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POLISHING PAD WITH POROUS INTERFACE AND SOLID CORE, AND RELATED
APPARATUS AND METHODS
BACKGROUND OF THE INVENTION

{6001} Chemical-mechanical polishing (“CMP™) processes are used in the manufacturing
of microelectronic devices to formy flat surfaces on senmconductor wafers, field emission
displays, and many other microelectronic subsirates. For example, the manufactare of
semiconductor devices penerally involves the formation of various process lavers, selective
removal o paiterning of portions of those lavers, and deposition of yel additinnal process
tayers above the surface of a semiconducting substrate to form a senmconductor wafer. The
process favers can clude, by way of example, msulation layers, gate oxade layers,
conductive lavers, and lavers of metal or glass, glc. It is generally dasirable in certain steps of
the wafer process that the uppermost surface of the process lavers be planar, 1.e., flat, for the
deposition of subsequent layers. OCMP is used to planarize process layers wherein a deposited
material, such as a conductive or insulating materigl, is polished to planarize the wafer for
subsequent process stepa.
{8002}  Ina typical CMP process, & wafer is mounted upside down on a carrier in g CMP
tool. A force pushes the carrier and the water downward toward a polishing pad. The carrer
and the wafer are rotaled above the rotating polishing pad on the UMP tool’s polishing table.
A polishing composition {alse veferved to as a polishing slurry) is introduced between the
rotating wafer and the rotating polishing pad during the polishing process. The polishing
composition typically contains a chemical that interacty with or dissolves portions of the
uppermost wafer layver(s) and an abrasive material that physically removes portions of the
taver{s). The wafler and the pohshing pad can be rotated 1n the same divection or m opposite
directions, whichever 1s desirable for the particular polishing process being carried out. The
carrier also can osciliate across the polishing pad on the polishing table.
{6003} Polishing pads made of harder matenials exhibu high removal rates and have long
useful pad life, but tend 1o produce numerous scratches on substrates being polished.
Polishing pads made of softer matenals exhibit low scrgiching of substrates, but tend to
exhibit lower removal rates and have shorter useful pad life. Accordingly, there remains 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
{6004} 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 either side of the core region. At least one of the swrface
regions defines pores therein to form a porous surface region. The polishing pad is
monolithic, and the porous surface region directly contacts the core region without any
intermediate layer therebetween, The core region is harder than the porous surface region,
{6003} In another aspect, the invention provides a chemical-mechanical polishing
apparatus comprising {a) a platen that votates; (b} a polishing pad disposed on the platen; and
(¢ a carrier that hokls a workpiece 1o be polished by contacting the rotating polishing pad.
The polishing pad comprises (1} a substantially non-porous core region, and (1) Hwo opposiag
sarface regions on either side of the core region. At least one of the sarface regions defines
pores therein to form a porous surface region. The polishing pad is monolithic, and the
porous surface region divectly contacts the core region without any intermediate laver
therebetween. The core region is harder than the porous swrface region,
In some embodiments, the apparatus further coraprises (d) means for delivering a chemical-
mechamcal polishing composition between the polishing pad and the workpieca.
{6006} In anolher aspect, the mvenBion provides a methad of polishing 3 workpiece
comprising (1) providing a polishing pad; (if) contacting the workpiece with the pohshing
pad; and (i1} 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 sarface regions on either side of the core region. Al feast
one of the surface regions defines pores therein to form @ porous surface region. The
polishing pad is monolithic, and the porous surface region directly contacts the core region
without any ntermediate laver therebetween. The core region is harder than the porous
surface region.
{6007} In another aspect, the invention provides a method of preparing s polishing pad
comprising (3} providing an extruded polviner sheet info a vessel, wherein the polymer sheet
ts monolithic and has two opposing swiaces; and (b) introdacing inert gas into the polymer
sheet 1o the vessel under conditions sufficient to form a porous surface region adjacent {o 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}
{6008} FIG. s a scanming electron mucrograph (SEM) of a cross-section of a polishing
pad at 34 times magnification, tustrating pores & two surface regions with a substantially
RON-POrous core, in accordance with an embodiment of the mvention.
{6009} FIG. 2 is the same SEM as set forth in FIG. T byt firther illustrating a skin laver o
be removed, in accordance with an embodiment of the invention.
{6010} FiG. 3 is the same SEM as set forth in FIG, 1 but farther itlustrating skiving the
prodact mto two polishing pads, with each pad having pores at only one suriace region and

each having a substantially non-poroas core, 1 accordance with an embodiment of the

vention.
{6011} FIG. 4 1s a schematic iflustration of a pohishing pad comprising a porous
thermoplastic {aver and a diffusion barrier.
{8012} FIG. 5 sets forth a series of SEM micrographs of cross-sections of polishing pads,
each at 34 times magnification, wherein the specimens were prepared as described in
Example 1.
{0013} FIG. 6 sets forth a series of SEM micrographs of cross-sections of polishing pads,
each at 34 times magnification, wherein the specimens were prepared as described i
Example 2.

DETAILED DESCRIPTION OF THE INVENTION
{60147 The invention 1s predicated, at least in part, on the surprising and unexpected
discoverv of a polishing pad for chemical-mechanical polishing with good planarization
efficiency and reduced defectivity {e.g., scratches). The polishing pad is of monolithic
structure and has pores (1L.e., closed cells) that are concentrated near at least one surface of the
pad, while a core of the polishing pad is a solid bulk material that is substantially non-porous,
resulting i a desired dual morphology.  In accordance with embodiments of the invention, #
has been discovered that such a dual morpbology structure surprisingly and unexpectedly
provides significant advantages in enhancing planarization efficiency while also reducing
deflectivity when used to polish substrates such as waters. In other aspeets, the invention also
provides a related apparatas, as well as metbhods of preparing and asing the polishing pad.
{6015} [n accordance with embodiments of the tnvention, a polishing pad is provided of
monclithic stracture and dual morphology with pores distributed in a manner {0 achieve
compressibifity al a surface where polishing occurs while also having a havder, solid,

substantiatly non-porous bulk material in a cove underlying the porous surface. The unigue
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and advantageous morphology of the polishing pad of embodiments of the mvention is
achieved without requiring the use of separate composite or intermediate lavers adhered by
extemnal components such as by adhesive. e.g., a soft pad adhered to a hard subpad.
Furthermore, unlike conventional systems, the polishing pad of the mvention does not refy on
pores throughout the vohome of the polishing pad.

