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(57) Abstract: The invention provides a chem-
ical-mechanical polishing composition contain-
ing (a) abrasive particles, (b) a polymer, and (c)
water, wherein (i) the polymer possesses an
overall charge, (ii) the abrasive particles have a
zeta potential Z, measured in the absence of the
polymer and the abrasive particles have a zeta
potential Z, measured in the presence of the
polymer, wherein the zeta potential Z, is a nu-
merical value that is the same sign as the over-
all charge of the polymer, and (iii) | zeta poten-
tial Zy | > | zeta potential Z, |. The invention also
provides a method of polishing a substrate with
the polishing composition.
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COMPOSITION AND METHOD FOR POLISHING GLASS

BACKGROUND OF THE INVENTION
16001}  The demand for increased storage capacity n memory or rigid disks and the trend
towards miniaturization of memory or rignd disks (due to the requirement for smaller hard
drives m comynder equapment} contines (o emphasize the mnportance of the memory of rigid
disk manufacturing process, including the planartzation or polishing of such disks for
ensuring maximal performance. Apart from their well-known use in notebook computers,
hard disk drives are also found in car navigation sysiems and digital video cameras. The
recording media for hard disk drives used in such mebile devices has 1o be able to prevent
data loss, which means 1t must have the ability to withstand vibration and shock. Glass
memory disks have superior shock-resistance characteristics i comparison to the aluminam
disks that are used in non-~portable equipment. As a resalt, there is an mereased inferest in the
use of glass as a sabstrate in memory disk applications.
6002} As the demangd for increased storage capacity has increasad, so has the need for
smproved processes for the polishing of sach memory or rigid disks., The term “memory of
rigid disk™ refers to any magnetic disk, hard disk, nigid disk, or memory disk for retamming
mformation in electromagnetic form. The memory or rigid disk tvpically has a surface that
comprises nickel-phosphoras, but the memory or rigid disk surface can comprise any other
suitable material. The planarity of the memory or rigid disks must be improved, as the
distance between the recording head of a disk drive and the surface of the memory or rigad
disk has decreased with improvements in recording density that demand a lower flying height
of the magnetic head with respect to the memory or rigid disk. In order to permit a lower
flving beight of the magnetic head, improvements 1o the surface fimsh of the memory or rigid
disk are required.
| 00031 Along with the need to improve planarity of memory disks is a need to decrease
the surface roughness of the disks and to redoce the namber of nucroasperities found thereon.
While there exist several chemical-mechamcal polishing (CMP) compositions and methods
for use in copjunction with metallic memory disks, few conventional CMP methods or
commercially available CMP compositions are well-suited for the planastzation or polishing
of glass memory or rigid disks. Attempts bave been made to decrease surface roughness by
reducing the paniicle size of abrasives used in the polishing compositions; however, removal
rates and therefore throughput can be drastically reduced with use of smaller abrasive particle

817,
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0004} Thus, there remains in the art a need for improved polishing methods for the

polishing of glass substrates.

BRIEF SUMMARY OF THE INVENTION
{00035} The invention provides a chemical-mechanical polishing composition conprising,
consisting essentially of, or consisting of {a) abrasive particies, (b} a polymer, and (¢} water,
wherein the following conditions are satisfied: (1) the polymer possesses an overall charge,
(1) the abrasive particles have a zeta potential Z, meuasured in the absence of the polymer and
the abrasive particles have a zeta potential Z, measured in the presence of the polyier,

wherain the rela potential Z, 15 2 numerical value that 1s the same sign as the overal] charge

o

of the polymer, and (i) I zeta potential %, , > | zeta potential 7, E .

| 8006} The invention also provides a chemical-mechanical polishing composition
comprising, consisting essentialty of, or consisting of (a} abrasive particles comprising silica
on an outer surface of the abrasive particles, (b} a polvmer comprising a poly(alkyhacrvlate, a
salt thergof, or a combination thereof, wherein the polymer conmyprises U-3 mol% of a
monomer having a sulfonate group or sulfonic acid group, and {¢} water, wherein the
polishing composition has a pH of 1.8 10 4 and the following conditions are satisfied: (i) the
polvmer possesses an overall negative charge, (1t) the abrasive particles have a zeta potential
Z, measured in the absence of the polymer and the abrasive particles have a zeta potential 2,
measwred i the presence of the polymer, wherein the zela potential Z, is negative, and (311}

| zeta potential 2, > | veta potential 7, |

{6007} The invention further provides a method of chemical-mechanically polishing a
substrate, which method comprises {1} contacting a substrate with a polishing pad and the
chemucal-mechanical polishing composition comprising {a) abrasive particles, {b} a polymer,
and {¢) water, wherein the following conditions gre satisfied: (i) the polymer possesses an
overall charge, (1) the abrasive particles have a zeta potential Z, measurad in the absence of
the polvmer and the abrasive particles have a yeta potentinl 7, yoeasared in the presence of
the polvmer, wherein the zeta potential Z, 1s a numerical value that is the same sign as the
overall charge of the polviner, and (i) I zeta potential Zy | > I zzta potential Z, l A
moving the polishing pad relative to the substrate with the chemscal-mechanical polishing
composition therebetween, and (3) abrading at least a portion of the subsirate 1o polish the

substrate.
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BRIEF DESCRIPTION OF THE DRAWINGS
160081  FIGS. 1A and 1B iltastate the average asperity count and magnitude of asperities
achieved using chemical-mechanical polishing compositions encompassed (FIG. 1B} and not

encompassed (FIG. 1A) by the ivention (see Example 3},

DETAILED DESCRIPTION OF THE INVENTION
0009} The invention provides a chemical-mechanical polishing composition comprising,
consisting essentially of, or consisting of {a) abrasive particles, (b} a polyvmer, and (¢} water,
wherain the following conditions are satisfied: {i} the polymer possesses an overall charge,
(i1} the abrasive parlicles have a zela potential Z, measured in the absence of the polvmer and
the abrasive particles have a zeta potential Zy, measured in the presence of the polymer,

wherein the zeta potentiat Z, is a numerical vatue that 1s the same sign as the overall charge

of the polymer, and (ni} E zeta potential Zy, I > | zeta potential Z, | |
{00106} The abrasive particles can comprise, consist essentially of, or consist of any
suitable matenal, which material typically is a metal oxide and/or a metalicid oxide
(heremmafler collectivelv referrad to as “metal oxtdes™). Examples of suitable materials
mchude aloming, silica, Wama, cerla, Z2ircoma, germania, magnesia, tantahom oxide, and
combinations thereof. In some embodiments, the abrasive particles do not comprise alumina
or ceria. Preferably, an outer sarface of the abrastve particles comprises or consists of silica,
and more preferably the abrasive particles ave silica particles {1.e., the abrasive particles
consist of silica),

{6011} The abrastve particles also can comprise, consist essentially of| or consist of
composite particles comprising more than one matertal, such as two, three, four, or five
materials. The composite particles can be homogenous or a heterogeneous mixture of more
than one material. In a preferred embodiment, an outer surface of the composite particle
comprises or consists of silica. The composite pariicles can also have a core-shal siructure,
i which a core particle comprising one or more materials is coated with one or more shels
comprising one or more matenals, which materials of the core and shell(s) can be the same or
different. Preferably, the outermiost shell of the composite particles comprises or consists of
silica.

{6012} The abrasive particles can be prepared by any switable method, sach as wet-
process methods. Wet-process abrasive particles are characterized as being prepared by
podvierization of soluble precursors from agusous soluttony thereof, and the wel-process
methods typically melude condensation polymernization methods and precipitation methods.

