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CERAMIC ADIHTIVE MANUFACTURING TECHNIQUES
FOR GAS INJECTORS

CLAIM OF PRIORITY
{6001 ] This application claims the benefit of prionty to U.S. Patent
Application Sertal No. 63/005,874, filed on April 6, 2020, which 1s incorporated

by reference herein n its entirety.

TECHNICAL FIELD
[G002] The present disclosure generally relates to additive
manufacturing. Some embodiments relate to additive manufactuning (AM) for a

ceramic part. Some specific embodiments relate to AM for a ceramic gas

njector.
BACKGROUND
{0803} Semiconductor device fabrication is a continually increasingly

complicated and involved set of processes, mvolving a large number of
deposition, etching and removal steps to improve deviee performance and
increase device density in integrated circnits (1(Cs). For example, the smallest
device feature size has shrunk from microns to about 22na. To achieve a
reduction in feature size, in cach IC generation new fabrication processes and
cquipment are designed, as well as considerable time spent altering device and
circuit layout. As successive generations of ¥Cs and processes have become
more complicated, the equipment used to fabricate the ICs has correspondingly
become more complex and exacting.

16004] One such picce of equipment within the fabrication chamber is
the gas ijector, through which various gasses may be ntroduced for the
disparate fabrication processes. One issue with current gas injectors 1s that such
gas imjectors are formed from bulk ceramics {(e.g., Alomina, Yitria) and
fabricated using a machining method that causes depth of damage {damage with
a penctration depth) in the ceramic matenial that forms an injector. In particular,
many ceramic components are finished by grinding, which often causes damage
to the machined components. The depth of damage (Do) introduced by

grinding is caused by pulverization and sucrocracking of the ceramic and related
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to the material propertics {e.g., brittlencss) of the ceramie, as well as the grinding
technigues used during the machining. Depth of damage is, moreover, not
isolated only to ceramucs; it is also a known problem in other chamber materials
such as quartz, St, and SiC. Control of, or reduction in, depth of damage is, at a
muinimum, challenging using conventional methodologies. The machining thus
mduces chips and cracks around injector ports, which may contribute to wafer
defects during plasma exposure, as well as limiting the ability to design parts to
account for design manufacturability challenges. Bevond this challenge, as the
bulk material is changed, extensive tuning may be used to determine machining
parameters and fabrication methodology to optimize for the new material
propertics. For example, Alumina is a harder and tougher material than Ytina,
which makes it easier to machine and control surface morphology and damage
than Yitria.

[B005] The background description provided here s for the purpose of
generally presenting the context of the disclosure. Work of the presently named
myentors, to the extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as prior art at the time
of filing, are neither expressly nor imphiedly admitted as prior art against the
present disclosure. The information described in this section 1s thus provided to
offer the skilled artisan a context for the following disclosed subject matter and

should not be considered as admitied prior art.

SUMMARY

[0006] Some embodiments describe a gas injector that comprises an mlet
portion including an inlet hole on an miet face of the nlet portion. The mlet
portion recetves a processing gas introduced via the inlet hole during
semiconductor processing and further includes a conformal chaonel disposed
between the inlet hole and a sidewall of the inlet portion. The gas mmjector also
comprises an outlet portion connected to the inlet hole and that includes an outlet
hole from which the processing pas is provided from the gas mjector during the
semiconductor processing. In addition, a collar is disposed between the inlet
portion and the outlet portion. The collar has a larger diameter than the inlet

portion and the outlet portion, the conformal channel extending into the collar.
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{0007] In some embodiments, the conformal channel has a plurality of
channel sections each of which extends through the mnlet portion and terminates
at infet channel ends before reaching the inlet face.

[0008] In some embodiments, cach channel section also terminates at
collar channel ends before reaching the outlet portion.

{6009] In some embodiments, alternating adjacent pairs of channel
sections are connected via the inlet channel cuds such that cach mlet channel end
1s separated from an adjacent inlet channel end, and at least some of adjacent
pairs of channel sections not connected via the inlet channel ends are connected
via the collar channel ends.

[00149] In some embodiments, the collar further comprises a sidewall
having ports connected with at least one of the adjacent patrs of channel sections
not conneeted via the inlet channel ends.

[B011] In some cmbodiments, the conformal channel is a single channel
that extends around substantially an entivety of the inlet hole.

[0012] In some embodiments, at least one of the indet channel ends or the
collar channel ends of each chanunel section have an arcuate shape.

{6013} In some embodiments, the mlet hole comprises a single mlet
central bore and a phurality of secondary inlet holes sarrounding the inlet central
bore. In this case, the secondary mlet holes are equidistant from a center of the
inlet central bore and each secondary inlet hole 1s equiangular from cach
adjacent secondary inlet hole. In addition, the cutlet hole comprises a single
cutlet central bore connected with the mbet contral bore and a plurality of
secondary outlet holes connected with the secondary inlet holes. T this case, the
secondary outlet holes are disposed on a sidewall of the outlet portion. Also, an
arc of one of each nlet channel end or cach collar channel end is centered
angularly around a different secondary mlet hole.

[014] In some embodiments, an arc of at least another of each nlet
channel end or each collar channel end is centered angularty between adjacent
secondary miet holes,

[6615] In some embodiments, cach channel section has a diameter

smaller than a diameter of cach secondary mlet hole.

(5]
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{0016] In some cmbodiments, the gas mjector further includes a
connector mtegrally formed with the sidewall of the inlet portion, the connector
sized to be connected to a gas manifold configured to supply the gas to the gas
mjector, the gas injector formed from a ceramic material,

{6617} In some embodiments, the conformal channel is disposed such
that at least one dimension of matenal of the gas injector surrounding the
conformal chaonel 1s Junited to less than about 6mm.

[(018] In some embodiments, a depth of damage of the gas imjector is
fess than about T micron.

[3019] In a method of fabricating a ceramic gas injector, the method
inchudes printing, using AM cquipment, a green part corresponding to the gas
injector. The green part is formed from a ceramic powder and binder and has an
mlct portion comprising a contral bore and a conformal channel in a sidewall.
The conformal channel terminates before reaching a top face. The green parnt
also has a collar disposed between the inlet portion and an outlet portion. The
conformal channel extends into the collar and terminates before extending nto
the outlet portion. The conformal channel is disposed such that at least one
dimenston of matenal of the gas mjector swrounding the conformal channel 1s
himited to less than about 6mm. The method further includes debinding the
green part fo remove the binder; and sintering the green part after the debinding
to form the gas injector, the gas ijector having a depth of damage less than
about 1 micron.

16020] In some embodiments, printing the green part further includes
printing the conformal channel to have a plurality of channel sections each of
which extends through the inlet portion and termunates at inlet channel ends
before reaching the top face. Alternating adjacent pairs of channel sections are
connected via the inlet channel ends such that cach inlet channel end is separated
from an adjacent inlet channel end, and all but one adjacent pair of channe
sections not connected via the inlet channel ends being connected via the collar
channel ends. The collar is printed o have ports in a sidewall and that are
connected with the one adjacent pair of channel sections not connected viathe

inlet channel ends.
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[0821] In some cmbodiments, the central bore is encircled by secondary
mnlet holes, and printing the green part further inchudes printing the inlet channel
ends and the collar channel ends such that an arc of one of cach inlet channel end
or cach collar chanuel end is centered angularty around a different secondary
inlet hole and an arc of at least another of each inlet channel end or each collar
channel end is centered angularly between adjacent secondary inlet holes.

