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POLISHING PADS WITH IMPROVED PLANARIZATION EFFICIENCY

BACKGROUND
Field

06011 Embodiments of the present disclosure generally relate o polishing pads,
and methods of manufacturing polishing pads, and more particularly, to polishing pads
used for chemical mechanical polishing (CMP) of a substrate in an elecironic device

fabrication process.

Description of the Related At

[0002] Chemical mechanical polishing (CMP) is commonly used in the
manufacturing of high-density integrated circuits o planarize or polish a layer of
material deposited on a substrate. A CMP process includes contacting the material
layer {0 be planarized with a polishing pad and moving the polishing pad, the
substrate, or both, 1o create relative movement between the material laver surface
and the polishing pad, in the presence of a polishing fluid including abrasive particies,

chemically active components, or both.

{00031 One common application of a CMP process in semiconductor device
manufacturing is planarization of a bulk fiim, for example pre-metal dislectric (PMD)
or interlayer dielectric {ILD) pelishing, where underlying two or three-dimensional
fealures create recesses and prolfrusions in the to be planarized malerial surface.
Other common  applications of CMP  processes in semiconductor  device
manufacturing include shallow trench isolation (3T1) and interlayer matal interconnect
formation, where the CMP process is used to remove the via, contact, or trench fill
material (overburden) from the exposed surface {field) of the material layer having the

ST or metal interconnect features disposed therein.

{0004] Often, polishing pads used in CMP processes are selected based on
material properties of the polishing pad and the suitability of those material properties
for the desired CMP application. An example of material properties that affects the
performance of a polishing pad for a desired CMP application are the fensile modulus
and hardness of the material in polishing laver, which is the layer that includes a
surface that is in contact with the surface of a substrate during a polishing process.

Typically, a material’'s hardness is proportional to the tensile modulus of the material.
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Generally, polishing pads formed of comparatively harder materials provide supsrior
local planarization performance when compared o polishing pads formed of softer
materials. However, polishing pads formed of harder malerials are also associated
with increased defectivity {e.g., number of defecis per polished surface area) when
compared with softer polishing pads. The higher defectivity found when using harder
materials in the polishing layer is ofien atlribuled to undesirable scratches formed in
a substrate surface due 0 asperities (2.¢., high slress contact points) formed in the
hard pad material at the polishing surface during a pad conditioning process.
Unfortunately, conventional polishing pads also typically sofien at the relatively high
temperatures {e.g., »40°C) achieved at the polishing pad surface due to friction,
thereby reducing the polishing pad’s ability o mainiain a desirable hardness over a
wide polishing process temperature range, which will typically range in temperature
from about 20°C to about 80°C.

[00G5]  Accordingly, there is a need in the art for polishing pads that maintain their

material properties and provide stable performance over a wide {femperature rangse.

SUMMARY

(000687 Embodiments of the disclosure include a polishing pad for planarizing a
surface of a substrate during a polishing process. The polishing pad includes a base
layer, comprising a first material composition, and a polishing layer disposed over the
base laver. The polishing layer includes a second material composition that is
exposed at a polishing surface of the polishing pad, wherein the polishing surface is
configured to contact the surface of the substrate during the polishing process. The
second material composition includes a polishing layer material having a hardness
thatis greater than 50 on a Shore D scale, a yield point strength, a yield point strength
strain, a break point sirength, and an elongation at break poini strain, wherein a
magnitude of a difference behwveen the slongation at break point strain and the yield
point strength sirain is grealer than the magnitude of yield point sirength strain when

measured at room temperature.

(00077  Embodiments of the disclosure may further provide a polishing pad for
planarizing a swrface of @ substrate during & polishing process. The polishing pad
includes a base laver, comprising a first material composition, and a polishing layer

disposed over the base layer. The polishing layer includes a second material
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composition that is exposed at a polishing surface of the polishing pad, whersin the
polishing surface is configured {o contact the surface of the subsirate during the
polishing process. The second material composition comprises a polishing layer
material having a hardness that is greater than 50 on a Shore D scale, and &

mechanical strain ratio (eB/eY) of greater than 2.

(00087 Embodiments of the disclosure may further provide a method of planarizing
a surface of a substrate during a polishing process. The methed can include
conditioning a polishing surface of a polishing pad, delivering a ceria containing
polishing slurry composition to the pdlishing surface of the polishing pad, and urging
the surface of the substrate against the polishing surface of the polishing pad while
the ceria containing pelishing slurry composition is disposed across the polishing
surface of the polishing pad. The polishing pad includes a base layer, comprising a
first material composition, and a polishing layer disposed over the base layer. The
polishing laver includes a second material composition that is exposed at the polishing
surface of the polishing pad. The second material composition comprises a polishing
layer material having: a hardness that is greater than 50 on a Shore D scale; a vield
point strength; a vield point strength strain; a break point strength; and an elongation
at break point strain, wherein a magnitude of a difference betwesen the slongation at
break point strain and the vield point sirength strain is greater than the magnilude of

yield point strength sirain when measured at room lemperaiure.

BRIEF DESCRIPTION OF THE DRAWINGS

{00091 So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. 1tis to be noted, however, that the appended
drawings illustrate only exempilary embodiments and are thersfore not o be
considerad limiting of iis scope, and may admit io other equally effective

embodiments.

(00107  Figure 1 depicts g schematic top view of an exemplary chemical mechanical

polishing system according to embodiments described herein.
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00111 Figure 2 depicts a schematic sectional view of an exemplary polishing
station of the chemical mechanical polishing system from Figure 1 according to

embodimenis described herain,

0012} Figure 3A depicts a schematic side view of an exemplary polishing pad and
platen of the chemical mechanical polishing system from Figure 2 according fo

embodiments described hersin,

(00137 Figure 3B is a schematic close up side view of a portion of the exemplary

polishing pad depicted in Figure 3A according to embodiments described hersin.

{0014] Figures 3C-3H are schematic plan views of varicus polishing pad designs
which may be used in chemical mechanical polishing system from Figure 2 according

o embodiments described hersin,

[0015] Figures 4A-4B are scanning electron microscope (SEM) pictures of a

polishing surface of a polishing pad after performing a pad conditioning process.

[0016] Figure 4C is a software rendered version of the polishing surface of the

polishing pad depicted in Figure 4A.

(001717  Figure 4D is a software rendered version of the polishing surface of the

polishing pad depicted in Figure 4B

{00181  Figure 4E a3 grazing angle SEM partial section view picture of the polishing
surface and internal portion of the polishing layer of the polishing pad depicted in
Figure 44,

0019 Figures 5A-5B includes a plurality of engingering stress-strain curves that

have been generated for different types of polymeric materials.

{00201 Figure 5C Hliustrates a surface roughness profile of a polishing swface of a

portion of a polishing pad after a pad conditioning process.

(00211 Figure 5D includes a plurality of contact area versus texture depth curves
that have been generated for polishing pad samples formed from different polymeric

materiais after performing a pad conditioning process.
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{0022 Figures 5E-5G include scanning slectron microscope (SEM) pictures of a
polishing surface of the polishing pad samples used to form the contact area versus

texture depth curves of Figure 5D,

[0023]  Figure 5H includes a portion of the plurality of contact area versus texiure

depth curves illustrated in Figure 5D.

(00247  Figure 5l lllustrates a plot of polishing rate versus contact ratio for a plurality

of different polymeric material formulations.

[0025] Figure 8A is a schematic seclional view of an additive manufacturing

system, which may be used to form the polishing pads described herein.

(00267 Figure 6B is a close-up cross-sectional view schematically illustrating a
droplet disposed on a swface of a previcusly formed print layer according to

embodiments described hereain.

(0027} Figure 7 is a diagram setling forth a method of forming a polishing pad

according to embodiments described herein.

[00287  Figure 8 is a schematic sectional view Hlustrating local planarization of a
portion of a substrate following a chemical mechanical polishing (CMP) process using

a conventional polishing pad.

(00291 To facilifate understanding, identical reference numerals have been used,
where possible, o designate identical elements that are common {0 the figures. Itis
contempiated that slements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

(00307 In the following description, details are set forth by way of example (o
facilitate an understanding of the disclosed subject matter. it should be appareniic a
person of ordinary skill in the field, however, that the disclosed implementations are
exemplary and not exhaustive of all possible implementations. Thus, it should be
understond that reference to the described examples is not intended to iimit the scope
of the disclosure. Any alterations and further modifications to the described devices,

instruments, methods, and any further application of the principles of the present
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disclosure are fully contempiated as would normally occur to one skilled inthe art to
which the disclosure relates. In particdlar, itis fully contemplated that the features,
componenis, and/or steps described with respect io one implementation may be
combined with the feaiures, components, and/or steps described with respect io other
implementations of the present disclosure. As used herein, the ferm “about’” may refer
to a +/-10% variation from the nominal value. i is {0 be understood that such a

variation can be included in any value provided herein.

(00311  Embodiments described herein generally relate to polishing pads, and
methods for manufacturing polishing pads, which may be used in a chemical
mechanical polishing (CMP) process.  In particular, the polishing pads described
herein are able improve the polishing performance of a polishing pad during a CMP
process by controlling the properties of the polishing layer of a polishing pad and/or
the polishing laver and a base layer that supports the polishing layer. Typical
properties that can be controlled to improve the pdlishing performance of a polishing
pad, which are generally formed from a polymeric material, include a pads
mechanical properties and/or its physical properties. One aspect of a polishing pad’s
design that can be controlled to improve the polishing performance of a polishing pad
is the mechanical and/or physical properties of a polishing layer material that is
disposed at the polishing surface of the polishing pad during a polishing process,
which is discussed further below. The physical properties of a portion of a polishing
pad that may be of interest will generally include measurable properties of a material,
such as, but not limited {0, a material’s density, melting point, conductivity, coefficient
of thermal expansion, and glass fransilion temperature (Tg). The mechanical
properties of a portion of a polishing pad that may be of interest will generally include
properties that are exhibited when a load is applied to the material, such as, but not
limited to, a fensile modulus () {(or Young's moduius), storage modulus (E), loss
modulus (E7, vieid strength, uliimate tensile strength, elongation at break, KEL, Tan

Dalta (Tand), ductility, and wear resistance.

(00321 Undesirably poor local planarization performance is typically associated
with conventional polishing pads that have a low hardness, often referred (o as softer,
elastomeric materials. An example of the effects that a low hardness material

containing polishing surface region of 3 polishing pad has on a surface of a substrate
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after a polishing process has pbeen performed is schematically Hustrated in Figure 8.
Figure 8is a schemalic sectional view illustrating poor local planarization, e.q., erosion
to a distance “e” and dishing to a distance "d”, following a CMP process o remove an
overburden of metal fill material from the field, L.e., upper or puter, surface of a
substirate 800, Here, the substrate B00 features a dislectric layer 802, a first metal
interconnect feature 804 formed in the dislectric layer 802, and a plurality of second
metal interconnect features 806 formed in the dielectric layer 802. The plurality of
second metal interconnect features 808 are closely arranged {o form a region 808 of
relatively high feature density. Typically, the metal interconnect features 804, 806 are
formed by depositing a metal fill material onto the dislectric layer 802 and into
corresponding openings formed therein. The material surface of the subsirate 800 is
then planarized using a CMP process o remove the overburden of fill material from
the field surface 810 of the dislecliic layer 802, If a polishing pad that is selected for
a CMP process provides relatively poor local planarization performance, such as
found when using soft polishing pads {e.g., polishing pads having a hardness of <80
on Shore D scale), the resulting upper surface of the metal interconnect feature 804
may be recessed a distance "¢” from the surrounding surfaces of the dislectric layer

802, otherwise known as dishing.

