity. Both contours of velocity and pressure distributions for 15°,

35°, and 45°, angles-of-attack were determined by CFD analysis (not

shown).
Projection of
Angle Coefficienis Meastiring section Mean velocity coefficients on mean
of velocity diraction
attack . Y X Velocity | . . . .
o Drag Lift e O e | Direction | Magnitude Lift Drag p
60l | cosfi | Coe | Velooly | Veloclly | Direction | T o e | Cosff, | Coeft, | P
{mys] {m/s {Beg]
15 0.75 0.42 2.3 0.36 853 2.3
25 28 1.4 23 .88 228 2.3
35 3.25 27 2.3 1.32 29.7 23
45 8.5 6 23 1.81 38 2.3
Table 1

(9 4]
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[00173] With regard to a theoretical design of the blades,
consideration can be given to a definition of maximal axial velocity.
Flow rate has been defined by a pressure drop between inlet and
outlet as -6400 Pa from Ansys FLUENT® (FLUENT® is available
from Ansys, Inc., Southpointe, 2600 ANSYS Drive, Canonsburg,

Pennsylvania, USA) calculations.

[00174] With reference to the fan axis diagram 2750 of FIG. 2C, the

axial velocity is determined for this embodiment as:

_ G
= (D%, — Dhws)

= 23m/s

axi

{00175] Pressure rise across the fan as we have boundary conditions

0 Pa at inlet and -6400 Pa at outlet in non-dimensional form:

Ho — H
¢ = —— = 1000
i Iy {’/:f
The pressure above is the design pressure rise across the fan and

includes rotor losses as well.

[00176] An assumed blade efficiency value in this embodiment is

given as:
T]BL = 951

{00177} Since rotor losses are not yet known, @5, can be used as a

starting point with an actual efficiency calculated later.

[60178] The flow coefficient is calculated, which is the ratio between
axial and a rotational velocity of 210 rad/sec:

a

£ = D2 = (.057

(¥4
(@)
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[00179] Swirl coefficients, which are measures of tangential

velocities at inlet and exit, are then determined from:

Ve
9 = -2
Va

where Vj is tangential velocity.
{00180} An assumption can be made that inlet swirl is 9, = 0.

{00181} Next, the Fuler equation is adapted to the non-dimensional

gquantities:

[00182] After manipulations, the outlet swirl coefficient is obtained:

{00183] Flow angles are next constructed with reference to a flow

angle diagram 2770 of FIG. 27D.

[00184] The relative flow angles, at inlet £, and outlet 2,, and the
mean flow angle £,,, are determined from:
1

fy = arctan (\ ;) = gretan ( 2 (}57) = arctan 17.54 = 86

11— 9;.en 1 — 285 % 0.057
__________} = arcmn( T } = 84°
/ \ WO /

= garctan (
B2 -

- tanfB,+tanfy’ ‘tan84+-tange -
B = arctan (—“) = gretan (%) = 85°

[060185] After the flow angels are defined, the blade angles 8,5, 25
are determined. A deflection of the flow is obtained by relating the
flow angle to the blade angle at the exit. An incidence angle from the

difference of flow angles 1s determined from:

(94
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i=f— By=2°

[00186] The deviation angle 6 = 11 is determined from a two-

dimensional simulation as:
Bar = By — 8 =73; and
P =73

[60187] Based on the above calculations, the skilled artisan may
apply an iterative approach to determine parameters for the turbine
blades. The skilled artisan may also consider a level of turbulence
created with the inner chamber and adjust blade parameters if
desired. In certain situations, the skitled artisan may choose to
pursue a full three-dimensional simulation of all parameters as

described herein.

{60188} Overall, based on the descriptions provided above with
regard to various physical models and a rvesulting set of CFD
analyses, the skilled artisan will recognize how to apply the various
models and simulations for a given substrate shape and dimension to

prepare a suitable chamber design.

[00189] As will now be recognizable to a person of ordinary skill in
the art, upon reading and understanding the material provided
herein, the disclosed subject matter contains multiple advantages
over both the prior art as well as contemporaneous technigues used in
substrate cleaning and drying processes. In addition to other
advantages disclosed herein, additional advantages include, for

example:

e A vertically-oriented substrate allows a configuration of
the rotatable shields to remove effluent and moisture

rapidly from both sides, as well as the edges, of the

(4]
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substrate, more efficiently as compared with a horizontal
orientation of the substrate, which tends to retain moisture,
effluents, and particulates on at least an upper surface of

the horizontally-oriented substrate; and

¢ The disclosed subject matter allows a closed system
wherein the atmosphere inside the chamber can readily be
controlled; whereas in the case of a horizontally-oriented
substrate cleaning and drying system of the prior art, the
process 1is typically open to the atmosphere thereby
increasing the potential of particulates to be added back on

the wafer during cleaning and drying.

[00190] Consequently, for at least the reasons stated above and
throughout the disclosure, the disclosed subject matter is both novel
and non-obvious since, for example, it provides cleaning and drying of
the vertically-oriented substrate in the same chamber, without having
to move the substrate from one chamber to another thereby saving
time and avoiding unnecessary, potentially contaminating, handling
steps. The disclosed system is a contactless cleaning and drying
system for substrates. Consequently, harsh mechanical substrate
cleaning systems of contemporary cleaning systems may be avoided
completely. Further, the mechanisms defined herein for evacuating
fluads (iguids and gases) as well as moisture from a process chamber

are new, novel, and non-obvious.