[0822] In some cmbodiments, a semiconductor processing system has a
gas manifold configured to supply gasses used during semiconductor processing,
a gas mfjector and a processing chamber within which a senuconductor wafer s
disposed. The gas injector has an inlet portion to which the gasses are to be
itroduced via an indet hole on an inlet face of the inlet portion, an outlet portion
from which the gasses are provided from the gas injector via an cutlet hole
connected to the inlet hole, and a collar disposed between the inlet portion and
the outlet portion. The mlet portion is coupled with the gas mamifold and. The
mlet portion has a conformal channel disposed between the mlet hole and a
sidewall of the inlet portion. The inlet hole has a single inlet central boreand a
plurality of secondary mlet holes surrounding the inlet central bore. The
secondary miet holes are equidistant from a center of the inlet central bore. Each
secondary inlet hole is equiangular from each adjacent secondary mnlet hole. The
outlet hole has a single outlet central bore connected with the inlet central bore
and a plurality of secondary outlet holes connected with the secondary inlet
holes. The secondary outlet holes are disposed on a sidewall of the owutlet
portion. The collar has a larger diameter than the indet portion and the outlet
portion. The conformal channel extends mto the collar. The gas injector is
coupled to the processing chamber such that the gasses are provided into the
processing chamber from the outlet portion.

{6023] In some embodiments, the conformal channel has a plurality of
channel sections each of which extends through the mlet portion, terminates at
mnlet chaonel ends before reaching the inlet face, and also ternunates at collar
channel ends before reaching the outlet portion.

[0024] In some emboduments, alternating adjacent pairs of channel
sections are connected via the nlet channel ends such that each inlet channel end

is separated from an adjacent infet channel end, at least some of adjacent pairs of
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channel sections not comuected via the inlet channel ends are connected via the
collar channel ends, and the collar further has a sidewall having ports connected
with at lcast one of the adjacent pairs of channel sections not connected via the
inlet channel ends.

{0025] In some embodiments, a connector is integrally formed with the
sidewall of the inlet portion, the connector sized to be connected to the gas

manifold.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Some embodiments are ithustrated by way of example and not
fimitation in the views of the accompanying drawings. Corresponding reference
characters indicate corresponding parts throughout the several views. Elements
in the drawings are not necessarily drawn to scale. The configurations shown in
the drawings are merely exaraples and should not be construed as lmiting the

scope of the disclosed subject matter in any manner.

[06027] FIG. 1 shows laser stereolithography, according to an example
embodiment.
{6028] F1G. 2 shows vat photopolymerization, according to another

exaraple embodiment.
[6029] FIG. 3 shows a 3D material jetting apparatus, according to

another example embodiment.

{06038] FIG. 4 shows a flowchart of AM, according to an exaraple
embodiment.
{06031] FIG. SA shows a bottom perspective view of the gas imjector,

according to an example embodiment.

{6632} TG, 3B shows atop perspective view of the gas injector of FIG.
5A.
{0033] FIG. 5C shows a cross-sectional view of the gas injector of

FIGS, 5A-38.

{06034] FIG, S shows an enlarged view of a bottom of the gas injector
of FIGS, 5A-5C.

[6035] FI1G. 3¥ shows a cross-sectional view of the gas mjector of
FIGS. 5A-5D along line B-B’ shown in FIG. 8C.



WO 2021/206950 PCT/US2021/024744

[0836] FIG. 5F shows a cross-sectional view of the gas injector of
FIGS, SA-BE along line C-C shown in FIG. 5C.

[6337) FIG, 5G shows a cross-sectional view of a portion of the bottom
of the gas injector of FIGS. SA-SF.

{8638} FIG. 5H shows a side view of the portion of the gas mjector of
FIGS. 5A-5G.

{0039] FYG. 51 sbows a bottom view of the gas injector of FIGS, 5A-
SH.

[0040] FIG. 6 shows a perspective of a gas injector according o another
embodiment.

[0041] FIG, 715 a diagram of a machine associated with AM of a

component, according to an example embodiment.

{0042} FIGS, 8A-8F show cross-sections of different regions of an
injector fabricated by subtractive manufacturing and an injector fabricated by
AM, according to an example embodiment.

{06043] FIGS. 2A-9H show surface morphology of an inlet hole of an
injector fabricated by subtractive manufacturing and an injector fabricated by
AM, according to an example embodiment.

[0044] FIGS. 18A-18D show grain sizes an injector fabricated by
subtractive manufacturing and fabricated by AM, according to an example

embodiment.

DESCRIPTION

[0045] The description that follows includes systems, methods,
techmigues, instruction sequences, and computing machine program products
that embody illustrative embodiments of the present disclosure. In the following
description, for purposes of explanation, nmumerous specific details are set forth
m order to provide a thorough understanding of example embodiments. Tt will
be evident, however, to one skilled in the art, that the present inventive sobject
matter may be practiced without these specific details.

[0046] Rather than use a subtractive manufacturing technique in which
the component is machined from a solid block of matenial (including cutting,

drilhing, and grinding away unwanted excess material from the solid block of
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material, such as metal or ceramic), an AM technology may be used to print the
component which, in one embodiment, may be a ceramic gas injector. The
ceramics may include oxides such as silicon-based oxides, ahiminionm-based
oxides, magnesium-based oxides, zirconunm-based oxides, strontiwm-based
oxides, and titaniunm-based oxides among others, non-oxides such as silicon
carbide, silicon nitride, zircomum carbide, aluminum nitride and boron minde,
and oxycarbides or oxvnitrides. In general, AM is the process of creating an
object by building the object laver by laver of matenial rather than by removal of
matertal. AM may also be called additive fabrication, additive processing, or
additive layer manufacturing, in addition to laver-wise manufacturing, 3D
printing and frecform fabrication. Although AM typicallv refers to 3D prnting,
the term can refer to any process where a product is created by building an
obiect from a material rather than removing material from a block of the
designated material by milling or machinmg, for example, to form the object.
[0047] When AM 15 used machining may be avorded, leading to a
reduced depth of damage. In some cases, the depth of damage for AM objects
may be almost zero. In addition, objects created by AM may include a smoother
surface morphology, including all internal areas, compared to machined
surfaces. The AM component may be cleaner than a similar machined
component. Moreover, the grain size of the material used to form the ceramic
component may be an order of magnitude smaller compared to conventional
materials, which may provide more uniformity on overall performance of the
object. As the powder used to create the component may have a submicron
range grain size, tighter control of the overall grain size may result in
correspondingly tight control of the AM process and final component quality.
When designing new generations of injectors, the use of AM may resultina
faster development cycle time and the use of new or different material(s) with
same performance outcome once the raw powder is optimized for printing. As
such, the AM process may be portable between various materials with less
process tuning used while switching material. In addition, the amount of
material wasted during AM may enable the use of more advanced ceranucs at an
equivalent price of injectors made with current subtractive manufacturing

ProCCases.
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[08438] In a 3D addtive manufactuting process, a design for fabrication
of an object may be imtially created using, e.g., computer aided design (CAD) or
software. Other software may then transiate the design mto instructions for
creation using a layer-by-layer AM framework. These mstructions are sent to
the AM device {e.g., 3D printer} to create the object using the matenials supphied
to the AM device.

[0849] In some embodiments, following the instructions, a nozzle may
extrude material or such material may be otherwise drawn through a heated
nozzle mounted on a movable arm. The arm moves horizontally, rastering
successive layers on top of each other. while a bed on which the object being
built aoves vertically. Fach layer has a composttion determained by the supphied
material. As each layer is dependent on the materials provided to the 3D printer,
which mav be changed from layer-to-layer, the formulation of each laver may be
mdependent of each other layer {and thus may be the same as, or differont from,
another layer). Each successive layer bonds to the preceding laver of melted or
partially melted material asing precise temperature control to control the amount
of melting or bonding between the lavers may occur using chemical bonding
agents. The layer-bv-laver building continues until the instructions are
completed and the final object is obtained. The matertals used include not only
ceramics, but also metal powder, thermoplastics, composttes, glass and even
cdible materials like chocolate. Tn some embodiments, directed encrgy
deposition may be used to melt the material from the nozzle, rather than melting
the layer using direct thermal energy to the nozzle, a movable clectron beam
gun, ot laser,

{0059 In other embodiments, thermal activation of powders may be used
by powder bed fusion. In particolar, a bed that 1s filled with a desired material
may be selectively heated to melt or sinter the powder and form a solid object
layer by layer. The selective heating may be performed using lasers or electron
beams. Alterpatively, rather than selective heating, a polymer may be used to
adhere portions of powder together. and the structure placed in a furnace where
the powder is sintered at a high enough temperature to melt the grains together

and remove all other materials present, as described in more detail below,

9
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{0051 ] Other embodiments may employ vat photopolyraerization to form
the object. Although various AM processes the technigues above may be used to
create a component such as a coramic injector, the use of vat
photopolymernzation may be desirable due to the maturity of the vat
photopolvmerization technology, wide variety of available matenals and high
accuracy and precision when the vat photopolymerization 1s used.