[0033] Poor local planarization performance of a polishing pad may also resull in
undesirable recessing of the dielectric layer 802 in the high feature density region 808,
e.g., distance “e”, where the upper surfaces of the dielectric layer 802 in the region
808 are recessed from the plane of the field surface 810, otherwise known as erosion.
Polishing processes that are used during semiconductor fabrication processes will
axperience significant metal loss due o poor planarization performance, due to
dishing and/or erosion, which can cause undesirable variglion in the effective
resistance of the metal interconnect fealures 804, 808 formed therefrom thus affecting

device performance and reliability of the formed IC devices.

[0034] Another measure of & pads polishing performance is a pads local
planarization efficiency (PE), which is a measure delermined by subtracting the
vertical distance from an average position of a top polished surface of a polished
substrate to an average low point (or formed depression) in the polishing surface (D)

divided by the distance from the average position of a top polished surface of a

|
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polished substrate to the surface of g layer (D) on which the polishing process is to
be stopped (e.g., underlying dielectric layer top surface in a metal CMP process) from
one (e, PE = 1- (Dw/De))y . A pad's local planarization efficiency is fypically
measured over a one square centimeter (tm?) area, and the average low points are
typically formed over embedded features, such as vias or trenches formed in the

surface of the subsirate.

(003587 Embodiments describad herein will reduce dishing and erosion types of
defects over g wide range of fealure sizes compared o conventicnal polishing pad
materiais, due to the materials, and/or materials and structure, of the polishing pad
disciosed harein. In addifion, smbodimenis desoribad harain have more siable or
consistent dishing and erosion performance compared to conventional polishing pad
materials. In some embodimenis described herein provide polishing pads with
segmentied polishing elements (Figures 3B-3H) that are disposed on a relatively more
compliant foundation layer. Also, the varicus embodiments described hersin will
include improved non-uniformity resulls as compared to conventional pad materials,
such as, for example, the [C1000™ Visionpad™ and Ikonic™ types of polishing pads
available from DuPont and Epic™ polishing pads available from Cabot Corporation,
aven though one would expect an increase in polishing non-uniformitly due 1o the
significantly harder polishing pad materials being less compliant {o the surface of the

substrate.

[0036]  Alihough embodiments described herein are generally related (o chemical
mechanical polishing (CMP) pads used in semiconductor device manufacturing, the
polishing pads and manufacturing methods thereof are also applicable {o other
polishing processes using at least one of chemically active polishing fluids, chemically
inactive polishing fluids and polishing fluids free from abrasive particles. In addition,
embodiments described herein, alone or in combination, may be used in at least the
following industries: aerospace, ceramics, hard disk drive (HDD), MEMS and Nano-
Tech, metalworking, optics and eleciro-oplics manufacturing, and semiconductor

device manufacturing, among others.

Polishing System Qverview
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(00377 Figure 1 is a iop plan view illustrating one embodiment of a chemical
mechanical polishing (CMP)} system 100 that can be adapted to perform a polishing
process on a substrate using a polishing pad described herein, which can be used to
improve the polishing process results achieved on the subsirate over conventional
polishing processes. The CMP system 100 includes a factory interface module 102,
a cleaner 104, and a polishing moduie 1068, A wet robot 108 is provided o transfer
substrates 115 belween the faciory interface module 102 and the polishing module
106. The wet robot 108 may alse be configured to transfer the subsirates 115
between the polishing module 106 and the cleaner 104, The factory interface module
102 includes a dry robot 110 which is configured to transfer the substrates 115
between one or more casseties 114, one or more metrology stations 117, and one or
more transfer platforms 118, In some embodiments, as shown in Figure 1, four
substirate storage casssttes 114 are shown., The dry robot 110 within the factory
interface 102 has sufficient range of motlion o facilitate transfer between the four
casseftes 114 and the one or more transfer platforms 118, Optionally, the dry robot
111G may be mounted on a rail or track 112 to position the robot 110 laterally within
the factory interface module 102. The dry robot 110 is also configured io receive the
substrates 115 from the cleaner 104 and return the clean polished substrates to the

substrate storage casseltes 114,

{00381 Still referring to Figure 1, the polishing module 108 includes a plurality of
polishing stations 124 on which the substrates 11§ are polished while being retainad
in a carrier head 210. The polishing stations 124 are sized {o interface with ong or
more carrier heads 210 so that polishing of a substrate 115 may occur in a single
polishing station 124. The camier heads 210 are coupled to a carriage (not shown)
that is mounted to an overhead track 128 that is shown in phantom in Figure 1. The
overhead track 128 allows the carriage (o be seleclively positioned around the
polishing module 106 which facilifates positioning of the carrier heads 210 selectively
over the polishing stations 124 and load cup 122, In some embodiments, as shown
in Figure 1, the overhead track 128 has a circular configuration which allows the
carriages retaining the carrier heads 210 to be selectively and independently rotated

over and/or clear of the load cups 122 and the polishing stalions 124,
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(00391  In some embodiments, as shown in Figure 1, three polishing stations 124
are shown located in the polishing module 108, At least one load cup 122 is in the
corner of the polishing module 108 between the polishing stations 124 closest to the
wet robot 108, The load cup 122 facilitates transfer befween the wet robot 108 and

the carrier heads 210,

(00407 Each polishing station 124 includes a polishing pad 204 having a polishing
surface {&.g., a polishing surface 204A in Figure 2) capabie of polishing a subsirate
115, Each polishing station 124 includes one or more camver heads 210, a
conditioning assembly 132 and a polishing fluid delivery module 135, During the
operation of the polishing assembiy 200, the pad 204 is subject to compression, shear
and friction, which produce heat and wear, as a slurry and substrate are urged against
the polishing surface 204A by the one or more carrier heads 210. The slumry and
abraded material from the substrate and pad are pressed into the surface and pores
of the pad material, which causes the pad material, and pores formed in the pad
material to become matied and even partially fused. These effects created at the
polishing surface 204A are sometimes referred {0 as “glazing,” and reduce the pad’s
ability o have a desirable polishing rate and provide fresh slurry to the substrate
during procsssing.  In some embodiments, the conditioning assembly 132 may
comprises a conditioning disk 133 of a pad conditioning assembly 140, which dresses
the polishing surface of the polishing pad 204 by removing polishing debris, remove
any “glazing” formed on the polishing pad 204, which occurs after extendsd use of the
pad. Generally, the botiom surface of the conditioning disk 133 contacts and abrades
the polishing surface 204A of the polishing pad 204 during a pad conditioning process.
During & pad conditioning process, the arm 1328 of the pad conditioning assembly
140G, provides translational motion to the conditioning disk 133 so that the conditioning
disk 133 may contact and abrade the entire polishing surface of the polishing pad 204,
A typical pad conditioning process includes applying a down force to the conditioning
disk 133 relative {o the polishing surface 204A of the polishing pad 204 in a range
between about 0.1 psi and about 30 psi, such as , between about 0.7 psi to about 2.0
psi, to achieve an down force of between about 3 and 6 pounds. During a pad
conditioning process the condilioning disk 133 is rotated about the axis 235 at &
rotation speed of typically between about 30 RPM {o about 120 RPM, for example,
between about 30 RPM to about 100 RPM, or even between about 40 RPM o about

10
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70 RPM, while a rotational actuator causes the conditioning arm 1328 0 cause the
ceonditioning disk 133 fo transiate across the polishing surface 204A of the polishing
pad 204 as the polishing pad 204 is being rotated about the axis 216 al a rotation
speead of typically between about 20 RPM o about 120 RPM, for example, between
about 40 RFM to about 85 RPM. The abrasive action applied by the conditioning disk
133 o the surface of the polishing pad 204 will intentionally cause damage {o the
polishing layer material at the polishing surface 204A {0 assure that any “glazing” and
other unwanted debris is removed. The pad condilioning process can also be used
to open pores formed in the polishing pad 204, when they are present at or near in

the polishing surface 204A.

[0041] Referring to Figure 2, the conditioning disk 133 typically has a plurality of
abrasive regions {(not shown) on its lower face, in which abrasive parlicles {e.g.,
diamond or silicon carbide particles) are securad. The abrasive particies are disposed
on a surface of @ backing plate portion of the conditioning disk 133 10 provide a
structure capable of enabling the removal of the material on the polishing surface
204A of the polishing pad 204. The abrasive parlicles can be atlachad o the lower
surface of the conditioning disk 133 by way of known slectroplating andior
slectrodeposition processes, or by way of organic binding, brazing or weiding
processes. Each individual abrasive parlicle can have one or more culting points,
ridges or mesas. In some configurations, the abrasive diamond particles are between
60 micrometers (im) and 280 um in size, which can provide superior conditioning of
the material used in 3D printed polishing pads, €.¢., a low wear rate while maintaining

uniform surface roughness across the pad.

(00427 In other embodimentis, the polishing fluid delivery module 135 may
comprise a fluid delivery arm 134 to deliver a slurry.  Each polishing station 124
comprises a pad conditioning assembly 132, In some embodiments, the fluid delivery
arm 134 is configured io deliver a fiuid stream (e.g., a fluid 222 in Figure 2) to g
polishing station 124. The polishing pad 204 is supported on a platen (e.q., a platen
202 in Figure 2) which rotates the polishing surface during processing. The platen
202 includes a body 203 that has a pad supporting surface 203A. The CMP system

100 is coupled with a power source 180

11
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[00437 In some embodiments, the substrates 115, such as a silicon wafer having
one or more layers deposited thereon, are lvaded into the CMP system 100 via a
cassette 114, During processing, the faclory interface module 102 exiracts the
substrate 115 from the casselle 114 o begin processing while a controlier 180
coordinales operations of the CMP system 100, The dry robot 110 within the factory
interface module 102 then transfers the subsirate 115 to the melrelogy siation 117,
which in some cases measures a thickness profile of the substrate 115, The dry robot
11G then transfers the substrate 115 to the ransfer platforms 118, and the wet robot
108 transfers the subsirates through subsequent processing components including
the CMP system 100.

[00447  The substrate 115 is then transferred by the wet robot 108 fo a load cup
122 so that a carrier head 210 can pick-up and transport the substrate 115 to each of
the one or more polishing stations 124 to undergo a CMP process according o the
polishing parameters selected. Each polishing station includes a polishing pad 204
secured 10 a rotatable platen 202, Different types of polishing pads 204 may be used

at different polishing stations 124 to conirol the material removal of the substrate 115.

[0045] During CMP, the controller 190 controls aspects of the polishing slations
124, In some embodiments, the controller 180 is one or more programmable digital
computers executing digital control software. The controller 186 can include a
processor 192 situated near the polishing apparatus, e.¢., a programmable compuder,
such as a personal computer. The controller can include a memory 184 and support
circuits 1898, The coniroller 180 can, for example, coordinate contact between the
substrate 115 and the polishing pad 204 at differing rotational spesds such that a
seleclive removal profile is aligned with indices of residue locations on the substrale
115, such as an asymmetric thickness profile of the substrate 115, Aligning these
profiles ensures the thickest part of the substrate 115 has the most material removed
and reduces the asymmetry of the substrate 118 during polishing. The controller 180

may include a plurality of separate controllers that are connecled via network.

