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POLISHING PAD WITH POROUS INTERFACE AND SOLID CORE, AND RELATED
APPARATUS AND METHODS

BACKGROUND OF THE INVENTION
{6001} Chemical-mechanmical polishing (“CMP™) processes are used in the manufacturing
of microelectronic devices to form flat surfaces on senuconducior wafers, field emission
displays, and many other microelectronic substrates. For example, the manufacture of
semiconductor devices generally involves the formation of various process layers, selective
removal or patterning of portions of those lavers, and deposition of vet additional process
favers above the surface of a semiconducting substrate to form a semmeonductor wafer. The
process favers can include, by way of example, insulation layers, gate oxade layers,
conductive layers, and lavers of metal or glass, elc. It is generally desirable m certain steps of
the water process that the uppermost surface of the process lavers be planar, 1.e., flat, for the
deposition of subsequent layers. OUMP is used to plananze process layers wherein a deposited
material, such as a conductive or insulating matenigl, s polished to planarize the wafer for
subsequent process steps.
{6002} In a typical CMP process, a wafer is mounted upside down on o carrier in g CMP
ool A force pushes the carrier and the wafer dowmward toward a polishing pad. The carmer
and the wafer are rotated above the rotating polishing pad on the CMP tool’s polishing table.
A polishing composition {also referved to as a polishing slurry) s introdaced between the
rotating wafer and the rotating polishing pad during the polishing process. The polishing
composition typically contains a chemical that interacts with or dissolves portions of the
uppermost water laver(sy and an abrasive material that physically removes portions of the
faver{s). The waler and the pohshing pad can be rotated in the same divection or i opposite
directions, whichever 1s desirable for the particular polishing process bemng carried out. The
carrigr also can osciliate across the polishing pad on the polishing table.
{6003} Polishing pads made of harder materials exhibit high removal rates and have long
useful pad life, but tend to produce numerous scratches on substrates being polished.
Polishing pads made of softer matenals exhibit low scraiching of substrates, but tend to
exhibnt fower removal rates and have shorter useful pad life. Accordingly, there remmains a
need i the art for polishing pads that provide effective removal rates and have extended pad

tife, and also produce limited scratching,
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BRIEF SUMMARY OF THE INVENTION
{0004} In one aspect, the invention provides a pohishing pad for chemical-mechanical
polishing. The polishing pad comprises {a) a substanttally non-porous core region, and (b}
two opposing surface regions on etther side of the core region. At least one of the surface
regtons defines pores therein to form a porous surface region. The polishing pad is
monolithic, and the porous surface region directly contacts the core repion without any
intermediate layer therebetween, The core region is harder than the porous surface region.
{0003} In another aspect, the mvention provides a chemical-mechamcal polishing
apparatus compnsing (a) a platen that votates; (b} a polishing pad disposed on the platen; and
(c) a carnier that hokds a workpiece 1o be polished by contacting the rotating pohishing pad.
The polishing pad comprises {1} a substaptialy non-porous core region, and (i) bwo opposing
surface regions on either side of the core region. At least one of the surface regions defines
pores therein to form a porous surface region. The polishing pad is monolithic, and the
porous surface region divectly contacts the cove region without any intermediate laver
therebetween. The core region is harder than the porous surface region.
In some embodiments, the apparatus further comprises (d) means for delivering a chemical-
mechanical polishing composition between the polishing pad and the workpiecs.
{6006} In another aspect, the invention provides a method of polishing a workpiece
comprising (1) providing a polishing pad; (i) contacting the workpiece with the pohshing
pad; and (iit) moving the polishing pad relative to the workpiece to abrade the workpiece and
thereby polish the workpiece. The polishing pad comprises {a} a substantially non-porous
core region, and (b} two opposing surface regions on esther side of the core region. At feast
one of the surface regions defines pores therein to form a porous swrface region. The
polishing pad 18 monolithic, and the porous surface region directly contacts the core region
without any mtermediate laver thevebetween. The core region 1s harder than the porous
sarface region.
{6007} In another aspect, the invention provides a method of preparing 8 polishing pad
comprising (a) providing an extruded polviner sheet into a vessel, wharein the polymer sheet
is monolithic and has two opposing swrfaces; and (b) miroducing nert gas into the polymer
sheet in the vessel under conditions sufficient 1o form a porous surface region adjacent to at

teast one of the swrfaces and to form a core region that is substantially non-porous.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)
{0008} FIG. 1 15 o scamaing electron nucrograph (SEM) of a cross-section of a polishing
pad at 34 times magmification, ustrating pores at two surface regions with a substantially
RON-Porous ¢ore, n accordance with an embeodiment of the mvention.
| 6009} FIG. 2 is the same SEM as set forth in FIG. 1 but firther tlustrating a skin layer o
be removed, in accordance with an embodiment of the invention.
[8010F  FIG. 3 is the same SEM as set forth m FIG, 1 but further Hlustrating skiving the
produact mto two polishing pads, with each pad having pores at only one surface region and
each having a substantially non-poroas core, 1n accordance with an embodmment of the
mveniion.
{0011} FIG. 4 is a schamatic iflustration of a polishing pad comprising a porous
thermoplastic {aver and a diffusion barier.
{6012} FI(G. 5 sets forth a series of SEM micrographs of cross-sections of polishing pads,
gach at 34 times magnification, wherein the specimens were prepared as described i
Example 1.
{0013} FIG. 6 sets forth a serres of SEM micrographs of cross-sections of polishing pads,
each at 54 times magnification, wherein the speciinens were prepared as described m
Example 2.

DETAILED DESCRIPTION OF THE INVENTION

16014} The invention 1s predicated, at least in part, on the swrprising and unexpected
discovery of a polishing pad for chemical-mechanical polishing with good planarization
efficiency and reduced delectivity {e.g., scratches). The polishing pad is of monolithic
structure and bas pores {1L.e., closed cells) that are concentrated near af least one surface of the
pad, while a core of the polishing pad is a solid bulk material that s substantially non-porous,
resulting i a deswred dual morphology.  In accordance with embodiments of the invention, i
has been discovered that such a dual morpbology stracture swprisingly and unexpectedly
provides significant advantages in enhancing planwrization efficiency while also reducing
defectivity when used to polish substrates such as waters. In other aspects, the mvention also
provides a related apparatus, as well as methods of preparing and asing the polishing pad.
{0015} In accordance with embodiments of the tnvention, a polishing pad is provided of
monolithic structure and dual morphology with pores distributed in 3 manner to achigve
conmpressibility al a surface where polishing oceurs while also having a harder, sohid,

substantiafly non-porous bulk material in a core wnderlying the porous surface. The vnigque
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and advantageous morphology of the polishing pad of embodiments of the mvention 1s
achieved without requuring the use of separate composite or intermediate lavers adhered by
external components such as by adhesive, e.g., a soft pad adhered to a hard sabpad.
Furthermore, unlike conventional systems, the polishing pad of the mvention does not rely on
pores throughout the vohume of the polishing pad.