[0852] One object that may be created by AM is a gas imgector used
during semiconductor processing {¢.g., during etching of one or more of the
fayers used to build the semiconductor device on the semiconductor wafer).
Such a gas injector may have multiple gas holes and a honevcomb structure, as
described tin more detail below. This structure 1s challenging to manufacture as
the edges of the holes are prone to chipping, and layvers within the holes may be
rough and mayv interact badly with acid used for ctching.

[B053] FIG. 1 shows laser based stercolithography, according to an
example embodiment. Although some elements are shown in FIG. 1, additional
clements may be present in other embodiments. The apparatus 100 uses a stereo
lithography-based process that employs a rastering laser 110, More specifically,
as shown in FIG. 1, the apparatus 100 includes a laser 110 positioned over abe
or vat 130 filled with liquid resin photopolvmer. The laser 110 may typically
cmit higher-energy photons, and thus emit vliraviolet {UV) radiation. The UV
radiation may be guided by nurrors 120 1n a single (x or v) direction or around a
plane {x and v directions}. In some embodiments, the UV laser 110 may be
mechanically movable instead of, or in addition to, being moved by the mirrors
120. The movement of the mirrors 120 and/or UV laser 110 may be controlled
clectronically based on the mstructions to create the object. The vat 130 may be
movable in a direction perpendicalar to the plane (.o, as shown, the z direction}.
Although not shown in FIG. 1, in some embodiments, optics {e.g ., lens) may be
disposed between UV laser 110 and the mirrors 120 and/or between the mirrors
120 and the vat 130,

[3054] The radiation from the UV laser 110 is directed towards the
working surface 132 of the vat 130 to form individual resin lavers from the
photopolvmer m the vat 130 as the radiation from the UV laser 110 moves

around the working surface 132, In particular, a blade 136 may be used to

10
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mtroduce or spread a fine layer of the photopolymer across the working surface
132. The fine layer of photopolvmer in the vat 130 is cured into a layer using
photopolymerization of the pbotopolymer on the working surface 132 based on
the instructions. The fine layer of the photopolymer may thus be provided after
the last layer has been hardened by application of the radiation from the UV
laser 110. The photopolymer in the vat 130 is sapplied from a paste tank 134 via
the blade 136.

[D55] The techmqgue shown in FIG. 1 thus may print the object from the
bottom up. Although only one laser 110 is shown, in other embodiments,
multiple lasers 110 may be used to create objects more rapidly, using a larger vat
130 than that able to be provided for an embodiment in which a single laser 110
s used. A muolii-laser embodiment may also permit larger objects to be created
with high precision or reduce costs by nesting multiple objects.

[0056] FIG. 2 shows vat photopolymerization, according to another
example embodiment. As in FIG. 1, although some elements are shown in FIG.,
2, additional elements may be present in other embodiments. The apparatus 200
uses a light projector through known digital light processing (DLP) technigues
210 to cure the photopolymer rather than rastering a laser 110, That is, rather
than sweeping the laser beam, digital light processing is used to create the
object. More specifically, as shown in FIG, 2, light (¢.g., UV radiation) from
the light projector 210 impinges on a digital sucromirror device (DMD) 220, or
dvnamic mask. The DMD 220 i3 adjusted based on the instructions for the
particular layer being formed to reflect specific portions of the UV radiation
toward the photopolyraer in the vat 240,

{8057} Unbike the technigue shown i FIG, 1, m FIG. 2 the UV
radiation impinges on the vat 240 from the bottom. Thus, the object may be
printed layer by layer from the bottom (i c., upside down}. As shown, optics 230
may be disposed between the DMD 220 and the vat 240 so that the UV radiation
mmpinging on the vat 240 passes through the optics 230, Similar o the above
embodiment, a blade 250 is used to may be used to sweep additional
photopolvmer over the completed layer within the vat 240 or to level the
material present. The portion of the vat 240 i which the object is being created

may be tHaminated by a low power backlight 260 disposed on a building
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platform 270 on a load cell 280, The manufactured object 290 may be removed
once the mstructions are completed.

[6058] The technique shown in FIG. 2 thus may permit a higher
throughput, although more support structure may be used than in the
embodiment shown in FIG. 1. This may permit smaller objects to be created
with reduced cost and higher precision.

[0859] FIG. 3 shows a 3D material jetiing apparatus, according to
another example embodiment. Only some of the components are shown, for
convenience, in the apparatus 300, As above, instructions for creation of the
object to be created are provided to a countrolier 320, which may control both
deposition of the deposition material 304 (e.g., ceramic) and movement of a
stage 302 based on the instructions from the CAD design. In particular, the
controller 320 may control a motor 330, which mayv move the stage 302 in the xy
directions parallel with a single layer of material, as well as the z direction to
engage and disengage the stage 302 with the nozzle 312 and move to deposit the
next layer of additive material 304.

[0069] Following the instructions, once the stage 302 has been moved to
the desired location, the controller 320 may tnigger the additive material
reservoir 308 to release the additive material 304 contained therein. The
additive material 304 may be provided through a flexible tube 306 and then be
extruded from a nozzle 312 to form the desired layer. Altermatively, the
controller 320 may control a port of the nozzle 312 to open or close to deposit
the additive material 304 on the stage 302. Although not shown, the nozzie 312
may be mounted on an arm whose movement s controlied by the controller 320
In some embodiments, the nozzle 312 may be heated.

{8061} As shown, a UV source 310 may also be controlled by the
controller 320 to move to a desired location to harden or partially harden the
current layer of additive material 304. The hardening of the current layer may
be performed during or after deposition of the current layer. After the stage 302
{and/or army is moved to raster the successive layers of the additive material
304, whether or not hardened by the UV source 3190, the final green part may be

placed into an oven and sintered.
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[0862] FIG. 4 shows a flowchart of AM, according to another example
embodiment. The method 400 shown in FIG. 4 may be used in any of the
embodiments described above and may have additional operations and/or some
of the operations described may be elumninated. At operation 402, the
composition of the powder to create the injector {or another component) may be
formulated. In some embodiments, the gas myector may be formed from a
ceramie, such as one or more of alumina, vitria~stabilized zircoma (YSZ), vtina
and single-phase vitrium-aluminum-gamet (YAG). In some embodiments, the
ceramic may be YSZ, which is 39 YO stabilized Zr(z.  In addition to
formation of the ceramic injector, the same AM technique may be used to form
other uncoated chamber parts, including rings and gas nozzies, among othors.
Once the particular powder is formulated for the ceramic component, the powder
may be used to print the coramic.

{863] Similarly, at operation 404, the composition of the ceramic
precursor and curable resin to create the AM laver may be selected. The ceramic
precursor may be selected, for example, based on the environment in which the
ceramic component is used. The ceramic precursor may contain, for example, a
powder and/or ligund preceramic inorgamic polvmer such as polysilazanes,
polycarbostlanes, polysilanes, polysiloxanes, polvearbosiloxanes,
polyaluminosilazanes, polyaluminocarbosilanes, boropolycarbosiloxanes. The
ceramic precursor may also contain a binder such as that described below. For
example, the precarsor may tnclade a majority {e.g., about 75% - about 90%,
such as about 85%) of the intended ceramic and a minority of a
UV/Phaotoreactive {¢.g., about 10% - about 25%, such as about 15%;) bonding
material of the total blend. A majority of the shrinkage in the structure afier
processing as a result of removing the, say about 15%, bonding material.