[0048]  After polishing in at least one of the polishing stations 124, the carrier head
210 (Figure 2) transports the substrate 115 to the lnad cup 122, and then the wet robot
108 transports the substrate 115 from the load cup 122 1o a cleaning chamber in the

cleansr 104, where shurry and other contaminants that have accumulated on the

12
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substrate surface during polishing are removed. in the embodiment depicted in Figure
1, the cleaner 104 includes two pre-clean modules 144, two megascnic cleaner
modules 148, two brush box modules 148, a spray jet module 150, and two dryers
152. The dry robot 110 then removes the substrate 115 from the cleaner 104 and
fransfers the substrate 115 to the metrology station 117 to be measuwred again. In
certain embodiments, the post-polish layer measurements can be used to adjust the
polishing process parameters for a subsequent substrate. Finally, the dry robot 110

retums the substrate 115 to one of the casselies 114,

Polishing Station Qverview

[0047] Figure 2 depicts g schematic sectional view of a polishing station 124 of the
CMP system 100 from Figure 1 that comprises a polishing assembly 200 having a
polishing pad 204 formed according to embodiments described herein. in particular,
Figure 2 shows how a carrier head 210 is positioned relative 1o the polishing pad 204,
A coordinate system 201, having an x-axis, a y-axis, and a z-axis, shows the
orientation of the different components of the polishing assembly 200 in this and
subsequent figures. The coordinate systerm 201 shows positive directions of the x, v,
and z-axes and positive direction for rotation about the z-axis, which is in a counter-

clockwise direction. The opposite directions {not shown) are negative directions.

(00487 In some embodiments, the polishing pad 204 is secured to the pad
supporting surface 2024 of the platen 202 using an adhesive layer 220 {Figure 24),
such as a pressure sensitive adhesive (PSA) layer, as shown in Figure 34, disposed
beiween the polishing pad 204 and the pad supporting surface 203A of the platen
202. In some embodiments, the PSA layer can include a rubber resin, acrvlic or

silicone containing material.

(00497 The carier head 210, Tacing the platen 202 and the polishing pad 204
mounted therson, includes a flexible diaphragm 212 configured to impose different
pressures in different regions of the flexible diaphragm 212 against a surface of a
substrate 115 that is disposed between the carrier head 210 and the polishing pad
204, The carrier head 210 includes a carrier ring 218 surrounding the substrate 115,
which holds the substrate in place. The carrier head 210 rotates about a carrier head

axis 218 while the flexible diaphragm 212 urges a fo-be-polished surface of the
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substrate 115, such as a device side of the substrate 115, against a polishing surface
204A of the polishing pad 204. During polishing, a downforce on the carrier ring 218
urges the carrier ring 218 against the polishing surface 204A 1o improve the polishing
process uniformity and prevent the substrate 115 from slipping out from under the

carmer head 210.

[00507  In some embodiments, the polishing pad 204 rotates about a platen axis
205, The polishing pad 204 has a polishing pad axis 206 that is typically coliinear with
the platen axis 205, In some embodiments, the polishing pad 204 rotates in the same
rotational direction as the rotational direction of the carrier head 210, For example,
the polishing pad 204 and carrier head 210 both rotate in a counter-clockwise
direction. As shown in Figure 2, the polishing pad 204 has a surface area that is
greater than the to-be-polished surface area of the substrate 115. However, in some
embodiments, the polishing pad 204 has a surface area that is less than the {o-be-

polished surface area of the substrate 115.

(0051  In some embodiments, an endpoint detection (ERPD) system 224 detects
reflected light that is directed towards the substrate 115 from a light source, through
a plaien opening 226 and an oplically transparent window feature 227 of the polishing
pad 204 disposed over the plaien opening 226, and then back through these
components to a detector (not shown) within the EFPD system 224 during processing
to detect properties of a laver formed on a surface of the substrate during polishing.
The EPD system 224 can allow a thickness and/or residue location measurement, of
the substrate 115 to be taken while the polishing assembly 200 is in use. In some
embodiments, an eddy current probe is used 1o measure the thickness of conductive
layers formed on a region of a surface of the substrate 115 by the comparison of the
relative angle and position of the notch of the substrate 115, or carrier head 210,
the EPD system 224 within the platen 202,

(00527 During polishing, a fluid 222 is introduced to the polishing pad 204 through
the fluid delivery arm 134 portion of the polishing fluid delivery module 135, which is
positioned over the polishing surface 204A of the polishing pad 204, In some
embodiments, the fluid 222 is a polishing fuid, a polishing slurry, a cleaning fluid, or
a combination thereof. In some embodiments, the polishing fluid may include water

based chemistries that include abrasive particles. The fluid 222 may also include a
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pH adjuster and/or chemically aclive components, such as an oxidizing agent,
enable CMP of the material surface of the substrate 115 in conjunction with the
polishing pad 204. The fluld 222 removes material from the subsirate as the carrier

head 210 urges the subsirate against the polishing pad 204.

[0053] Figure 3A is an enlarged side view of a portion of the polishing pad 204,
carrier head 210 and the platen 202 of the CMP sysiem according to some
embodiments. In some embodiments, as shown in Figure 34, the polishing pad 204
includes a foundation layer region 204C and a polishing layer region 204B. The
polishing layer region 204C is also often referred to herein as simply the “polishing
layer”, and the foundation layer region 204C is also often referred to hersin as the
"pase iayer” The polishing layer region 204C will typically include a plurality of
polishing features 204G that are formed on or bonded {o the foundation layer region
204C, or are an inseparable part that is positioned on the foundation layer region
204C. In some embodiments, the foundation layer region 204C and the polishing
layer region 204C of the polishing pad 204 are formed layer-by-layer using a 3D
printing process, which is described further below. In some embodiments, the
polishing layer region 204C includes a material that has different mechanical and/or
chemical properties from the material found in the foundation laver region 204C. In
one exampile, the polishing laver region 204C includes a polymeric malerial that has
hardness and tensile modulus that is greater than the material found in the foundation

layer region 204C.

(00547  Figure 2B is an enlarged side view of a portion of the polishing layer region
2048 illustrated in Figure 3A, according {0 some embodiments of the disclosure. As
Hustrated in Figure 3B, the polishing surface 204A of the polishing elements 204G of
the polishing layer region 2048 includes a pluralily of asperities 207 that are formed
on the polishing surface 204A during a pad conditioning process. During a polishing
process the roughness of the polishing surface 204A and material properties of the
material at the surface of the polishing elements 204G will, as previously discussed,

affect the planarization efficiency and defectivity of g polished subsirate.

[00585] Figures 3C-3H are schematic plan views of varicus polishing pad designs
according to embodiments of the present disclosure. Each of the Figures 3C-3H

include pixel charls having while regions (regions in white pixels) that represent the
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polishing features 204G of the polishing layer region 2048 of the polishing pads 204,
for contacting and polishing a substrate, and black regions (regions in black pixels)
that represent the foundation layer region 204C. As similarly discussed herein, the
white regions generally protrude over the black regions so that channels are formed
between the white regions. Figures 3C-3H provide exampies of various arrangements
of the polishing features 204G within a polishing pad 204. in some embodiments, the
polishing pads 204 shown in Figures 3C-3H are formed by depositing a plurality of
layers of materials using an additive manufacturing process, such as described below
in conjunction with Figures 6A-8B. Each of the plurality of layers formed during an
additive manufacturing process may include two or more materials to form portions of
the polishing layer region 2048 and/or the foundation layer region 204C. In ons
embodiment, the foundation layer region 204C may be thicker than the polishing layer
region 2048 in a direction normal {0 a plane that is parallel to the plurality of layvers of
materials. Figure 3C illustrales a polishing pad that has a plurality of concentric
polishing features 204G that are separated a channel.  Figure 32D illusirates a
polishing pad that has a plurality of segmented polishing elements 204G arranged in
concentric circles. Figure 3E Hlusirates a polishing pad that has a plurality of spiral
polishing elements 204G disposed over the foundation layer region 204C. In Figure
3E, the polishing pad 204 has four spiral polishing elements 204G exiending from &
center of the polishing pad {0 an edge of the polishing pad. Figure 3F illustrates a
polishing pad that has a plurality of segmenied polishing slements 204 arranged in a
spiral pattern over the foundation layer region 204C. The polishing pad 204 iHlustrated
in Figure 3F is similar {o the pelishing pad in Figure 3k except that the first polishing
elements 204G are segmentad and the radial pitch of the first polishing slements 204i
varies. Figure 3G illustrates a polishing pad that has a plurality of discrete first
polishing elements 204G formed over the foundation layer region 204C. In one
embodiment, each of the plurality of first polishing slements 204G may be a cylindrical
post type structure. In some embodiments, the plurality of cylindrical first polishing
elements 20406 may be arranged in concentric circles, in a regular 2D pattern relative
to the plane of the polishing surface, or other desirable pattern. Figure 3H lllustrates
a polishing pad that has a plurality of discrete polishing elements 204G formed over
the foundation layer region 204C. The polishing pad of Figure 3F is similar to the
polishing pad of Figure 3G except that some first polishing slements 204G in Figure

SH may be connected to form one or more closed circles. The polishing elemeants
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2040 in the designs of Figures 3C-3H may be formed from an identical material or
identical compositions of materials. Allernatively, the material composition and/or
material properties of the polishing elements 204G in the designs of Figures 3C-3H
may vary from polishing festure o polishing feature.  Individuslized material
composition and/or material properties allows polishing pads to be tailored for specific

naeds.

Polishing Pad Properties

[O056}]  As discussed above, the tensile modulus, and/or hardness, of the material
disposed at the polishing surface 204A of the polishing pad 204 has a significant effect
on the performance of a polishing pad during a CMP process. As discussed briefly
above, polishing pads formed of comparatively harder materials provide superior local
planarization performance when compared o polishing pads formed of softer
materials. However, polishing pads formed of harder materials are also associated
with an increased defectivity when compared with softer polishing pads. In general,
polishing pads that include harder materials at the polishing surface 204A of @
polishing pad will generate a higher number of scratches and other surface defects
than a softer pad material. The higher scraich related defectivity found when using
harder materials in the peolishing layer can often be atiributed o the asperities 207
{Figure 3B} formed in the hard pad material at the polishing surface 204A during a
pad conditioning process. There is a need for a polishing pad that includes a polishing
layer malerial disposed at the polishing surface 2044 of the polishing pad 204 that will
have a desirable hardness over a wide polishing process temperature range (e.qQ.,
temperature range of between about 20°C and about 80°C) and have a low defectivity.
Moreover, it is desirable to form a polishing pad that includes a polishing layer material
that has desirable mechanical properties and/or its physical properties that will allow
the polishing pad to achisve a low defectivity, improved local and global planarization
performance, improved planarization efficiency and improved dishing performance
over conventional polishing pads. However, ong will note that embodiments of the
disclosure provided herein can also include a pad structure that when used in
combination with a desired polishing layer material is able further improve the
polishing performance of the polishing pad 204. In some configurations, for example,

a desirable polishing pad structure will include a desired physical structure of the
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polishing elements 2040 (e.g., shape, surface area, size, eic.), distribution of the
polishing elements 204G in a plane that is parailel {o the polishing surface 204A, and
the composition of the material in the foundation layer region 204C of the polishing
pad 204,

[0057] | has been found that polishing pads 204 that include a polishing layer
material that has desirable properties, such as a high hardness and/or high tensile
modulus, and a desirable mechanical strain ratic {sg/ev}, can be formed by combining
precursor components during a desired polishing pad fabrication process. In some
embodimenis, as will be discussed further below, the polishing iaver material can be
formed by use of an additive manufacturing process that allows the material at and
within a region near the polishing surface 2044 of the polishing layer region 2048 o
be engineered so that polishing laver material has desired physical and mechanical
properties. In some embodiments, the polishing layer region 204B and/or the
foundation layer region 204C are both formed by use of an additive manufacturing
process in which two or more compositions of precursors are positioned within sach
layer of a multilayer stack, and, in some cases, at least partially combined {o form the
polishing layer material. While the ability to and benefits of engineering the properties
of different portions of a polishing pad by use of an additive manufacturing process
can be easily appreciated, in some cases it may be possible to form a polishing layer
material that has desirable properties by use of two or more compositions of
precursors that are formed inte a useable configuration by use of a conventional
casting or molding process, which is currently used to form conventional polishing

pads today.