{6016} Embodiments of the polishing pad of the invention surprisingly and anexpectedly
realize a desired combination of planarization efficiency and low defectivity, both of which
are important parameters 1 CMP processes, and often in conflict with one another in
conventional systems.  Unbike conventional systems which have porosity throughouwt the core
of the polishing pad andVor use a multi-piece composite system, embodiments of the
fnventive polishing pad distribute the pores near the swwface wheve the polishing takes place,
thereby creating swrface compressibifity but with a hard, substantially non-porous core. Such
a thual morphology results in a reduced number of defects, e.g., scratches, which in tun
increases wafer vield during mamufacture since less wafers need to be discarded due to
concerns over electrical issues such as a loss i continuity i how current would be
distributed in use. At the same time, polishing pads in accordance with embodiments of the
inveniion surprisingly can be polished with good planarization efficiency. In this respecet, the
planarization efficiency is defined as the wmiless formula of one minus the ratio of ramoval
rate for the bottom structure divided by the removal rate for the top strocture. See, e, Y.
Li, Microelectronics dpplications of Chemical Mechanical Planarization, ). Wiley & Sons,
2008, p. 517, By focusing the pores near the surface of the polishing pad to achieve
compressibililty where contact with the substrate o be polished occurs, while maintaining a
rigid bulk core to provide undertying strength in a unitary monolithic stracture without
intermediate layers, the invention surprisingly sand onexpectedly achieves the desived
combination of plavarization efficiency with low defectivity.

{6017} The pohishing pad of the wvention has appheability in polishing a wide variety of
semiconductor wafers used in fabrication of integrated circuits and other micredevices. Sach
wafers can be of conventional node configuration in some embodiments, e.g.. technology
nodes of 63 nox or less, 45 num or less, 32 bm or less, ete. However, in some embodiments,
the inventive polishing pad s particularly sutted for advanced node applications {2 2.,
technology nodes of 22 nwm or less, |8 o or fess, 16 nm or less, 14 nmoor 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 seratch have
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more of an mpact as the relative size of features on the wafer gets smaller, Because of the
significant advancement over the art that the polishing pad of the invention provides,
wncloding the redistribution of pores pear the surface of the polishing pad with substantially
NON-Porous core i a monolithic structure, as compared with conventional polishing pads, the
level of defectivity 1s reduced and more advanced sode polishing can be achieved with fewer
seratches i accordance with embodiments of the invention. As such, embodiments of the
polishing pad of the invention can acconunodate more precise planarization of wafers with
smaller features, with lower sbsolate vemoval 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.

{6013} The polishung pad can comprize, consist essentially of| or consist of any suitable
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
resin. Typically, the polymer resin is selected from the group consisting of thermosats,
thermoplastic elastomers, thermoplastic polvurethanes, polyoleling, polvearbonates,
polyvinylaleohols, nylons, elastomeric rubbers, styrenic polymers, polvaromatics,
fluoropolymers, polyumides, cross-linked pobyurethanes, cross-linked polvolefing, polyethers,
polvesters, polyvacrviates, elastomeric polvethvlenes, polvietrafluoroethylenes,
polvethviencteraphthalates, polvimudes, polvaramides, polyaryvlenes, polystyrenes,
polvmethylmethacryiates, copolymers and block copolymers thereof, and mixtures and
biends thereol. Preferably, the polymer resin is a polvurethane, more preferably a
thermoplastic polvurethane.

[6019]  The polymer resin typically 18 a pre-formed polymer resin; however, the polviner
resin also can be formed in situ according to any suitable method, many of which are known
i1 the arl (see, for example, Szycher's Handbook of Polyurethanes CRC Press: New York,
1994, Chapter 3). For example, thenmoplastic polyurethane can be formed in sita by reaction
of urethane prepolymers, such as isocyanate, di-isocyanate, and in-isocyvanate prepalymers,
with a prepolviner containing an isocyanate reactive molety. Suilable isocyanate reactive
mofeties include amines and polyals.

{6028} Prior 1o introducing the pores, the polymer resin or other material used in forming
the polishing pad can have any suitable hardness, ... as known in the art. Typically, the
hardness of the virgn material i1s measured by way of an average Shore I hardness as

measared according to ASTM D22460-00. Prior to introduction of the pores, the virgin
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material used in forming the polishing pad can have any suitable hardness according to the
Shorve 13 scale, such as, for example, an average Shore D hardness from about 15 to abowt 72,
as measured according to ASTM D22400-00. The gverage Shore D hardness can be different
m different embodiments and can vary, e.g., from about 13 to about 64), from about 13 1o
abowl 42, from about 25 1o about 72, from about 23 (o about 60, from about 23 (o about 42,
from about 42 to about 72, from abowt 42 1o about 60, ete, all as measured according to
ASTM D22400-00. In the final polishing pad, after the pores are introduced, the porous
region and the substantially non-porous cove region will have different hardnesses in the
same pad. For example, in some embodiments, while the substantially non-porous core will
have g hardness on the Shore D scale consistent with the virgin material as described above,
the porous surface region can have an average Shore A hardness of from about 60 (o about
106 as measured according (0 ASTM D22400-00, e g from about 60 to about 90, from about
60 to about 80, from about 60 to about 70, from about 70 to about 90, from about 70 to about
S ERE O