{0064] Regardless of the AM technique used, after determining the
component io be created by AM, the injector design may be created using CAD
software. The design may then be translated for, and sent to, the AM device. In
some embodiments. the instructions for the AM of the injector may be
transmitted wirelessly, using Wi-Fi or another wircless protocol. In other
embodiments, the AM device may be attached to the design device. After

transpitting the wstructions, the AM device may directly fuse the powder
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together using a laser or electron beam as above. Alternatively, the particles of
the powder may be mitially stuck together to create a destred geometry before
performing a sccondary heat treatiment process to fuse the particles stuck
together. As described above, vat photopolymernization may be used, in which a
mixture of coramic grains and photosensitive binder provided from a reservoir is
exposed to a laser or other light source to build a layer, which may sabsequently
be coated with more of the mixture from the reservoir befors the next layer ts
built. In other embodiments, an inkjet stvie head may selectively deposit a
binder, such as an organic liguid binder {(e.2., a batyral, polymeric or polyvinyl
resing or wax {¢.g., paraffin, carnauba or polyethvlene), to temporarily glue the
particles together. The binder may then be partially cured using heat or UV
light, foliowed by deposttion of the next laver of powder. Independent of the
specific AM process used, the process may be repeated until the component
shape has been created at operation 406, In some embodiments, a 3D printer
with multiple nozzles may be used in which one nozzle 1s used to deposit the
ceramic and another deposits the binder.

[0065] The intermediate component created is referred 1o as a green part,
which is relatively fragile; the particles are bound fogether sufficiently to be able
to retain the component shape, but this shape is able to be easily broken apart
because the individual particles are not physically fused to each other. At this
point, as shown in operation 408, the green part may be cleaned of excess
uncured powder or other impuritics.

[0066] After cleaning the green part, debinding is used on the cleaned
green part in operation 410, That is, the binder 15 removed by placing the green
part in a cuning oven for a secondary cunng, after which the green part may be
removed from the powder bed. If an organic binder is used, such binders
typically burn off at 200-300°C.

[B067] After debinding the green part, the green part may be sintered at
operation 412, Sintering may occur at a mach higher temperature than curing &
1006°C). The particles may be sintered in an inert environment {g.g., Noj or
vacuum. During sintering, the individual powder particles form bonds to create
a continuous single structure. As a result of removal of the binder and bonding

of the particles associated with the bond formation, shrinkage may occur due to
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the removal of space between the particles. This shrinkage may be considered in
the initial CAD design of the injector.

[0068] After sintering, the finished njector {or other component} may
again be cleaned at operation 414, This cleaning may be used, for example. to
remove binder remaimng after the debinding, which may be carbonized due to
the sintering process. Such cleaning may include rinsing the component with
deionized water and/or isopropyl aleohol, among others.

[(069] FIGK. SA-51 show various views of a gas injector created using
an AM process, according to another example embodiment. In particelar, FIG.
£A shows a bottom perspective view of the gas injector 500, FIG. 5B shows a
top perspective view of the gas tjector 500, FIG. 8C shows a cross-sectional
view of the gas injector 500, FIG. SB shows an enlarged view of a bottom of the
gas mjector 300, FIG. 5K shows a cross-sectional view of the gag injector 500
along line B-B” shown in FIG. 8C, FIG. 8F shows a cross-sectional view of the
gas mjector 300 along tine C-C7 shown mn FIG. 83C, FIG. 3G shows a cross-
sectional view of a portion of the bottom of the gas injector 500, FIG. SH shows
a side view of the portion of the gas injector 500, and FIG, SI shows a bottom
view of the gas injector 500. The gas imjector 560, as shown in FIG. SA and
FIG. 5B. may be formed, as above, from a ceramic (&.g., Y203, YSZ) using one
of the above AM processes. Note that one or more protective coatings such as
plasma sprayved ceramics may be added to the gas mjector 500 to protect the gas
mjector 500 from corrosive gasses flowing therethrough when the gas injf:ctor
500 1s installed in a processing chamber. The gas mnjector 500 may contain
several features, including an inlet portion 502, an outlet portion 506 and a collar
504 between the inlet portion 502 and the outlet portion 506.

{8070} The collar 5304 may, as shown, contain a coupling mechanism
504a to albow the gas injector 300 to be secured within the processing chamber
such that the collar 504 seals an mlet hole of the processing chamber. The collar
504 and inlet portion 502 may be external to the processing chamber {the inle
portion 502 connecting to a gas manifold through which processing gasses are
introduced to the gas tjector 300), while the outlet portion 506 is disposed
within the processing chamber. The coupling mechanism 504a may include one

or more grooves that interlock with projections in the processing chamber. The
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collar 504 may contain a groove 512 for scaling the collar 504 to a connecting
structare. The collar 504 may also inclade holes 5204 that connect to conformal
channels 320 within the inlet portion 302, as described in more detail below.
[0071] As shown, the inlet portion 502 may be about twice the length of
the outlet portion 506, although this may depend on parameters such as the
design of the chamber and the dynamies of the gas flow within the chamber.
The inlet portion 502 may, in sorse emmbodiments, have a larger diameter than
that of the outlet portion 506. For example, in some embodiments, the inlet
portion 502 may have a diameter about 30% larger than the diameter of the
outlet portion 506. The nfet portion 502 may contain an indet hole 518a (or
central bore) through which gasses used during semiconductor processing are
introduced to the gas injector 500, Similarly, the outlet portion S06 may contain
outlet holes 508 from which the gasses exat from the gas injector 500 and thus
from which a plasma may be created to interact with the semiconductor wafer
thereunder. In other embodiments, the inlet portion 362 may have the same
diameter as that of the outlet portion 506.

{0072] FIG. 5C shows a cross-sectional view of the gas injector 300
along line A-A’ shown in FIG. 5B. The mlet hole 518a, as shown in FIG. 3C,
may be connected to the outlet holes 508. Each of the outlet holes 508 may have
a smaller diameter than the inlet hole 518a and may be arranged to have, in
aggregate, substantially the same diameter as the inlet hole 518a. FIG. 5D
shows an enlarged view of a bottom of the gas myector 500 i which the cutlet
holes 508 are shown as being arranged in a honeyeomb {or hexagonal close-
packed) structure in which the outlet holes 508 of the innermost circle is a single
outlet hole SO8. That 1s, as lustrated, in some embodiments, the outlet holes
508 are arranged in concentric circles in which the center of the outlet holes 508
of the outermost circle are separated by about 307, the center of the outlet holes
508 of the muddle circle are separated by about 60°, and thus the offsct between
the center of the cutlet holes 508 of the outermost circle and the middle circle
are offset by about 15°. As shown in FIG. 8C. the outlet holes 508 may extend
from an end {or face) of the outlet portion 506 toward a center of the gas tyector

500 in the cavity defined by the inlet hole S18a. In some embodiments, the
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outlet holes 508 mav extend from the end of the outlet portion 506 about 50-60%
of the total length of the cutlet portion 506.

6073] In addition to the mnlet hole 318a, the end of the inlet portion 502
may also contain one end {top end) of secondary mlet holes 518b. Similardy, as
shown in FIGS. 3G and SH, the outlet portion 506 may also contain secondary
outlet holes 518¢ assoctated with the secondary inlet holes 518b. Unlike the
mlet portion 502, whose ond countains the top cnd of the secondary nlet holes
518b however, the side of the outlet portion 506 contains bottom ends of the
secondary outlet holes 318¢. That 15, the end of the cutlet portion 506 may
contain only the ends of the outlet holes 508,

[0074] As best shown o the endarged view of FIG, 8G, the bottom end
of each of the sccondary outlet holes 518c¢ is provided at a non-right angle from
the sidewall of the cutlet portion 306. This allows for different gasses to be
provided to the nlet hole 518a {and thus the outlet holes 308) than to the
secondary inlet holes 518b {and thus the secondary outlet holes 518¢). This
angle may be, for example, about 45° from normal to the surface of the sidewall
{and thus also from the end) of the outlet portion 306, The secondary inlet holes
518b may be disposed, as shown, uniformly around the mlet hole 518a in a circle
{i.c., equidistant from the cenier of the central bore and each secondary inlet hole
518b equiangular from cach adjacent secondary inlet hole 518b}, while the
secondary outlet boles 318¢ are formed umiformly around the outlet portion 506.
While cight secondary inlet holes 518b are present in the embodiment shown,
thus surrounding the inlet hole 518 at 453° increments, other numbers of
secondary miet holes 318b {and corresponding secondary outlet holes 5 18¢) may
be used. The symmetric spacing of the outlet holes 508 and secondary outlet
holes 531&c may provide more uniformity in gas distribution, and thus plasma,
within the processing chamber.