[00588] Figure 4A is scanning eleclron microscope (SEM) view of a surface of a
polishing laver material that has been conditioned during a pad conditioning process
that utifized a pad conditioning disk 133. Figure 4B is scanning SEM view of a surface
of a high hardness polymeric material that has been conditioned using a similar
process {0 the one used io condition the surface of the polishing layer material
iliusirated in Figure 4A. As shown, the surface of the polishing layer material in Figure
44 has a much smoother pad conditioned surface versus the pad conditioned surface
of the high hardness polymeric material lllustrated in Figure 4B. The term “smoother”

as used herein is intended to describe a surface that has fewer surface fegtures, or
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stated another way has a “higher contact area” that can be placed against a surface
of a substrate during a polishing process. The term smoother as used herein is
intended {o describe a surface that has a reduced roughness or surface undulations
that will affect the contact area of the polishing surface of the polishing pad o the
surface of the substrate. In some cases, a measure of 3 surface fexture is usaful o
gauge a relative amount of surface contact area. in some cases, a measure of a
surface’s “Areal Material Ratio” (Smr{c)), as defined in IS0 25178, can be used as a
gauge of a surface’s relative smocthness or amount of contact area. The Smr(c)-150
28178 paramster can be used 10 determing the amount of bearing area remaining
after a certain depth of materigl is removed from the surface, such the material
removed from the polishing surface of the polishing pad after performing a pad
conditioning operation. The Areal Material Ratio, Smr{c) is the ratio (expressed as a
percentage) of the cross sectional area of the surface at a height (©) relative o the
evaluation cross sectional area. The height {¢) may be measured from the best fiiting
least squares mean plane or as a depth down from the maximum point of an Areal

Material Ratio Curve.

{00591  One will note that amount of contact area of similarly configured surfaces is
proportional to the tensile modulus material, and thus will decrease as the tensile
modulus increases. The surface of the high hardness polymeric material illusirated in
Figure 4B includes a number of regions that include small high roughness areas that
are believed o be created by the britlle fracture of the high hardness polymeric
material as the abrasive components of the pad conditioning disk 133 are moved
across the polishing surface of the polishing pad 204 during a pad conditioning
process. It is belisved that these areas of high roughness can form asperities 207
that have a high enough contact force during a substrate polishing process o
genearate scraiches on the surface of the subsirate. However, due to the desirable
physical and mechanical properties of the polishing layer material Hlustrated in Figure
4A, which can include its hardness, elongation at break, and mechanical sirain ratio,
the polishing surface 204A is smoother afler a pad conditioning process, which is
believed to be due in pari to vielding and plastic deformation properties of the polishing
layer material found in the polishing pad. The smoother polishing surface 204A of the
polishing laver material will minimize and/or prevent scratches from being formed on

the substraie during polishing and improves the aclual contact area that the polishing
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elements 204G have with the surface of a subsirate during polishing and thus will
improve the polishing rate of the CMP process. By way of comparison, Figures 4C
and 4D, which are each software rendered versions of the polishing surfaces
iliusirated in Figures 4A and 4B, respeactively, graphically ilustrate a difference in the
amount of relative smoother surfaces of the polishing layer material shown in Figure
44 versus the high hardness polymeric material Hlustrated in Figure 4B. Based onthe
software analysis of the surfaces, the polishing laver material illustrated in Figure 4A
is about 38% smocther than the surface of the high hardness polymeric material
iliustrated in Figure 4B due to the smaller number of surface features, which will

include the asperities 207.

{00807 Figure 4E is a grazing angle SEM partial section view of the polishing
surface and infernal portion 2048 of the polishing layer of the polishing pad depicted
in Figure 44, In some embodimenis of a polishing pad 204, the polishing surface
204A can include a plurality of porosity features 452 and asperity-free features 451,
which have been formed during a pad conditioning process due to the desirable
physical and mechanical properties of the polishing laver material. The pluraglity of
porosity features 452 can be formed within layers of the polishing pad 204 by use of

an additive manufacturing process as described hersin.

[00617 For ease and dlarity of discussion purposes, a polishing layer material that
exhibits the desirable properties as discussed in relation {o Figure 4A above, and
further described below will be referred to herein as a "rigid polymeric material”
However, the use of the phrase “rigid polymeric material” is not intended to be limiling
and is only intended {o provide a name for a material that exhibils the various

properties and contains one or more chemical components that are described herein.

(00627  Figure 5A includes plots of engineering stress-strain curves for four different
classes of polymeric materials that can be used o form a polishing pad. For general
classification purposes, the four classes of materials that are discussed herein include
a britlle polymer Cq, a ductile polymer Gz, a tough polymer Cs, and an slastomeric
polymer Cq. Figure 5B includes plots of stress-strain curves for three different
polymeric materials that can be used to form a polishing pad, according to an
embodiment of the disclosure provided herein.  Stress-strain curves represented

herein can be generated using an ASTM testing standard, such as ASTM D838-10.
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Other testing methodologies that may be used to obtain one or more of the properties
of the polymeric materials can include ASTM D412 and ASTM 4085-20.

{00631 The first class of materials, or brittie polymers ©4, are characterized by a
high tensile modulus (i.e., slope of the linear portion Ciry of the stress-strain curve)
with very little plastic deformation before the brittie material fraciures at the breaking
point B4, which coincides with a relatively high breaking strength stress os1 and iow
break point strain ez al the breaking point By, Britle fractures are generally
characterized by the formation of jagged features at the fracture surface due to the

low amount of plastic deformation found in the material.

[0084] The second class of materials, or ductile polymer C,, are characierized by
a moderately high tensile modulus, which is ssen by slope of the linsar portion Cons
of the stress-strain curve. The duclile polymer C; malerials will include plastic
deformation region thatl includes a yield point Yy that is followed by a plastic
deformation region Core that includes a relatively small plastic deformation sirain
before the ductile material fractures at the breaking point B:, which coincides with a
relatively high breaking strength stress oz and moderate break point strain ¢g2 at the
breaking point Bz, 1t is believed that the high hardness polymeric material, which is
associated with the material shown in Figures 4B and 4D, is believed o fail
somewhere between the first and second classes of malerials due to the significant

proportion of brittle fracturing regions.

{00657  The third class of materials, or tough polymer Cs, are aiso characterized by
a moderately high tensile modulus, which is seen by slope of the linear portion Cans
of the stress-strain curve. The tough polymer Cs materials will include a large plastic
deformation region that includes a vield point Ys that is followed by a relatively large
plastic deformation region and elongation before the tough material fractures at the
breaking point Bz, which coincides with a relatively moderate breaking strength stress
Orz and large break point strain £z3 at the breaking point Ba. As shown in Figure 54,
the tough materials Ca include a plastic deformation region Curs that drops down from
a peak yield level stress o at the yield stress point Y3 that may then be followed by
strain hardening or strain softening as the inad is continually applied. For the tough
polymer s materials, a material composition that experiences strain hardening wil

typically include a stress-strain curve that is characlerized by the stress level
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increasing after it dips below the yield point Vs (see curves Ca and Gy In Figures 5A
and 5B). For the tough polymer Cs materials, a material composition that experiences
strain softening will typically include a stress-strain curve that is characterized by the
stress level decreasing or remaining relative flat after the stress-strain curve dips

below the yield point Y (see curve (s in Figure 5B8).

(00681 The forth class of materials, or elastomeric polymer Cs are characterized by
a low tensile modulus, which is seen by slope of the linear portion Cer1 of the stress-
strain curve. The elastomeric polymer Cq materials will generally not include a yield
point and will not contain much of a plastic deformation region, since the elastomeric
material will generally have the same stress-strain curve if it is loaded 10 a point before
its breaking peoint B: and then unloaded. The material of an elastomeric polymer Cs
is also characterized by an increasing siress level from its initial loading until the
material fractures at the break point Be, as seen the positive slope in the regions Curs
and Curs of the curve Cy Hlustrated in Figure 5A. The elastomeric polymers Cs will
genarally include a low breaking strength stress ore and a large break strain epq at the
breaking point. It has been found that most polyurethane materials, which are
produced in a polymerization reaction between diols {or polyols: alcohols with two or
more reactive hydroxyl -OH groups) and dilsocyanates (or polyisccyanates:
isocyanates with two or more reactive isocyanate ~NCQO groups), typicaily fall within
the fourth class of materials. An example of a conventional polyurethane containing
101000 polishing pad's stress-strain curve and properties is discussed in an articie by
Ashraf-F. Bastawros ef al. (2018 ECS J. Solid State Sci. Technol. 8 P3145), which
similarly includes the atlributes Hlusirated in curve C4 of Figure 5A. The conventional
polyurethane elasiomeric polymer pads, such as the IC1000 and 1C1010 polishing

pads are available from Dupont or Dow/Rohm Haas.

Rigid Polymeric Materials

(80677 It has been found that rigid polymeric materials, hereafter “rigid materials”,
which generally fall within the third class of materials are the preferred material for use
as a polishing layer material due to st least their higher relative hardness than
conventional polishing pads, their improved dishing and planarization performance,
and desirable defeclivity resulls afier performing one or more pad conditioning

processes. Rigid materials that include a vield point that is followed by a significant
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elongation until the material breaks has been found io provide these desirable

polishing pad performance results.

(0068  As will be discussed further below, the pre-polymer compositions that are
used o form the “rigid material” may include a mbdure of one or more of functional
polymers, funclional oligomers, functional monomers, funchional cross-linkers,
reactive diuents, additives, and photoinitialors. Examples of suitable funclional
polymers which may be used o form one or more of the at least two pre-polymer
compositions that are used t© form the rigid material can include multifunctional
acrylate including di, tri, telra, and higher functionality acrviates, such as 1,3,5-
friacryloyihexahydre-1,3,5-triazine  or irimethylcipropane  triacrylate, dipropylens
glycol diacrylate or dimethacrylate. Cther examples of pre-polymer compositions are

discussed further bslow.