[60191] The disclosed subject matter solves at least two major
problems: First, all surfaces of a substrate are cleaned substantially
simultaneously (e.g., front, back, and edge(s)) with identical or nearly-
identical efficiency. Currently, there is no contemporaneous
mechanism that can perform the operations disclosed herein.
Secondly, the disclosed subject matter removes extremely small (e.g.,

nanometer-level particles and other contaminants) from the process

(¥4
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chamber. The nanometer-level cleaning capability allows users to
achieve sub-25 nm, or smaller, integrated circuit manufacturing with

a high single-pass cleaning efficiency.

[001982] Additional advantages of the disclosed cleaning and drying
chamber include one or more of the added benefits listed below. For
example, the chamber can include an additional flexibility to allow for
only one side of the substrate cleaned using a chemical, or DI water,
or combination of chemical and DI water, while the other side can be
sprayed with an inert gas to prevent the chemicals/iguids from

overlapping onto the other side.

[00193] In addition, or as a sepavate operation, while the frontside
and backside of the substrate are cleaned with jets of a chosen
cleaning fluid or DI water (for example), a special single or multiple
spray edge-jets can be dirvected separately at edge(s) of the substrate
to perform special cleaning functions or enhanced edge cleaning. The
edge-jets can also be fed with the same or differing cleaning fluids
than the fluids fed to the jets directed at the surfaces (faces) of the

substrate.

[00194] The disclosed cleaning and drying chamber may dispense a
plurality of cleaning liquids or other fluids thereby providing a variety
of cleaning options to remove particles, residues, organic
contaminants, inorganic contaminants, and metallic contaminants
from all surfaces of the substrate. Further, the disclosed cleaning and
drying chamber can include separate, switchable drains to facilitate
removal of incompatible effluents (e.g., acid, basic, or solvents). Such

switchable drains are known in the avt.

[60195] Further, the disclosed cleaning and drying chamber can

dispense two or more different gases that can be used for substrate
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dryving and to eliminate or reduce, for example, static charges in the

process chamber.

[60196] Additional IPA vapor or other types of surfactants can be
introduced into the disclosed cleaning and dyying chamber to assist in
thinning a liquid layer on the substrate to facilitate drying of the
substrate. A combination of spin speed or acceleration and IPA vapor
or surfactant introduced into the chamber can further yield a dry or
substantially dry substrate for applications that do not require, or

cannot tolerate, a high spin-speed drying operation.

[60197] In various embodiments, the substrate can include, for
example, any of various types of substrates used in the semiconductor
and allied industries (which may be referred to herein as
“semiconductor substrates,” or “wafers,” or simply “substrates”).
Substrate types may therefore include silicon substrates (e.g., wafers)
or substrates hased on other elemental semiconductors, compound
wafers (e.g., from Groups I1I-V, II-VI, or others), thin-film head
assemblies, polyethvlene-terephthalate (PET) films deposited or
otherwise formed with a semiconducting layer, or numerous other
types of substrates known independently in the art. Also, the
substrate may comprise a region of a semiconductor material formed
over a non-semiconductor material, or vice-versa. For ease of
understanding the activities and designs presented herein, the
substrate may be considered to be a silicon wafer. Upon reading and
understanding the disclosure provided herein, a person of ordinary
skill in the art will understand how to modify various component,

designs, geometries, and so on to account for other types of substrates.

{60198} One of ordinary skill in the art may recognize that the
designs may include other components, at least some of which are

described herein. However, several of these components are not
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shown in the figures, so as not to obscure details of the various

embodiments described.

[00199] The various illustrations of the methods and apparatuses
are intended to provide a general understanding of the structure of
various embodiments and are not intended to provide a complete
description of all the elements, materials, and features of the
apparatuses and methods that might make use of the structures,

features, and techniques described herein.

[00208] The apparatuses and systems of the various embodiments
may be suitable for and used in, for example, the fabrications of
electronic circuitry used in high-speed computers, communication and
signal processing circuitry, single- or multi-processor modules, single
or multiple embedded processors, multi-core processors, data
switches, and application-specific modules including multilayer,
multi-chip modules, or the like. Such devices may further be included
as sub-components within a variety of electronic systems, such as
televisions, cellular telephones, personal computers {(e.g., laptop
computers, desktop computers, handheld computers, tablet
computers, etc.), workstations, radios, video players, audio players,
vehicles, medical devices (e.g., heart monitors, blood pressure

monitors, etc.), set top boxes, and various other electronic systems.

[00201] A person of ordinary skill in the art will appreciate that, for
this and other methods (e.g., substrate cleaning and drying) disclosed
herein, the activities forming part of various methods may be
implemented in a differing order, as well as repeated, executed
simultaneously, with various elements substituted one for another.
Further, the outhned acts and operations are only provided as
examples, and some of the acts and operations may be optional,

combined into fewer acts and operations, or expanded into additional
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acts and operations without detracting from the essence of the

disclosed embodiments.