Wet-process silica typically can be prepared by the polymerization or precipitation of soluble
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silica precorsors from agueous solutions thereof, and suitable examples of wet-process silica
mchide condensation-polymerized silica that can be base-stabihized, or precipitated sihica.
Wet-process silica can be prepared by polymerizing or precipitating, for example, Si{OH ), an
atkali metal silicate, an alkoxysilang, and combinations thersof. Suitable alkalt metal silicates
have the general fornmula SHOM 3, in which M7 is an alkali metdd. Suitable alkali metdd
silicates include hthium, sodium, and potassium siticate. More preferably, the abrasive is silica
that 1s obtained by precipitation of silicic acid and which is typically provided as aqueous
stlica sols. Suitable starting materials for the wel-process silica include alkali matal silicates
{e.g.. sodium sibicate and potassium silicate). Preferably, the silica sols comprise anionic
substantially spherical silica particles which are stabilized with sodium andior potassium
ions. Suitable silica sols are available from Nissan Chemical {e.g., SNOWTEX products),
Nyacol Nanotechnologies, Inc. (e.g., NEXSIL prodocts, such as NEXSIL and NEXSIL A
series products), EKA Chemicals (e.g., BINDZIL products, such as BINDZIL 30/310,
307360, 407130, 407170, 4004220, and 50840 producis), AkzoNobel {e.g., LEVASIL producis),
Nalco Chepncal {e.g., TXI3112, TX11005, DVSTS06, 16344, 1050, 2327 and 2329
products), DuPont, Baver, Apphied Research, Sithbond. and Clariant.
16013} The silica particles can have any suitable average particle size (1.¢., average
particle diameter). As used heremn, the term “average particle size” refers to the DS, which
is the median particle size as deternuned using dynamic light scattering, and is referred to
herein as the “D30 particle size.” The silica particles can bave g D30 particle size of 10 nm
or more, £.2., 15 am or more, 24 nm or more, 23 nm or more, 28 mn or more, or 30 mm oy
more. Alternatively, or in addition, the silica can have a D30 particle size of 30 nm or less,
e 75 wm or less, 70 nm or fess, 60w or less, 30 an or less, 43 wm or less, 40 nm or less,
33 nm or less, 32 nm or less, or 30 nm or less. Thus, the silica can have a D30 particie size
bounded by any two of the above endpoints. For example, the silica can bave a D30 particle
size of 10 mm to 80 am, 10 nmto 70 mm, 10 nm o 60 mm, 10 mm (o 50 mn, 10 wm to 40 nm,
20 mmn to 30 nmy, 20 nm 1o 40 nm, 20 am o 35 nm, 25 am to 40 wmn, 23 nm o 35 nm, 25 wn
o 30 mm, 28 nmoto 32 am, or 30 nm to 35
{6014} The polishing composition can comprrise any suitable amowunt of silica. Typically,
the polishing composition can contain 0.01 wit.% or more, e.g., 0.05 wi.% or more, 0.1 wi%
or more, 0.5 Wil or more, 1 wit% or more, 2 wi % or move, 3 wt.% or more of sifica, 4 wi.%
or move of silica, or 3 wi % or more of silica. Alternatively, ov in addition, the polishing
composition can contain 50 wi.% or less, e.g., 40 wit % or less, 30 wt.% or fess, 20wt or

tess, 13 wi% or less, 10 wi% or less, or 3 wi % or less of sthica. Thaus, the polishing
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composition can comprise sthica i amounis bounded by any two of the above endpoints
recited for silica. For example the polishing composition can comprise 0.01 wi% to 50
wi %, 005 wi % 1o 40 wi %, 1w to 30 wi%, 1 wi % 10 20 wi % of silica, 2 wit% 10 20
wi %o of sifica, 3 wi% to 10 wit % of sthica, 4 wt % to 10 wt.% of siliea, 5 wilo to 15 withs of
silica, or 3 wim to 10 wi% of silica.
[0015} The abrasive particles preferably are colloidally stable. The term collowd refers to
the suspension of abrasive particles in the hquid carrier. Colloidal stabiity refers to the
maintenance of that saspension through time. In the context of this invention, an abrasive is
considered collowdally stable 1f, when the abragive 15 placed nto a 100 mi graduated cyhinder
and allowed to stand unagitated for a time of 2 hours, the difference between the
conceniration of particles i the bottom 50 mi of the graduated eylinder {{B] i terms of g/'mb)
and the concentration of particles in the top 30 mi of the graduated cylinder (T} in terms of
g'ml) divided by the mmitial concentration of particles n the abrasive composition (JC} m
terms of g/mi) 15 fess than or equal to 0.5 {Le, {{B] - {T1}4C] < 0.5, More preferably, the
vatae of {B]-[TF{C] s less than or egual to 0.3, and mwost preferably is less than or equal to
G.1.
|6016} The chemical-mechanical polishing composition of the invention can contain any
suttable lgwtd carnier {e g, sobvent or dispersion mediuny). The Hguid carrier can comprise,
consist essentially of, or consist of any suitable solvent or dispersion mediom, inclading, for
example, agueocus carriers (e.g., water), DOn-AGUEOUS carriers {e.g., orgamc solvems), or
mixtures thereof. In a preferred embodiment, the liquid carrier comprises 50% or more of
water in 3 mixture with a non-aqueous carrier. For example, the liquid carrier can comprise
60% or more, 70% or more, 80% or more, or 90% or more of water i a mixture with & non-~
aqueoys camier. The water may be miscible or inmiscible with the non-aqueous carrier,
though prefarably the water is miscible with the pon-aquecus carrier. The Heuad carrer
prefevably comprises water, and more preferably the Bauid carrier is water {e.g., the hiquid
carrier consists of water), such as de-ionized water.
6017} The chemical-mechanical polishing composition of the invention can contain any
suitable polvmer. The polymer can comprise, consist essentially of, or consist of polvimer{(s)
having an overall charge in the chemical-mechanical polishing composition, which overall
charge typicaily is a consequence of the functional groups of the polymer, the pH of the
chemical-mechanical polishing composiiion, and/or the presence of other components m the
composition. The polymer may possess groups having 8 permanent charge {e.g., 8 quaternary

alkylammoniun group), and/or the polviner may possess ionizable groups (e.g., a sodium
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carboxylate group) that become charged when dispersed or dissolved in a liguid medium.
The charge on the polymer also can depend on the pH of the mediam.
{6018} Suntable polymers possessing an overall charge iclude catonic polymers, antonic
polymers, aniphoteric polymers, and combinations thereof. In g preferred smbodiment, the
polymer 1s an amonic polyier possessing an overall negative charge in the chemical-
mechamcal polishing composition of the invention. The polymers can be homopolymers,
copolymers (e.p.. block, graft, random, andfor slternating copolviners, terpolvimers, and
higher “x"-polvmers, such as 4-, 5- 6-, 7-, 8-, & or 10-polyvmers}, salts thereod, and
combinationsblends thereof. The polymers typcally ave synthesized from one or more
monomers by any surtable polvmerization method known in the art, such as condensation
polymertzation or radical polymerization, or the polvmers can be commercially purchased.
Suitable examples of polymers that possess an overall charge include
polv{atkyialkvliacrylates (e.g., polvacrylates), polvlatkyli(alikyvhacryhc avids (e.g..
polvacrylic acids), polvearboxylates, polycarboxylic acids, polyacryvlamides, polyvamides,
polvamines, copolymaers thereof, blends thereof, and sals thereof (e g, lithium, sodiam,
potassium, anymonium, magnesian, caleim, zine, won, and copper salts thereof, ete ).
Additional suttable polymers, as well as suitable monomers used to synthesize such suitable
polymers, are described in ULS. Patent 7,511,008, which is incorporated herein by reference
i i entivety. In a preferved embodiment, the polvimer is a polyvacrylate, sach as a sodmm
polvacrylate {e.z.. DEQUEST P902¢ gvailable from Thermphos).