(00691 Figure 5B includes engineering siress-strain curves for various rigid
materials that fall within the desired third class of materials. Each of the siress-sirain
curves Cs, Ts and Gy include a linear region in which stress (o} is proportional to the
amourt of strain (€), which is noted by the regions Cspir, Csri and Cory, respectively.
Each of the siress-sirain curves Cs, Cs and G also include a yield point Ys, Vs, and
Yy {i.e., peak of the regions Csai, Cert and Crre) that each occur at & yield point strain
£vs, &va, and eyy, respectively. The stress-strain curves s, Ca and Oy also include a
plastic deformation region Csre, Cerz and Crrp, respectively, in which the amount of
stress created in the material initiglly drops from the peak found at the yield point Ys,
Ys, and Yy, The plastic deformation region Csre, Cery and Crre of each of the stress-
strain curves Cs, Cs and G then extend out to a fracture point, or break point Bs, Be,
and By that each occur at a break point strain <es, £ss, and gy, respectively. In some
configurations of a desirable rigid material, the plastic deformation region Csra, Cens
and Crre, include a portion that includes strain hardening, which is characterized by
the stress level increasing after it dips below the yield point {e.q., second half of the
plastic deformation region Crrz of the stress-strain curve Cr), or strain softening, which
is characlerized by the siress level decreasing and/or remaining relative flat after the
stress-sirain curve drops an amount below the vield point (e.g., plastic deformation
region Cerz of the stress-sirain curve Ce).  In some embodiments, in either case of

strain softening or strain hardening of the rigid material dug to the applied load, the
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stress level (or) al the break point is always less than the siress level (ov) achisved

at the vield point.

(00707 | has been additionally found that rigid materials that exhibit a desirable
mechanical strain ratio {epfey) are able io achieve an improved dishing and
planarization performance, and a desirable subsirate defectivity result. Due to the
ability of the rigid material to have a relatively high level of hardness {(or high tensile
modulus) and yst plastically deform a significant amount before break is pelieved to
be a significant factor in the improved polishing pad performance resulls.  As
discussed above, the ability of the rigid material to plastically deform during the pad
conditioning process will cause the rigid material at the polishing surface 204A 1o be
smoothed versus creating britlle fracture regions for similarly hard polymeric materials
during the pad condilioning process. One measure used to characterize a rigid
material that is able to achieve the desirable polishing process performance is the
mechanical strain ratic (se/ey), which is a ratio of the measured strain at the breaking
point minus the measure strain at the yield point divided by the measured strain at the
yield point. For example, the mechanical strain ratios (gsfey) for the material illustrated
by curves Cs, Cs and Gy in Figure 5B, are described in equations {1}, {2) and (3},

respactively, as shown below.

B _ £B5 — Y5 _ 552 a
e £¥Y5 T 551 )
eB  £B6 —£Y6 562 2
RS -
eB  eB7 —eY7 872 ;
Y Y7 571 )

it has been found that hard materials that yvield and have a long elongation at break
are able {o achieve desirable dishing, planarization, and defectivity performance when
used in a standard CMP polishing process. In some embodiments, the rigid material
inciudes a mechanical strain ralio {eg/ey) that is greater than 1.0, such as greater than
2.0, greater than 2.2, greater than 2.5, greater than 3.0, greater than 5.0, greater than
8.0, greater than 10, greater than 20 or even greater than 25, In some embodiments,
the rigid malerial also has an elongation at break of at least 20%, such as greater than

40%, or even greater than 100%. In some embodiments, the rigid material also
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includes a hardness of at least 50 on the Shore D scale, a hardness of at least 80 on
the Shore D scale, a hardness of at least 85 on the Shore D scale, a hardness of at
ieast 68 on the Shore D scale, or even a hardness greater than 70 on the Shore D
scale. in some embodiments, the rigid matenial includes s hardness in a rangse from
80 fo 80 on the Shore D scale, such as a range from 85 {0 80 on the Shore D scale,
or even in a range from 68 to 78 on the Shore U scale. in some embodiments, the
rigid material also has a tensile modulus of at least 1000 megapascals (MPa), such
as greater than 1200 MPa, or even greater than 2000 MPa, or even from 1000 1o 2000
MPa. In some embodiments, the rigid material also has a yield strength of at isast 30
megapascals (MPa), such as greater than 40 megapascals (MPa), or even greater
than 60 megapascals (MPa), or even from 30 10 80 MPa. In some embodiments, the
rigid material also has a glass transition temperature {(Tg) of at least 40°C, such as

greater than 50°C, or even greater than 80°C.

006711  In some sxample, the rigid material has a hardness that is between 62 and
80 on the Shore D scale, 3 tensile modulus of between 1000 and 2000 MPa and a
mechanical strain ratio (ga/ey) that is at least grealer than 2. in another exampie, the
rigid material has a hardness that is between 85 and 78 on the Shore D scale, a tensile
madulus of between 1000 and 2000 MPa and a mechanical sirain ratio (ssfey) that is

at least greater than 2.

(00727 I has been found that rigid material formulations that include a hardness
that is between 60 and 80 on the Shore D scale, a tensile moduius of between 1000
and 2000 MPa and a mechanical strain ratio (ee/ey) that is at least greaier than 2 are
able to achieve a reduced defectivity and improved planarization efficiency over
conventional formulations after the same pad condilioning process had been
performed on the different formulations. More conventional formulations, such as the
brittle polymers Cy and ductile polymers C, formulations illustrated in Figure 4B and
40, have an undesirably low contact ratio {&.¢., measure of surface smoothness and
comtact area) as determined by use of the “Areal Malerial Ralio” (Smr{c))
measuramant as comparad (o the tough polymer C3 formulations, such as the rigid
material formulations disclosed herein. |t has been found that Smr{c) determined
contact ratios of greater than 0.8%, such as greater than 2.0% contact ratios at a

measurement depth (¢} of 3 micrometers (um} have provided an improved level of
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defectivity versus brittie polymers Cy and ductile polymers C, formulations that form
contact ratios less than 0.8% afier the same pad conditioning process has been
performed on each of the materials. It has thus been found that formulations that fall
within the tough polymer Cs class of materials have a lower defectivity and improved
planarization efficiency as compared to the britlle polymers C1 and ductile polymers
C- formulations, and an improved local and giobal planarization performance and
improved dishing performance over conventional polishing pads that include the an
elastomeric polymer Ca formulations. It has been found, for example, that rigid
material formulations that have [1.] a hardness that is between 60 and 80 on the Shore
D scale, such as between 65 and 78 on the Shore D scale, [2.] a tensile modulus of
between 1000 and 2000 MPa, [3.] 8 mechanical strain ratio {(ge/ey) that is at least
greater than 2, and [4.] is able to achieve a contact ratic of greater than 0.8%, such
as greater than 2.0% contact ratios at a measurement depth (¢} of 3 micrometers (um)
after performing a pad conditioning process similar to the processes disclosed herein,
has achieved a significant improvement in defectivity, planarization efficiency, local
and global planarization performance and improved dishing performance over more

conventional pad formulations.

{00731 Figure 5C illustrates an example of a suwrface roughness profile of a
polishing surface of a portion of a polishing pad after a pad conditioning process has
been performead on the polishing pad. it has been found that by use of an optical
microscope and confocal laser analysis techniques, such as available in products
made by Keyence Corporation for example, a contact ratio and profile of the surface
of a polishing pad can be determined. As will described below, the effect of the
material properties of the rigid material formulations versus other material formulations
in relation to the contact ratio and profile of the surface of a polishing pad have been
analyzed. In general, a contact ralio (AJA.) is defined as the ratio of a contact area
(A} of the pad surface that contacts a surface of a substrate during polishing to the
measurement area (A:) of the measurement region on the surface of the polishing
pad. The contact area (A¢) can be determined by use of the optical microscope and
confocal laser analysis techniques at a plane positioned at a measurement depith (Dw)
within the measurement area {(A;) of the measurement region. The contactratio of &
pad conditioned surface of g polishing pad can be measured across the polishing

surface of a polishing pad by use an optical measurement method, such as a Smr{c)-
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130 25178 method. The measurement {echnique includes measuring the contact
ratio at a measurement depth (D) that is measured from a peak asperity {T1), and
when viewed in two dimensions (2D}, as shown in Figure 5C, would be a measure of
the area of the horizontal contacting regions within a horizontal plane {(e.q., portions
highlighted by the dark horizontal lines al the measurement depth (Dw)} versus the
total area of the portion of & horizontal plane that is within the measurement region.
in practice, the actual contact ratio of a horizontal portion of a polishing pad {e.g.,
polishing surface 204A illusirated in Figures 2 and 3A-38) during a polishing process
will vary as a function of a pressure applied to the surface of palishing pad by a “body”
{e.g., 300mm SEMI™ standard monocrystalliine silicon wafer), the rigidity of the
‘body,” and the mechanical properties of the polishing pad, which includes the
material properties of the rigid material that is in contact with the body. it is typically
assumed that the rigidity of the body (e.q., wafer) will have a very smail {0 negligible

effect on the actual contact ratio of a pad conditioned surface of a polishing pad.

00741 Figure 5D includes a plurality of contact area versus texture depth curves
that have been generated for maierial layers used to form the polishing surface 204A
of a polishing pad sfier performing a pad conditioning process. The pluralily of contact
area versus texiure depth curves were generated for three different polymeric material
samples by use of the Smr{c)-180 25178 measurement method, The two of the three
different polymeric material samples {.e., samples 552 and 553) were created by an
additive manufacturing process, as described herein, {0 form the solid material layer
sampies that were exposed to the same pad conditioning process. In one example,
a “standard” pad conditioning process inciuded abrading the surface of the samples
by sweeping a 4 inch {(~102 milimster (mm)} diamater pad conditioning disk that
includes 60-100 um sized diamond abrasive particles at a rotation speed of 100 RPM
and a downforce of about 4.5 pounds at an abrasive disk sweep rate of 19 radial
sweeps per minule (sweeps/min) while the platen on which the samples were
positioned was rotating 85 RPM. The standard pad conditioning process is typicaily
performed on a new polishing pad {&.q., break-in process) for a time between about
30 minutes o about 80 minutes, such as about 45 minutes. The standard pad
conditioning process is typically performed while the polishing surface is maintained
in a “wel” state, and thus a flow of [ water and/or polishing slury (8.g., conventional

ceria containing slurry) are provided o the polishing surface at a sufficient rate o
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lubricate the polishing surface {(e.g., prevent polymeric material(s) from overheating
and becoming glazed) and sweep-away the abraded material created during the pad
conditioning process. The three different polymeric malerial samples shown in Figure
50 include a first sample 552, a second sampie 553 and a conventional sample 551,
which were taken from a mid-radius position of a 40 inch diamster platen after the pad
conditioning process had been performed. In one example, the standard pad
conditioning process utilizes a pad conditioning disk that is availlable from Saesol
Diamond ind. Co. LTD, such as conditioning disk Part No. AB45 that includes about
40 um diamond abrasive particle protrusions and have diamond density of about 950
per square centimeter (em?) and diamond tip size of about 180 um. Similar pad
conditioning disks can also be purchased from 2M or Entegris. The conventional
sample 551 includes a portion of a conventional IC1010 polishing pad available from
Dupont. The rigid material samples, or the first sampie 552 and the second sample
553 which fall within the fough polymer Cs class of malerials, each comprise an
aromatic monofunctional acrylate, a low viscosity aliphatic trifunctional monomer, a
trifunctional aliphatic acrylate, and a monofunctional aliphatic acrylamide, which is
discussed in further detall below. In this example, the first sample 552 and second
sampie 553 included a porous structure that has a pore density that was about 16%,
and the porosity of the conventional sample 551 was about 30%. Figures 3E, 5F and
5G are SEM views of the surface of the conventional sampie 551, the first sample 552
and the second sample 553, respeclively, that has been conditioned by the pad
conditioning process. Figure 5H is close up view of a portion of the contact area
versus texiure depth curves of Figure 8D that jilustrates a difference in the contact
ratio of each of the three samples at a measurement depth (Dw) of 4 um. 1t has been
empirically found that correlations belween contact rafio and polishing performance
{e.g., planarization efficiency, polishing rate, and planarization performance)
performed at measurement depths (Du) of about 4 um are useful as a baseline for
understanding the effect of contact ratio on the various polishing performance
parameters due in part to the typical mechanical properties of the typical polymeric

materials used to form the polishing surface of a polishing pad.