[60202] The present disclosure is therefore not to be limited in
terms of the particular embodiments described in this application,
which are intended as illustrations of various aspects. Many
modifications and variations can be made, as will be apparent to a
person of ordinary skill in the art upon reading and understanding
the disclosure. Functionally equivalent methods and apparatuses
within the scope of the disclosure, in addition to those enumerated
herein, will be apparent to a person of ordinary skill in the art from
the foregoing descriptions. Portions and features of some
embodiments may be included in, or substituted for, those of others.
Many other embodiments will be apparent to those of ordinary skill in
the art upon reading and understanding the description provided
herein. Such modifications and variations are intended to fall within
a scope of the appended claims. The present disclosure is to be lmited
only by the terms of the appended claims, along with the full scope of
equivalents to which such claims are entitled. It is also to be
understood that the terminology used herein is for the purpose of
describing particular embodiments only and is not intended to be

limiting.

[00203] Also, as used herein, the term “or” may be construed in an
inclusive or exclusive sense unless otherwise explicitly noted or
operationally defined. Additionally, although various exemplary
embodiments described above focus on various general and specific
exemplary embodiments, the embodiments are merely given for
clarity in disclosure, and thus, are not limited to a particular type or
design of a vertical substrate cleaning and drying mechanism or

system.

(o)
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[00204] The Abstract of the Disclosure is provided to allow the
reader to quickly ascertain the nature of the technical disclosure. The
abstract is submitted with the understanding that it will not be used
to interpret or limit the claims. In addition, in the foregoing Detailed
Description, it may be seen that various features are grouped together
in a single embodiment for the purpose of streamlining the disclosure.
This method of disclosure is not to be interpreted as limiting the
claims. Thus, the following claims are hereby incorporated into the
Detailed Description, with each claim standing on its own as a

separate embodiment.
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THE FOLLOWING NUMBERED EXAMPLES INCLUDE
EMBODIMENTS OF THE DISCLOSED SUBJECT MATTER
{00205] Example 1: A substrate cleaning and drying apparatus
includes a vertical substrate holder configured to hold and rotate a
substrate vertically at various speeds; an inner shield and an outer
shield configured to surround the vertical substrate holder during
operation of the apparatus, with each of the inner shield and the
outer shield being configured to operate independently in at least one
of rotational speed and direction from the other shield; a front-side
spray jet array and a back-side spray jet array, each of the front-side
spray jet array and the back-side spray jet array being configured to
spray at least one fluid onto at least one face of the substrate; and at
least one turbine disk coupled in proximity to at least one of the inner
shield and the outer shield and configured to remove an excess

amount of the at least one {luid.

[00206] Example 2: The apparatus of Example 1, wherein the front-
side spray jet array and the back-side spray jet array are configured
to spray at least one fluid onto both sides of the substrate and edges of

the substrate substantially concurrently.

{00207] Example 3: The apparatus of Example 1 or Example 2,
wherein the substrate cleaning and drying apparatus has a center
exhaust between the inner shield and the outer shield for removing

effluents.

[060208] Example 4: The apparatus of Example 1 or Example 2,
wherein the substrate cleaning and drying apparatus has a side
exhaust on at least one of the inner shield and the outer shield for

removing effluents.
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[00209] Example 5: The apparatus of any one of the preceding
Examples, further comprising an outer chamber to contain process

effluents.

[00210] Example 6: The apparatus of any one of the preceding
Examples, wherein an outer chamber includes a drain channel to
collect hiquid evacuated from the vertical substrate cleaning and

drying chamber.

{00211] Example 7: The apparatus of any one of the preceding
Examples, further comprising a second turbine disk coupled to a
remaining one of the rotatable shields that does not currently have a

turbine disk mounted in proximity thereto.

[60212] Example 8: The apparatus of Example 7, wherein the at
least one turbine disk is configured with slots placed at various points
near a periphery of the turbine disk to increase fluid-removal

efficiency.

[00213] Example 9: The apparatus of Example 7, wherein the at
least one turbine disk and the second turbine disk are configured with

slots placed at one or more angles to increase fluid-removal efficiency

[00214] Example 10: The apparatus of any one of the preceding
Examples, wherein the apparatus is to clean both faces (sides) of the

substrate, as well as the edge(s) of the substrate, simultaneously.

[00215] Example 11: The apparatus of any one of the preceding
Examples, wherein at least one array of the front-side spray jet array
and the back-side spray jet array includes spray jets arranged to
deliver a continuous-liquid spray of one or more liguids to the

substrate.
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[00216] Example 12: The apparatus of any one of Examples 1 to 10,
wherein at least one array of the front-side spray jet array and the
back-side spray jet array includes spray jets arranged to deliver a

pulsed-liquid spray of one or more liquids to the substrate.

[00217] Example 13: The apparatus of any one of Examples 1 to 1,
wherein at least one array of the front-side spray jet array and the
back-side spray jet array includes spray jets arranged to deliver at
least one or both of continuous-liguid sprays and pulsed-liguid sprays

of one or more Liquids to the substrate.

[60218] Example 14: The apparatus of any one of Examples 13 to 16,
wherein the one or more liguids includes one or more combinations of

deionized (DI) water and hiquid cleaning chemicals.

[60219] Example 15: The apparatus of any one of the preceding
Examples, wherein the front-side spray jet array and the back-side
spray jet array are configured to spray both faces (sides) and edge(s)
of the rotating vertical substrate simultaneously during a cleaning

operation.

{00220] Example 16: The apparatus of Example 12 or Example 13,
wherein the pulsed-liquid spray jets are considered as gasless pulsed-

jets.