[B075] As discussed above, n a gas injector created by subtractive
manufactuning, damage {micro-cracks) having a DoD of about 15-30 microns is
formed due o the lateral compressive strain in the structure when machining;
such machining may include drilling of the various holes in the gas injector.
This micro-damage is unable 1o be detected by the human eyve during inspection

of the gas injector. However, the DoD may continue to increase during
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operation n the processing chamber duc to soveral mechanisms. For example,
the DoD increases due to thermal cycling of the gas imjector dunng operation of
the processing chamber in which the gas injector 1s disposed. In addition, the

use of corrosive gasses, such as the halogens, used duning semiconductor

It
processing yoay exacerbate attack by the corrosive gasses. This 1s to say that the
corrosive gasses may seep through the micro-cracks in the ceramic to increase
the DoD. The combination of these forces, among others potentially, may result
m delamination of the structure (and/or coating). This may in turn cause
material to fall into the processing chamber and potentially on one or more of the
wafers being processed.

[0476] To combat this, the additive manufactured gas myector 500 may
also contain one or more conformal channels as shown in FIGS, 5B-5C, 5E-5F
and 8. In particular, FIG. SE shows a cross-sectional view of the gas injector
500 along line B-B’ shown in FIG. 5C and FIG. 5F shows a cross-sectional
view of the gas mjector 500 along ling C-C7 shown in FIG, 8C. Although the
use of conformal channels may add complexity o the design and fabrication
process, the conformal channels may be added due to the limitations inherent in
the AM process. In particular, in some embodiments, the thickness of a
continuous structure created using AM may be limited to less than about 6mm
due to limitations in the AM processes. As the thickness of the gas injector 500
may exceed this {¢.g., the thickness of the wall of the inet portion 502 may be >
about 6mm}, the conformal channels may be added to provide the desired
reduction in coramic material thickness while still maintaining integrity of the
structure. For example, the gas ijector 500 may include a structure such as
about 4mm material, about Zmm conformal channel, and about 4oum maternial,
thereby permitting the gas injector 500 to be mamifactared using an AM process.
That is, the conformal channel may be disposed such that at least one dimension
of the surrounding material is less than about 6mm.

{0077} Accordingly, the conformal channel 520 may extend throughout
the inlet portion 502 and into the collar 504 as shown in FIG, 8C. As illustrated,
the conformal channel 520 does not extend into the outlet portion 506 as, for
example, the diameter of the wall outlet portion 506 may be smaller than 4mm.

Thus, the conformal channel $20 may be disposed only outside of the chamber.
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o the embodiment shown in FIG. 3C, the conformal chaonnel 320 may extend
around substantially the entire perimeter of the inlet portion 502 and the collar
504. The conformal channel 520 may contain channel sections 3204, inlet
channel ends 520b, collar chanuel ends 520c¢, and channel ports 5204

{6078} In particular, as lustrated 1n FIGS, 8C, 8K, and 5F, the channel
sections S20a may terminate in the inlet channel ends 520b before reaching the
end {face) of the et portion 502 and may terminate iu the collar chanuel cods
520¢ before reaching the end of the collar 504 adjacent to the outlet portion 506.
Moreover, the channel sections 5202 may termunate in the collar channel ends
520¢ before reaching a portion of the gas injector 500 to be inserted inio the
chamber (i.c., the outlet portion 506}, The channel sections 520a may, like the
inlet hole 518a and secondary inlet holes $18b, be substantially cylindrical. The
diameter of the channel sections 520a may be mimmally sized to retain the
mtegrity of the structure of the gas injector 500, having, for example, a diareter
smaller than or equal to the diameter of the secondary inlet holes 518b.

[6079] As shown in FIGS, SE and 8F, opposing ends of the channel
sections 520a may be connected. In particular, as shown in FIG, SE, each miet
channel end 520b may be disposed substantially between a different pair of
adjacent secondary mlet holes 318b. Each channel section 520a and
corresponding imlet channel end 520b may be disposed at a larger diameter from
the center of the inlet portion 502 than the secondary milet holes 518b. In the
embodiment shown in FIG, SE, the inlet channel end 520b may have an arcuate
shape whose apex is disposed more proximate to the center of the inlet portion
5072 than the ends of the inlet chanvel end 520b. In other embodiments, the inlet
channel end 520b may have an arcuate shape reversed from that shown (i.c., the
apex is disposed more distal to the center of the inlet portion 502 than the ends),
another curved shape or may be straight.

[(3088] As shown in FIG. SE, adjacent pairs of channel sections 520a
may be connected by an inlet channel end 520b. That is, as tllustrated,
alternating adjacent pairs of channel sections 520a may be connected by a
unique inlet channel end 520b, with all but one of the adjacent paurs of chanuel
sections 520a that are not connected by one of the mlet channel ends 520b

connected at the collar 504, as shown in FIG. 5F. Sinnilar to the inlet channel
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end 520b, the collar channet ends 520¢ may have an arcuate shape m which the
apex is disposed more distal {o the center of the inlet portion 502 than the ends.
That 15, the collar channel ends 520¢ may have an arcuate shape reversed from
that of the mnlet channel ond 520b. As above, the collar chanmel ends 520c may
have another curved shape or may be straight. As llustrated, each collar channel
end 520c may be disposed sabstantially around a different pair of adjacent
sccondary inlet holes 518b. More specifically, the arcuate shape of one or the
collar channel ends 520¢ may be centered around a corresponding one of the
secondary miet holes 518b. Like the inlet channel ends $20b, the entirety of
gach collar channel end 520¢ may be disposed at a larger diameter from the
center of the inlet portion 302/collar 504 than the secondary inlet holes 518b.
{6081} While most of the channel sections 520a terminate in the collar
channel ends 320¢, one pair of the channel sections 520a may instead terminate
ut a pair of chanmel ports 520d. The channel ports 520d may be extend to the
outer diameter of the collar 504, thereby permitting the conformal channel 520
to be cleaned after fabrication by flushing the conformal channel 520 with, for
example, deionized water and isopropyl aleohol. While the channel ports 5204
are shown as being adjacent to each other, in other embodiments, the channel
ports 520d may disposed anywhere along the perimeter of the collar 504.
{0882] Note that although only one conformal channel 524 is described
above, in other embodiments multiple separate conformal channels 320 may be
used. In this case, cach conformal channel 520 may cover the same angular
range around the gas injector 300, or at least onc of the conformal channels 520
may have a different angular range than at least one other of the conformal
channels 520, For example, if three independent conformal channels 520 are
used, each can extend over about 120” around the mlet portion 502 of the gas
mjector 500, or at least one of the conformal chanunels 520 can extend over less
than about 120° around the mlet portion 502 of the gas injector 500 while at least
one of the conformal channels 320 can extend over greater than about 120°
around the inlet portion 302 of the gas injector 500. Each conformal channel
520 may ternunate in an independent pair of channel ports 520d (hat s, no two

conformal channels 520 may share at least one channel port 520d).
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[0083] FIG. 51 shows a view of a bottom of the gas injector 500 in
wihich the outlet holes 508 and secondary cutlet holes 518¢ in the outlet portion
506 arc shown as being surrounded by the conformal channels 520, In FIG, SE
the collar 504 forms the cutermost ring {(i.¢., has the largest diameter), with
succeeding inward rings being the groove 504a, and the outlet portion 506, with
the outlet holes 508/inlet hole 518 forming the innermost ring. The seccondary
outlet ports S18c are shown as one cutaway arca of the outlet portion 306 i
FIG. S, while the conformal channel 320 shown as another cutaway area of the
collar 504, In some embodiments, as shown in FIG. 8C, the diameter of the
inlet hole 518 may be about 3% that of the outlet portion 506.