(00757 Referring back to Figures 5D and 5H, the contact area versus texiure depth
curves illustrate the effect of material composition the contact ratic on a pad

conditioned surface. As shown in Figures 5D and 5H, contact ratic of a pad
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conditioned surface increases greatly at the shaliower measurement depth (Dw)
versus the conventional sample 551, and thus it is believed that the rigid material
formulations found in the first sample 552 and second sample 553 have a greater
tendency to plasiically deform due io the interaction of the surface of the pad
conditioning disk during a pad conditioning operations and thus form a smoother
surface that has a reduced roughness, or reduced number of surface undulations,
versus the material compositions similar to the conventional samples 551, which fall
within the elastomeric polymer C4 class of materials. By comparison, as shown in
Figure 5H, the second sample 553 has a contact ratio of about §.3%, the first sample
552 has a contact ratio of about 0.8%, and the conventional sample 551 has a contact
ratio of about 0.03% when measured at a measurement depth (D) of 4 um, as
fiustrated in Figure SH. Similar {o Figures 4C and 4D, the plots 5518, 5528, and
5538 in Figure 5H are each software rendered versions of the polishing surfaces that
graphically illustrates the relative amount of surface area at 3 given measurement
depth (Dw) of 4 um and the distribution of the surface area at the 4 um depth for the
conventional sample 551, the first sample 552 and the second sample 553,

respectively, within the measurement areas.

{0076] Comparing the SEM images of the surfaces 551A, 552A, and 553A of the
conventional sample 551, the first sample 552 and the second sample 553,
respectively, in Figures 5E, 5F and 50, and their associated distribution of the pad
surface versus depth plots (right side of SEM images), it is apparent that surface of
the conventional sample 551, the first sample 552 and the second sample 553
become increasing smooth when viewed in that order. The disiribution of the pad
surface versus depth plois for each of the respective Figures 5E, 5F and 5, illustrate
the distribution of the position of the polishing surface as a function of depth of the
pad conditionad surface from a peak region of the pad conditioned surface for the
conventional sample 551, the first sample 552 and the second sample 553, InFigures
5E, 8F and 50, the peak value and distribution of the position of the polishing surface
as a function of depth decreases when comparing the conventional sample 551 with
the rigid materials of the first sample 552 and the second sample 553, respectively.
For example, the conventional sample 551 has a surface depth distribution that
aexiends from zero 10 a value that is greater than 45 um and has a peak value at about

28 um versus the second sample 553 that has g surface depth distribution that
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extends from zero 10 @ value of about 28 um and has a peak valus at about 10 um. It
is believed that a narrower distribution of the depth of the pad conditioned surface
from a peak value will increase the amount of a polishing pad’s contact with the
surface of g "body” {(2.g., wafer or substrale) that is being urged against the polishing
surface of the polishing pad, which will increase the polishing rate and reduce

defectivity of a polished body.

00777  Figure 5l illustrates a plot of polishing rate versus contact ratic for a plurality
of different polymeric material formulations. The data shown in Figure 5 includes
data taken using a polishing process that included the use of & ceria containing slurry
that was performed during a dislectric material polishing process {Le., Si0y)
performed in a Reflexion® LK Prime® CMF tool available from Applied Materials inc.
of Santa Clara, California. Conventional ceria based slurries are available from
Solvay S.A., Inochem, and AGC Inc. In one example, the ceria slumry can include
cerium oxide {ceria) nancopariicles {e.g., 10-30 wt% in suspension (10nm-80nm sized
particles)}, an amine, Dl water, and oplionally TMAH. [t has been found that the rigid
material formulation described herein, which are used to form the polishing surface of
a polishing pad, achieve greatly improved polishing process resulls when used with
ceria based slurries versus other common slurry compositions (g.¢g., alumina, fitania,
Zirconia, germania, or silica based slurries). It is believed that polishing processes
that are more chemically driven, such as ceria slurry based polishing processes, will
benafif significantly versus the more mechanical abrasion dominated CMP processes,
which utilize the other common types of slurry compositions. The added benefil
provided to the more chemically driven processes is believed al least in-part to be due
{o the increased contact area of the pad conditioned polishing swface’'s increased
ability to interact with and remove the chemical reaction components formed at the
surface of the subsirate during a polishing process, and thus increase the interaction
of the fresh and unreacted polishing chemistry with the newly exposed substrate

surface that recently interacted with a portion of the pad conditioned polishing surface.

[0078] As illustrated in Figure 51, the polishing rate (angsitroms (A¥minute)
increases as the contact rafio (%) increases, as iHustrated by the data coliecied for
the three different types of samples that are described above. In this example, the

conventional sample 551 polishing process daia is illustrated by an open circle, first
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sample 552 polishing process data is illustrated by the open square data point, and
second sample 553 polishing process data is lllustrated by the open and closed
triangle data points. One will also note that the polishing rale also increases as the
down force applied {0 the substrate during a polishing process increases (e.g., 4.0 psi
o 4.5 psi) for at least the ceria based polishing processes described herein. It is
believed that most cerig, and non-ceria, based polishing processes that ulilize the rigid
material compositions disclosed herein will have an increased polishing rate as the
down force is increased, due in some part {0 the improved slongation/deformation of
the material that contacts the surface of the substrate during polishing. However, it
has been found that cera based processes seg a significant increase in benefit over
the other non-ceria polishing processes due to the use of rigid material chemistries

disclosed herein.

[0079] U has been found that the rigid material formulations described herein are
bensficially configured to achieve contact ratios that are at least greater than 1.8%,
such as greater than 1.0%, or greater than 2.0%, or greater than 2.5%, or greater than
4.0%, or even greater than 5.0% when measured at a measurement depth (Dw) of
about 4 um after performing a standard pad conditioning process as described herein.
The increased contact ratios over convention pad materials will provide a significant
benefit relating to the planarization efficiency and defectivity of a polished substrate,
along with an increase in polishing rate of a substrate during various polishing

processes, such as ceria based polishing processes.

Formulation and Material Examples

[00807  As briefly discussed above, in some embodiments, a palishing laver region
2048 that includes the rigid material is formed from a midure of two or more pre-
polymer compositions that are at least partially mixed and cured to cause at least
partial polymerization, e.g., cross-linking, of the pre-polymer composition(s) to form a
continuous polymer phase.  In some embodiments, by use of an addiive
manufaciuring process, which is described further below, the formed continuous
polymer phase forms the siructural elements of the polishing pad 204, such as the
polishing features 204G of the polishing laver region 2048, Pre-polymer compositions

of the present disclosure may include a mixture of one or more of functional polymers,

31



WO 2023/219783 PCT/US2023/019583

functional oligomers, funclional monomers, functional cross-linkers, reactive dilusnts,

additives, and photoinitigtors.

{00811 Exampies of suitable functional polymers which may be used to form one
or both of the at least two pre-polymer compositions include multifunctional acrylates
including di, i, tetra, and higher funclionality acrylates, such as 1,35
triacryloythexahydro-1,3,5-lriazine  or trimethyiolpropane  triacrylate, dipropylene

glycol diacrviate or dimethacrylate.

(0082 Exampies of suitable functional oligomers which may be used to form one
or both of the at least two pre-polymer compositions include monofunctional and
muliifunctional oligomers, acrylate oligomers, such as aliphatic urethane acrylale
oligomers, aliphatic hexafunclional urethaneg acrylate oligomers, diacrylate, aliphatic
hexafunctional acrylate oligomers, multifunctional urethane acrylate oligomers,
aliphatic urethane diacrylale oligomers, aliphatic ursthane acrylate oligomers,
aliphatic polvester urethane diacrylate blends with aliphatic diacrylate oligomers, or
combinations thereof, for example bisphenol-A ethoxylate diacrylate or polybutadiens
diacrylate, tetrafunctional acrylated polyester coligomers, aliphatic polyesier based

urethane diacrylate oligomers and aliphatic polyesier based acrylaies and diacrylates.

(00837 Examples of suitable monomers which may be used to from one or both of
the at least two pre-polymer compositions include both mono-functional monomers
and multifunctional monomers.  Suitable mono-functional monomers  include
tetrahydrofurfuryl  acrylate (e.g. SR285 from Sartomer®), tetrahydrofurfuryl
methacrylate, vinyl caprolactam, isobormyl acrvlate, iscbornyl methacryiale, 2-
phenoxyethyl  acrviate, 2Z-phenoxyethyl methacrviate, 2-{2-sthoxyethoxyiethyi
acrylate, iscoctyl acrylate, isodecyl acrylate, isodecyl methacrylate, lauryl acrylate,
lauryl methacrylale, steanyl acrylate, stearyl methacrylate, cydlic trimethylolpropane
formal acrylate, 2-[[{Butylamino) carbonylloxylethyi acrylate (e.g. Genomer 1122 from
RAHN USA Caorporation), cycloaliphatic acrvlate (e.g. SR217 from Sartomer®), 3,3,5-
frimethylcyclohexyl acrylate, or mono-funclional methoxyiated PEG (350) acrylate.
Suitable multifunctional monomers include diacrylates or dimethacrylates of diols and
polyether diols, such as propoxyiated neopentyl glycol diacrylate, 1,8-hexanediol
diacrylate, 1,6-hexanediol dimethacrylate, 1,3-butylens giveol diacryiate, 1,3-butylene

glycol dimethacrylate 1.4-butanediol diacrylate, 1.4-butanedicl dimethacryiale,
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alkoxylated aliphatic diacrylate (e.g., SRO208A from Sartomer®), disthylene glycol
diacrylate, disthyiene glycol dimethacrylate, dipropylens glycol diacrylate, tripropylens
glycol diacrylate, tristhyiene glycol dimethacrylate, alkoxylated hexanediol diacrylates,
or combinations thereof, for example BR508, SR562, SR563, 3R564 from Sartomer®,

[0084]  Typically, the reactive diluents used to form one or more of the pre-polymer
compositions are least monofunctional, and undergo polymerization when exposed to
free radicals, Lewis acids, and/or electromagnetic radiation. Examples of suitable
reactive diluents include monoacrylate, Z-ethylhexyl acrylate, octyldecyl acrylale,
cyclic trimethylolpropane formal acryiate, caprolacione acryiate, iscbormyl aoryiste
(IBOA), or alkoxylated lauryl methacrylate. In some examples, reactive diluents may
include Genocure series products, such as PBZ, or Genomer series products, such

as Genomer 5142, each manufactured by Rahn AG of Zurich, Switzerland.