{6016} Embodiments of the polishing pad of the invention surprisingly and unexpectedly
realize a desived combination of plananization efficiency and low defectivity, both of which
are important parameters 1 CMP processes, and often in contlict with one another in
conventional systems.  Unbike conventional systerns which have porosity throughout the core
of the polishing pad and/or use a multi-piece composite system, embodiments of the
inventive polishing pad distribute the pores near the surface where the polishing takes place,
thereby creating surface compressibitity but with a hard, substantially non-porous core. Such
a dual morphology results 1n a reduced nuinber of defects, .., scratches, which in turn
increases water yield during manufacture since less walers need to be discarded due to
concerns over elecinical issues such as a loss w continuity i how current world be
distributed in use. At the same ume. polishing pads in accordance with embodiments of the
invention surprisingly can be polished with good plananization efficiency. In this respect, the
plananzation efficiency is defined as the umiless formula of one minus the ratio of removal
rate for the bottom structure divided by the removal rate for the top structure. See, eg.. Y.
Li, Micraelectronics Applicadions of Chemical Mechanical Planarizarion, ). Wiley & Sous,
2008, p. 517, By focusing the pores near the surface of the polishing pad 1o achieve
conpessibibily where contact with the substrate o be polished occurs, while maintaning a
rigid bulk core to provide underlying strength in a unitary monohthic stracture withowt
intermediate layers, the invention surprisingly snd onexpectedly achieves the desired
combination of planarization efficiency with low defectivity.

{6017} The polishing pad of the wnvention has apphicability in polishing a wide variety of
semniconductor wafers used in fabrication of mtegrated circutis and other micredevices. Such
wafers can be of conventional node configuration in some embodiments, e.g., technology
nodes of €53 nor or less, 45 nm or less, 32 nm or less, ete. However, in some emmbodiments,
the inventive polishing pad s particularly suited for advanced node applications {(e.g..
technology nodes of 22 num or less, 18 nm or fess, 16 nm or less, 14 nmt or less, ete.). It will
be understood that, as node technology becomes more advanced, the absence of defectivity in

planarization technology becomes more important because the effects of each scratch have
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maore of an mpact as the relattve size of features on the waler gets smaller. Because of the
significant advancement over the art that the polishing pad of the vention provides,
including the redistribution of pores near the surface of the polishing pad with substantially
non-porous core i a monolihic structure, as compared with conventlonal polishing pads, the
fevel of defectivity 1s reduced and more advanced node polishing can be achieved with fewer
seratches in accordance with embodiments of the mvention. As such, embodiments of the
polishing pad of the invention can accommodate more precise planarization of wafers with
smaller featares, with lower absolute removal rate, low defectivity, and good planarization
efficiency. However, as noted, the polishing pad of the invention is not imited to use with
advanced node wafers and can be used to polish other workpieces as desired.

{60138} The polishing pad can comprise, consist essentially of] or consist of any suifable
material in which pores are wiroduced. Desivably, the polishing pad comprises, consists
essentially of, or consists of a polymer resin, The polymer resin can be any suitable polymer
vesin. Typically, the polymer resin is selected from the group consisting of thermossis,
thermoplastic elasiomers, thermoplastic polvurethanes, polyvolefing, polyemrbonates,
polyvinylaleohols, nylons, elastomeric rubbers, styremic polymers, polyaromatics,
fuoropolymers, polyimides, cross-linked polyurethanes, cross-hinked polyvolefing, polvethers,
polvesters, polyvacrviates, elasiomeric polyethyvlenes, polvietralluoroethvlenes,
polvethvieneteraphthalates, polvinudes, polvaramides, polyarvienes, polystyrenes,
polvmethylmethacrylates, copolymers and block copolymers thereof, and muxtores and
biends thereof Preferably, the polymer resin is a polvurethane, more preferably a
thermoplastic polvurethane.

[8019]  The polymer resin typically 15 a pre-formed polymer resing however, the polyvimer
resin also can be formed in situ according to any suitable method, many of which gre known
m the art (see, for example, Szycher's Handbook of Polyurethanes CRC Press: New York,
1999, Chapter 3). For example, thenmoplastic polyurethane can be formed in situ by reaction
of urethane prepolymers, such as isocyanate, di-isocyanate, and tn-isocvanate prepolymers,
with a prepolviner comtaining an isocyanate reactive molety. Suitable 1socyanate reactive
moieties mclude amines and polyols.

[6020]  Priov to introducing the pores, the polymer resin or other material used in forming
the polishing pad can have any suitable hardness, e.g.. as known in the art. Typically, the
hardness of the virgin material 15 measured by way of an average Shove I3 hardness as

measured according to ASTM D22400-00. Prior to introduction of the pores, the virgin



WO 2015/026614 PCT/US2014/050997

6

material used i formung the polishing pad can have any suitable hardness according to the
Shore D) scale, such as, for exmmple, an average Shore D hardness from about 15 1o about 72,
as measured according to ASTM D22400-00. The average Shore D hardness can be different
i different embodiments and can vary, e.g., from about 13 to about 64, from about 13 to
about 42, from about 28 10 about 72, from about 25 o about 66, from about 23 to about 42,
from about 42 to about 72, from about 42 1o abowt 60, etc | all as measured according 1o
ASTM D22400-00. In the final polishing pad, after the pores are mtroduced, the porous
region and the substantially non-porous core region will have different hardunesses in the
same pad. For example, in some embodiments, while the substantially non-porous core will
have a hardness on the Shore D scale consistent with the virgin matenal as described above,
the porous surface region can have an average Shore A hardness of from about 64 o about
100 as measured according (o ASTM D22400-00, e 2 from abowt 66 to about 90, from sbount
&0 to about 80, from about 60 to about 70, frimm about 70 to about B0, from about 70 1o about
&0, elc.

{8021} The pores of the polishing pad can have an average pore siee of abowt | ym oy
more, e.g., about 5 um or more, e.g., about 10 pm or more, abowt 15 pm or more, about 20
win or more, aboul 23 pm or more, about 30 wm or more, about 35 um or move, about 40 pn
or more, about 45 um or more, about 50 gm or more, about 33 pm or more, about 60 pm or
more, abowt 65 pm or more, about TO wm or more, about 75 i or move, about 100 pm or
niore, about 125 pm or more, or about 150 um or more. Altematively, or in addition, the
poves of the polishing pad can have an average pore size of about 200 um or less, e.g.. about
190 gm or less, about 180 um ov less, about 173 pm or less, about 1780 pm or less, about 160
win or less, about 150 pm or less, 140 um or less, 130 wm ov less, about 125 pm or fess, 120
win or less, 110 wm or less, 100 i or less, 90 um or less, 80 pm or less, 70 pm or fess, 60
g or less, 30 pm or Jess, 40 i or less, 30 am or less, or aboat 20 wm or less. Thus, the
polishing pad can have an average pore size bounded by any two of the endpoints recited for
the average pore size. For example, the pores of the pohshing pad can have an average pore
size of about | wm to about 200 gm., § um to about 200 um, about 5 um to about 20 um,
abont 10 um to about 100 pum, about 25 wm to about 75 am, abouat 50 wm to abowt HIO pm,
about 75 pm to about 125 pm, about 100 wm to about 150 wm, about 123 pm 1o about 175
wim, or about 130 pm o about 200 um.