{0084] In some embodiments, the channel ports 520d may reside 1 the
inlet portion 502 rather than in the collar 504, such as at the end of the conformal
channel 520 most proximate to the face of the mlet portion 502 (although the
channel ports 520d may reside anywhere along the conformal channel 520). In
addition, although FIG. 8C illustrates that the conformal channel 520 does not
extend into the outlet portion 306, in other embodiments however, the conformal
channel 520 may extend into the outlet portion 506, This may be the case, for
example, if the diameter of the wall of the outlet portion 506 exceeds 4mm. In
such an embodiment, the channel ports 520d may reside in the collar 504 or in
the inlet portion 502 or outlet portion 506.

{0085] FIG. 6 shows a perspective of a gas injector according to another
embodiment. The gas injector 600 consohidates an adjacent part {connector 622)
in a front end of the gas injector 600. The gas injector 608, like that shown in
FIGS, SA-51, may contain an indet portion 602 to be positioned outside the
processing chamber and to which processing gasses are introduced via a gas
manifold (not shown in FEG, 63, an outlet portion 606 to be disposed in the
processing chamber and from which processing gasses are injected into the
processing chamber, and a collar 604 between the inlet portion 602 and the
cutlet portion 606. The mlet portion 602 may contain an inlet hole 618a and
secondary infet holes 618b encircling the inlet hole 618a. The inlet hole 618a
may be connected to outlet holes 308 (not shown in FIG. 6) disposed at an end
of the outlet portion 606 having a honeycomb arrangement; the secondary miet

holes 618&b may be connected to secondary cutlet holes 618¢ disposed ina
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sidewall of the outlet portion 606, The gas imector 600 may also countain a
conformal channel, whose ports 620 are disposed in the sidewall of the collar
604, The gas injector 600 may thus have a structure similar to the gas injector
500 shown in FIGS, 5A-51

{80806} In addition, the gas mjector 600 contains a connector 622 that s
mtegrated with the above-described portions of the gas injector 600, In practice,
gas injectors may use such a connector 622 1o seal the gas injector and the gas
mamfold. However, due to a difference between the materials used o form the
gas mjector and that used to form the connector 622 and/or due to the increased
processing complexity (among others), the connector 622 and the gas injector
are typically created 1o entirely different manufacturing processes at different
times. This leads o an increase in costs and mumber of parts. Despite the
mability to create such a connector 622 when subtractive manufacturing
processes are used, the use of AM may perout the gas 1njector and connector 622
to be a single, integral component.

{6087} Several differences may exist between a gas injector formed by
AM processes and that formed by subtractive mamufacturing processes.
Micrographs of the honeycomb output holes, the center bore in which the output
holes are disposed, and the secondary output holes formed by subtractive
manutacturing processes all illustrate fractures extending up to about 10 microns
and material having a wide range of porosity, with pores having a diameter
ranging from <0.25 microns to >1 micron. While the largest mumber of pores
are <0.25 microns, a substantial mumber of pores are >1 micron. In comparison,
micrographs of the boneycomb output holes, the center bore in which the output
holes are disposed, and the secondary output holes formed by AM processes all
ifhustrate no observable surface damage (1.¢., much less than 1 micron) and a
much greater number of pores than the gas mjector formed by subtractive
manufactunng processes but having a smaller range of porosity, with almost all
pores having a diameter <0.25 microns. That ts, after fabrication and prior to
operation, the gas injector formed by AM processes contain substantially no
damage. The amount of porosity in the gas mjector foomed using the AM
process may, in some cases, be reduced by altering the sintering procedure. The

average gram size of gas imjectors fabricated by the AM process was 0.32
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microns (Y82}, compared 1o >1 micron for the subtractive manufacturing
process {1.23, 2.34 or 18.48 microns, depending on the mamufacturer). Ceramic
additive powders are controilable to the sub-micron range, which may be
beneficial for any post AM process, such as polishing.

[0088] The surface morphology of the center bore of both Yitna and
Ahmmina gas injectors formed by subtractive manufacturing processes also show
similar amounts of damage to the surface of the center bore as the nucrographs.
Similarly, the surface morphology of the center bore formed by the AM process
show relatively no amount of damage to the surface of the center bore, with a
few mountain-like features that may be powder agglomeration during the AM
process. The measurements of the surface roughuess of both the outer and joner
surfaces of the gas injector using a contact profilometer showed a roughness of
about 25 micron-in for the output face, about 60 micron-in for the output holes
and about 40 micron-in for the output face for gas mjectors fabricated by both
the subtractive manufacturing process and AM process.

[089] Other measurements of gas injectors fabricated by the AM
process, as provided in the embodiments described above, show similar or better
features than that of gas injectors fabricated by the subtractive manufacturing
process. Energy Dispersive X-Ray Analysis (EDX) on the face of the
honeycomb showed a uniform composttion across the entire surface. In
addition, although gas mjectors formed using the AM process may be cleaned
after fabrication {¢.g., using deionized water and isopropyl alcohol), such gas
injectors are relatively clean compared to gas injectors formed using the
subtractive manufacturing process, which are subjoct to more stringent cleaning
with degreasers and other cleaners due to the machine ol and grease used in the
subtractive manufacturing processes. Similarly, after 200rf hours in a high bias
{c.g., 1000V} environment using a mixture of HBr, HCl:, Hy and CFx gas
mjectors fabricated by the AM process showed at most mimimal erosion
sompared to gas injectors fabricated by the subtractive manufacturing process.
[(3099] FIG. 7 1s a machine associated with additive manufacturing of a
component, according to an example embodiment. The machine 700 can be an
additive processing machine used to create the component {gas injector} or may

be an additive processing machine created by the component. Examples, as
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described herem, may include, or may operate by, logic, a sumber of
components, or mechantsms. Circuitry 15 a collection of circuits implemented in
tangible eatitics that include hardware (¢ 2., simple circuits, gates, logic, ete.).
Circuitry membership may be flexible over time and undertying hardware
varability., Circurtry includes members that may, alone or in combination,
perform specified operations when operating. In an example, hardware of the
circuitry may be vumutably designed to carry out a specific operation (.4,
hardwired). In an example, the hardware of the circuitry may inclade variably
sonnected physical components {e.g., excoution units, transistors, simple
circnits, etc.) including a computer-readable medium physically modified (e.g .,
magnetically, electrically, by moveable placement of invariant massed particles,
etc.) to encode instructions of the specific operation. In connecting the physical
components, the underlying clectrical properties of a hardware constituent are
changed (for exarnaple, from an insulator to a conductor or vice versa). The
mstrictions enable embedded hardware {e. g, the execution units or a loading
mechanism) to create members of the circuitry tn hardware via the variable
connections to carry out portions of the specific operation when in operation.
Accordingly, the computer-readable medium is commmumicatively coupled to the
other components of the circuitry when the device is operating. In an example,
any of the physical components may be used in more than one member of more
than one circuitry. For example, under operation, execution wuts may be used in
a first circuit of a first circuitry at one point in time and reused by a second
circuit in the first circuitry, or by a third circuit in a second circutiry, at a
different time.
{0091} The machine {e.g., computer system) 700 may nclude a hardware
processor 702 (e.g., a central processing unit {CPU}, a hardware processor core,
or any combination thereof), a graphies processing unit ({GPU) (which may be
part of the CPU or separate), a main memory 704, and a static memory 706,
some or all of which may communicate with cach other via a link (e.g., bus) 708,
The machine 700 may further include a display 710, an alphanumeric input
device 712 {e.g., a keyboard), and a user interface (UT) navigation device 714
{c.g., amouse). In an example, the display 710, alphanumeric mput device 712,
I

e
and Ul navigation device 714 may be a touch screen display. The machine 700
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may additionally melude a mass storage device (¢ g., drive unmit) 716, a signal
generation device 718 (e.g., a speaker), a network interface device 720, and one
or more sensors 721, such as a Global Positioning Systera (GPS) sensor,
compass, accelerometer, or ancther sensor. The machime 700 may include
transmission medium 726, such as a senal {¢.g., umversal serial bus (USB)),
parallel, or other wired or wireless (¢.g., infrared (IR), near field communication
{(NFC), etc.) connection to comynunicate with or control one or more peripheral
devices {e.g., a printer, card reader, eic.).

j0092] The storage device 716 may include a maching-readable medium
722 on which is stored one or more sets of data structures or instructions 724
{referred to as software) crubodyving or utilized by any one ar more of the
techmiques or functions described herein. The instractions 724 may also reside,
completely or at least partially, within the main memory 704, within the static
memary 706, within the hardware processor 702, or within the GPU, during
exceution thereof by the machine 700. In an example, one or any combination
of the hardware processor 702, the GPU, the main memory 704, the static
memory 706, or the mass storage device 716 may constitute machine-readable
media 722.