{8021} The pores of the polishing pad can have an average pore size of abowt | um or
more, e.g., about 5 gm or more, e.g., about 10 pm or more, about 15 um or more, about 20
gin or more, about 23 pm or more, about 30 um or more, about 35 pm or mewe, about 40 pm
or more, about 45 wm or more, about 30 pm or more, about 33 pm of more, about 60 o or
more, abowt 65 pm or more, about 7O pm or more, about 75 an or more, about 0 pm or
niore, about 125 pm or more, or about 150 um or more. Altematively, or in addition, the
pores of the polishing pad can have an average pore size of about 200 pm or less, e.g.. about
190 gm or less, about 180 um ov less, abowt 175 pm or less, about 170 g or less, aboat 160
win or less, about 150 pm or less, 140 um or less, 130 ym or less, about 125 pm or less, 120
win or less, 110 wm or less, 100 i or less, 90 um or less, 80 pam or less, 70 pm or less, 60
i or Jess, SO g or less, 40 am or less, 30 pm or less, or about 20 um or less. Thas, the
polishing pad can have an average pore size bounded by any two of the endponts vecited for
the average pore size. For example, the pores of the polishing pad can have an average pore
size of about | um to about 200 um, § pm to abowt 200 um, about § ym to about 20 pm,
about 10 um to about 100 pm, about 23 wm to abowt 75 gm, aboot 50 pm to about 100 um,
about 75 pm 1o about {25 pum, about 100 pm to abount 150 um, about 123 ym to about 173
wim, or about 150 ym to about 200 um.

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

of @ representative sample of individual pores in 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 transnussion electron microscope image, either manaally or by using bmage
analysis software, ez, PAXAIT™ conunercially avatlable from Midwest Information
Systems, Villa Park, Hlinois. Typieally, the sample is obtained by sectioning a portion of 8
polishing pad.
{6023} The polishing pad can have any suitable percentage of void volame (void volume
fraction or porosity). In accordance with embodiments of the invention, however, the void
volume 15 distribated in the polishing pad in a manner sach that # is concentrated near the
surface where the polishing pad contacts the substrate being polished. Meanwhile, the core
of the polishing pad 1s substantially non~porous. As a result, the overall pereentage of void
vohnne can be less than in conventional polishing pads. For example, 1 some embodiments,
the percentage of void volume can be an amount less than about 30%, e g, from about 3% 1o
about 50%, from about 5% 1o about 40%, from about 5% to about 30%, from about 5% to
about 20%, from about 5% to about 15%: from about 10% 1o aboui 50%., from about 10% to
about 40%, from about 10%, to about 30%., from about 10% to about 20%, from about 15% to
abowt 50%, from about 153% to aboot 40%, from about 13% to about 30%, from abowt 15% 1o
about 25%, from about 20% fo about 530%, from about 20% to abowt 40%, from about 20% 1o
about 30%, from abowt 25% 1o about 530%, from about 25% to about 40%, from about 25% o
abowt 35%, etc. However, in some embodiments, if desired. the percentage of void volume in
the polishing pad can be even higher, ¢.g., above 50%,
{8024} As noted, the core of the polishing pad is desirably substantially non-porous. In
this respect, i some embodiments, the core has a percentage of void volume of about 2% or
less, e.g., about 19 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,
{6025} As compared with conventional polishing pads for chemical-mechanical polishing
applications, the voids in embodiments of the mnventive polishing pad have a lngher
nucleation density in porous surfgce 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 conventions] pads as described
herein, but with the percentage of void volume higher mn the porous surface region as
compared with the corresponding surface region of conventionat polishing pads.
{6026} The invention also provides a method of preparing # polishing pad for chenucal-

mechanical polisting. Ty embodiments of the method, pores are introduced into the polymer
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resin or other starting material as described herein. To achieve a desired dual morphology in
the resulting polishing pad, in accordance with embodiments of the invention, conditions for
(a) gassing, and (b) nuclegtion of bubbles (foaming), ave controlled. In particular, conditions
relating o pressure, temperature, and residence time thereof are regulated to provide the
desired pore strocture in polishing pad embodiments of the invention.

{6027} In the gassing step, 4 suitable inent gas is introduced Wto the starting material,
such as a polymer {e.g., an extruded polymer sheet} disposed in a suitable vessel. The vessel
is selected o have saitable dimensions, as will be appreciated by one of ordinary skill i the
art, to satisfactonily produce the polishing pad of final volume and dimensions including void
volumie, as desired. The inert gas is selected to have good solubihty in the polymer sheet or
other stasting matesial. In some embodiments, the nert gas is selected {o have the ability o
achieve a supersatirated condition in the polvmer, e g under elevated pressure conditions.
For example, in some embodinents, the inert gas is carbon dioxade, mirogen, heltom, argon,
or anyv combination thereof. In some embodiments, a preferred inert gas 1s carbon dioxide
because of its superior sohubility property, e.g., i polyimers.

{6028} To solubilize the imert gas in the polymer sheet in the passing step, in accordance
with embodiments of the inventive method of preparing the polishing pad, an elgvated
pressure is wtilized, typreally at moderate emperatiwe. While not wishing to be bownd by any
particular theory, it 1s believed that the amount of inent pas dissolved in the polymer is
determined by Henry's Lawy, indicating that, at higher pressure, the inert gas will be dissolved
in the polvmer, .g., {0 create a supersaturated condition in some embodiments. Any suitable
elevated gassing presswre can be utilized. In some embodiments, the passing pressure is from
about 1000 kPa to about 3500 kPa, such as, for example, from about 1000 kPa to about 3000
kPa, fron: about 1000 kPa 1o about 2500 kPa, from about 1000 kPa to about 2000 kPa. from
abowt 1000 kPa to about 1506 kPa, from about 1300 kPa to about 3300 kPa, from about 1500
kPa 1o about 3000 kPa, from about 1580 kPa to about 2500 kPa. from about 1564 kPa to
about 2000 kPa. from about 2000 kPa to about 3500 kPa, from about 2000 kPa to about 3000
kPa, from about 2000 kPa to about 2500 kPa, from about 2500 kPa 1o about 3300 kPa, from
abont 2500 kPa to about 3000 kPa, ete.