{60221} Example 17: The apparatus of Example 16, wherein a
diaphragm pump (e.g., a membrane pump) is utilized to produce

gasless pulsed-jets.

[60222] Example 18; The apparatus of Example 16, wherein a three-
diaphragm pump is used to produce a variety of sizes, velocities,
and/or numbers of process-liquid droplets from the gasless pulsed-

jets.

(o))
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[00223] Example 19: The apparatus of Example 16, wherein one or
more diaphragm pumps having two, four, or more diaphragms are

used to produce gasless pulsed-jets.

[00224] Example 20: The apparatus of Example 16, where a
diaphragm pump having a single diaphragm with only one chamber
(e.g., a single-sided diaphragm pump) is used to produce a gasless

pulsed-jet.

{00225] Example 21: The apparatus of any one of Examples 17-20,
wherein the diaphragm pump is coupled to a variable-frequency drive

to supply power to the diaphragm pump.

[00226] Example 22: The apparatus of Example 21, wherein the
variable-frequency drive having a 1 Hz to 10 Hz frequency range is

used to produce atomized droplets.

[00227] Example 23: The apparatus of any one of Examples 16 to 22,
wherein the gasless pulsed-jet 1s combined with different sizes and
shapes of nozzles on the front-side spray jet array and the back-side

spray jet array.

[00228] Example 24: The apparatus of Example 22, wherein a
kinetic-energy level imparted by each of a variety of atomized droplets

produced by the pulsed-liquid spray jets is determined.

[00229] Example 25: The apparatus of Example 24, wherein the
kinetic energy depends, at least partially, on a droplet size, a density
of the liguid in the droplet (e.g., a total mass of the droplet), and a

velocity of the droplet.

[00230] Example 26: The apparatus of Example 25, wherein the
determination of the kinetic-energy level is further determined by a

pressure required to dislodge a given particle size from the substrate.
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[00231] Example 27: The apparatus of any one of the preceding
Examples, further comprising one or more secondary gas flow devices
to create a gas barrier to prevent or substantially reduce particulate

migration into the inner (process) chamber from the outer chamber.

[00232] Example 28: The apparatus of any one of the preceding
Examples, wherein at least one of the inner shield and the outer
shield is configured to move laterally away from the other shield to
increase an opening between the shield to insert and remove the

substrate into or from the substrate cleaning and drying apparatus.

[60233] Example 29: The apparatus of any one of the preceding
Examples, wherein peripheral edges of the inner shield and the outer

shield each have one or more angles.

[60234] Example 30: The apparatus of Example 29, wherein the
peripheral edges of the inner shield and the outer shield have a

plurality of angles comprising various straight portions.

[00235] Example 31: The apparatus of Example 29 or Example 30,
wherein the peripheral edges of the inner shield and the outer shield

have one or more angles from about +3° to about +15°.

[00236] Example 32: The apparatus of Example 29 or Example 30,
wherein the peripheral edges of the inner shield and the outer shield

have one or more angles from about +1° to about +3°.

{00237} Example 33: The apparatus of Example 29 or Example 30,
wherein the peripheral edges of the inner shield and the outer shield

have one or more angles from about +15° to about +45° or more.

[00238] Example 34: The application of Example 30, wherein each of

the straight portions has a different angle.
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[00239] Example 35: The apparatus of Example 34, wherein the
straight portions increase in angle as edges of the shields approach an

opening.

[00240] Example 36: The apparatus of any one of Examples 1 to
Example 28, wherein peripheral edges of the inner shield and the

outer shield are curved.

[00241] Example 37: The apparatus of any one of the preceding
Examples, wherein a larger of the inner shield and the outer shield

extends over the smaller shield.

[00242] Example 38: The apparatus of any one of the preceding
Examples, wherein at least one or both of the inner shield and the
outer shield includes a labyrinth hip at an outermost peripheral edge

to remove most or all fluid droplets.

{00243] Example 39: The apparatus of any one of the preceding
Examples, wherein at least one or both of the inner shield and the
outer shield includes a profile of an outermost peripheral edge such
that the fluid droplets cannot collect above the substrate during an

operation of the substrate cleaning and drying apparatus.

[00244] Example 40: The apparatus of any one of the preceding
Examples, wherein the substrate is held within approximately +0.1
degree to approximately +1 degree from vertical.

[00245] Example 41: The apparatus of any one of Example 1 to

degrees from vertical.

[00246] Example 42: The apparatus of any one of Example 1 to

degrees from vertical.
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{00247} Example 43: The apparatus of any one of Example 1 to
Example 38, wherein the substrate is held within approximately +10

degrees from vertical.

[00248] Example 44: The apparatus of any one of the preceding
Examples, further comprising finger caps mounted to finger arms to

hold the substrate.

[00249] Example 45: The apparatus of Example 44, wherein the

finger caps are shaped like rollers.

[002508] Example 46: The apparatus of either Example 44 or
Example 45, wherein the finger caps are non-rotatably mounted to a

respective finger arm.

[60251] Example 47: The apparatus of any one of Example 44 to
Example 46, wherein the finger caps are shaped to have a V-groove
into which the substrate is placed during cleaning and dyvying

operations.