(00851 Examples of suilable additives include surface modifiers such as
surfactants o control swrface fension. 3Some example addifives may include
ethoxylated polvdimethylsiioxanes, such as BYK series products, such as BYK-307,

manufactured by BYK-Chemie GmbH of Wesel, Germany.

(00867 Exampies of suitable photoinitiators used o form one or more of the atleast
two different pre-polymer compositions include polymeric photoinitiators  andfor
cligomer pholoinitiators, such as benzoin ethers, benzyl ketals, acetyi phenones, alkyl
phenones, phosphine oxides, benzophenone compounds and  thioxanthone
compounds that include an aming synergist, or combinations therecof. In some
examples, photoinitiators may include Irgacure® series products, such as irgacure®

812, manufactured by BASF of Ludwigshafen, Germany.

(00877 Exampies of polishing pad materials formed of the pre-polymer
compositions described above typicaily include at least one of oligomeric and, or,
polymeric segments, compounds, or materials selected from the group consisting of.
polyamides, polycarbonales, polyesiers, polyether Ketones, polvethers,
polyoxymeihyienes, polvether sulfone, polyetherimides, polyimides, polyolefins,
polysiloxanes, polysulfones, polyphenylenes, polyphenviene sulfides, polyurethanss,
polystyrene, polyvacrylonitriles, polyacrylates, polymethylimethacrylates, polyurethane

acrylates, polyester acrylaies, polyether acrylaies, epoxy acrylates, polycarbonaies,
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polyesters, melamines, polysulfones, polyvinyl materials, acrylonitrile butadiens
styrene (ABS), halogenated polymers, block copolymers, and random copolymers

thereof, and combinations thereof,

Rigid Material Examples

(00887 A rigid material that can be used o form a desirable polishing layer is
formed from at least two different materials that are formed from the pre-polymer
compositions that contain ‘resin precursor components” that include, but are not
restricted t© funclional polymers, funclional oligomers, monomers, reactive diluents,

flow additives, curing agents, phetoinitiators, and cure synergists.

(00897  In some emboediments, the rigid material is formed from a composition that
includes an aromatic monofunclional acryvlate, a low viscosity aliphatic frifunctional
monomar, a trifunctional aliphatic acrylate, and a monofunctional aliphatic acryiamide.
in one exampie, the rigid material is formed from @ pre-polymer composition that
includes (by weight ratio} 34.2% of a IBXA diluted Oligomer, 8% of DEAA, 3.8% of
SRA51H, 21.1% of TMCHA, 30.9% of IBXA, and 2% of Omnirad 819. In this exampie,
the rigid material had a mechanical strain ratio {ga/ev} of about 2, a hardness of aboui
75 on the Shore D scale, a tensile modulus of about 1500 megapascals (MPa), a vield

strength of at least 30 megapascals (MPa), and an elongation at break of about 8%.

(00807  In a second example, the resin precursor components used to form the rigid
material may include, an oligomer, such as tri functional urethane, one or more
monomers, such as difunctional polyether acrylate, a reactive diluent, such as
monofunctional urethane acrviate, fow additives, curing agents, and pholoinitiators.
In this example, the rigid material had a mechanical strain ratio {sg/ey) of abowt 8, &
hardness of about 88 on the Shore D scale, a tensile modulus of about 1200
megapascals (MPa), a vield strength of al least 28 megapascals (MPa), and an

glongation at break of about 60%.

(00811 In a third example, the resin precursor components used o form the rigid
materiagl may include, an oligomer, such as difunctional polyester acrylate, one or
more monomers, such as difunctional epoxy acrylale, a reaclive diluent, such as
monofunctional methacrviate, flow additives, curing agents, and pholoinitiators. In

this example, the rigid material had a mechanical strain ratio (gg/ev} of about 10, &
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hardness of about 80 on the Shore D scale, a tensile modulus of about 1000
megapascals (MPa), a vield strength of at least 22 megapascals (MFa), and an

glongation at break of about 80%.

Pore Forming Features

00821 In some embodiments of the polishing pad 204, pore-features are formad
into a region at and/or just below the polishing surface 204A of the polishing pad 204.
The pore-features can be formed by use of a sacrificial material precursor that is
deposited in desired locations within the lavers used {o form the polishing layer of the
polishing pad by use of an additive manufacturing process, which is described below.
The sacrificial material precursor can include waler-soluble materials, such as, glycols
{e.g., polyethviene giycols), glycolethers, and amines. Examples of suitable
sacrificial material precursors which may be used to form the pore formiing features
described herein include ethylens giveol, butanediol, dimer diol, propylene glycol-{(1,2)
and propylene glveol-(1,3), octane-1,8-dici, neopenty! glveol, cyclohexane dimethanol
{1,4-bis-hydroxymethyicyclohexane), 2-methyl-1,3-propans diol, glycerine,
frimethyiolpropane, hexanediol-{(1,8), hexanetriol-(1,2,8) butane triok{1,2,4),
trimethylolethane, pentaerythrilol, quinitol, mannitol and sorbilol, methylglvcoside,
also disthvlene glycadl, triethyiene glvcol, tetraethyiens glycdl, polyethylene glycols,
dibutylene glycol, polybutvlene glycols, sthylene ghycol, sthylene glycol monobutyl
ether (EGMBE), diethylene glycol monosthy! ether, sthanclamine, disthanoclamine

(DEA), iriethanclamine (TEA), and combinations thereof.

[0083] In some embodiments, the sacrificial material precursor includes a water
soiuble polymer, such as 1-vinyl-2-pyrrolidone, vinylimidazole, polvethylene glycol
diacrylate, acrvlic acid, sodium styrenesulfonate, Hitenol BL10®, Maxemul 8106®,
hydroxyethyl acrylate and [2-(methacryloyloxy)ethylirimethylammonium chioride, 3-
alivloxy-2-hydroxy-1-propanesulfonic acid sodium, sodium 4-vinyibenzenesulfonate,
[Z~-{methacryioyioxy)ethylldimethyl-(3-sulfopropyliammonium hydroxide, 2~
acrylamide-2-methyi-1-propanasuifonic acid, vinylphosphonic acid,
alivitriphenyiphosphonium  chioride, (vinylbenzyhtrimethylammonium  chioride, E-
SPERSE R3-1818, E-SPERGE RE-1588, methoxy polysthylene glycol monocacrylats,
methoxy poiysthylene glycol diacrylate, methoxy polyethylene glycol triacryiate, or

combinations thereof,
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Additive Manufacturing Process and System

(00847 Figure B8A is a schematic sectional view of an addilive manufaciuring
system, which may be used to form the polishing pads described herein, according to
some embodiments. Here, the additive manufacturing system 600 features a movable
manufacturing support 802, a piurality of dispense heads 804 and 608 disposed above
the manufacturing support 602, a curing source 808, and a system controller 810, In
some embodiments, the dispeanse heads 804, 608 move independently of one ancther
and independently of the manufacturing support 802 during the polishing pad
manufaciuring process. Here, the first and second dispense heads 604 and 606 are
respectively fluidly coupled 1o a first pre-polymer compaosition source 612 and a
sacrificial material source 814, Typically, the additive manufacturing system 600
features at least one more dispense head {e.q., a third dispense head, not shown)
which is fluidly couplad o a second pre-polymer compaosition source used {o form a
foundation layer. in some embodiments, the additive manufacturing system 600
includes as many dispense heads as desired to each dispense a different pre-polymer
composition or sacrificial material precursor composition. In some embodiments, the
additive manufacturing system 600 further includes pluralities of dispense heads
where fwo or more dispense heads are configured 1o dispense the same pre-polymer

composiions or sacrificial material precursor compositions.

(00851 Here, sach of dispense heads 804, 600 features an array of droplet gjecting
nozzles 618 configured to eject droplets 830, 632 of the respeclive pre-polymer
composition 612 and sacrificial material composition 814 delivered (o the dispense
head reservoirs. Here, the droplets 830, 832 are sjected towards the manufacturing
support 602 and thus onto the manufaciuring support 602 or onio a previously formed
print layer 818 disposed on the manufacluring support 802, Typically, each of
dispense heads 604, 806 is configured to fire {(control the gjection of) droplets 630,
632 from each of the nozzles 616 In a respeclive geometric array or pattemn
independently of the firing of other nozzles 616 thereof. Herein, the nozzles 816 are
independently fired according o a droplet dispense patiern for a print laver to be
formed, such as the print laver 824, as the dispense heads 604, 606 move relative to
the manufaciuring support 602. Once dispensed, the droplets 830 of the pre-polymer

composition 812 and/or the droplets 832 of the sacrificial material composition 614
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are at least partially cured by exposure to electromagnetic radiation, e.g., UV radiation
626, provided by the curing source 608, e.g., an slectromagnetic radiation source,
such as a UV radiafion source to form a print layer, such as the partially formed print
layer 624,

[0088] Here, the additive manufacturing system 800 shown in Figure BA further
includes the system coniroller 810 {o direct the operation thereof. The sysiem
controller 810 includes a programmabile central processing unit {CPU) 834 which is
operable with a memory 635 {e.4., non-volatile memory) and support circuits 836. The
suppoert circuits 838 are conventionally coupled to the CPU 834 and include cache,
clock circuits, input/output subsysiems, power supplies, and the ke, and
combinations thereof coupled {0 the various components of the addiive
manufacturing system 800, fo facilitale control thereof. The CPU 834 is one of any
form of general purpose compuler processor used in an industrial setling, such as a
programmabie logic controller (PLE), for controliing various components and sub-
processors of the additive manufacturing system 800, The memory 835, coupled to
the CPU 634, is non-transitory and is typically one or more of readily available
memories such as random access memory {(RAM), read only memory (ROM), floppy

disk drive, hard disk, or any other form of digital storage, local or remote.

(00877  Typically, the memory 835 is in the form of a computer-readable storage
medium containing instructions {e.¢., non-volatile memory), which when executed by
the CPU 834, facilitates the operation of the manufacturing system 6800, The
instructions in the memory 835 are in the form of a program product such as a program

that implements the methods of the present disclosure.

(0088} The program code may conform 1o any one of a number of different
programiming languages. In one exampile, the disclosure may be implemented as a
program product stored on computer-readable storage media for use with a computer
system. The programis) of the program product define functions of the embodiments

{including the methods described hersin}.

(00897  Hlustralive computer-readable storage media include, but are not limited to:
(i) non-writable storage media (2.¢g., read-only memory devices within a computer
such as CD-ROM disks readable by a CD-ROM drive, flash memory, ROM chips or
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any type of solid-state non-volatile semiconductor memory) on which information is
permanently stored; and (i) writable storage media (8.¢., loppy disks within a disketlte
drive or hard-disk drive or any type of solid-state random-access semiconductor
memory) on which alterable information is stored. Such computer-readable storage
media, when carrying computer-readable instructions that direct the functions of the
methods described herein, are embodiments of the present disclosure. In some
embodiments, the methods set forth herein, or portions thereof, are performed by one
or more application specific integrated circuits {ABICs), fisld-programmable gate
arrays (FPGAs), or other types of hardware implementations. In some other
embodiments, the polishing pad manufacturing methods set forth herein are
performed by a combination of software routines, ASIC{s), FPGAs and, or, other types

of hardware implementations.