{6022} As used herein, the average pore size refers to the average of the largest diameter

of a representative sample of individaal pores m the polishing pad. The largest diameter s
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the same as the Feret diameter. The largest diameter can be obtained from an image of a
sample, such as a transpussion electron microscope image. erther manually or by using tmage
analysis software, ez, PAX-IT™, conunercially avatlable from Midwest Infonmation
Systems, Villa Park, Hlinets. Typically, the sample is obtained by sectioning a portion of 3
polishing pad.

{6023} The pohshing pad can have any suitable percentage of void volume {void volame
fraction or povosity). In accordance with embodimenis of the invention, however, the void
volome 1s distributed in the polishing pad in a manner sach that it is concentrated near the
surface where the polishing pad contacts the substrate being pohished. Meanwhile, the core
of the polishing pad 1s substantially non-porous. As a result, the overall percentage of void
vohune can be less than in conventional polishing pads. For example, 1n some embodiments,
the percentage of void volume can be an amount less than aboat 0%, e g from about 5% 10
about 0%, fom about 5% 10 about 40%. from about 3% to sbout 30%. from ghout 3% 1o
about 20%, from about 5% to about 3%, from about 19% to about 50%. from about 10%: to
about 40%, from about 10% to about 30%, from abouat 10% 1o aboat 20%, from about 13% to
abowt 50%, from about 13% to about 400, from about 13% to about 30%, from about 15% o
abowt 25%, from about 20% to about 30%, from about 20% 10 about 40%, from about 20% {0
about 30%%, from about 25% to about 3%, from about 25% to about 40%, from abowt 23% w
about 35%, ete. However, in some embodiments, if desived, the percentage of void volume in
the polishing pad can be even higher, e g, above 50%.

{0024} As noted, the core of the polishing pad is desirably substantially non-porous. In
this respect, m some embodiments, the core has a percentage of void volame of about 2% or
tess, e.g., about 1% or less, about 0.5% or less, about 0.1% or less, about 0.01% or less, about
0.001% or fess, or no void volume,

0025} As compared with conventional polishing pads for chesmcal-mechanical polishing
applications, the voids in embodiments of the wnventive polishing pad have a lngher
nucleation density in porous surface regions of the pad, regavdless of the overall percentage
of void volume in the pad. In some embodiments of the invention, however, the overall
percentage void volume in the pad is fower than found m conventional pads as described
herein, but with the percentage of void volume higher in the porous surface region as
compared with the corresponding surface region of conventional polishing pads.

{6026} The invention also provides a method of preparing & polishing pad for chenical-

mechanical polishung. Tn embodiments of the method, pores are introduced into the polymer
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resin or other starting matenal as described herein. To achieve a desived dual momphology in
the resulting polishing pad, i accordance with embodiments of the mvention, conditions for
{a} gassing, and (b} nucleation of bubbles (foaming), ave controlled. In particular, conditions
refating {o pressure, temperature, and residence tinte thereof are regulated to provide the
desired pore strocture in polishing pad embodiments of the invention.

{6027} In the gassing step, a suitable inent gas is introduced o the starting material,
such as a polymer {e.g.. an extruded polymer shest} disposed in a suitable vessel. The vessel
ts selected to have saitable dimensions, as will be appreciated by one of ordinary skill in the
art, to satisfactonly produce the polishing pad of final volume and dimensions mcluding void
volumie, as desired. The inert gas is selected to have good solubility in the polymer sheet or
other starting material. In some embodiments, the fiert gas is selected (o have the abiliy o
achieve o supersaturated condition i the polvmer, e g ander elevated pressure conditions.
For example, in some embodintents, the mert gas is carbon dioxide, mirogen, heltum, argon,
or anv combination thereof. In some embodintents, a preferred inert gas 13 carbon dinxide
because of #s superior sohubility property, e.9., in polymaers.

{0028} To solubilize the inert gas in the polymer sheet in the gassing step, in accordance
with embodiments of the iInventive method of preparing the polishing pad, an elevated
pressure is wtilized, tvpically at moderate emperatuwre. While not wishing to be bowund by any
particular theory, 1t 1s believed that the amount of inernt pas dissolved i the polymer is
determined by Henry's Law, indicating that, at higher pressure, the inert gas will be dissolved
in the polyvmer, &.2., 10 create a supersaturated condiiion in some embodiments. Any suitable
elevated gassing presswre can be utilized. In some embodiments, the passing pressare 13 from
about 1000 kPa to about 3500 kPa, such as, for example, from about 1000 kPa to about 3000
kPa, from gbout 1000 kPa 1o about 2500 kP, from aboat 1006 kPa to about 2000 kPa. from
about 1000 kPa to about 15K kPa, from aboat 1300 kPa to about 3300 kPa, from about 1500
kPa 1o about 3000 kPa, from about 1500 kPa to about 2500 kPa, from about 1504 kPa to
about 2000 kPq, from about 2000 kPa to aboat 3500 kPa, Trom about 2000 kPg to about 3000
kPa, from about 2000 kPa to about 2500 kPa. from about 2500 kPa to about 3500 kPa, from
abowt 2500 kPa to about 3000 kPa, ete.

{6029} The temperature inside the vessel at the elevated pressure during the passing step
can be any moderate temperature, such as, for example, from about 0°C to about 40°C e.g.,

from about 0°C o about 3°C, from about 0°C to abowul 20°C, from about 0°C to about 10°C,

from about H°C to about 40°C, from abeout 10°C 1o ghout 30°C, from about 10°C to about
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20°C, from about 20°C to abowt 407°C, from ahout 20°C {o abowl 30°C, from about 30°C 10
about 40°C, ete.

16036}  The gassing step is conducted for a suitable amount of time but is typically himited
to about 72 hours or less, e.g., about 48 hours or less, about 24 hours or less, about & hows or
fess, or about 4 hours or less, so that saturation of the ert gas only cccurs near ong or mors
surfaces of the polymer sheet (particularly at least the surface region correspoending o the
surface that contacts the substrate doring polishing) and not throughout the entire core as
conventional polishung pads. In this respect, conducting the gassing step for {oo long can
actually be detnimental becanse then the core can then become saturated with gas and
nitimately undesivably seed nacleation sites for bubbles, which would exist throughout the
volume of the polishing pad. While not wishing to be bound by any particular theory, #1s
believed that the residence time should be relatively low under relatively high pressure during
the gassing step, and vicg versa.