[00252] Example 48: The apparatus of any one of Example 44 to
Example 46, wherein the finger caps are shaped to have a U-groove
into which the substrate is placed during cleaning and drying

operations.

{60253] Example 49: The apparatus of Example 47 or Example 48,
wherein a profile of the groove is designed such that it ensures that
the substrate can self-align when placed in the grooves by an end-

effector of a robot.

[60254] Example 50: The apparatus of Example 49, wherein the
profile of the groove is shaped and sized such that only edges of the
substrate are in contact with portions of the groove such that faces of

the substrate are not in contact with the groove.
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[00255] Example 51: The apparatus of Example 49, wherein the
profile of the groove is sized and shaped such that no portion of the
faces of the substrate are covered by the groove such that the faces of
the substrate are fully exposed to sprays from the front-side spray jet

array and the back-side spray jet array.

[060256] Example 52: The apparatus of any one of the preceding
Examples, further comprising a special single spray edge-jet or
multiple spray edge-jets to be directed separately at edge(s) of the
substrate to perform special cleaning functions or enhanced edge

cleaning.

{00257} Example 53: The apparatus of Example 52, wherein the
single spray edge-jet or the multiple spray edge-jets can also be fed
with the same or differing cleaning fluids than the fluids fed to the

jets directed at the surfaces (faces) of the substrate.

{00258] Example 54: The apparatus of any one of the preceding

Examples, further comprising a first-side gas dispersion mechanism
and a second-side gas dispersion mechanism to direct at least one of
liguids and liguid vapors within the vertical substrate cleaning and

drying chamber.

[00259] Example 55: The apparatus of Example 54, wherein the
first-side gas dispersion mechanism and the second-side gas
dispersion mechanism direct at least one of iquids and hquid vapors

away from the substrate during a drying operation.

[00260] Example 56: The apparatus of Example 54 or Example 55,
wherein the first-side gas dispersion mechanism and the second-side
gas dispersion mechanism are configured to disperse and redirvect any

incoming gas through a first-side gas inlet and a second-side gas inlet,.
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{00261} Example 57: The apparatus of any one of Example 54 to
Example 56, wherein the first-side gas dispersion mechanism and the
second-side gas dispersion mechanism are configured with an array of
apertures or orifices around the periphery of each dispersion
mechanism to direct incoming gases in a plane substantially parallel

to faces of the substrate.

[060262] Example 58: The apparatus of any of the preceding
Examples, wherein the front-side spray jet array and the back-side
spray jet array are arranged to cover at least the entive diameter of
the substrate on each face of the substrate thereby providing hquid to

each entire face once the substrate has been rotated.

{00263] Example 59: A method for cleaning and dyying a substrate
in a substrate cleaning and drying mechanism, the substrate cleaning
and drying mechanism having a single chamber for both cleaning and
drying operations, where the method includes mounting a substrate
vertically in the substrate cleaning and drying mechanism; rotating
the substrate at a first rotational-velocity; spraying at least one lquid
onto at least a first face of the substrate; spinning a first rotatable
shield at a first-shield rotational-velocity; spinning a second rotatable
shield at a second-shield rotational-velocity; spinning a turbine disk
at a turbine-disk rotational velocity; and increasing the first

rotational-velocity of the substrate.

{00264] Example 60: The method of Example 59, wherein a
beginning of spraying at least one liquid onto at least a first face of
the substrate occurs substantially simultaneously with rotating the

substrate.

[60265] Example 61: The method of Example 59, wherein a
beginning of spraying at least one liquid onto at least a fixst face of

the substrate occurs after beginning the rotating of the substrate.

~3
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[00266] Example 62: The method of Example 59, wherein a
beginning of spraying at least one liquid onto at least a first face of

the substrate occurs before beginning the rotating of the substrate.

{00267} Example 63: The method of any one of Example 59 to

rotatable shield and spinning of the second rotatable shield to a

rotational-velocity from 0O to about 100 rpm during a low speed spin.

[00268] Example 64: The method of any one of Example 59 to
Example 63, wherein the spraying of the at least one liquid onto at

least a first face of the substrate is a continuous spray.

[00269] Example 65: The method of any one of Example 59 to
Example 63, wherein the spraying of the at least one liquid onto at

least a first face of the substrate is a pulsed spray.

{00270] Example 66: The method of any one of Example 59 to
Example 65, wherein the at least one liquid includes at least one of

deionized (DI) water and other hiquid-based cleaning chemicals.

{00271} Example 67: The method of any one of Example 59 to
Example 66, further comprising spraying liquids onto a second face of

the substrate.

{00272] Example 68: The method of any one of Example 59 to
Example 67, further comprising spraying hiquids onto an edge of the

substrate.

{00273] Example 69: The method of any one of Example 59 to
Example 68, wherein the at least one lquid is sprayed onto the at
least one face of the substrate prior to rotating the substrate at a first

rotational velocity.
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{00274} Example 70: The method of any one of Example 59 to
Example 68, wherein the at least one liquid is sprayed onto the at
least one face of the substrate subsequent to rotating the substrate at

a first rotational velocity.

[00275] Example 71: The method of any one of Example 59 to
Example 68, wherein the at least one liquid is sprayed onto the at
least one face of the substrate during a time period of starting to

rotate the substrate at a first rotational velocity.

[060276] Example 72: The method of any one of Example 59 to
Example 71, wherein the first-shield rotational-velocity and the

second-shield rotational-velocity are about the same as each other.