{6029} The temperature inside the vessel ot the elevated pressure daring the gassing step
can be any moderate tenmperature, such as, for example, from about 0°C to about 40°C e.g.,
from about 0°C {0 about 30°C, from about 0°C to abowt 20°C, from about 0°C to about 10°C,

from about 10°C to abowt 40°C, from about 10°C 10 about 30°C, from about 10°C to about
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20°C, from about 20°C o about 40°C, from about 20°C {o abowt 30°C, from about 30°C 1o
ahout 46°C, ete.

{6036} The passing step is condacted for a switable amount of time but 15 typically bmited
to about 72 hours or less, e.g., about 48 hours or less, about 24 hours or less, about & howrs or
fess, or about 4 hours or less, so that saturation of the inert gas only cocurs near ong or MOTS
surfaces of the polymer sheet (particularly at least the surface region corvesponding o the
surface that contacts the substrale during polishing) and not throughout the entire core as in
conventional polishing pads. In tlus respect, conducting the wassing step for too long can
actually be detrimental becanse then the core can then become saturated with gas and
nlitimately undesirably 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, i i3
believed that the residence time should be relatively low ynder relatively high pressure during
the gassing step, and vicg versa.

{6031} [In accordance with embodiments of the tventive method of preparing a polishing
pad, after the gassing step, conditions m the system are adjusted to achieve nucleation of
bubbles which appears as foam-tike structure in the polishing pad. After the gassing step at
elevated pressare, the pressure is veduced, and the temperature s raised o achieve nucleation
of the bubbles. By introducing thermodynamic instability into the system, the inert gas, such
as carbon dioxide, seeks fo separate from the polymer (sometimes refgrred (o heremn as “de-
gassing™) and form nucleation sites that grow to form bubbles in the polishing pad. Qver
time, the carbou dioxide in the bubbles difTuses out of the polishing pad and is replaced by mr
through molecular diffaston such that the final product typically contains air voids,

{6032} In the pressure reducing step, the prassure 1n the vessel is reduced to a value of
from about 100 kPa to about ) kPa for a time sufficient to remove the inert gas nside 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 {2.g., aboul 5 munutes or less, such as about 4 minutes
or less, aboat 3 minutes or less, about 2 minutes or less, about D0 seconds or less, about |
minute o less, about 30 seconds or less, etc.) The transient time between pressure release
and foaming i equally unportamt as the inert gas will diffuse out of the polymaer or other
starting material at ambient conditions. This time 1s controlled so that # remains less than
about one hour, e.g, less than abont 30 minutes, such as less than about 10 minutes.

{80331 In the heating step, the exposure of the polvmer or other starting material to the

elevated temperatare allows for nucleation and growth of bubbles. Such elevated
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temperatare can be, for example, from about 1HPC to about 175°C, e.g., from about 108°C
to about 150° C, from about 1007°C to abouat 123°C, from about 125°C to about 175°C, from
about 125°C to abowt 1507C, from about 150°C 1o about 175°C, efc. The heating can oceur
i afty sultable manner, such as by way of an oven, hot o1l bath, or the like, The heating time
is sufficient to induce nucleating and bubble growth but is not so long as Lo cause blistering,
melting, or other defects with respect to the polymer or other stagting material, e g TPU
{e.z., aboul 2 nuinutes or less, about 940 seconds or less, about 1 minute or less, about 30
sgeonds or less, elc).

{0034} In some embodiments, the resin is thermoplastic arethane (TPU), and the inert gas
is carbon dioxide.

{6035] In some embodiments, the method comprises introducing inest gas (2.g., carbon
dioxide) into a starting material such as a resin, e g, i the form an extruded polymer sheet
{e.g.. TPLY, by subjecting the polvmer sheet in a suitable vessel o & moderate temperature of
from about (°C to about 40°C and a pressure of from about 1000 kPg to about 3500 kPa for
about 72 hours or less, to dissolve inert gas in the polymer. Then, the pressure to which the
poivmer sheet is exposed is decreased to a range from about 100 kPa to about 0 kPa for about
S nunates or less. Then, the temperature to which the (e.g., supersatarated) polymer/inert gas
system is exposed is mncreased to a range of from about 100°C to about 1753°C g, inan
oven, hot oif hath, or the like, for imited time, e.g., typically, two mimses or less, to cause
nucleation and growth of bubbles of desired configuration, resulting m voids in the final
product in the desired dual morphology as described herein.

6036} The invention further provides a method of polishing a workpiece, e.g.. &
substrate, comprising (i) conlaciing the workpiece wiih the inventive polishing pad, and (i}
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
utihized in the polishing of a workpisce with the inventive polishing pad, sach 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,
comtacting the workpiece with the polishing pad with the polishing composition
therebetween, and moving the polishing pad relative to the workpiece with the polishing
composition therebetween to abrade the workpiece and thereby polish the workpiece.

{80371 The polishing pad of the invention is particularly suited for usg in conjunctinn

with a chemical-mechanical polishing {CMP) apparatus. Typically, the apparatus comprises
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a platen, which, when 11 use, is in meotion and has a velocity that resulis from orbital, linear,
or circular motion, a pohishing pad of the invention in contact with the platen and moving
with the platen when in motion, and a carrier that holds a substrate to be polished by
comtactiyg and moving relative 1o the surface of the polishing pad ssended to contact a
substrate o 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 o the
substrate, fypically with a polishing composition therebetween, so as to abrade at least &
portion of the substrate to polish the substrate. The CMP apparatas can be any suitable CMP
apparatus, many of which are known in the art. The polishing pad of the vention also can
be used with linear polishing tools.

{6038 In another aspect, the invention provides a chenscal-mechanical polishing
apparatus 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 to be polished by contacting the rotating polishing pad. In some embodiments, the
apparatus further comprises {d) means for debivering a chenucal-machanical polishing
composition between the polishing pad and the workpiece. For example, m some
embodiments, the means for delivermg the chamical-mechanical polishing connposition can
mclude, for example, 8 pump and flow metering system.