{8093} While the machine-readable medivam 722 is ilustrated as a single
medium, the term “machine-readable mediom”™ may inclode a single medium or
multiple media {e.g., a centralized or distributed database, and/or associated
caches and servers} configured to store the one or more instructions 724,

[0094] The term “machine-readable medivm” may include any modium
that can store, encode, or carry the instructions 724 for execution by the machine
700 and that cause the machine 700 to perform any one or more of the
techniques of the present disclosure, or that can store, encode, or carry data
structures used by or associated with such instructions 724, Non-limiting
machine-readable medium 722 examples may melude solid-state memories, and
optical and magoetic media. In an example, a massed machine-readable medium
comprises a machine-readable medium 722 with a plurality of pasticles having
variant {¢.g., resty mass. Accordinglv, massed machine-readable media are not
transitory propagating signals. Specific examples of massed machine-readable

media may include non-volatife memory, sach as semiconductor memory
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devices {¢.g., electrically programomable read-only memory (EPROM},
electrically erasable programmable read-only memory (EEPROM)} and flash
memory devices; maguaetic disks, such as mtemal hard disks and removable
disks; magneto-optical disks; and CD-ROM and DVD-ROM disks. The
fnstructions 724 may further be transmutted or received over a communications
network asing a transmission mediim 726 via the network mterface device 720.
{0095] The processor 702, in conjunciion with the memories 704, 706,
may be used, for example, to operate the fabrication equipment described above
to create the gas injector described in any of the embodiments above. The
display 710, alphanumerie input device 712, Ul navigation device 714, and
signal generation device 718 may be used to notify the operator as to processes
of the cleaning, including completion or errors, as well as approximate amount
of removal for each cleaning apparatus, perhaps using the sensors 721, The
mformation may be provided to an operator {¢.g., mobile device of the operator)
via the network mnterface device 720. All of the mechanisms mayv be controlled
when the instructions are 724 are executed by the processor 702,

[0096] FIGS. 8A-8F show cross-sections of different regions of an
mjector fabricated by subtractive manufacturing and an injector fabricated by
AM, according to an example embodiment. In particudar, FIGS. 8A and 8B
show cross-sections of one of the secondary inlet holes of an injector fabricated
by subtractive manufacturing and an injector fabricated by AM, respectively.
Simularly, FIGK, 8C and 8D show cross-sections of the inlet hole of an injector
fabricated by subtractive manufacturing and an injector fabricated by AM,
respectively. FEGS. 8K and 8¥F show cross-sections of one of the secondary
outlet holes of an injector fabricated by subtractive manufacturing and an
mjector fabricated by AM, respectively. As can be seen, the porosity of the
sections in the subtractive mamufacturing injectors in cach of FIGS, 84, 8C, and
8E has a substantially binary distribution of pores having diameters of < about
0.25pm and > about 1um with about 0.6% to about 3.1% of the total volume
measured having pores. On the other hand, the diameter of the pores of the
samples in the AM injectors in each of FIGS. 8B, 8D, and 8F are primanly <
about 0.25um in diameter with about 7% to about 10.4% of the total volume

measured having pores. In some embodiments, the percent of porosity shown
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FIGS. 88, 8D, and 8F may be addressed with sintering. FIGS. 84, 8C, and 8E
also show a relatively large amount of machining damage {DoD}, evidenced by
the cracks in these figures, that contribute to the influx of particulate into the
processing chamber. As is clearly apparent, no cracks {and thus no DoD3) are
present in the AM injector shown in FIGS. 8B, 8D, and 8F.

{6657} FIGS. SA-9F show surface morphology of an inlet hole of an
myjector fabricated by subtractive manufacturing and an mjector fabnicated by
AM, according to an example embodiment. FIGS. 8A and 9B show the surface
morphology of an inlet hole of an yttria injector fabricated by subtractive
manufacturiog at different resolutions, with i, 9B being at 5x magnification
compared with FIG. 84, the scale shown mn FIG. 94 being 50pm and n FIG.
9B bemg 10pm. Similarly, FIGS. 8C and 9D show the surface morphology of
an jnlet hole of an alumina injector fabrnicated by subtractive manufacturing at
the same different resolutions, with FIG. 9 being at 3x magnification
compared with FIG. 92D; the scale shown in FIG, 9C being 50um and in FIG.
91 being 10w,

{0098] FIGS. 9K and 9¥ show the surface morphology of an inlet hole
fabricated by AM at the same resolutions as those above (FIG. 9F at 5x
magnification compared with FIG. 9E). Similarly, FIGS. 3G and 98 show the
surface morphology of a secondary outlet hole fabricated by AM at the same
resolutions (FIG. 9G at Sx magnification compared with FIG. 9H).

{0099] As seen, the surfaces m the micrograph shown in FIGS. 8A-8D
are relatively rough and contains nomerous cracks compared with the surface
shown in the micrographs shown in FIGS. 2E-9H. The surface roughness and
cracks shown in FIGS. 8A-9D may be attributed to damage caused by the
machining of the ceramic surface. There are several mountain-hike features
cbservable in FIGS, SE-9H, which may be the result of powder agglomeration
during prnting. In some crobodiments, such mountain-like features may be
mitigated by introducing a polishing operation to the imjector after AM
fabrication {also referred to as a post polishing process).

{00100} FIGS. 10A-19D show grain sizes an injector fabrcated by
subtractive manufacturing and fabrnicated by AM, according to an example

embodiment. In particular, FIG. 18A shows grain sizes of a YSZ AM injector,
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FIGK. 16B-18D show gran sizes of Y205 injectors from different suppliers
fabricated by subtractive mamifacturing, whose grain sizes are sumilar to that of
a Y52 ijector fabricated by subtractive mamufactuning. As can be scen, the
average gramn sizes of the YSZ AM myector are substantially smaller {about

0.3 pm) than that of Y205 injectors fabricated by subtractive manufacturing
{about 2.3um for the Y20 ingector of FIG. 168, about 1.25um for the Y20;3
mjector of FIG, 18C, and about 18.5um for the Y203 injector of FIG. 16D}
Thus, as indicated previously, average sub-micron grain sizes may be achieved
by using AM processes, which may be beneficial in any post process, such as

polishing.

Additional Notes and Examples

{00181} Example 1 inclades a gas imjector comprnising: an inlet portion
meluding an mlet hole on an mlet face of the inlet portion, the inlet portion to
receive a processing gas introduced via the inlet hole during semiconductor
processing, the inlet portion further mcluding a conformal channel disposed
between the inlet hole and a sidewall of the inlet portion: an outlet portion
meluding an outlet hole from which the processing gas is provided from the gas
injector during the semiconductor processing, the outlet hole connected to the inlet
hole; and a collar disposed between the nlet portion and the outlet portion, the
collar having a larger diameter than the inket portion and the outlet portion, the

conformal channel extending mio the collar.

{00192} Example 2 includes the subject matter of Exaraple | wherein the
conformal channel has a plurality of channel sections cach of which extends
through the inlet portion and terminates at inlet channel ends before reaching the

nlet face.

08103} Example 3 includes the sabject matter of Example 2 wherein each
channel section also terminates at collar channel ends before reaching the outlet

portion.
{00104} Example 4 includes the subject matier of any one or more of
Examples 2-3 wherem alternating adjacent pairs of channel sections are connected

via the inlet channel ends such that each nlet channel end is separated from an
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adjacent inlet channe] end, and at least some of adjacent pairs of chanuoel scctions

not connecied via the inlet channel ends are conmected via the collar channel ends.