{00277} Example 73: The method of any one of Example 59 to
Example 71, wherein the first-shield rotational-velocity and the

second-shield rotational-velocity are different from one another.

[00278] Example 74: The method of any one of Example 59 to
Example 73, wherein a dirvection of the first-shield rotational-velocity
and a direction of the second-shield rotational-velocity are the same

as each other.

{00279} Example 75: The method of any one of Example 59 to
Example 73, wherein a dirvection of the first-shield rotational-velocity
and a direction of the second-shield rotational-velocity are different

from one another.

[00280] Example 76: The method of any one of Example 59 to
Example 75, wherein the liquid, in the form of DI water, is sprayed

into the chamber toward the substrate as a pulsed jet stream.
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{00281} Example 77: The method of any one of Example 59 to
Example 75, wherein the liquid, in the form of DI water, is spraved
into the chamber toward the substrate as a combination of a steady-

state jet stream and a pulsed jet stream.

[00282] Example 78: The method of Example 77, wherein the liguid
is sprayed into the chamber toward the substrate alternating between

steady state and pulsed jets.

{00283] Example 79: The method of any one of Example 59 to
Example 78, wherein at least the first vrotatable shield is ramped up

from about § rpm to about 100 rpm during a low speed spin.

[00284] Example 80: The method of any one of Example 59 to
Example 79, further comprising increasing the first-shield rotational-

velocity to begin drving the substrate.

{00285] Example 81: The method of any one of Example 59 to
Example 80, further comprising increasing the second-shield

rotational-velocity to begin drying the substrate.

[00286] Example 82: The method of any one of Example 59 to
Example 80, further comprising increasing the turbine-disk rotational

velocity to begin drying the substrate.

[00287] Example 83: The method of any one of Example 59 to
Example 82, wherein the first-shield rotational-velocity, the second-
shield rotational-velocity, and the turbine-disk rotational velocity are
ramped up from about 100 rpm to about 2200 rpm during a high-

speed spin to dry the substrate.
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[00288] Example 84: The method of any one of Example 79 to
Example 83, wherein the sprayving of the at least one liguid onto at
least a first face of the substrate is discontinued prior to increasing
the first-shield rotational-velocity to begin drying the substrate or the
increasing of the second-shield rotational-velocity to begin drying the

substrate.

[00289] Example 85: The method of any one of Example 59 to
Example 84, further comprising providing a gas exhaust from the

substrate cleaning and drying mechanism during a cleaning cycle.

[060298] Example 86: The method of any one of Example 59 to
Example 85, further comprising introducing a gas to disperse within
the substrate cleaning and drying mechanism via gas dispersion

mechanisms during the cleaning cycle.

[00291] Example 87: The method of Example 86, wherein a flowrate

of the gas is less than about 575 lpm during the cleaning cycle.

[00292] Example 88: The method of any one of Example 59 to
Example 84, further comprising introducing a gas to disperse within
the substrate cleaning and drying mechanism via gas dispersion

mechanisms during the drying cycle.

[00293] Example 89: The method of Example 88, wherein a flowrate
of the gas is about 1700 to about 2300 lpm during the drying cycle.

[002984] Example 90: The method of any one of Example 85 to
Example 89, wherein the gas dispersion mechanisms are for creating
a low-pressure, high-velocity flow of gas proximate to the vertical

substrate.
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[002985] Example 91: The method of any one of Example 59 to
Example 90, wherein the substrate is cleaned on alternate faces of the

substrate.

[002986] Example 92: The method of any one of Example 59 to
Example 90, wherein the substrate is cleaned on both faces of the

substrate simultaneously.

{00297} Example 93: The method of any one of Example 59 to
Example 90, wherein the substrate is cleaned on both faces and edges

of the substrate simultaneously.

[00298] Example 94: The method of any one of Example 59 to
Example 92, further comprising evacuating at least one or liquids and
liquid vapors by various types of turbine blade mechanisms

configured to withdraw Liquids and vapors from the chamber.

{00299] Example 95: The method of any one of Example 59 to
Example 94, further comprising introducing isopropyl alcohol (JPA)

vapor with the high-purity gas into the chamber.

{00300] Example 96: The method of any one of Example 80 to
Example 89, wherein a high-purity gas is dispensed into the chamber

during the drying operations.

[00301] Example 97: The method of Example 96, wherein the high-
purity gas is dispensed via a mushroom design to produce a low

pressure, high flow of gas.

{00302] Example 98: The method of Example 96, wherein the high-
purity gas is dispensed via an array of gas outlets coupled to the

chamber.
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[00303] Example 99: The method of Example 96, wherein the high-
purity gas is dispensed via in the gas inlet tube producing a knife-

edge shower of the gas in the inner chamber.

[00304] Example 100: The method of any one of Example 96 to

Example 98, wherein the high-purity gas is nitrogen, Noa.

[60305] Example 101: A substrate cleaning and dyvying apparatus
including a vertical substrate holder configured to hold and rotate the
substrate at various speeds; an inner shield and an outer shield
configured to surround the vertical substrate holder during operation
of the apparatus, each of the inner shield and the outer shield being
configured to operate independently in at least one of rotational speed
and direction from the other shield; a front-side spray jet and a back-
side spray jet, each of the front-side spray jet and the back-side spray
jet being configured to spray at least one fluid onto both sides of the
substrate and edges of the substrate substantially concurrently; and a
plurality of turbine disks coupled in proximity to each of the inner
shield and the outer shield and configured to remove an excess

amount of the at least one fluid.