{6039} The pohshing pad described herein is suitable for use in polishing any suitable
substrate, e.g., memory storage devices, semiconductor substrates, and glass substrates.
Sustable substrates for polishing with the polishing pad include memory disks, rigid disks,
magnatic heads, MEMS devices, semiconductor wafers, field emission displays, and other
microelectronic substrates, especially substrates conmprising insulating layers (e.g., sthcon
dioxide, sthcon nitride, or low dielectric materials) andfor metal-containing layers (e.g.,
copper, tantatom, tengsien, alumiman, nickel, titanium, platinum, nutheniian, rhodium,
sridium, or other noble metals).

{6040} Referring to the Hguves, FIGS. 1-3 Hlustrate various ernbodiments of the invention
through the use of the same scaning electron photomicrograph (SEM), at 34 fimes
magnification, of a cross-section of a polishing pad useful for chemical-mechanical polishing.
As seen in FiG. 1, the polishing pad 100 has a substantially non-porous core 110 and two
opposing surfaces 112 and 114, In some embodiments, the opposing surfaces are
substangially parallel. Substantially parallet opposing surfaces in some embodiments are

where the two surfaces have a hostrontal axis and the maximuom 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, § degrees or less, 1 degree or fess, ov
no deviation.
{6041} As shown in FIG. 1, unhike conventional polishing pads, the core 110 15
substantiatly non-porous, and the polishing pad 100 iz formed of monolithic, umitary material
without requiring multiple separate composite layers attached, 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 13 adjacent the second sarface 114, Each porous surface
region 127 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 dianseter of the pores in the porous surface regions

22 and 124 outside the transition zones. In some emwbodiments, the pores get progressively
farger closer to the core 110 as conpared with the outermost surface of the pad 112 or 114,
However, it will be appreciated that, in aliernative embodiments, any porous surface region
can be oriented such that pores in the transition xone have an average pore diameler less than
the average pore diameter of the pores in the surface region outside the transition zone. In
some embodiments, the pores are progressively smaller closer to the corg 110 as compared
with the owtermost surface of the pad 112 or 114,
{6042} The core region 110 can have any suitable thickness, which is generally defined in
a divection substantially perpendicular to the two opposing surfaces. The thickness of the
core region 110 desirably is sufficient {o mnpart sufficient rigidity and strength underlying the
porous surface region that contacts the substrate being polished. In some embodiments, the
core regton 110 has a thickness of from about 0.5 num (= 20 mil} 10 about 3 num (= 120 mil).
[6043]  Each porous surface region ca have any suitable thickness in a divection
sabstantially perpendicular (o the two opposing sarfaces. Desirably, a porous surface region
has a thickness of from abowt .05 mm {e.g.. one monolaver of © 50 micron pores) to about
1.5 mm {= 60 mil).
{8044} The ratio of thickness of a porous region relative to the non-porous region can be
any suttable value so long as the desired results of planarization efficiency and low
defectivity gre realized for the polishing pad. For exgmple, in some embodiments, the ratio
of thickness of a porous region relative (o the non-porous region is from about 1.2:1 o abowt
2:1, from about 8.2:1 (o about 1.75:1, from about 0.2:1 to about 1.5:1, from abowt 0.2:1 to

abowt 1.25:1, from about §.2:1 (o about 1.13:1, from about 9.2:1 to about -1, from abowt
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£.2:1 to abowt 0.75:1, from about €.2:1 {0 about 4.3: 1, from about 0.5:1 o about 2: 1. from
abont 0.5:1 to abont 1.75:1, from about 8.5:1 to about 1.5:1 from about 0.5:1 to about 1.25:1,
from about .5:1 to about 1151, from about 0.5:1 to abowt 101, from about 0.5:1 {0 about
0.75:1, from aboui £.75:1 1o about 2:1, from about 0.75:1 to about 1.75:1, from aboul 0.75:1
o abowt 1501, from about 4.75:1 (o about 1.25:1 from about 8.75:1 to about 1.15:1, from
ahout ©.75:1 to about 111, from about L1 to about 2/, from about 111 1o aboat 1,751, from
about 1:1 to abowt 1.5:1, from about 1:1 to about 1.25:1, from about 1:1 to about 1.15:1, from
about 1.15:1 to about 2:1. from about 1.15:1 to about 1.75:1, from about 1.15:1 to about
1501, ete.

[6045}  The overall dimensions of the polishing pad can be configured to be suitable for
end use apphcations, e.g.. {o comespond with desired platens, eic., as will be appreciated by
one of ordinary skifl in the art. For example, in some embodiments, the thickness of the
polishing pad can be at least about .75 num (= 30 mil), such as at feast about 1.25 mm {~ 30
mil}. In embodiments where two polishing pads are formed in one batch with skiving as
depicied in FIG. 3, the thickuess of each polishing pad can be somewhat less (e, hatl of
these thicknesses) in some embodiments, or the batches can be made i larger vessels o
allow for making two polishing pads of the aforementioned thickness,

{6046} FIG. 2 13 the same SEM as in FIG. | but depicis the opiional removal of one or
both skin layers 210 and 220 on either side of the pad 100. The skin lavers 210 and 220 are
nan-porous and are formed as an outer layer on the polymer sheet adjascent to the surface
region opposite the core region. The skin layers 210 and 22{ can be removed in any suttable
maner to 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 budfing, skiving, and/or nuilling
(e.g., using rotating blades), or the like. Such removal of the skin layers 210 and 220 can
further enhance compressibility of the pad 100 at the surface where contact with the sabsirate
1o be polished occurs.