(001001 Here, the system coniroller 610 direcis the motion of the manufacturing
support 802, the motion of the dispense heads 804 and 606, the firing of the nozzles
816 to sject droplels of pre-polymer compositions therefrom, and the degree and
timing of the curing of the dispensed droplets provided by the UV radiation source
6038, In some embodiments, the instructions used by the system controller {o direct
the operglion of the manufacturing sysiem 600 include droplet dispense patterns for
each of the print layers 1o be formed. In some embodiments, the droplet dispense
patterns are coliectively stored in the memaory 835 as CAD-compatible digital printing

instructions.

001011 In some embodiments, dispensed droplets of the pre-polymer
compositions, such as the dispensed droplets 830 of the pre-polymer composition
812, are exposed o electromagnetic radiation to physically fix the dropiet before i
spreads {0 an equilibrium size such as sel forth in the description of Figure 8B.
Typically, the dispensad droplets are exposed o electromagnetic radiation to at least
partiaily cure the pre-polymer compaositions thereof within 1 second or less of the
droplet contacling a surface, such as the surface of the manufacturing support 802 or

of a previously formed print layer 618 disposed on the manufacturing suppori 602,

(001021 Figure 6B is a close up cross-sectional view schematically illusirating a
droplet 830 disposed on a surface 818a of a previously formed layer, such as the

previously formed layer 618 described in Figure 84, according 1o some embodiments.
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in @ typical additive manufacturing process, a droplet of pre-polymer composition,
such as the droplet 830, spreads and reaches an equilibrium contact angle o with the
surface 618a of the previously formed layer within about one second from the moment
in time that the droplet 830 contacts the surface 618a. The equilibrium contact angle
ais a function of at least the material properties of the pre-polymer composition and
the energy at the surface 618a (surface energy) of the previously formed layer. In
some embodimenis, i s desirable to at least partially cure the dispensed droplet
before it reaches an equilibrium size in order to fix the droplet’s contact angle with the
surface 618a of the previously formed layer. Inthose embodiments, the fixed droplet’s
830a contact angle 8 is greater than the equilibrium contact angle g of the droplet
8530k {shown in phantom) of the same pre-polymer composition, which was allowed

{o spread to its equilibrium size.

(001031 Herein, at least partially curing a dispensed droplet causes at least partial
polymerization, e.g., cross-linking, of the pre-polymer composition(s) within the
droplets and with adiacently disposed droplets of the same or different pre-polymer
compositions to form a continuous polymer phase. In some embodiments, the pre-
polymer compositions are dispensed and at least partially cured to form a well about

a desired pore before a sacrificial material compaosition is dispensed thersinto.

001041 Figure 7 is a flow diagram setting forth 2 method of forming a printed layer
of a polishing pad according to embediments described herein. Embodiments of the
method 700 may be used in combination with one or more of the systems and system
operations described herein, such as the additive manufaciuring system 800 of Figure
8A and the fixed droplets of Figure 6. Further, embodiments of the method 700 may
be used to form any one or combination of embodiments of the polishing pads shown

and described herain,

[00105] At sctivity 710, the method 700 includes dispensing droplets of a pre-
polymer composition onto a surface of a previously formed print {ayer according to a
predetermined droplet dispense pattern. In this configuration, activity 710 will include
a process of dispensing droplels of a pre-polymer composition and dispensing
droplets of a sacrificial material compaosition onto g surface of a previously formed
print layer according (o a predetermined droplet dispense patlern to form a laver within

the polishing pad 204.
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(001081 Al aclivity 720, the method 700 includes at least parfially curing the
dispensed droplets of the pre-polymer composition to form a print layer that includes
the rigid material. In some embodimenis, the rigid material layer may also include a

plurality of pore-features that include the sacrificial material composition.

(001071 In some embodiments, the method 700 further includes sequential
repetitions of activities 710 and 720 to form a plurality of print layers stacked in a Z-
direction, L.e., a direction orthogonal to the surface of the manufacturing support or a
previously formed print layer disposed therson. The predetermined droplet dispense
pattern used to form each print laver may be the same or different as a predetermined

droplet dispense pattern used o form a previous print layer disposed there below.

(001081  In some embodiments of the method 700, the plurality of print layers include
a polishing layer having a plurality of pores, or pore-features, formed therein. In some
embodiments, the pluraiity of print layers include a polishing layer having a plurality of
pore-forming features formed therein in which the plurality of pore-forming features

inciude the sacrificial material composition.

(001081 The preceding description is provided to enable any person skilled in the
art {o practice the various embodiments described herein. The examples discussed
herein are not limiting of the scope, applicability, or embodiments set forth in the
claims. Various modifications to these embodiments will be readily apparent to those
skilled in the art, and the generic principles defined herein may be applied to cther
embodiments. For example, changes are made in the funclion and arrangement of
elements discussed without departing from the scope of the disclosure. Various
examples may omit, substitute, or add various procedures or components as
aporopriate. For instance, the msthods described may be performed in an order
different from that described, and various steps may be added, omitted, or combined.
Also, features described with respect o some examples may be combined in some
cther examples. For example, an apparatus may be implemented or & method may
be practiced using any number of the aspects set forth herein. In addition, the scope
of the disclosure is intended to cover such an apparatus or method that is practiced
using other structure, funclionality, or struciure and functionality in addition to, or other

than, the various aspects of the disclosure set forth herein. it should be understood

40



WO 2023/219783 PCT/US2023/019583

that any aspect of the disclosure disciosed herein may be embodied by one or more

elements of a claim.

(001107  The methods disclosed herein comprise one or more steps or actions for
achigving the methods. The method steps and/or actions may be inlerchanged with
one anocther without departing from the scope of the claims. In other words, unless a
specific order of sieps or actions is specified, the order and/or use of specific steps
and/or actions may be modified without departing from the scope of the claims.
Further, the various operglions of methods described above may be performed by any
suitable means capable of performing the corresponding functions. The means may
include various hardware and/or software component(s} and/or module(s), including,
but not limited t© a circuit, an application specific integrated circuit (ASIC), or
processor. Generally, where there are operations illusirated in figures, those
operations may have corresponding counterpart means-plus-function components

with similar numbering.

001111  VWhile the foregoing is directed o embodimants of the present disclosure,
other and further embodiments of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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What is claimed is:

1. A poiishing pad for planarizing a surface of a subsirate during a polishing
process, comprising:
a base layer, comprising a first material composition; and
a polishing layer disposed over the base layer, wherein
the polishing layer comprises a second material composition
that is exposed at a polishing surface of the polishing pad,
the polishing surface is configured o contact the surface of the
substrate during the polishing process,
the second material composition comprises a polishing layer
material having:
a hardness that is greater than 50 on a Shore D
scale;
a yield point strength;
a yield point strength strain;
a break point strength; and
an elongation at break point strain,
whersin a magnitude of a difference between the
elongation at break point strain and the yield point
strength strain is greater than the magnitude of yield

point strength strain when measured at room

temperature.
2. The polishing pad of claim 1, wherein the break point strength is less than the
yield point strength.
2 The polishing pad of claim 2, wherein the hardness of the second material

composition is greater than 60 on a Shore D scals.

4. The polishing pad of claim 1, wherein the hardness of the second material

composition is in a range from 85 to 78 on a Shore D scale.
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8. The polishing pad of claim 1, wherein the magnitude of the difference
between the slongation at break point strain and the yield point strength strain is at

least 2 times greater than the magnitude of yield point strength strain.

8. The polishing pad of claim 5, wherein the polishing layer material further
includes:

a glass transition temperature (Tg) of between about 60-80 C;

a tensile Modulus of about 100-2,000 MPa at 40 C; and

an E' ratio at 30C-90C of between about 1 and 5.

7. The polishing pad of claim 1, wherein the polishing surface of the polishing
layer material comprises:
a contact ratic of at least 0.8% at a measurement depth (Dw) of 4 um after

performing a standard pad conditioning process.

8. The polishing pad of claim 1, wherein the polishing surface of the polishing
layer material comprises:
a contact ratio of at least 2% at a measurement depth (Dw) of 4 um after

performing a standard pad conditioning process.

8. A polishing pad for planarizing a surface of a substrate during a polishing
process, comprising:
a base layer, comprising a first material composition; and
a polishing layer disposed over the base layer, wherein
the polishing layer comprises a second material composition
that is exposed at a polishing surface of the polishing pad,
the polishing surface is configured o contact the surface of the
substrate during the polishing process, and
the second material compaosition comprises a polishing layer
material having:
a hardness that is greater than 50 on a Shore D
scale; and

a mechanical strain ratio (eB/iY) of greater than 2.
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10, The polishing pad of daim 8, wherein the polishing layer material has a

hardness that is greater than 85 on the Shore D scale.

11.  The pdlishing pad of claim 8, wherein
the hardness is between 65 and 78 on the Shore D scale, and
the polishing layer material has a tensile modulus of between 1000 and 2000

MMHa and an elongation at break of greater than about 80%.

12.  The pdlishing pad of claim 8, wherein resin precursor components used (o
form the polishing layer material comprise an oligomer, one or more moenomers, and

a reactive diluent.

13, The polishing pad of ¢claim 12, wherein
the oligomer comprises a tri-functional urethans;
the one or more monomers comprise a difunctional polyether acrylate; and

the reaciive diluent comprises a monofunctional urethane acrylate.

14, The polishing pad of claim 12, wherein
the oligomer comprises a difunctional polyester acrylate;
the one or more monomers comprise a difunclional epoxy acrylate; and

the reactive diluent comprises a monofunctional methacrylate.

15.  The polishing pad of daim 12, wherein the polishing layer malerial comprises
an aromatic monofunctional acrviate, a low viscosity aliphatic trifunctional monomer,

a trifunctional aliphatic acryiate, and & moncfunciional aliphatic acrylamide.

16.  The polishing pad of claim 15, wherein the polishing surface of the polishing
layer comprises:
a contact ratio of at least 0.8% al a measurement depth (Dw) of 4 um after

performing a standard pad conditioning process.

17.  The pdlishing pad of claim 10, wherein the second material composition has a

break point strength that is less than its yvield point strength.

44



WO 2023/219783 PCT/US2023/019583

18. A method of planarizing a surface of a substrate during a polishing process,
comprising:
conditioning a polishing surface of a polishing pad;
delivering a ceria containing polishing slurry composition to the polishing
surface of the polishing pad; and
urging the surface of the substrate against the polishing surface of the
polishing pad while the ceria containing polishing slurry composition is disposed
across the polishing surface of the polishing pad,
wherein the polishing pad comprises:
a base layer, comprising a first material composition; and
a polishing laver disposed over the base laver, wherein
the polishing laver comprises a second material
composition that is exposed at the polishing surface of the
polishing pad, and
the second material composition comprises a polishing
layer material having:
a hardness that is greater than 50 on a Shore D
scale:
a yield point strength;
a yield point strength strain;
a break point sirengih; and
an elongation at break point strain,
wherein a magnituds of a difference between the
slongation at break point strain and the yield point
strength strain is greater than the magnitude of yieid
point strength strain when measured ai room

temperature.

18, The method of claim 18, wherein the second material composition further
comprises:
a hardness that is greater than 68 on a Shore D scale; and

a mechanical strain ratio (eB/gY) of greater than 2.

FsN
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20, The method of claim 18, wherein the polishing surface of the polishing layer
comprises:

a contact ratio of at least 0.8% al a measurement depth (Dw) of 4 um after
conditioning the polishing surface of the polishing pad using a standard pad

conditioning process.
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