{00306] Example 102: The substrate cleaning and drying apparatus
of Example 101, wherein blades on the turbine disk have a straight
cross-section and are angled, relative to an axis-of-rotation of the

turbine disk.

[60307] Example 103: The substrate cleaning and drying apparatus
of Example 101, wherein blades on the turbine disk have an elliptical
cross-section and ave angled, relative to an axis-of-rotation of the

turbine disk.
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[60308] Example 104: The substrate cleaning and drying apparatus
of Example 101, wherein blades on the turbine disk have a curved
cross-section and are angled, relative to an axis-of-rotation of the

turbine disk.

{00309] Example 105: The substrate cleaning and drying apparatus
of Example 101, wherein blades on the turbine disk have a cross-
section that are formed as a series of straight edges with varying
angles, an average angle of the varying angles being angled overall,

relative to an axis-of-rotation of the turbine disk.

[60310] Example 106: The substrate cleaning and drying apparatus
of Example 101, wherein the plurality of turbine disks is configured
with slots placed at various points only near a periphery of each
turbine disk to increase fluid-removal efficiency during a rotational

period of the plurality of turbine disks are rotated.
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CLAIMS

What is claimed is:

1. A substrate cleaning and drying apparatus, the apparatus
comprising:

a vertical substrate holder configured to hold and rotate the substrate
vertically at various speeds;

an inner shield and an outer shield configured to at least partially
surround the vertical substrate holder during operation of the
apparatus, each of the inner shield and the outer shield being
configured to operate vertically and independently from each
other in at least one of rotational speed and direction from the
other shield;

a front-side spray jet and a back-side spray jet, each of the front-side
spray jet and the back-side spray jet being configured to spray
at least one fluid onto both sides of the substrate and edges of
the substrate substantially concurrently; and

at least one substantially-planar turbine disk coupled vertically and
in proximity to at least one of the inner shield and the outer
shield and configured to remove an excess amount of the at
least one fluid, the at least one turbine disk having a plurality
of spaced-apart fins, each of the fins being separated from
adjacent fins by an opening formed within and near a periphery
of the turbine disk, the fins being arranged to evacuate the at
least one fluid and other process effluents away from both the
substrate and a volume between the inner shield and the outer

shield surrounding the substrate.

2. The apparatus of claim 1, further comprising an outer chamber to

contain the at least one fluid and the other process effluents.

3. The apparatus of claim 2, wherein the outer chamber includes a
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drain channel to collect liquid evacuated from the vertical

substrate cleaning and drying chamber.

4. The apparatus of claim 1, wherein the apparatus is configured to
clean both faces of the substrate, as well as an edge of the

substrate, substantially simultaneously.

5. The apparatus of claim 1, wherein at least one array of the front-
side spray jet array and the back-side spray jet array includes
spray jets arranged to deliver a continuous-liquid spray of one

or more liquids to the substrate.

6. The apparatus of claim 1, wherein at least one array of the front-
side spray jet array and the back-side spray jet array includes
spray jets arranged to deliver a pulsed-liquid spray of one or

more liquids to the substrate.

7. The apparatus of claim 1, wherein at least one array of the front-
side spray jet array and the back-side spray jet array includes
spray jets arranged to deliver at least one of continuoué-liquid
sprays and pulsed-liquid sprays of one or more liquids to the

substrate.

8. The apparatus of claim 1, wherein at least one array of the front-
side spray jet array and the back-side spray jet array includes
spray jets arranged to deliver both continuous-liquid sprays

and pulsed-liquid sprays of one or more liquids to the substrate.

9. The apparatus of any one of claims 6 through 8, wherein the

pulsed-liquid spray jets are considered as gasless pulsed-jets.
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10. The apparatus of claim 9, further comprising a diaphragm pump

to produce gasless pulsed-jets.

11. The apparatus of claim 10, further comprising a variable-
frequency drive coupled to supply power to the diaphragm

pump.

12. The apparatus of claim 11, wherein the variable-frequency drive is
configured to operate in a 1 Hz to 10 Hz frequency range to

produce atomized droplets from the spray jets.

13. The apparatus of claim 1, further comprising a second turbine
disk coupled in proximity to a remaining one of the inner shield
and the outer shield that does not have the at least one turbine

disk coupled in proximity thereto.

14. A method for cleaning and drying a substrate in a substrate
cleaning and drying mechanism, the substrate cleaning and
drying mechanism having a single chamber for both cieaning
and drying operations, the method comprising:

mounting a substrate vertically in the substrate cleaning and drying
mechanism;

at least partially surrounding the substrate between a first vertically-
oriented rotatable inner shield and a second vertically-oriented
rotatable outer shield;

rotating the substrate at a first rotational-velocity;

spraying at least one liquid onto at least a first face of the substrate;

spinning a first vertically-oriented rotatable shield at a first-shield
rotational-velocity;

spinning a second vertically-oriented rotatable shield at a second-

shield rotational-velocity;
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spinning a substantially planar and vertically-oriented turbine disk
at a turbine-disk rotational velocity, the turbine disk having a
plurality of spaced-apart fins, each of the fins being separated
from adjacent fins by an opening formed within and near a
periphery of the turbine disk;

evacuating the at least one liquid and other process effluents away
from both the substrate and a volume between the inner shield
and the outer shield surrounding the substrate by use of the
spinning turbine disk; and

increasing the first rotational-velocity of the substrate.