{60471 FIG. 3 s the same SEM as in FIG. 1 but depicts the formation of two separgte
pads 100A and 100B. The two pads 100A and 1008 can be formied from the same process
depicted in FIGS. 1-2, with an added step of slicing the core substantially honzontally so that
egach pad 100A and T100B has its own core TI0A and OB, 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 sliced in any
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sutiable manner, with skiving being a particudarly saitable method. The formation of two
pads 104 and 1008 as depicted in FIG. 3 i3 usefol in enhancing efficiency in production.
{06048} [n another alternative embodiment, as shown in FIG. 4, a sigle porous surface
region can be formed by use of s optional diffusion barrier, If included, the optional
diffusion barrier can be a secondary layer which is welded, laminated. or co~extruded on the
monolithic starting matenial, Le | the primary polvimer {e g TPLD. This diffusion barrier
fayer has nauch fower solubility and permeshility for inert gas, e.g., carbon dioxide, compared
to the primary monolithic polvmer such as TPU. The nert gas such as carbon dioxide 1$
absorbed only by the primary monolithic polvmer which is the cove of the polishing pad
structure winle the secondary laver of the polishing pad ts non-porous and serves as a
diffusion barrigr in this embodiment. The thickness ratio of the porous Iaver to the non-
porous faver can be adjusted by the imtiad thicknesses of the primary polvimer layer and the
secondary layver. Typical materials that can be used as diffusion barriers mclude polvimers
with high degrees of crystallinity {e.g., >60%) such as high density polvethylene,
potyvinviidine chloride (PVD) and polyvinvliding flucride (PVE)L

[0049]  As noted with respect to FIGS. 1-3, depending on application, n various
embodiments of the mvention, the polishing pad can have two opposing porous surfacs
resons {as shown in 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 is not needed, such that two polishing pads can be made {e.g., via skiving} as shown m
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 pohished. For example, during use, an adhesive typically is used 1o
attach the polishing pad to the platen of a polishing apparates, and the existence of a porous
surface region on the side of the polishing pad that is adbered to the platen can enhance the
adhesion of the polishing pad fo the platen.

{8050} In embodiments of the invention, grooving patierns can be configured into the
surface of the pad that will contact a substrate to be polished to facilitate polishing
composttion {shurry) disttibution duning the polishing process. Nonmally, the mncorporation
of grooves eccwrs in a later stage in the process, e.g., after optiona skiving of skin layers

andfor skiving of a pad inlo two pads as described above.
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{00351} The following examples firther illosirate the invention but, of course, should not

be construed as in any way Hmiting Hs scope.

EXAMPLE 1
{8052} This example illustrates the preparation of inventive polishing pads (polishing
pads 1A-1D) and comparative polishing pads {polishing pads 1E-1T}. The scanning electron
nuerpgraphs (SEMs) depicted by the leltering {a)-(8) s FIG. 3 correspond o polishung pads
TA-1T, respectively, in this example. All of the polishing pads weve prepared from an
exiruded thermoplastic polyurethane {TPU) having a hardoess of 60D on the Shore D
hardness scale as measured according to ASTM D22400-00. The description below relative
to inventive polishing pads 1A-1T) Hustrates process conditions that favor the formation of
solid core-porous interface dual morphology using gassing temperature and saturation time as
control variables in accordance with embodiments of the invention. In contrast, the
description relative to comparative polishing pads VE-11 fliustrate conditions that do net faver
the formation of solid core-porous interface morphology, and the description relative to
comparative polishing pads 1K-1T illustrate conditions resulting i the formation of bubbles
thronghowt the cross-section of the TPU film. Each polishing pad was prepared in the same

manner as polishing pad 1A unless otherwise stated.

Polishing Pad 1A
{6053} A specimen of extruded TPU was introduced o 3 laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 4 howrs at 500 psig (3.45 MPa). The pressure of the
vessel was monitored and controlled amomatically within + 5 psig (003 MPa) of target using
a pressure controller. The temperature of the specimen during gas absorption was maintained
at 10°C. This was accomplished by circulating cooling fhind in the extarnal jackat
swrrounding the pressare vessel and controlling the temperature using a temperatore
controller within less than 0.3°C from target. After carbon dioxide saturation, the specimen
was left to de-gas for 20 minutes before foaming in an oil bath at 134.4°C for Z munuiss. The
morphology of the foamed specimen is shown in SEM () of FIG. 5. The porosity of the
foamed specimen was 12.5%, and the average pore sive was 17 wm. The ratio of porous to

non-porous laver thickness was 005211,
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Polishing Pad IB
{6034} A specimen of extmded TPU was introdaced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for 8 hours at 800 psig (3.45 MPa). The temperanme of
the specimen during gas absorption was mmaintained at 10°C. After carbon dioxide saturation,
the specimen was left o de-gas for 20 minutes before fomning inan ol bath at 154.4°C for 2
nunates. The morphology of the foamed specimen 1§ shown in SEM (0 of FIG. 5. The
poresity of the foamed specimen was 28%, and the average pore size was 18 ym. The ratio

of porous to non~porous layer thickuess was 1.15:1

Pohishing Pad 1C
{6055} A specimen of extruded TPL was introduced into g laboratory pressure vesse! and
allowed to absorb carbon dioxide gas for 8 howrs at 400 psig (2.70 MPa). The temperature of
the specimen during gas absorption was mainiained at 107°C. After carbon dioxide saturation,
the specimen was left o de-gas for 20 minutes before fomming i an otl bath at 154.4°C for 2
minutes. The morphology of the foamed specimen s shown in SEM {¢) of FIG. 3, The
porosity of the foamed specimen was 149, and the average pore size was 35 um. The ratio

of porous (o non~-porous layer thickness was 0.22:1.