{0031} In accordance with embodiments of the inventive method of preparing a pohishing
pad, after the gassing step, conditions i the system are adjusted to achieve nucleation of
bubbles which appears as foam-like structure in the polishing pad. After the gassing step at
elevated pressare, the pressure is vedaced, and the temperature is raised o achieve nucleation
of the bubbles. By introducing thermodynamic instability into the system, the inert gas, such
as carbon dioxide, seeks o separate from the pelymer (sometimes refered {o herein as “de-
gassing™ and form nucleation sites that grow to form bubbles in the polishing pad. Over
time, the carbon dioxide in the bubbles diffases out of the polishing pad and is replaced by mit
through molecular diffuston such that the final product typically contains air voids,

{6032} In the pressure reducing step, (he pressure in the vessel is reduced to a value of
from about 100 kPa to about O kPa for a time sufficient to remove the inert gas wnside the
pressure vessel, yet not for so long a time as to cool the polymer or other starting material
excessively or create dry ice conditions {e.&., aboul 3 minutes or less, such as about 4 minutes
or less, about 3 minutes or less, about 2 minutes or less, aboutl 20 seconds or less, abowut |
minute or less, about 30 seconds or less, eic.} The transient time between pressure release
and foaming 1§ equally important as the inert gas will diffuse owt of the polymaer or other
starting material at ambient conditions. This time 13 controtled so that i remains less than
about one hour, e.g | less than abont 30 mianstes, such as less than about 10 punustes.

{0033} In the heating step, the exposure of the polymer or othar starting maternial to the

elevated temperatore allows for nucleation and growth of bubbles. Such elevated
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temperature can be, for example, from about 1MPC to about 1757, e.g., from about 1007°C

to about 1507 €, from shout 1067C to about 1257

. from about 125°C o about 175°C, from
about 125°C fo about 130°C, from about 1530°C 1o gbout 175°C, etc. The heating can occur
i any sultable nanner, such as by way of an oven, hot o1l bath, or the like, The heating time
ss sufficient to induce nucleating and bubble growih but 18 not so long as 1o cause blistering,
melting, or other defects with respect to the polymer or other starting material, ¢ g TPU
{e.z., aboul 2 nuiinutes or less, about 9 seconds or less, about I minute or less, about 30
seconds or less, elc.).
{0034} In some embodiments, the resin is thermoplastic srethane (TPU}, and the nert gas
is carbon dioxide.

{6035} In some embodiments, the method comprises introducing inedd gas (e.g., carbon

dioxide) into a starting material such as a resin, e g, it the form an extraded polymer sheet

{e.g.. TPLD, by subjecting the polvmer sheet in a suitable vessel to a moderate temperature of
from about °C to about 40°C and a pressure of from gbout 1000 kPg 1o about 3500 kPa for
abowt 72 hours or Jess, to dissolve inert gas i the polymer. Then, the pressure to which the
polvmer sheet 1s exposed is decreased 1o a range frony about 100 kPa to about § kPa for abowt
3 munotes or less. Then, the temperature to which the {e.g., sapersalarated) polvineriinert gas
systern is exposed is mereased to a range of from aboul 100°C to about 175°C, e.g., inan
oven, hot oif bath, or the like, for imuted titme, e.g., typically, two minuies or less, to cause
nucieation and growth of bubbles of desired configuration, resulting i voids i the final
product in the desired dual morphology as described herein.

{0036} The invention further provides a method of polishing a workplece, eg. a
substrate, comprising (i) conlacting the workpiece with the inventive polishing pad, and (it}
moving the polishing pad relative to the workpiece to abrade the workpiece and thereby
polish the workpiece. Typically a chemical-mechanical polishing composition will be
utilized 1 the polishing of a workpiece with the wventive pohshimg pad, such that the
mventive method of polishing a workpiece, e.g., a substrate, further comprises providing a
chemical-mechanical polishing composition between the polishing pad and the workpiece,
contacting the workpiece with the polishing pad with the polishing composition
therebetween, and moving the polishing pad relative to the workpiece with the polishing
composition therebetyween to abrade the workpiece and thereby polish the workprece.

{0037} The polishing pad of the mvention is particularty suited for use in conjunction

with a chemical-mechanical polishing {CMP) apparatus. Typically, the apparatus comprises
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a platen, which, when in use, i3 in wotion and has a velocity that resulis from orbital, linear,
or ccular motion, a polishing pad of the invention in contact with the platen and moving
with the platen when in motion, and a carrier that holds g substrate to be polished by
contacting and moving relative to the surface of the polishing pad intended to contact a
substrate 10 be polished. The polishing of the substrate takes place by the substrate being
placed in contact with the polishing pad and then the polishing pad moving relative to the
substrate, typically with a pelishing composition therebetween, so as to abrade at least a
portion of the substrate to polish the substrate. The CMP apparatas can be any suilable CMP
apparatus, many of which are known 1 the art. The polishing pad of the mvention alse can
be used with linear polishing tools.

{6038} In another aspect, the invention provides a chensical-mechanical polishing
apparatas comprising (a) a platen that rotates; (b) a polishing pad wn accordance with
embodiments described herein and disposed on the platen; and (¢} a carrier that holds a
workpiece 1o be polished by contacting the rotating polishing pad. In some embodiments, the
apparatus further comprises {d) means for delivering a chenucal-mechanical polishing
composition between the polishing pad and the workpiece. For example, in some
embodiments, the means for delivering the chemical-mechanical polishing composition can
include, for example, & pump and flow metering system,

16039} The pohshing pad described heremn is suttable for use i polishing any suitable
substrate, e.g., memory storage devices, senmiconductor substrates, and glass substrates.
Suitable substrates for polishing with the polishing pad include memory disks, rigid disks,
magnetic heads, MEMS devices, sennconductor walers, field emission displavs, and other
microelectronic substrates, especially substrates comprising insulating layers (e.g., sihicon
dioxide, sihicon nitride, or low dielectric materials) andéor metal-contmning layers {e.g.,
copper, tantalom, tongsten, ahomimom, nickel, titanim, platinum, nithensum, rhodim,
sridium, or other noble metals).