15. The method of claim 14, wherein the turbine-disk rotational
velocity and a direction of the turbine disk are both the same as
at least one of the first-shield rotational-velocity and a direction
of the first rotatable shield and second-shield rotational-

velocity and a direction of the second rotatable shield.

16. The method of claim 14, further comprising spraying the at least
one liquid onto both faces and an edge of the substrate

substantially simultaneously.

17. The method of claim 14, wherein the first-shield rotational-
velocity and the second-shield rotational-velocity are about the

same as each other.

18. The method of claim 14, wherein the first-shield rotational-
velocity and the second-shield rotational-velocity are different

from one another.

19. The method of claim 14, wherein a direction of the first-shield

rotational-velocity and a direction of the second-shield
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rotational-velocity are the same as each other.

20. The method of claim 14, wherein a direction of the first-shield
rotational-velocity and a direction of the second-shield

rotational-velocity are different from one another.

21. The method of claim 14, further comprising increasing the first-

shield rotational-velocity to begin drying the substrate.

22. The method of claim 14, further comprising increasing the second-

shield rotational-velocity to begin drying the substrate.

23. The method of claim 14, further comprising increasing the

turbine-disk rotational-velocity to begin drying the substrate.

24. The method of claim 14, wherein the first-shield rotational-
velocity, the second-shield rotational-velocity, and the turbine-
disk rotational velocity are each ramped up from about 100
rpm to about 2200 rpm during a high-speed spin to dry the

substrate.

25. The method of claim 14, further comprising providing a gas
exhaust from the substrate cleaning and drying mechanism

during a cleaning cycle.

26. A substrate cleaning and drying apparatus, the apparatus
comprising:

a vertical substrate holder configured to hold and rotate the substrate
at various speeds;

an inner shield and an outer shield configured to surround the

vertical substrate holder during operation of the apparatus,
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each of the inner shield and the outer shield being configured to
operate vertically and independently from each other in at least
one of rotational speed and direction from the other shield;

a front-side spray jet, a back-side spray jet, and at least one edge jet,
each of the front-side spray jet and the back-side spray jet
being configured to spray at least one fluid onto both sides,
respectively, of the substrate substantially concurrently, and
the at least one edge jet being configured to spray edges of the
substrate substantially concurrently with the spraying of both
sides of the substrate; and

at least one substantially-planar turbine disk coupled vertically and
in proximity to each of the inner shield and the outer shield,
respectively, and configured to remove an excess amount of the
at least one fluid, the at least one turbine disk having a
plurality of spaced-apart fins, each of the fins being separated
from adjacent fins by an opening formed within and near a
periphery of the turbine disk, the fins being arranged to
evacuate the at least one fluid and other process effluents away
from both the substrate and a volume between the inner shield

and the outer shield surrounding the substrate.

27. The substrate cleaning and drying apparatus of claim 26, wherein
the fins of the plurality of turbine disks are configured to
increase fluid-removal efficiency during a rotational period of

the plurality of turbine disks.

28. The substrate cleaning and drying apparatus of claim 26, wherein
the substrate cleaning and drying apparatus has a center
exhaust located between the inner shield and the outer shield

for removing the at least one fluid and other process effluents.
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29. The substrate cleaning and drying apparatus of claim 26, wherein
the substrate cleaning and drying apparatus has a side
exhaust on at least one of the inner shield and the outer
shield for removing the at least one fluid and other process

effluents.

30. The substrate cleaning and drying apparatus of claim 26, wherein
peripheral edges of the inner shield and the outer shield each
have one or more angles on respective outermost peripheral
edges to redirect the at least one fluid including moisture and

the other process effluents away from the substrate.

31. The substrate cleaning and drying apparatus of claim 26, wherein
peripheral edges of the inner shield and the outer shield are

curved.

32. The substrate cleaning and drying apparatus of claim 26, wherein
the front-side spray jet array and the back-side spray jet array
are arranged to cover at least the entire diameter of the
substrate on each face of the substrate thereby providing liquid

to each entire face once the substrate has been rotated.

33. The substrate cleaning and drying apparatus of claim 26, further
comprising one or more edge-jets to be directed separately at an

edge of the substrate to perform enhanced edge cleaning.
34. The substrate cleaning and drying apparatus of claim 26, wherein

blades on the turbine disk have a straight cross-section and are

angled, relative to an axis-of-rotation of the turbine disk.

35. The substrate cleaning and drying apparatus of claim 26, wherein
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blades on the turbine disk have an elliptical cross-section and

are angled, relative to an axis-of-rotation of the turbine disk.

36. The substrate cleaning and drying apparatus of claim 26, wherein
blades on the turbine disk have a curved cross-section and are

angled, relative to an axis-of-rotation of the turbine disk.

37. The substrate cleaning and drying apparatus of claim 26, wherein
blades on the turbine disk have a cross-section that is formed
as a series of straight edges with varying angles, an average
angle of the varying angles being angled overall, relative to an

axis-of-rotation of the turbine disk.
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