P

{6019} The terms “poly(alkyhiatkvhacrylates™ and “poly(alkyvh{alkyliacrylic acids™ as
used herein mean that each of the “(alky!)” portions is optional, 1.e., may or may not be
present in the polvmer, and the “(alkyl)” portions may be the same or different. The
“polv{alkyiHalkvhacrvliates™ and “poly(atkyvi)atkyhacrvlic acids™ can be homopolvimers,
copolvmers, salts thereof, and combinations/blends thereof, as deseribed heremnabove, The
monomers or comononmers used o syathesize the “poly(alkyDialkyDacrviates™ and
“podv(alkvialkyhacrvhc acids™ are (alkyD{alkvDacrylates and/or (alkydialkyDacrvlic acids.
The “{alkyly” portions in the polymers and monomers tvpically comprise alkyl groups having
1 to 20 carbons. For example, suitable “poly(atkylXalkyDacrviates™ inclade
pobvimethacrylate) (e, the first “(alkvl)” is not present) and polvacrylate {in which neither
the first nor second “(atkyl)” group is present). Suilable “(alkyl)” portions mclude methyl,
ethyl, 2-ethylhexyl, propyl, butvl, peatyl, hexyvl, heplyl, octvl, nonvl, decyl, ete., that con be
combined in any suitable manner. Suitable “poly(alkyhi(alkyDacrylates™ mnclude

poly{ethylacrylate) and a copolymer of 2-ethylhexyl methacrylate and methacrviate. Suitable
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“polv{alkyvidalkyDacrylic acids™ include poly{propylacrylic acid). Typically, any
poly(alkvialkvhacrylate can be emploved in the chemical-mechanical polishing
composition of the invention, provided that the polvimer, copolvmer, andfor salt thereof has
the propertigs described heram.
{8020} It will be appreciated that the degree of deprotonation of the polyvalent carboxylic
acid-based polvmer will depend on the pH of the polishing composition s which it is
utilized. Thus, the polyvalent carboxylic acid-based polymaer can be provided in the acid
form, a partially neatralized form, or even a completely newtralized form.
{0021} In some embodiments, the polymer comprises 0-3 mol% of a monomer or
comonomer having a sulfonate group or sulfonic acid group. Surprisingly, a chemical-
wmechanical polishing composttion of the invention, i which, iater afia, the polymer
comprises less than 3 mol% of & monomer or comonomer having a sulfonate group or
sulfonic acid group, results in a lower surface roughness and/or a lower extreme radius
awvature of a polished substrate as compared to a similar polishing conposition comprising
a polvmer having more than 3 mol% of a monomer or comonomer having a sulfonate group
or sulfonic acid group. For example, the polymer of the inventive polishing composition can
comprise less than 3 mol%, e.g., less than 2.5 mol%, less than 2.0 mol%s, less than 1.5 mol%,
fess than 1.0 mol?%, less than 0.5 wmol%s, or less than 0.1 mol% of & muonomer of comonomer
having a sulfonate group or sulfonic acid group. In this regard, when the polymer comprises,
for example, a polytalkyliatkyhacrylic acid, a salt thereof, or a combination thereof
comprising monomers that are an {alkvD(atkvlacrylic acid, a salt thereof, or 3 combination
thereof, the pelymer comprises less than 3 mol® of & comonomer baving a sulfonate group or
sulfonic acid group. In preferred embodiments, the polymer does not comprise a monomer or
comonomer having a sulfonate group or sutfonic acid group (1.e., the polvmer comprises 0
mol% of a monomer or comonomer having a sulfonale group or sulfonic acid group).
{80221  The polymer can have a molecular weight of 500 p/mol or more, e.g., 750 gimol
or more, 1000 2'mol or more, 1250 gdmol or more, 1500 g/mol or more, 2000 g/mol or more,
2500 gmol or more, or 3000 g/mol or more. Alternatively, or i addition, the silica can have
a motecular weight of 1GO0U ¢/mol or less, e.g., SO g/mod o less, 4300 g'mol or less, 4000
g/mol or fess, 3500 g/mol or less, or 3000 g/mol or less. Thus, the polymer can have a
molecular weight bounded by any two of the above endpoints. For exanyple, the polymer can
have a molecular weight of 300 g/mod to 10000 wmel, 300 g/mol to 3040 gfmaol, 730 gfmeld
o 4500 g/mol, 1000 g/mol to 4000 g/mol, 1500 gimel to 3500 g/mol, 2000 g/mol to 3000

gimol, 2300 g/mol to 3000 wmol, 2500 g/mol 1o 3500 gimol, or 3000 g/mol to 3500 g/mol.
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0623} The polishing composition can comprise any suitable amownt of the polymer, eg,
S ppm or more, H} ppm or more, 25 ppim or more, 30 ppm or more, 75 ppm or more, 100 ppm
ar mare, 150 ppm or more, 200 ppnt or more, or 250 ppm or more of the polymer,
Alternatively, or in addition, the polishing composition can comyprise 1600 ppm or less, 904
ppm o less, 8OO ppm or less, 7080 ppm or fess, 660 ppm or fess, or 300 ppm or less of the
polymer. Thus, the polishing composition can comprise silicg in amounts bounded by any
two of the above endpoints recitad for the polvmer. For example the polishing composition
can comprise 5 ppm to 1000 ppm, 10 ppm to 900 ppm, 25 ppm to 800 ppm, 58 ppa o 760
ppi, LO0 ppm to 600 ppm, or 200 ppm to 500 ppm of the polymer,
160247 Although not wishing to be bound by theory, 1t is believed that the polvmer
encapsulates the silica particles without being strongly adsorbed onto the surfaces of the
particles, due o the at least partial negative charges of the particle surfaces and of the
polvmer. As aresuli, the zeta potential of the polymer encapsulated silica particles is more
negative than the zeta potential of silica particles by themselves., That is, the absolute value
of the zela potential of the polvmer encapselated silica particles is greater than the absolate
vatue of zeta potential of sihica partcles by themselves as expressed by the formula: I zeta
potential Z,, | > | zeta potential Z, | wherein Z, is the zeta potential of the silica particles in
the presence of the polvmer and 7, is the »eta potential of the silica particles in the absence of
the polvmer.
[0025} The abrasive particles typically have a zeta potential Z, measured n the absence
of the polymer, and the abrasive particles have a zeta potential Zy, measured in the presence of
the polymer, wherein the zeta potential 7, 1s a mumerical value that is the same sign as the
overall charge of the polvmer, and the absolute value of zeta potential Zy typically is greater
than the absolute value of zeta potential Z, (ie., | zeta potential Zy | > | zeta potential Z, | ),
The equation “ | zeta potential Zu | = | zeta potential Z, | ™ reflects, infer alic, that the
presence of the polymer typically increases the magnitude of the charge of the abrasive
particles (i.e.. the magnmitude of zeta potential Zy, is increased relative to the magnitude of zeta
potential Z,). The zeta potential of an abrasive particle refers to the difference betwesn the
electrical charge of the lons swrrounding the abrasive particle and the electrical charge of the
bulk solution {e.g., the Hquid carner and any other components dissolved therein}. The zeta
potenial of the abrasive particles typically will vary with pH and/or the presence of other
compaonents {e.g., charged polviners), as described in more detail herainbelow, and the zeta
potential can be measured by any suitable method known in the art, such as electrophoretic