{60487 Referring to the Bgures, FIGS. 1-3 ithustrate various embodiments of the invention
through the use of the same scanning electron pholomicrograph (SEM), at 54 unmes
magnification, of a cross-section of a polishing pad useful for chemical-mechanical pohshing
As seen in FIG. 1, the polishing pad 100 has a substantiaily non-porous core 110 and two
opposing surfaces 112 and 114, 1n some embodimenis, the opposing surfaces are
substantiaily parallel. Substantially parallet opposing surfaces in some embodiments are

where the two surfaces have a hostronial axis and the maximum deviation between the axes
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at corresponding points Is, e.g., about 30 degrees or less, such as about 23 degrees or less, 20
degrees or less, 15 degrees or less, 10 degrees or less, S degrees or less, 1 degree or less, or
no deviation.
{6041} As shown in FIG. 1, unlike conventional polishing pads, the core 110 15
substantially non-porous, and the polishing pad 100 s formed of monolithie, umitary material
without requiring multiple separate composite lavers sttached, for example, with intermediate
fayers or adhesive, A first porous surface region 122 is adjacent the first surface 112, and a
second porous surface region 124 s adjacent the second surface 114, Each porous surface
region 122 and 124 comprises a transition zone 126 and 128 respectively, in which the pores
contact the core 110, The pores in the transition zones 126 and 128 have an average pore
diameter greater than the average pore dianteter of the pores in the porous surface regions
122 and 124 outside the transition zones. In some embodiments, the pores get progressively
farger closer to the core 110 as compared with the cutermost surface of the pad 112 or 114,
However, it will be appreciated that, in aliemative embodiments, any porous surface region
can be oriented such thal pores i the transition vone have an average pore diameter less than
the average pore diameter of the pores m the surface region outside the transition zone. In
some embodiments, the pores are progressively smaller closer to the core 116 as compared
with the owtermost surface of the pad 112 or 114,
6042} The core vegion 110 can have any suitable thickness, which is penerally defined in
a divection substantially perpendicular to the two opposing surfaces. The thickness of the
core region 110 desirably is sufficient (o mupart sufficient rigidily and strength underlying the
porous surface region that contacts the substrate being polished. In some embodiments, the
core region 110 hag a tuckness of from about 0.5 num (= 20 mul} 1o about 3 nan = 120 mil).
{6043}  Each porous surface region can have any suitable thickness in a divection
substantially perpendicular to the two opposing surfaces. Desirably, a porous surface region
has a thickness of from abowt 0.05 mm {e.g.. one monolaver of = 50 micron pores) to about
1.5 mm (= 60 mil).
{0044} The ratic of thickness of a porous region relative to the non-porous region can be
any sultable value so long as the deswwed results of planarization effictency and low
defectivity gre realized for the polishing pad. For example, in some embodiments, the ratio
of thickness of a porous region relative to the non-porous region is from about 1.2:1 to abowt
2:1, from sbout 0.2:1 io about 1.75:1, from about 0.2:1 to about 1.5:1, from abowt 0.2:] o

abowut 1.25:1, from about $.2:1 (0 about 1.13:1, from about 0.2:1 o about 121, from about
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0.2:] 1o abowt 0,751, frony abowt 0.2:1 io about 0.5:1, from about 0.5:1 to about 21, from
about 0.5:1 to about 1.75:1, from about 0.5:1 to about 1.5:1 from about 0.5:1 to about 1.25:1,
from about .51 to gbout 1131, from abowt .51 to about 1:1, from about 0.5:1 to shout
0751, from about ©.75:1 to abouf 2:1, from about 0.75:1 1o about 1,751, from aboul 0.75:1
1o about 1.5:1, from sbout G.75:1 o about 1.25:1, from about 8.75:1 to about 1151, from
about 0.75:1 1o about 111, fom about 1:1 to abowt 201, from abowut 11 to about 1.75:1, from
about 1:1 to about 1.5:1, from about 111 to about 1.25:1, from about 171 to about 1,151, from
about 1.15:1 to about 2:1, from abouwt 1.15:1 to about 1.73:1, from about 1.15:1 to sbout
1.5:], ete.

[6045]  The overall dimensions of the polishing pad can be configured to be suitable for
end use apphications, e.g., to correspond with desired plaiens, eic., as will be appreciated by
one of ordinary skitl in the art. For example, in some embodiments, the thickness of the
polishing pad can be at least about .75 nuw (= 30 mil), such as at feast about 1.23 mm (> 50
mil}. In embodiments where two polishing pads are formed in one batch with skiving as
depivied 1 FIG. 3, the thickness of each polishing pad can be somawhat less (e, hall of
these thicknesses) in some embodiments, or the baiches can be made i larger vessels (o
allow for making two polishing pads of the aforementioned thickness,

{60406} FIG. 2 1s the sams SEM as in FIG. | but depicts the optional removal of one or
both skin layers 210 and 220 on either side of the pad 100, The skin lavers 210 and 220 are
non-porous and are formed as an outer layer on the polymer sheet adiacent to the surface
region opposiie the core region. The skin layvers 210 and 220 can be removed in any suitable
manmer 1o expose the surface region suitable for contact with a workpiece such as a substrate
(e.g., wafer). For example, the skin layer can be removed by buffing, skiving, and/or milling
(e.g., using rotating blades), or the like. Such removal of the skin lavers 210 and 220 can
forther enhance compressibility of the pad 100 at the surface where contact with the subsiyate
1o be pohished occurs.

{6047} FIG. 3 is the same SEM as in FIG. 1 but depicts the formation of two separate
pads 10GA and 100B. The two pads HIOA angd 100B can be formed from the same process
depicted 1 FIGS. 1-2, with an added step of slicing the core substantially honzontally so that
each pad 100A and T00B has its own core 1HIA and {10B, respectively. Each pad 100A and
1008 has only one porous surface region {whereas each of the embodiments set forth in

FIGS. 1 and 2 has two opposing porous surface regions). The core can be shiced iy any
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suttable mamner, with skiving being a particidarly suitable method. The formation of two
pads H¥IA and 1008 as depicted in FIG. 3 i3 useful in enhancing efficiency i production.
{0048} In another alternative embodiment, as shown in FIG. 4, a single porous surface
region cant be formed by use of an optional diffusion barrier. f included, the optional
diffusson barrier can be a secondary layer which is welded, laminated, or co~extruded on the
monolithic starting matenal, Le | the primary polvimer {e g TPLD. Ths diffusion barrier
faver has nwuch lower solubility and permeability for inert gas, e.g., carbon dioxide, compared
to the primary monolithic polymer such as TPU. The ivert gas such as carbon dioxide 15
absorbed only by the primary monolithic polvmer which is the cove of the polishing pad
structure while the secondary layer of the polishing pad is non-porous snd serves as a
diffusion barrier i this embodiment. The thickness ratic of the porous laver to the non-
porous faver can be adjusted by the nitial thicknesses of the primary polymer laver and the
secondary layer. Typical materials that can be used as diffusion barners inclade polyviners
with high degrees of crystallinity {e.g., >60%) such as high density polvethylene,
podyvinviidine chloride (PVD) and poivvinvhiding fuonde (PVEL

[6049]  As noted with respect to FIGS. 1-3, depending on application. in various
embodiments of the Invention, the polishing pad can have two opposing porous surface
regtons {as shown i FIGS. 1-2) or one porous surface region {as shown i FIG. 3} When
the polishing pad is attached to a platen, only one porous surface region is in contact with the
substrate being polished such that, in some embodiments, having an opposite porous surface
region s not needed, such that two polishing pads can be made {e.g., via skiving}) as shown in
FIG. 3 from one batch for efficiency purposes. However, in other embodiments, it may be
desirable to have a porous surface region opposite to the porous surface region that is applied
to the substrate being polished. For example, duning use, an adhesive typically 15 used 1o
atlach the polishing pad to the platen of a polishing apparatus, and the existence of a povous
sarface region on the side of the polishing pad that i3 adbered to the platen can enhance the
adhesion of the polishung pad to the platen.