{00198} Example 5 includes the subject matter of any one or more of
Examples 2-4 wherein the collar further comprises a sidewall having ports
connected with at least one of the adjacent patrs of channel sections not connected

via the wdet channel ends.

00106} Example 6 includes the subject matter of any one or more of
Examples 1-5 wherein the conformal channel is a single channel that extends

around substantially an entirety of the inlet bole.

{80187} Example 7 includes the subject matier of any one or more of
Examples 2-6 wherein at least one of the inlet chanoel ends or the collar channel

ends of each channel section have an arcuate shape.

{0198} Example 8 includes the subject matter of any one or more of
Examples 1-7 wherein the inlet hole comprises a single ndet central bore and a
plurality of secondary indet holes surrounding the inlet central bore, the secondary
mlet holes are equidistant from a center of the inlet central bore, each secondary
et hole is equiangular from cach adjacent secondary wndet hole, the outlet hole
comprises a single outlet central bore connected with the inlet central bore and a
plurality of sccondary outlet holes connected with the secondary inlet holes, the
secondary outlet holes are disposed on a sidewall of the outlet portion, and an arc
of one of each inlet channel end or cach collar channel end is centered angularly
around a different secondary mlet hole.

{30169} Example 9 includes the subject matter of Example 8 wherein an arc
of at least another of each inlet channel end or each collar chanmel end 1s centered

angularly between adjacent secondary infet holes.

{60114} Example 10 mcludes the subject matter of Example 8 or Example
9 wherein each channel section has a diameter smaller than a diameter of each

sccondary mlet hole.
HEDERE Example 11 includes the subject matter of any one or more of
Examaples 1-10 and further comprises a connccior integrally formed with the

sidewall of the nlet portion, the comnector sized to be connected to a gas manifold
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configured to supply the gas to the gas injector, the gas injector formed from a

ceramic material.

{60112} Example 12 mmchades the subject matter of any one or more of
Examples f-11 wherewn the conformal channel s disposed such that at least one
dimenston of material of the gas injector surrounding the conformal channel ia

Iimited to less than about 6mum.

LB RY Example 13 mclades the subject matter of any one or more of
Examples 1-12 wherein a depth of damage of the gas injector is less than about 1

mIcron.

{00114} Example 14 includes a method of fabricating a ceramic gas
mjector, the method comprising: pristing, using adddive manufacturing
cquipment, a green part corresponding to the gas mjector, the green part
comprising a ceramic powder and binder, the green part comprising: an inlet
portion comprising a central bore and a conformal channel disposed 1n a sidewall,
the conformal channel terminating before reaching a top face; and a collar
disposed between the mlet portion and an outlet portion, the conformal channel
extending into the collar and terminating before extending into the outlet portion,
the conformal channel disposed such that at least one dimension of material of the
gas njector surrounding the conformal channel 1s limited to less than about 6rmm;
debinding the green part to remove the binder; and sintering the green part after
the debinding to form the gas injector, the gas tjector having a depth of damage

less than about | micron.

{00115} Example 15 includes the subject matter of Example 14 wherein
printing the green part further comprises: printing the conformal channel to have
a plurality of channel sections each of which extends through the inlet portion and
terminates at inlet channel ends before reaching the top face, alternating adjacent
pairs of channel sections being connected via the miet channel ends such that cach
inlet channel end is separated from an adjacent inlet channel end, and all but one
adjacent pair of channel sections not connected via the inlet channel ends being
connected via the coliar channel ends, and printing the collar to have ports in a
sidewall, the ports connected with the one adjacent pair of channel sections not

connected via the inlet channel ends.
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{00116} Example 16 includes the subject matter of Example 14 or Example
13 wherein: the central bore is encircled by secondary inlet holes, and printing the
green part further comprises printing the inlet channel ends and the collar channel
¢nds such that an arc of one of cach indet channel end or cach collar channel end
is centered angularly around a different one of the secondary indet holes and an
are of at least ancther of each mlet channel end or each collar channel end 18

centered angularly between adjacent ones of the secondary inlet holes,

{60117} Example 17 includes a semiconductor processing system
comprising: a gas manifold configured to supply gasses wused during
semiconductor processing; a gas ijector comprising: an nlet portion coupled with
the gas manifold and to which the gasses are to be mtroduced via an inlet hole on
an inlet face of the inlet portion, the inlet portion comprising a conformal channel
disposed between the inlet hole and a sidewall of the mlet portion, the et hole
comprising a single inlet central bore and a plurality of secondary miet holes
surrounding the inlet central bore, the secondary inlet holes equidistant from a
center of the mlet central bore, cach secondary inlet hole equiangular from cach
adjacent secondary inlet hole; an outlet portion from which the gasses are provided
from the gas injector via an outlet hole connected to the inlet hole, the cutlet hole
cormprising a single outlet central bore connected with the inlet central bore and a
plurality of secondary outlet holes connected with the secondary inlet holes, the
secondary outlet holes disposed on a sidewall of the outlet portion; and a collar
disposed between the et portion and the cutlet portion, the collar having a larger
diamcter than the nlet portion and the outlet portion, the conformal channel
extending into the collar; and a processing chamber within which a semiconductor
wafer is disposed, the gas ijector coapled to the processing chamber such that the
gasses are provided mto the processing chamber from the outlet portion.

HEE R Example 18 includes the subject maiter of Example 17 wherein the
conformal channel has a plurality of channel sections each of which extends
through the inlet portion, terminates at inlet channel ends before reaching the inlet
face, and also terminates at collar channel ends before reaching the outlet portion.
{08119} Example 19 includes the subject matter of Example 18 wherein

alternating adjacent pairs of channel sections are connected via the nlet channe
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ends such that cach inlet channel end is separated from an adjacent inlet channel
end, at least some of adjacent pairs of channel sections not connected via the infet
channel ends are connected via the collar channel ends, and the collar further
comprises a sidewall having ports connected with at least one of the adjacent pairs

of channel sections not connected via the nlet channel ends.

{00126} Example 20 mchades the subject matter of any one or more of
Examples 17-19  further comprising a connector ntegrally formed with the
sidewall of the infet portion, the connector sized o be connected to the gas

manifold.

{80121} While exemplary aspects of the subject matter discussed herein
have been shown and described herein, it will be obvious, to those skilled in the
art, that such embodiments are provided by way of example only. Numerous
variations, changes, and substitutions will now occur to those skilled in the art,
upon reading and understanding the material provided herein, without departing
from the scope of the disclosed subject matter. It should be understood that
various alternatives to the embodiments of the disclosed subject matter described
herein may be emploved in practicing the varions embodiments of the subject

matier.

{00122} Accordingly, the specification and drawings are to be regarded
an ithustrative rather than a restrictive sense. The accompanying drawings that
form a part hereof show, by way of illustration, and not of linutation, specific
aspects 1 which the subject matter may be practiced. The aspects iHlustrated are
described in sufficient detail to enable those skilled in the art to practice the
teachings disclosed hercin. Other aspects may be utilized and derived therefrom,
such that structural and logical substitutions and changes may be made without
departing from the scope of this diselosure. This Detailed Deseription, therefore,
is not to be taken in a liniting sense, and the scope of vartous aspects is defined
ondy by the appended claims, along with the full range of equivalents to which
such claims are entitled. It 15 intended that the following claims define the scope
of the disclosed subject matter and that methods and structures within the scope

of these claims and their equivalents be covered therehy.
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{08123 The abstract will allow the reader to quickly ascertain the nature
of the techmical disclosure. The abstract is submitted with the understanding that
it will not be used to interpret or linut the scope or meaning of the claims. In
addition, m the forogoing Detaded Dlescription, it can be seen that various
features are grouped together in a single aspect for the purpose of streamlining
the disclosure. This method of disclosare is not to be interpreted as reflecting an
mtention that the clamed aspects have more features than are expressly recited
m each claim. Rather, as the following claims reflect, inventive subject matter
lies in less than all features of a single disclosed aspect. Thus, the following
claims are hereby incorporated into the Detatled Description, with cach claim

standing on its own as a separate aspect.