mobility techmiques. The zeta potential of an abrasive particle can be positive within one pH
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range and negative within another pH range, depending on the material comprising the
abrasive particle. Some materials, however, may only have positive or negative zeta
potentials within a given pH range. For materials that do exhibit positive and negative zety
potentials over a given pH range, the pH at which the zeta potential of an abrasive patticle
changes from negative {o posifive 1s termed the soelectric point {ie., the pH al which the
abrasive particles have no net electrical charge). For example, the soelecine point of silica
abrasive particles in g dispersion of water 15 a pH less than 2 fe.g.. 1.5 10 1.7), wherein the
stlica abrasive particles have a zeta potential of zero.
j6026] Conventional wisdom would suggest that, due to the well-known phenomenon of
the attraction of unlike charges and the repulsion of like charges, only a polymer having an
oppaosite charge to the numerical sign of the zeta potential of the abrasive particle would
associate with the abrasive particle, as deseribed in ULS, Patent 6,776, 810, whach is
meorporated herein by reference in s entirety. However, surprisingly, even when the
abrasive particles have a zeta potential having a munerical value that is the same sign as the
polvmer (i.e. both negative or both positive), the polvmer unexpectedly encapsulates and/or
associates with the abrasive particle in some manner {e.¢., by way of hydrogen bonding, van
der Waals interactions, hydrophobic interactions, ete.). Without wishing {o be bound by
theory, it is believed thai, when the zeta potential 7, 13 2 numerical value that is the same sign
as the overall charge of the polymer, and | zeta potential Zy | > | zeta potential 7, | | the
polymer can encapsulate the abrasive particles andfor associate with the abrasive particles in
some maaner, such that the polymer provides both a sterie barmier gnd an electrostatic barrier
that prevents the abrasive particles from aggregating with one another. A steric barrier
physically prevents particles from associating/aggregating, whereas an electrostatic barrer
represents a repulsive force between two like-charped species {i.e., a negatively charged
polymer and an abrasive particle having a negabive zeta polential), thereby preventing the
species from associatingfaggregating. The prevention of abrasive particle aggregation is
desirable, because the aggregates are necessarily larger than the component particles, which
larger agpregates ty pxcalh contribute to a higher substrate removal rate and concomitant
undesirable increase in surface roughness when polishing subsirates. In the situation where
the substrate being polished also has sinular characteristics to the abrasive particles (e.g., a
glass subsirate would be considered similar © silica abwasive particles in view of their sintlar
chemical makeups), the polymer may also associale with the substrate, thereby providing
both a steric barrier and an electrostatic barrier between the abrasive particles and the

substrate surface, which barrters contribute to maprove surface characteristics of the polished
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substrate. Thus, without wishing to be bound by theory, it 1s believed that when the polymer
and abrasive particles have the characteristics and relationship described herein, the abrasive
particles are prevented from aggregating andfor there is a Tubricating effect provided by the
poivmer between the abrasive particles and the substrate surface, which effects can be
attributed to steric andfor electrostatic interactions as described herein, such that a lower
surface roughness of the substrate is achieved when chemical-mechanical polishing 15
performed with the chenucal-mechanical polishimng compposition of the mvention.
{6027} The abrasive particles can have any sutable zeta potential 7, andfor 2, providad
that the refationship between the veta potential of the abrasive particles and the charge of the
polvmer satisfy the characteristics set forth berein. The zeta potential values recited herein
are applicable to both zeta potential Z, (the reta potential measured in the absence of the
polymer} and zeta potential Zy, (the zeta potential measored i the presence of the polymer) as
measwred i the chemical-mechanical polishing composition of the mvention. For example,
the abrasive particles can have a posttive reta potential Z, and 7y, or a negative zeta potential
Z,and Zy. The zeta potential of the abrasive particles typically can be adjusted by choice of
the abrasive particle material, the pH of the polishing composition, and the identity and
amount of the polymer. Typtcally, the zeta potential Z, and/or Zy, of the abrasive particles is
about ~44 mV or more, e.g., about 30 mV or move, about 20 'V or more, about ~15 mV or
more, about ~18 mV or more, about -9 mV or more, about -8 mV or move, about -7 mV or
maore, about 6.8 mV or more, ahout -6 mV or more, about —8 mV or more, about 4.8 mV
or more, about -4.6 mV or more, about 4.4 mV or more, abowt -4.2 mV or more, about -4
mV or more, aboat ~3.8 mV or more, about —3.6 mV or more, about ~3.4 mV or more, about
-3.2 mV or more, about -3 mV or more, about ~2.8 mV or more, about ~2.6 mV or more,
about 2.4 mV or more, about ~2.2 mV or more, about -2 mV or more, abowt 1.8 mV or
more, about 1.6 mV or more, about 1 4 wmV or more, about —1.2 mV or more, about 1 mV
or more, aboul ~0.8 mV or more, ahout ~0.6 mV or more, about ~0.4 mV or more, abowt ~0.2
mV or more, 0 mY or more, gbout 0.2 mV or more. about +0.4 mV or more, about +0.6 my
or more, about +0.8 mV or more, about +1 mV or more, about +1.2 mV or more, abowt +1.4
mV or more, about +1.6 mY or more, abowt +1.8 mV or morg, about +2 mV or more, about
+2.2 mrV or more, about +2 4 mV or morve, about +2.6 mV oy more, about +2.8 mV or more,
about +3 mV or more, about +3.2 mV or more, about +3 .4 mV or morg, about +3.6 mV or
more, about +3.3 mV or more, aboul +4 mV or more, about +4.2 mV or morg, abowt +4.4 mV
or more, aboul +4.6 mV or more, about +4 8 mV or more, about +5 mV or more, about +0

mV or more, gbowt +7 mV or more, about +8 mV or more, about +¢ mV or more, about +10
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mV or more, aboai +15 mV or more, about +20 mV or more, about +30 m¥ or more, or
about +40 mV or more. Alternatively, or in addition, the zeta potential 7, andior Zy, of the
abrasive particles can be about +100 mV or less, e.g., about +30 nyV or fess, about +85 mV or
fess, abous +80 mV or less, about +70 mV or less, about +060 mV or less, about +30 mV or
fess, about +40 mV or less, about +30 mV or less, about +20 mV or less, about +15 mV or
tess, about 10 mV or less, about +9 mV or less, about +8 mV or less, gbout +7 mV or less,
about +6 mV or less, about +3 mV or less, about +4.8 mV or less, about +4.6 mV or less,
about +4.4 mV or less, about +4.2 mV or less, about +4 mV or less, about +3.8 mV or less,
about +3.6 mV or less, about +3.4 mV or less, about +3.2 mV or less, gbout +3 mV or less,
about +2.8 mV or less, about +2.6 mV or less, gbouwt +2.4 mV or less, gbout 2.2 mV or less,
about +2 mV or less, about +1.8 mV or less, about +1.6 mV or less, about +14 mV or less,
about + 1.2 mV or less, abouat +1 mV or less, abowt +0.8 mV or less, abowt +0.6 mV or less,
about +0.4 mV or less, about +0.2 mV or less, 0 mV or less, about ~0.2 mV or less, about -
0.4 mV or less, abowt 0.6 mV or less, about 0.8 mV or less, about 1 mV or less, abowt -
1.2 mV or less, about ~1.4 mV or less, about - 1.6 mV or less, about 1.8 mV or less, about ~
2 mV or less, about ~2.7 mV or less, about ~2.4 mV or less, about -2 .6 mV or less, about -
2.8 mV or less, about -3 mV or less, about -3.2 mV or less, about -3.4 mV or less, about —
3.6 mV o Jess, about ~3.8 mV or less, about —4 mV or less, aboul 4.2 mV or less, aboui ~
4.4 mV or less, about ~4.6 mV or less, about —4.8 mV or less, abowt -5 mV or less, about -6
mVY or less, about ~7 mV or less, about -8 mV or less, about -9 mV or less, about ~10 mV or
less, gbout —13 mV or less, about - 20 mV or less, about 30 mV or less, about -40 mV or
iess, about ~-30 mV or less, about -60 mV or less, about - 70 mV or less, about &0 mV or
fess, about ~90 mV or less, oy about ~100 mV or fess. Thus, the zeta potential Z, andfor 7, of
the abrasive particles can be within the range bounded by any two of the forepoing endpoinis.
For example, the zeta potential Z, andfor 2y, can be aboul 40 mV to about +2 mV, about -~
18V o O mV, or abowt 6.8 mV to about ~0.8 mV. In a preferred embodiment, zeta
potential Z, and zeta potential Zy, are negative, and the zeta potential Z, sud Z;, ave about ~0.2
mV o about 6 mV,
{6028} Typically, the difference between the absolute value of the zeta potential 7y, and
the absolute value of the zeta potential Z, 18 greater than or equal to 0.1 mV (e, ' zeta
poteniial Zp | [ zeta potential Z, I = 0.1 mV) This eguation reflecis, among other things,
that the presence of the polvier typically increases the magnitude of the charge of the
abrasive particles (i.e., the magmitade of zeta potential Zy is 1noreased relative to the