{60501 In embodiments of the invention, grooving patterns can be configured into the
surface of the pad that will contact a substrate to be polished w facilitate polishing
composition {shurry) distribution during the polishing process. Nonmally, the incorporation
of grooves occwrs in a later stage in the process, e.g., after optional skiving of skin layers

and/or skiving of a pad 1nlo two pads as described above.
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{8931} The followmy examples further iflustrate the invention but, of course, should not

be construed as in any way lmiting #s scope.

EXAMPLE 1
[6052]  This example illustrates the preparation of inventive pohshing pads (polishing
pads 1A-1D} and comparative polishmyg pads {polishing pads 1E-1T}. The scanning electron
nucrographs (SEMz) depicted by the leltering {a)-(t) i FIG. 5 correspond 1o polishing pads
TA-TT, respectively, in this example. All of the polishing pads were prepared from an
extruded thermoplastic polyurethane {TPU) having a hardness of 60D on the Shore D
hardness scale as measured according to ASTM D22400-00. The description below relative
to inventive polishing pads LA-1T) Hustrates process conditions that favor the formation of
sohid core-porous interface dual morphology using gassing temyperature and saturation fune as
control vanables in accordance with embodiments of the vention. In contrast, the
description relative to comparstive polishung pads 1E-11 tHustrate conditions that do not favor
the formation of sohid core-porous interface morphology, and the description relative to
comparative polishing pads 1K-1T ilustrate conditions resuliing @ the formation of bubbles
throaghowt the cross-section of the TPU film. Fach polishing pad was prepared i the same

maner as polishing pad 1A unless otherwise stated.

Polishing Pad {A
6053} A specimen of extruded TPU ways introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 4 hows at 300 psig (3.45 MPa). The pressure of the
vessel was montored and controlled automatically within + 5 psig (103 MPa) of target asing
a pressure controller. The temperature of the specimen during gas absorption was maintained
at 10°C, This was accomplhished by circulating cooling fnd in the external jackat
swrrounding the pressuare vessel and controlling the temperature using a temperatare
controtler within less than 0.3°C from target. After carbon dioxide saturation, the specimen
was left to de-gas for 20 mimues before foamung in an oil bath at 134.4°C for Z nunuiss. The
morphology of the foamed specimen is shown in SEM (3} of FIG. 5. The porosity of the
foamed specimen was 12.5%, and the average pore sive was 17 wm. The ratie of porous to

non-porous laver thickness was 0.52:1.
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Polishing Pad 1B
{0054} A specimen of extruded TPU was mtroduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 8 hours at 500 psig (3.45 MPa). The temperature of
the specimien during gas absorption was maintgined at 10°C. After carbon dioxide saturation,
e specimen was left o de-gas for 20 minutes before foaming i an ol bath at 154.4°C for 2
nunates. The morphology of the foamed specimen 15 shown s SEM (b} of FIG. 5. The
porosity of the foamed specimen was 28%, and the average pore size was 18 ym. The ratio

of porous to non-porous layer thickness was 1.15:1.

Pohshing Pad 1C
[6055] A specimen of extruded TPU was introduced into g laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 8 howrs at 400 psig (2.76 MPa). The temperature of
the specimen during gas absorpiion was mainiatmed at 19°C, After carbon dioxide saturation,
the specimen was lefl o de-gas for 20 minutes before foaming in an ol bath at 154.4°C for 2
minutes. The morphology of the foamed specimen is shown in SEM {¢) of FIG. 5. The
porosity of the foamed specimen was 149, and the average pove size was 35 ym. The ratio

of porous to non-porous layer thickness was 0.22:1.

Polishing Pad {D
6056} A specimen of extruded TPU was miroduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 24 hows at 300 psig 2.07 MPa). The temperature
of the specimen during gas absorption was mamtained at 10°C. After carbon dioxide
saturation, the specimen was lefl to de-gas for 20 minutes before foaming in an ol bath at
134 4°C for 2 minutes. The morphelogy of the foamed specimen is shown i SEM (d) of
FIG. S, The porosity of the foamed specimen was 27%, and the average pore sive was 91

win, The ratio of porous to non-porous faver thickness was 11404,

Polishing Pads 1E, 1F, 1G, TH, 11, and 1
{60587} Specimens of extruded TPU were introduced into a laboratory pressare vessel and
allowed to absorb carbon dioxide under the conditions shown for SEMs (e)-(3), respectively,
1 FIG. 5. The temperature of the specimens during gas absorption was maintained at 10°C
After carbon dioxide saturation, the specimens were left to de-gas for 20 minutes before
foaming in an ofl bath at 134.4°C for 2 mimses. Under these conditions, the amount of
carbon dioxide absorbed by each of the specimens was not sufficient to create bubbles upon

foaming.
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Polishing Pads TR, L, 1ML IN IO 1P IQU IR 1S, and 1T
{0058} Specimens of extruded TPU were introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide under the conditions shown for SEMs (k)-(0), respectively,
m FiO 5. The temperatyre of the specimens during gas absorption was maintained at 10°C.
Alter carbon dioxsde saturation, the specimens were left to de-gas for 20 minutes before
foaming iy an ofl bath a1 154 4°C for 2 minutes. The carbon dioxide gas concentration of
each of these specimens was above 2 wt.% and was sutficient (o cause nucleation and bubble
formation in the entive cross-section of the TPU il as seen i SEMs {k3-(t) of FIG. 5. This
is the cross-section morphology of a polishing pad that 1s obtained by solid state foaminyg of
TPU in g conventtonal manner.
{6059} The results of this example demonstrate that there i3 a relatively nasrow range of
carbon dioxide concentration in the polymer that enables the formation of a saitable sohd
core~-porous interphase morphology. The optimum carbon dioxide concentration range is
dependent on a variety of factors, including the femperatare at wiich the polymer is foamed
and the de-gassing time that elapses between removing the polvimer the increased pressuye
enviromment and foaming the polymer. With TPLU ander the conditions set forth in this
example, the carbon dioxide concentration in the polymer that gnables the formation of a
suitable sobid core-porous mterphase morphology is 1- 2%. A carbon dioxide concentration
below 1 wi.% is not sufficient to cause mucleation and bubble formation wn the polymer upon
foaming, while & carbon dioxide concentration above 2 wit.% causes nucleation and bubble

formation throughoul the entire polviner upon foaming.