Polishing Pad 1D
0056} A specimen of extruded TPU was introduced into a laboratory pressure vessal and
allowed to absorb carbon dioxide gas for 24 howrs at 300 psig (2.07 MPa). The temperature
of the specimen duning 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 oil bath at
134 4°C for 2 minutes. The morphology of the foamed specimen is shown in SEM (d) of
FIG. S, The porosity of the foamed specimen was 27%, and the average pore sixe was 91

wm, The ratio of porous to non-porous {gver thickness was 1141,

Polishing Pads 1k, 1¥, 1G, TH, L and UJ
{6057} Specimens of extruded TPU were introduced tito a faboratory pressure vessel and
allowed to absorb carbon dioxide under the conditions shown for SEMs (e)-(3), respectively,
i FIG. 5. The temperature of the specimens during gas absorption was maintained at 16°C.
After carbon dioxide satwration, the specimens were left 1o de-gas for 20 minutes before
foaming in an oil bath at 1534.4°C for 2 mimaes. Under these conditions, the amount of
carbon dioxide gbsorbed by each of the specimens was not sofficient to create bubbles upon

foaming.
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Polishing Pads LR, 1L, IML IN, 10, 1P IQUIR IS, and 1T
[BOS8} Specimens of extruded TPU were introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide under the conditions shown for SEMs (k)-(1), respectively,
m FHG 5. The temperature of the specimens during gas absorption was maimained at 10°C.
Adter carbon dioxide saturation, the specimens were lefl to de-gas for 20 minutes before
foaming s oil bath gt 154 4°C for 2 minutes. The carbon dioxide gas concemtration of
each of these specimiens was above 2 wi.% and was suffictent o cause nucleation and bubble
formation in the entive cross-section of the TPU film as seen in SEMs (k3-(1) of FIG. 5. This
is the cross-section morphology of a polishing pad that is obtained by solid state foammg of
TPU in g conventional manner.
{6059} The results of this example demonsirate that there is a relatively nasrow range of
carbon diogide concentration in the polymer that enables the formation of a suitable sohd
core-porous nierphase morphology. The optimum carbon dioxide concentration range is
dependent on a variely of factors, including the temperature at which the polvmer is foamed
and the de-gassing time that elapses between removing the polvmer the increased pressue
enviromment and foaming the polymer. With TPU under the conditions set forth in this
example, the carbon dioxide concentration i the pelymer that enables the fonmation of a
suitable solid core-porous interphase morphology is 1- 2%. A carbon dioxide concentration
befow 1 wi % is not sufficient 1o cause nucleation and bubble formaton n the polymer upon
foaming, wlale a carbon dioxide concentration sbove 2 wt% causes nucleation and bubble

formation throughoul the entire polvimer upon foanung.

EXAMPLE 2
{6060} This example Huostrates the preparation of inventive polishing pads (polishing

pads 2A-2F) and comparative polishing pads {polishing pads 2G-2T). The scanning electron
nyicrographs (SEMs) depicted by the lattering {a)-€) in FIG. 6 correspond {0 polishing pads
2A-2T, respectively, in this example. All of the polishing pads were prepared from an
extruded thermoplastic polyurethane (TPU) having a bardness of 60D on the Shore D
hardness scale, as measured accordmg (o ASTM D22400-00, The description below relative
to nventive polishing pads 2A-2F tlustiates process conditions that favor the formation of a
solid core-porous interface dual morphology using gassing temperature and sataration Ume as
control variables in accordance with embodiments of the invention. In contrast, the
description relative to comparative polishing pads 2G-21 illustrates conditions that do not

frvor the formation of a sohd core-porous interface morphology, and the description relative
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to comparative polishing pads 2J-2T slusirates conditions resulting in the formation of

bubbles throughowt the cross-section of the TPU film.

Polishing Pad 2A
{6061} A specimen of extruded TPLU was introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide pas for 24 hours at 2.76 MPa. The temperature of the
specimen during gas absorption was mamtained at -1.1°C. Afer carbon diogide satoration,
the specimen was fel} to de-gas for 20 minutes before fomning i an oil bath at 154.4°C for 2
mintes. The morphology of the foamed spechnen is shown in SEM {a) of FIG. 6. The
porosity of the foamed specimen was 22%, and the average pore size was 35 wm. The ratio

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

Polishing Pad 2B
{6062} A specimen of extruded TPU was introduced into a laboralory pressure vessel and
allowed 1o absorb carbon dioxide gas for § hours &t 2.76 MPa. The temperature of the
specimen during gas absorption was mamtained at -1.1%C. Alfter carbon dioxide saturation,
the specimen was lefl to de-gas for 20 minutes before foaming i an oil bath at 154.4°C for 2
mimses. The morphology of the foamed specimen is shown in SEM (b} of FIG. 6. The
porosity of the fogmed specimen was 7%, and the average pore size was 26 wn. The ratio of

porous to nonporous laver thickness was 0.3:1,

Polishing Pad 2C
{6063} A specimen of extruded TPU was introduced into a laboratory pressure vessal 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 feft to de-gas for 20 minutes before {oanung in an ofl bath at 1534 4°C for 2
mimates. The morphology of the foamed specimen is shown tn SEM () of FIG. 6. The
porosity of the fowmed specimen was 1%, and the average pore size was 30 pm. The ratio

of porous to nonpovous laver thickness was (.51,

Polishing Pad 2D
{064} A specimen of extruded TPU was imtvoduced into a laboratory pressure vessel and
allowed to absarb carbon dioxide gas for § hours at 2.70 MPa. The temyperature of the
specimen during gas absorption was mamtaingd at 10°C. After carbon dioxide sataration, the

specimen was lefl to de-gag for 20 minutes before foaming in an oif bath at 154.4°C for 2

minutes. The morphology of the foamed specimen is shown in SEM (d) of FIG. 6. The
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porosity of the foamed specimen was 14%, and the average pore size was 35 um. The ratio
of porous to nonporous laver thickness was 0.22:1. The preparation and results of this

polishing pad were identical to polishing pad U described above,

Polishing Pad 2E
{6065} A specimen of extruded TPU was introduced into a laboratory pressure vessel and
allowed to absorb carbon dioxide gas for § hows at 2.76 MPa. The temperatuwre of the
specimen during gas absorption was mauintained at 15.8°C, After carbon dioxide saturation,
the specimen was {eft to de-gas for 20 minutes before foaming i an oll bath at 154.4°C for 2
minutes. The morphology of the foamed specimen is shown in SEM {2) of FIG. 6. The
porosity of the foamed specimen was 19%, and the average pore size was 64 pm. The ratio

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

Polishing Pad 2F
{60661 A specimen of extruded TPU was introduced into a Iaboratory pressure vessel and
allowed to absorb carbon dioxide gas for 4 hours at 2.76 MPa. The temperature of the
speciraen durtng gas absorpiion was maintained at 15.5%C. After carbon dioxide satyration,
the specimen was left to de-gas for 20 mmutes before foaming i an off bath at 154.4°C for 2
minutes. The morphology of the foamed specimen is shown in SEM (f) of FIG. 6. The
porosity of the foamed specimen was 7.3%, and the averags pore size was 32 um. The ratio

of poroas to non-porous laver thickness was 0.67:1.