magnitude of zeta potential Z,). For example, the value of E zeta potential 2y, [ - ' zeta
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mV, 207 mV, 2 08mV . >209mV. 2wV 2Ll 212,V . 213V . 2 1dmV, 2
FS5mV . 21iomV 21 7mV i 8mV 21 9mV 22mV . 221mV, 222mV, =23mV,
224mV. 228 mV,226mV,. 22 7TmV. 228 mV. 2290V, 23mV, >3 1mV. 232
Y. 233mV. 234 mV 23 53mV,236mV. 237wV 2383 mV, 2389V, 24 mV, >

dimV, 242mV,.243mV,. 244 mV, 24 53mV, 246mV, 247 mV, 24 8mV, 249

potemmi? E typically s> 0.1l mV, eg, > 02 mV, ImV, 204 mV, 20 5mV, 206

mV, > 5SmV 2 6emV, =TmV, = 8mV, > 9mV, or = {0 mV, Alternatively, or in addition,
the value of l zeta potential Zg, I ! reta poi&miai Zo| typically s 10 mV, eg.£9mV, £
R2wmV <8mV. 27mV, 26 3mV, <emV, <5mV, 249 mV, <4 8mV, 24 7mV, <46
MV <4 5mV, <44 mV, <4 3mV <42 mV, <4 mV, SdmV, <39mV, 238 mV, <

3TV, L3 6mV,235mV 234 mV, 233 mV, 232wV, 231 mV, my, <29 mV,
L2EmV 227 mV S260mV, L25mV, 224 mV S23mV, <22mV 22 mV, <2

mV. 19V 18V, Sl 7mV, 16V . S18mV, S ldmV S13mV. <1 2mV, <

By, <imV,<0.9mV, SmV, <07 mV, <06mV, S 05mV, <04 mV, <03mV,
<H2mV, or = 0.1 mV. Thas, the valoe of ! zeta polential Z‘.{,l - lzem potential 7, I can be
within the range bounded by any two of the foregoing endpoints. For example, the value of

| zeta potential Zy§ I zéta potential Zai gambe Ot mVie3ZmV, I12nViiod3ImV, or s
mV to 82 mV. In a preferred enbodiment, the value of | zeta potential Zy, | ~ | xeta
potential Z, | is2 1 mV.

{6029} The polishing composition can have a pH of | or more, or 1.2 ov more, or 1.4 or
more, 1.6 or more, or 1.8 or more, Alternatively, or in addition, the polishing composition
can have a pH of 6 or less, 5.5 or less, S or less, 4.5 or less, or 4 or less. Thas, the polishing
composition can have a pH bounded by any two of the above endponts vecited for the
polymer, For example the polishing composiion can haveapHof 1 o6, 121055, 1410 5,
[6t0453 or L.eto 4.

[0030]  The pH of the polishing composition can be achieved andfor maintaned by any
suitable means. More specifically, the polishing composition can further comprise a pH
acjustor, a pH buffering agent, or a combination thereof. The pH adjustor can be any suitable
pH-adjusting compound. For example, the pH adjustor can be nitric acid, sodium hydroxide,
potassium hydroxide, ammonium hydroxide, or a combingtion thereof. The pH buffering
agent can be any suitable buffering agent, for example, phosphates, sulfates, acetates, borates,
agnonium salts, and the like. The polishing composition can compeise any suiiable mmount

of a pH adjustor and/or a pH bullering agent, provided that a suitable amownt of the buffering
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agent is used to achieve andfor mamtain the pH of the polishing composition within the
ranges set forth herei,

160317 The chenucal-mechanical polishing composition of the invention may additionally
comprise any suitable additional components depending on the type of workpisce, e.g.,
substraie, being polishing. For example, the chemical-mechanical polishing composiion can
additionally comprise oxidizing agents, corrosion stlubiiors, anti-foanung agents,
preservatives, biocides, and the like. Suitable oxidizing agents include perborates {e.g..
sodium perborate, potassium perborate, ammonium parborate, elc.), percarbonates {e.g.,
sodium percarbonate, potassium percarbonate, et¢.), perphosphates {e.g.. sodiam
perphosphate, potassiuin perphosphate, etc.), chlorates and perchlorates {e.g.. ammoniumn
chlorate, tetramethyiamumonanan chlorate, ammoniym perchlorate, tetramethylammoniam
perchiorate, ete.), iodates and perodates (e.g., ammonium lodate, potassiam todate,
anunonium periodate, tetramethylammonium periodate, eic.), persulfates {e.g., ammonium
persuliate, tetramethvlammonium persualfate, ete ), peroxides (e.g., compounds comtainmg at
feast one peroxy group {(~~O--0--) including organic and tnorganic peroxides, such as
hydrogen peroxide, benzoyl peroxide, peracetic acid. di-tert-butyl pevoxide, sodmm peroxide,
gfe.), and combinations thereof. Suutable corrosion mhibitors mchude mudarole, tetrazole,
aminotetrazole, benvotriarzole, benvimidazole, urea andfor thivurea componnds containing
amino, imino, carboxy, mercapto, nitro, andfor alkyl groups, dicarboxylic acids such as oxalic
acid, malonic acid, succinic acid, nmitrilotriacetic acid, iminodiacetic acid, and combinations
thereof.

0632} The polishing composition can be prepaved by any suitable technique, many of
which are known to those skilled in the art. The polishing composition can be prepared in a
Batch or continuous process, Generally, the polishing composition can be prepared by
conthining the components thereof in any order. The tenm “component”™ as used herein
ncludes individoal ingredients {e.g., abrasive particles, polymer, ete)) as well as any
combination of ingredients (e.g., abrasive particles, polymer, optional biocide, etc).

6033} For example, the abrasive particles can be dispersed m water. The polymer then
can be added, along with any optional additional compounds, and mixed by any method that
is capable of incorporating the components into the polishing composition. The polymer can
be added at any tume during the preparation of the polishing composition. The polislung
composition can be prepared prior 1o use, with one or more components, such as the polvimer,
added to the polishing composition just belore use (e.g., within 1 minute before use, or within

I hour before use, or within 7 days before use}. The polishing composition also can be
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prepared by mixing the components at the surface of the substrate during the polishing
aperation.
16034}  The polisbing composition can be supplied as a one-package system comprising
abrasive particles, polymer, and water. Alternatively, the abrasive paticles can be supplied
as a dispersion 1 water in a first container, and polviner and optional additional compounds
can he supplied in a second container, either in dry form, ov as a solution or dispersion in
water, The components in the first or second container can be in dry form while the
conmmponents in the other container can be in the form of an aqueoas dispersion. Moreover, it
is sutable for the components in the first and second contaimers o have different pH values,
or alternatively to have substantially similar, or even equal, pH values. Other two-container,
or three or more-container, combinations of the components of the polishing composition are
within the knowledge of one of ordinary skill m the art.
[8035]  The polishing composition of the vention also can be provided as a concenirate
which is intended to be diluted with an appropriate amount of water priot to use. In such an
embodiment, the polishing composition concentrate can comprise the abrasive particles,
polvmer, optional additional compounds | and water, iy amounts such that, apon dilution of
the concentrate with an approprigte amount of water, each component of the polishing
composition will be present in the polishing composttion in an amount within the appropriate
range recited above for each component. For exarmaple, the abrasive particles | polymer, and
optional addutional compounds can each be presemt in the conceniration i an amount that 1s 2
times {e.g., 3 times, 4 times, or § times) greater than the concamtration recited above for each
component so that, when the concentrate 15 diluted with an equal volame of {e.g., 2 equal
volumes of water, 3 equal volumes of water, or 4 equal volumes of water, respectively), each
component will be present in the polishing composition in an amount within the ranges set
forth above for each componeni. Furthermore, as will be understood by those of ordinary
skall in the art, the concentrate can contain an appropriate fraction of the water present i the
final polishing composition in order o ensure that other components are af least partially or
fully dissolved m the concentrate.
{6036} The invention also provides a method of chemicallv-mechanically polishing a
substrate with the polishing composition described herein. The method comprises (1)
contacting a substrate with a polishing pad and the chemical-mechanical polishing
composition comprising, consisting essentially of, or consisting of (&) abravive particles, (B a
polymer, and (¢} water, wherein the following conditions are satisfied: {1} the polymer