EXAMPLE 2
{0060} This example Huostrates the preparation of inventive polishing pads (polishing
pads 2A-2F) and comparative polishing pads {polishing pads 2G-2T). The scanning electron
micrographs (SEMs) depicted by the lettering {a)-(t} in FIG. 6 correspond o polishing pads
2A-2T, respectively, in thus example. All of the polishing pads were prepared from an
extruded thermoplastic polyurethane (TPU)Y having a hardness of 60D on the Shore D
hardness scale, as measurad according to ASTM D22400-00, The description below relative
o wventive polishing pads 2A-2F tlustrates process conditions that favor the formation of a
solid core-porous interface dual morphology using gassing temperature and saturation Ume as
control variables in accordance with embodiments of the mvention. In contrast, the
description relative to comparative polishing pads 2G-21 iHlustrates conditions that do not

favor the formation of a sohd core-porous interface morpbology, and the desceription relative



WO 2015/026614 PCT/US2014/050997

iR

to comparative polishing pads 2J-27T stlusirates conditions resulting in the formation of

bubbles throughout the cross-section of the TPU film.

Polishing Pad 2A
{6061} A specimen of extruded TPU was introduced mnto a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 24 hours at 2.76 MPa. The temperatwre of the
specimen during gas absorption was maintained at -1.1°C. After carbon dioxide sataration,
the specimen was lell o de-gas for 20 minutes before fomming i an oll bath at 154.4°C for 2
mimstes. The morphology of the foamed specimen is shown tn 8EM {a) of F1G. 6. The
porosity of the foamed specimen was 22%, and the average pore size was 35 wm. The ratio

of porous {0 non-porous laver thickness was 1.7:1.

Polishing Pad 2B
{6062} A specimen of extruded TPU was introduced into a laboratory pressuve vessel and
allowed 1o absorb carbon dioxide gas for § hours a1 2.76 MPa. The temperature of the
specimen during gas absorption was maintmined at -1.1°C. After carbon dioxide saturation,
the specimen was lef to de-gas for 20 minutes before foaming i an oil bath at 134.4°C for 2
minutes. The morphology of the foamed specimen is shown 1 SEM (b} of FIG. 6. The
porosity of the foamed specimen was 7%, and the average pore sive was 26 wn. The ratio of

porous o nemporous laver thickness was 0.3:1.

Podishing Pad 2C
{6063} A specimen of extruded TPU was introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for § hours at 2.76 MPa. The temperature of the
specimen during gas absorption was maintained at $.4°C. Afier carbon dioxide saturation,
the specimen was fefl to de-gas for 20 minutes before foamung i an oil bath at 134.4°C for 2
mimstes. The morphology of the foamed specimen is shown in SEM () of FIG. 6. The
o

porosity of the foamed specimen was 1%, and the average pore size was 30 un. The ratio

of poroas o nonporous laver thickness was L.3:1,

Polishing Pad 2D
{0064} A specimen of extruded TPU was introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 8 hours at 2.70 MPa. The temperature of the
spectimen daring gas absorplion was mamiained at 10°C. Afler carbon dioxide saturation, the
spectmen was left 1o de-gas for 20 minutes before foaming in an oif bath at 154.4°C for 2

minutes. The morphology of the foamed specimen is shown tn SEM (d) of FIG. 6. The
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porosity of the foamed specimen was 14%, and the average pove size was 35 um. The ratio

of porous to nonporons layver thickness was 0.22:1. The preparation and resulis of this

polishing pad were 1dentical to polishing pad 1C described above.

Polishing Pad 2E
0065} A specimen of extruded TPU was introduced into a laboratory presswre vessel and
allowed to absorb carbon dioxide gas for 8 hours at 2.76 MPa. The temperatwre of the
specimen during gas absorption was maintmned at 15.8°C. After carbon dioxide saturation,
the specimen was left to de-gas for 20 minutes before fommning i an oil bath at 154.4°C for 2
mimstes. The morphology of the foamed specimen is shown in SEM {e) of FIG. 6. The
porosity of the foamed specimen was 19%, and the average pore size was 64 . The ratio

of porous to non-porcus laver thickness was 1.17:1.

Polishung Pad 2F
| 6066} A specimen of extruded TPU was introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 4 hours at 2.76 MPa. The temperature of the
specimen during gas absorption was maintained at 15.59C. Afier carbon dioxide saturation,
the specimen was teft to de-gas for 20 mmutes before foaming m an oil bath at 134 4°C for 2
minutes. The morphology of the foamed specimen is shown in SEM (D of FIG. 6. The

porosity of the foamed specimen was 7.5%, and the average pore size was 32 um. The ratio

of porous 1o non-porous laver thickness was 0.67:1.

Polishing Pads 2G, 2H, and 21

6067} Specimens of extruded TPU were introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide under the conditions mdicated for SEMs {e)-()).
respectively, 1n FIG. 6. The pressure in the vessel was mantained at 2.76 MPa for each of
the specimens. After carbon dioxide sataration, the specumens were left to de-~gas for 20
minutes before foaming in an oil bath at 1534.4°C for 2 minwtes. The morphologies of the
foamed specimens are shown i SEMs (g)-(1}, respectively, in FIG. 6. Under these
conditions, the amount of carbon dioxide gas absorbed in the TPU was not sufficient to create
bubbles upon foaming. In some cases, only a monolayer of bubbles was fonmed close to the
surface.

Polishing Pads 21, 2K, 2L, 2M, 2N, 20, 2P, 2Q, and 2R
{6068}  The preparation of these polishing pads, pertormed under the conditions indicated

for SEMs (J)-(r), respectively, in FIG. 6 illustrate conditions that result in bubble formation
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throughout the entive cross-section of the TP film. Such an effect iy achieved when boibk
sufficiently high concentration of carbon dioxide and a sufficiently long saturation hme are
provided so that the diffusion rate limitations that enable the dual morphology described for

polishing pads 2A-2F are not present.

Polishing Pads 28 and 2T
{60691 The preparation of these polishung pads, ander the conditions indicated for SEMs
{3} and (t), respectively, in FIG. 6 iHostrate conditions that result in g doal pove sive
distribution across the cross-section of the polishing pad with farger poves in the core and
smaller pores at the surface. Such an effect is achieved by controlling the amount of carbon
dioxide concentration in the TPU and the diffusion rates of carbon dioxide into and out of the
TPU during the gassing and de-gassing process steps, respectively.
{6474} All references, ncluding publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same exient as if each reference were
mdividually and specifically indicated to be incorporated by reference and were set forth in
s eniirety herein.
{0071} The use of the ternws “a” and “an”™ and “the” and “at least one” and similar
referents m the context of describing the imvention {especially in the context of the following
clanms) are {o be consirued to cover both the singular and the phural, unless otherwise
mdicated herein or clearly contradicted by context. The ase of the term “at least one™
followed by a list of one or more items (for example, “at least one of A and B") 15 1o be
consirued to mean one item selected {rom the listed items (A or B) or any combination of two
or more of the listed 1tems (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising.” “having.” “including,” and “contmning”
are to be construed as open-ended terms (i.e. meaning “including, but not Himited 10.”) unless
otherwise noted. Reciiation of ranges of values herein are merely intended o serve as a
shogthand method of referving indivadually io each separate value falling within the ange,
unless otherwise wdicated berein, and each separate value is incorporated into the
specification as i were individually recited heremn. All methods described herein can be
performed m any switable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language {e.g., “such
as” ) provided herein, is intended mevely o better iflunmingte the hrvention and does not pose a

Hmitation on the scope of the invention unless otherwise claimed. No language in the
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specification should be consired as mdicating any non-claumed clement as essential to the
practice of the invention.