Polishing Pads 2G, 2H, and 21
160677 Specimens of extruded TPU were introduced into a laboratory pressare vessel and
allowed to absorb carbon dioxide under the conditions wdicated for SEMs {e)-(j),
respectively, in FIG. . The pressure in the vessel was mamtained at 2.76 MPa for each of
the specimens. After carbon dioxide saturation, the specimens were left to de-gas for 20
minutes before foaming in an oil bath at 1534.4°C for 2 minntes. The morphologies of the
foamed specimens are shown in SEMs (g)-{1}, respectively, in FIG. 6. Under these
conditions, the amount of carbon dioxide gas absorbed it the TPU was not sufficient to create

bubbles upon foaming. In some cases, oply a monolayer of bubbles was fonmed close to the

surface.
Polishing Pads 2J, 2K, 2L, 2M, 2N, 20, 2P, 2Q, and 2R
[0068]  The preparation of these polishing pads, performed under the conditions indicated

for SEMs ())-{r), respectively, in FIG. 6 illustrate conditions that result in bubble formation
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throughowt the entire cross-section of the TPU {ilm. Such an effect is achieved when boih
sufficiently high concentration of carbon dioxide and a sufficiently long saturation time ave
provided so that the dilfusion rate imitations that enable the dual morphology described for

polishing pads 2A-2F are not present,

Polishing Pads 25 and 2T
{60691 The preparation of these polishing pads, under the conditions indicated for SEMx
(s} and (1), respectively, in Fir. 6 iHustrate conditions that result in 5 doal pove sive
distribution across the cross-section of the polishing pad with farger pores in the core and
smaller pores at the sarface. Such an effect is achieved by controlling the amount of carbon
dioxide concentration in the TPLU and the diffusion rates of carbon dioxide into and out of the
TPU during the gassing and de-gassing process steps, respectively.
{6070} All relerences, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as i each reference were
mdividually and specifically indicated to be incorporated by reference and were set forth in
s entirety herein.
{8071} The use of the ternes “g” and “an” and “the” and “at least one™ and similar
referenis i the context of deseribing the invention {especially in the context of the following
clatms) are to be construgd to cover both the singular and the phural, unless otherwise
mdicated herein or clearly contradicted by context. The use of the term “at least one”™
folowed by a list of one or move ttems (for example, “at least one of A and B") is 1o he
consirued to niean one dem selected from the listed items (A or B) or any combination of two
or more of the listed lems (A and B), unless otherwise indicated herein or clearly
contradicted by comext. The terms “comprisimg.” “having.” “including,” and “contmning”
are 1o he construed as open-ended terms (e, meaning “Including, but not Himited 10,7 unless
otherwise noted. RecHtation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separaie value falling within the range,
unless atherwise indicated herein, and each separate value is incorporated inio the
specification as it were iIndividually recited herein. Alf methods described herein can be
performed m any suitable order anless otherwise wndicated herein or otherwise clearly
contradicted by context. The use of any and alf examples, or exemplary language {e.g., “such
as”} provided herein, is intended mevely to better illonunate the invention and does not pose &

Himitation on the scope of the nvention unless otherwise clammed. No language in the
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specification should be construed as mdicating any non-claimed element 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
{oregoing description. The inventors expect skilled artisans 1o employ such vartations as
appropriafe, and the inventors intend for the invention to be practiced otherwise than as
specifically described hevein. Accordingly, this invention inclades all modifications and
eguivalents of the sahject matter recited m the claims appended hereto as permitied by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unfess otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIM(S):

1. A method of preparing a polishing pad comprising: (a) providing a polymer sheet into a vessel,
wherein the polymer sheet is monolithic and has two opposing surfaces; and (b) introducing inert gas
into the polymer sheet in the vessel under conditions sufficient to form a porous surface region adjacent
to at least one of the surfaces and to form a core region that is substantially non-porous, 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 parallel surfaces of the polishing 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 horizontal axis to form two polishing

pads.
2. The method of claim 1, wherein the inert gas comprises carbon dioxide.
3. The method of claim 1, wherein an outer skin layer is formed on the polymer 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.

4. The method of claim 1, wherein the skin layer is removed by buffing, skiving, and/or milling.

5. The method of claim 1, wherein the porous surface region is formed adjacent to both opposing
surfaces.

6. The method of claim 1, wherein the porous surface region is formed adjacent to only one of the

opposing surfaces.

7. The method of claim 1, wherein the inert gas is introduced while the polymer is subjected to a

temperature of from about 0°C to about 40°C for about 72 hours or less.

8. The method of claim 1, wherein the inert gas is introduced while the contents of the vessel are

subjected to pressure of from about 1000 kPa to about 3500 kPa for about 72 hours or less.

9. The method of claim 8, further comprising reducing the pressure in the vessel to a value from
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about 100 kPa to about 0 kPa for about 5 minutes or less, and increasing the temperature in the vessel

to a value from about 100°C to about 175°C for about 2 minutes or less.

10. The method of claim 1, wherein the introduction of inert gas comprises: subjecting the polymer
sheet in the vessel to a temperature of from about 0°C to about 40°C and a pressure of from about
1000 kPa to about 3500 kPa for about 72 hours or less, to dissolve inert gas in the polymer; then
decreasing the pressure to which the polymer sheet is exposed to from about 100 kPa to about 0 kPa for
about 5 minutes or less; and then increasing the temperature to which the polymer sheet is exposed to

from about 100°C to about 175°C.

11. The method of claim 1, further comprising providing grooves onto an exterior surface of the

pad.