possesses an overall charge, (1) the abrasive particles have a zeta potential Z, measured i the
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absence of the polymer and the abrasive particles have a zeta potential Z,, measured i the
presence of the polvmer, wherein the zeta potential 7, is a numerical valoe that is the same
stgn as the overal] charge of the polymer, and (1i1) E zeta potential 7y, I > ] zets potential 7, | ,
(2) moving the polishung pad relative to the substrate with the chemical-mechanical polishing
composition therebetween, and {3) abrading at least a portion of the substrate to polish the
subsirate,
6037} The subsirate emploved in the method can be any suitable substrate known m the
art. For example, sutlable sobstrates include memory storage devices, samiconductor
substrates, and glass substrates. Suitable subsivates for use in the wethod mclude wemory
disks, rigid disks, magnetic heads, MEMS devices, sensiconductor wafers, field emission
displavs, and other microelectronic substrates, especially substrates comprising msulating
tavers {e.g., siicon dioxide, sthicon nitride, or low dielectric materials) and/or metal-
comtaining lavers {e.g., copper, tantalum, tungsten, alonunum, mckel, ttamum, platinum,
ruthennem, rhodium, widium, or other noble metals). Preferably the subsirate comprises
glass, and more preferably at least the upper-most layer {i.e., top laver) of the substrate to be
polished comprises or consists of glass, such that glass is removed during the course of
polishing the substrate with the inventive polishing composition 50 as to polish (e.g.. smooth
or planarize} the substraig.
0038} The inventive method provides a polished substrate having a low average surface
roughness. Surface roughness average ("R} 15 a conumon parameter well known i the art
that is 3 measure of the surface contour, and therefore the roughness, of a subsirate surface.
R, represents the anthmetic average of the height of substrate surface peaks {e.g. roughness
srvegalarities) above the mean plane of the substrate surface. R, typically is measured via an
atomic force microscope (AFM} in conjunction with a computer program typically provided
with the AFM mstrument that analyzes the data collected by the AFM instrament. The
surface roughness average (R, as used herein is measured by AFM, such that the swrface
roughness average parameter is termed “AFM-R,” herein. AFM-R,, as recited herein, 1s
measured over a 0.5 pm x 1 um area of the subsirate surface using the AFM instrumant
Nanoscope Dimension 3100 {Le., D3 100} commercially avatlable from Veeco.
{0039]  The AFM-R, of a substrate polished using the inventive method typically is 2 A or
fess, e.g.. 195 Aorless, 1.9 Aorless, 1L8S Aorless, 18 Aorless, 1.75 A orless, 1L7A mr
fess, 1.65 A orless, 1.6 A or less, 1.55 A orfess, 1.5 A or less, 1.45 A or fess, 1.4 A or less,
T25Aortess, 12 Aordess, 1S A orless, 1.1 Aorless, 1OSA

135 A orless, 1.3 A or less
or less, | A or less, 0.93 A ess, 09 A or less, 0.85 A or less, 0.8 A or less, 0.75 A or less,
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0.7 A or Jess, 11,65 A orfess, 0.6 A or Jess, 0.55 A or less, 0.5 A or less, 8.45 A orless, 0.4 A
or less, 0.35 A orless, 0.3 A orless, 0.25 A orless, 0.2 A ovless, .15 A orless. 0.1 A or
Jess, or 0.05 & or less. Aliernatively, or in addition, the AFM-R, of a substrate polished
using the mventive method tvpically is (.03 A or more, e.g., .1 A or more, .15 A or more,
0.2 A or more, .25 A or more, (.3 A or more, 0.35 A or more, 0.4 A or more, 045 A or
more, 0.5 A or more, 0.55 A or more, 0.6 A or more, 0.65 A or more, 0.7 A or more, 0.78 A
or more, (1.8 A or more, .85 A or more, 0.9 A or more, 0.95 A or more, | A or more, 1.05 A
or more, 1.1 A ormore, 115 A ormore, 1.2 A or more, 1.25 A or more, 1.3 A or move, 1.35
A ormore, 1.4 A ormore, 1.45 A or more, 1.5 A or more, 1.35 A or more, 1.6 A or more,
1.65 A or more, 1.7 A or more, 1.75 A ormore, 1.8 A or more, 1.85 A ormore, 19 A or
more, or 195 A or more. Thus, the AFM-R, of a substrate polished using the inventive
method can be within the range bounded by any two of the foregomng endpoints. For
example, the AFM-R, canbe 09 A 10 1258 0553 10 0RA, or 075 A 10095 A Ing
preferred embodiment, the AFM-R, of a substrate polished using the inventive method is 1 A
or less.
{6040} The inventive method provides a polished substrate having a low average asperity
count. The average asperity count of a substrate, as defined hevein, is the number of surface
features (e.g.. peaks or irregularities, Le., “asperities™) present ona 1 x | um area of the
polished substrate surface having a height or depth that s statistically larger in magnuude
than the roughness average (R,) of the substrate. The average asperity count is determuned by
the average of eight AFM measurements on a subsirate surface (e g, i the situation where
both sides of the substrate are polished in the inventive method, four measurements are
performed on the ront sarface of the substrate and four measurements ave performed on the
back surface of the substrate, wherein the four measurements on each side of the substrate are
performed about half way between the center of the substrate and the edge of the substrate,
and each location is separated by a votation of 07, 967, 180°, and 270° about the center of the
substrate}. The AFM instrument used for the asperity count measurement is the Nanoscope
Dimension 3100 commercially available from Vesco. “Statistically larger™ means that the
asperity has g height or depth that is about X% of the R, value of the subsirate, wherein X%
is 110% or more, e.g., 120% or more, 130% or more, 140% or more, 150% ormore, 160% or

ik

more, 1 70% or more, 180% or more, 190% or more, 2000 or more, 210% or more, 220% or
more, 230% or move, 240% or more, 250% or more, 260M or more, 27096 or more, 280% or
maore, 2909% or more, 300% or more, 320% or more, 340% or more, 360% or more, 380% or

more, 400%, or more, 420% or more, 440% or more, 460% or more, 480% or more, 3060% or
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more, 320% or more, 340% or more, 360% or more, S8 or more, 600% or more, 620% or
more, G409 or more, 6609 or more, 680% or more, TH0% or mwore, T20% or move, 740% or

-

more, 7600 or more, T8O or move, RO0% or more, B20% or more, 840% or move, 860% or

ik

more, 880% or more, 200% or more, 9209 or more, Y40% or more, $60% or more, 9R0% or
more, or HIKH% or more,

(0041} The average asperity count of a substrate polished using the mventive method
(e.g., emploving a chemical-mechanical polishing composition as defined herein) typically is
1.5orless, eg., Ldorless, 1.3 ordess, 1.2 orfess, 1.1 or less, 1 ov lass, 4.9 or lass, 0.8 or lass,

.

.

3orless, 0.7 or legs, 0.65 ov less, .6 or less, 11,55 or less, 0.5 or less, 045 orfess, 0 d or
fess, .35 or less, 0.3 or less, 0.25 or less, 0.2 or less, 0.15 or less, Q.1 or less, 0.05 or less, or
1. Preferably, the average asperity count of 3 substrate polished using the mventive nethod
ts 1 orless. In contrasy, the average asperity cowtt of a substrate polished using
conventional chemical-mechanical polishing composition {e.g., a composition that is
otherwise identical but does not comprise, for example, the polymer as defined herain}
typically 15 1.75 or more.