{8072}  Preferred embodiments of this invention are described herein, inclading the best
mode known o the inventors for carrying out the invention.  Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing deseription. The wventors expect skilled artisans to employ such variations ag
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described hevein. Accordingly, this invention inclodes all modifications and
eguivalents of the sabject matter recited 1 the clabms appended hereto as permitied by
apphcable law. Moreover, any combination of the above-described elements in all possible
variations thereof'is encompassed by the invention unless otherwise indicated heremn or

otherwise clearly contradicted by context.
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CLAIM(S Y
1. A polishing pad for chemical-mechanical polishing comprising (a) a

substantially non-porous core region and (b} two opposing surface regions on either side of
the core region, wherein al least one of the surface regions defines pores theran (o form a
porous surface region, wherein the polishing pad is monolithic, wherein the porous surface
region directly contacts the core region without any intermediate laver therebetween, and

wherein the core region is barder than the porous surface region,

2. The polishing pad of claim 1, wherein the core region has an average Shore D
hardness of from aboul 13 to aboul 72 as measured according to ASTM 22240000, and the
porous surface region has an average Shore A hardness of from abowt 60) to about 100 as
megasured according to ASTM D22400-00.

-y

3, The polishing pad of clatm 1 or 2, wherein the pores have an average drameter

ol about 10 microns o abowt 100 microns.

4. The polishing pad of any ove of claims 1-3, wherein the core region has a
thickness in a direction substantially perpendicalar to the two opposing surfaces of from

about 0.5 mam to about 3 mm.

5. The polishing pad of any one of claims 1-4, wherein the porous surface region
has a thickuaess in a direction substantially perpendicalar to the two opposing surfaces of from

about 0.0% mm to about 1.5 mm.

6. The polishing pad of any one of claims 1-5 comprising a first porous surface
regton that forms at least part of one of the two opposing surfaces of the polishing pad and a
second porous surface region that forms at least part of the other of the two opposing surfaces
of the polishing pad.

7. The polishing pad of any one of claims 1-5, wherein only one of the surface

TRgIOns COMPprises pores.

L3 The polishing pad of any one of claims 1-7, wherein the porous surface segion
comprises a transition zone in which the pores contact the core, and wherem the pores nt the
transition zone have an average pore diameter greater than the average pore diameter of the

pores in the sarface region outside the wransition zone.
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Q. The polishing pad of any one of claims 1-7, whergin the porous surface region
comprises a transition zone in which the pores contact the core, and wherein the pores in the
transition zone have an average pore diameter less than the average pore diameter of the

pores in the surface region outside the transition zone.

1. The polishing pad of any one of claims 1-9, wherem the polishing pad s a

polymertc polishing pad.

L A chemucal-mechanical polishing apparatus comprising,

{a) a platen that rotates;

(b the polishing pad of any one of claims 1-10 disposed on the platen; and
{c) a carrier that holds a workpiece to be polished by contacting the rotating

polishing pad.

12, The chemical-mechanical polishing apparatas of claim 11, further comprising
means for delivering a chemical-mechamcal polishing composition between the polishing pad

and the workpiece.

13, A method of polishing a workpiece comprising;

{1} contacting 3 workpiece with a polishing pad according to any ong of claims -
14 and

(i} moving the polishing pad relative to the workpiece (o abrade the workpiece

and thereby polish the workpiece,

14, Themethod of clawm 13, wherein the method further comprises providing a
chemical-mechanical polishing composition between the polishing pad and the workpiece,
contacting the workpiece with the pohishing pad with the polishing composition
therebetween, and moving the polishing pad relative (o the workpiece with the polishing

composition therebetween to abrade the workpiece and thereby polish the workpiece,

15, A method of preparing a polishing pad comprising:

{2} providing a polymer sheet into a vessel, wherem the polymer sheet is
monclithic and has two opposing surfaces; and

{h mtroducmyg mert gas into the polymer sheet in the vessel under conditions
sufficient to form a porous surface region adjacent {o at feast one of the surfzces and to form

a core region that is substantially non-peorous.

1. The method of claim 135, wherein the inert gas comprises carbon dioxide.
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17, The method of claim 15 or 16, whergin an ower skin laver is formed on the
polvimer sheet adjacent to the surface region opposite the core region, and wherein the
method further comprises removing the skin layer to expose the surface region suitably for

contact with a workpiece,

18, The method of any one of claims 15-17, wherein the skin layer 1s removed by

buffing. skiving, andfor mlhng.

19, The method of any one of clatms 15-18, wherein the porous surface region is

formed adjacent to both opposing surfaces.

20, The method of anv one of claims 15-18, wherein the porous swrface region 18

formed adjacent to only one of the opposing surfaces.

21, Themethod of any one of clatms 15-1%9, wherein the surface region is formed
on each side of the core region such that a first surface region forms at least part of one of the
two opposing paratiel surfaces of the pohishing pad and a second surface region forms at least
part of the other of the two opposing parallel surfaces of the polishing pad, and wherein the
method further comprises cutting the core substantially along a honzontal axis to form two
polishing pads.

22, The method of any one of elaims 13-21, wherein the inert gas is introduced
while the polvmer is subjected (o a temperatare of from about °C to about 40°C for abowt 72
hours or less.

23, The method of any one of claims 15-22, wherein the inert gas is introduced
while the contents of the vessel are subjected to pressure of from about 1000 kPa to abowt

3500 kPa for abowt 72 hours or less.

24, The method of claim 23, further comprising reducing the pressure in the vessel
to & value from about 100 kPa to abow @ kPa for aboul 3 nunutes or less, and imcreasing the
temperature i the vessel 10 a value from about 100°C 10 about 175°C for about 2 minutes or

loss.

25, The method of any one of claims 15-21, wherein the introduction of et gas

comprises:
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subjecting the polvmer sheet i the vessel to a temperature of from about 1°C 10 about
40°C and g pressure of from about 1000 kPa to about 3500 k¥a for about 72 hours or fess, o

dissolve et gas in the polvmer; then

decreasing the pressure to which the polvmer sheet is exposed to from sbout 100 kPa
to about 0 kPa for abowt 3 munuies or less; and then

increasing the temperature to which the polymer sheet s exposed to from abowt
160°C to about 175°C.

26.  The method of any one of claims 1525, further comprising providing grooves

onto an exterior surface of the pad.