{6042} The magnitude of asperities of a sabstrate polished using the inventive method
{e.g.. employving a chenucal-mechanical polishing conposition as defined herein) typically is
fower than the magnitude of asperities of a substrate polished using a conventional chemical-
mechameal polishing composition {e.¢., a composition that is otherwise wdentical but does not
comprise, e.g., the polviner gs defined herein and/or does not possess the relationship
between polymer charge and zeta potential described heremn}, For example, the magaitude of
asperities of a substrate polished using the inventive method, as compared to the magnitude
of asperities of a substrate polished using an otherwise identical polishing composition that
does not contain the polymer {andfor does not possess the relationship between polvmer
charge and zeta potential deseribed herewn), is 0% or less, e, 80% or less, 70% or fess,
6096 or less, 30% or fess, $0% or less, 30% or less, 208 or less, or 109 or less.

[6043]  The polishing method of the invention 18 particularly suited for use in conjunction
with a chemical-mechanical polishing (CMP) apparatus. Typically, the apparatus comprises
a platen, which, when in use, is in motion and has a velocity that results from orbital, lingar,
or circular motion, & polishing pad in contact with the platen and moving with the platen
whan in motion, and a carrier that holds a substirate {o be polished by contacting and moving
relative o the surface of the polishing pad. The polishing of the subsirate takes place by the

substrate being placed in contact with the polishung pad and the pohishing composition of the
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mvention and then the pohishing pad moving relative o the substrate, so as to abrade at least a
portion of the substrate to polish the substrate.
{80441 A substrate can be planarized or polished with the chemicalamechanical polishing
conmposition with any sutiable polishing pad (e.g., polishing surface}. Suitable polishing pads
wmciade, for example, woven and non-woven polishing pads. Moreover, suitable polishing pads
can comprise any suitable polymer of varying density, hardness, thickness, compressibility,
ability to rebound upon compression, and compression modulus. Suitable polymers include, for
exaniple, polyvinyichloride, polvvinylfiaoride, nylon, flaorocarbon, polycarbonate, polyvester,
polvacryiate, polvether, polyethylene, polyamide, polvurethane, polystyrene, polvpropylene,
coformed products thereof, and mixtures thereof.
|08045] Desirably, the CMP apparatus further comprises an i s#tw polishing endpougt
detection system, many of which are known i the art. Techmques for mspecting and
monitoring the polishing process by analyzing hight or other radiation reflected from a surface
of the workpiece are known in the art. Such methods are described, for example, in U S,
Patent 5,196,333, ULS. Patent 5,433,651, ULS. Patent 3,609,511, UL5. Patent 5,643,116, ULS.
Patent 5 658,183, UL.S. Patent 5,730,642, ULS. Patent 5 838447, U8, Patent 5,872,633 US.
Patent 5,893 796, U.S. Patent 5,949,927 and U.S. Patent 3 964,643, Desirably, the
mspection of monitoring of the progress of the polishing process with respect 1o a warkpiece
bemng polished enables the determination of the polishing end-point, Le., the determination of
when to terminate the polishing process with respect to a particular workpiece,
6046} A chemical-mechanical polishing process can be characterized in a number of
ways, such as in terms of the removal rate of a substrate, the resalting surface roughness, and
the resulting edge roll-off of a substrate.
{00477 The removal rate of a substrate can be deternuned using any suitable technigue,
Examples of suitable techniques for determuning the removal rate of a substrate include
weighing the substrate before and after use of the inventive polishing method to determine
the amount of subsirate removed per unit of polishing time, which can be corvelated with the
removal rate in terms of thickness of subsirate removed per unit of polishing time, and
determining the thickness of the substrate before and afier use of the inventive polishing
method to divectly measure the removal rate of the substrate per unit of polishing time.
{50481 Measurement of surface roughness is well known in the art. Suitabde techniques
for the deternination of surface roughness of a substrate include swrface profilometry, light
scattering techniques, interferometry, and atomic force microscopy ("AFM™).

Instrumentation useful i determining surface roughness is commercially available from
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vendors inchuding Schmitt Industries (Pordand, OR), Lightmachinery, Inc. {CA), and Veeco
Insiruments {Planfield, NY).
160497 After chemical-mechanical polishing of the substrate, the polished substrate
tvpically has an atomic force microscopy roughness average (AFM-Ry of 95% or less than a
subsiraie that has been polished with an otherwise identical polishing composition that does
not comprise the polymer {and/or does not possess the relationstup between poelymer charge
and zeta potential described herein). For example, the AFM-R, is 953% or less, e.g., 90% or
less, B3% or less, BO%: or less, 759%% or less, 70% or less, 65% or less, #1019 or less, 35% or
less, 50% or less, 45% or less, 409 or less, 35% or less, 30% or less, 259 or less, 20% or
fess, 15% or less, 10% or less, or 5% or tess of an AFM-R, when emploving an otherwise
identical polishing composition that does not contain the polvmer {and/or does not possess
the relationship between polymer charge and zeta potential described herewn). Alternatively,
or in addition, the AFM-R, can be 3% or more, e.g., 10% or more, 13% or more, 20% or
more, 25% or more, 30% or more, 353% or more, 40% or more, 43% or more, 0% or more,
33% or more, 60% or more, 653% or more, 70% or more, 75% or more, 80% or more, 85% or
more, 90% or more, or 95% or more of an AFM-R,, when emploving an otherwise wdentical
polishing composition that does not contain the polymer (and/or does not possess the
relationship betwesn polvimer charge and reta potential described herein). Thus, the
comparative AFM-R, can be within the range bounded by any two of the foregoing
endpoints. For example, the AFM-R, can be 60% t0 758%, 30% to 70%, or 25% to 90% of a
removal rate of an otherwise identical polishing composition that does not comprise the
polvmer (and/or does not possess the relationship between polvmer charge and zeta potential
described hereind.
| 80501 The following examples further tHlustrate the invention but, of course, should not

be construed as in any way Hmiting s scope.
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0051} The polishing experiments recited in the Examples were conducted using the

following polishing parameters:

Parameter Value
Polishing tool HAMAI 9B
Polishing pad Filwel SPL2 (X-Y groove}
Polishing composition fow rate 2000 mL/min
Down force 100 glom”
Radius of polishing table 3.3 m
Lower platen speed &0 rpm
Buff carrier rotation rpm 20
Baff camer revolution ypm 12
{6052} AFM-R, is the surface roughness average measured by atomic force microscopy

{AFM) sccording to the procedure described herein. AFM-R, 1s the root mean square
average of the height of peaks (2.g., roughness wregularities) on the surface of a substrate
above the mean plane of the substrate swrface. AFM-R,, was determined according 1o
procedures similar to AFM-R, described herein, except that the resulting data was subjectio
root mean square averaging (AFM-R,), as opposed to arsthmetic averaging (AFM-R,}. The
surface roughness was measured by use of ap D3 100 atomic force nucroscope (Veeco,
Plainfield, NY). The “AFM Ra {A) 2x] am” referred to herein is the surface roughness
measured for a 0.5x1 wm scan area.

EXAMPLE }
{0053} This example demonstrates the effect of sodium polyacrylate on the removal rate

and surface roughness achievable by the mventive pohishing compositions i the polishing of

(o]

separate subsirates comprising glass disk

{6054} Four separate subsirates comprising glass disks were polished with three differant
palishing compositions. Each of the polishing compositions compnised 8 w.% of collovdal
sthica having a D30 particle size of 34 nm in water at a pH of 2.3, Polishing Composition 1A
{controf) did not comprise any polvmer. Polishing Composition 1B (invemtion) further
comprised 50 ppm of sodivm polyacryvlate. Polishing Composttion 1C {comparative) further

comprised 50 ppm of polvacrvlamide. Two substrates were polished with Polishing
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Composition 1A, while Polishing Composstions 1B and 1€ were used to polish a single
substrate.
{B8085] Following pohshing, the removal rate and the surface roughness of each of the

substrates was determuned. The results are set forth in Table 1.

Table 1
o L Removal .
Polishing Polvmer Sthica Zeta AFM Ra
o ] Polviner ) ] Rate
Composiion | Concentration | Potenual | {A)
? (pminun)
3 222 mV 0.230 1.23
1A {(control}  none {} ppm
5 ~3 15 mV 221 1.17
o . ismdium o -
1B (nvention) 54 ppm ~4.66 1V 0196 L4
 polyacrylate
1C {comparative) polvacrylamide Mippm 320 mV 0.177 116

0036} As is apparent [rom the results set forth in Table 1, the mventive polishing
compostiion comprising sodium polyacrylate exhibited a removal rate that was approximately
86% of the average of the removal rates exhibited by the control polishing composition, and
an AFM surface roughoess (Ra) that was approximately 87% of the average AFM surface
roughness exhibited by the control polishing composition. The comparative polishing
compastiion exhibited a removal rate that was approxumately 789 of the averags of the
removal rates exhibited by the control polishing composition, and an AFM surface roughness
{Ra) that was approximately 97% of the AFM surface roughness exhibited by the control
polishing composition. In addition, the silica particles mn Polishing Composttion B exhibied

a more negative zeta potential than the silica particles in Polishung Compositions 1A and 1C.

EXAMPLE 2
{6057} This example demonstrates the effect of pH on the removal rate and surface
roughness in the polishing of separate substrates comprising plass disks.
{DOS8] Six separate substrates comprising glass disks were polished with five different
polishing compositions. Each of the polishing compositions contained 8.5 wit.% of colloidal
stlica having a D30 particle size of 30 nm in water. Polishing Compositions 2A-2E had a pH

of 2.3, 2.0, 2.8, 3., and 4, respectively. Two substrates were polished with Polishing
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Composition 2A, while each of Polishing Compositions 2B-2E was used to polish a single
substrate.
{60591 Following pohshing, the removal rate and the surface roughness of each of the

substrates was determuned. The results are set forth in Table 2.

Table 2

Polishing _ ‘ . ok s 3
- pH Ramoval Rate {(unvmin} AFM Ra {A) 2x] um
Composition

0118 122

2A 2.3
3.109 1.21

2B 2.6 0.093 1.20

2C 2.8 0.082 i.16

2D 3 3.042 1.4

2B 4 0.033 1.03

0060} As s apparent from the resalts set forth 1 Table 2, the lowest AFM swriface
roughness was exhibited by Polishing Composition 2E, baving a pH of 4, which surface
roughness was approximately 83%; of the average surface roughness exhibited by Pohishing
Composition 2A, which had a pH of 2.3, However, the removal rate exhibited by Polishing
Composition 2F was approximately 29% of the average removal rate exhibited by Polishing
Composition 2A.

EXAMPLE 3
{6061} This example demonstrates the effect of silica particle size and amount of polymer
on removal rate and surface roughness in the polishing of separate substrates comprising
glass disks.
{0062} Ning separate substrates comprising glass disks were polished with eight different
polishing compositions. Each of the polishing composittons comprised 8 wi% of colloidal
stlica in water at a pH of 2.3, Polishing Conposition 3A {comparative) contained colloidal
silica having a D34 particle size of 34 nm and did not conyprise any polymer. Polishing
Composiiion 3B {invention) conianed colloidal silica having a D30 particle size of 34 nm
and further comprised 50 ppm of polvacrylic acid. Polislung Composttion 3C {Invention})

contamed colloidal silica having a D30 particle size of 34 mn and further comprised 300 ppm
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of polyacryhe acid. Polishing Composition 3D (comparative) contained colloidatl siica
having a D8O particle stze of 26 mm and did nol comprise any polymer. Polishing
Composition 3E (nvention) contained colloidal silica having a D30 particle size of 26 nm
and further comprised 300 ppm of polvactvlic acid. Polishing Composition 3F (comparative)
contamed coliowdal silica having a D50 particle size of 18 nm and did not comyprise any
polymer. Polishing Composition 3G (nvention) contained colloidal silica having a D3¢
particle size of 18 nm and further comprised 5¢ ppm of pelyacrylic acid. Polishing
Composition 3H (nvention) contained colloidal sitica having a D30 particle size of I8 nm
and further comprised 500 ppm of polvacrvlic acid. Two substrates were polished with
Polislung Composition 3A, while cach of Polishing Compositions 3B-3H was used to polish
a single substrate,

[D063} Following polishing, the removal rate and the surface ronghness of each of the

substrates was determined. The resulis are set forth i Table 3,

Table 3

Polishing | D30 Particle L . Removal Rate AFM Ra (A)
o TTE g - Polvacrylic Acid o e
Composition | Size {umnun} 2x1 um
‘ o . 0.216 1.2
3A {comparative} | 34 om { ppm ‘ _
i (3191 119
3B (invention) | 34 mn S0 ppm 0.196 1.07
3C (invention) | 34 nm SO0 ppm (.100 0.89
3D (comparative) 26 nm O ppro 0.103 1.03
3F (invention} | 26 nm SO0 ppm 0.097 0.92
3F {comparative} 18 {} ppint (.030 (.94
30 (imvention) | 18 nm 3 ppm (3.038 (.94
3H (ivention) i& nm 300 ppm 0.040 (.89

{0064} As is apparent from the resolis set forth 1n Table 3, with silica baving a D30
particle size of 34 nm, increasing the amount of polyacrylic acid from O ppm in Polishing
Composition 34 {0 30 ppm i Polishing Composition 3B resalted in a decrease in AFM Ra of
approsimately 13% and g reduction m removal rate of approxamately 4%. Increasing the
amount of polyacrvlic acid from O ppm m Polishing Composition 3A to 500 ppn 1 Polishung
Composition 3C resulted m a decrease m AFM Ra of approximately 26% and a reduction in
removal rate ol approximately S1%. Decreasing the silica D30 particle size to 26 nm as in

Polishing Compositions 3D and 3E or to 18 nit as i Polishing Compositions 3F-3H, with or
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without added polvacrylic acid, resulted in approximately 30-85% reduction in removal rates
as compared to Polishung Composition 3A, which contained silica having a D50 particle sive

af 34 wn,

EXAMPLE 4
{8065} This example demonstrates the effect of the type of silica present i a polishing
composition on removal rate and urface roughness it the polishing of separate substrates
comprising glass disks.

P

{0066} Five separate substrates comprising glass disks were polished with four ditterent
polishing compositions. Each of the polishing compositions comprised 8.3 wi% of silica in
water and 50 ppim of polvacrylic acid at a pH of 2.3, Pohishing Composition 4A {invention}
contained colloidal silica derived from sodium silicate and having a D30 particle size of 34
nm. Polishing Composition 4B {invention) contained substantially spherical sihica derived
from tetraethviorthosihcate (“TEOS™} and baving a D30 pariicle size of 25 nm. Polishing
Composition 4C {comparative) contained cocoon-shaped silica denved from TEOS and
having a D50 particle size of 530 nm. Polishing Composition 4D (comparative} contained
aggregated sihica derived from TEOS and having a D30 particle size of 72 mm. Two
substrates were polished with Polistung Composition 4A, while each of Polishing
Compositions 48-4D was used to polish a single substrate.

{bo67] Following polishing, the removal rale and the sarface roughness of the substrales

were deternmuned. The resulls are set forth in Table 4.

Table 4
Polishing " _ D56 Pariicle Removal Rate | AFM Ra (A)
o = Silica Tvpe o )
omposition Size {um/nin} 2x! gm
o S (5,221 1G9
4A (mvention) sodium stheate 34
(1.187 1.5
4B {(invention) TEOS 25 {1,191 116
4C {comparative) TEOS S0 (.274 1.61
48 {comparative) TEOS 72 (.465 178

|8068] As 15 apparent from the results set forth in Table 4, Polishing Compeosition 48,
which contamed TEOS-denved silica having a D30 particle size of 25 nm, exhibited a2 AFM
1

surface roughness that was approximately 8. 4% greater, and a removal rate that was

approximately 6.4% lower than, the average AFM surface roughness and average removal

rate exhibited by Polishing Composition 4A. Polishing Composition 4C, which contained
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TEOS-derived silica having a D50 particle size of 50 nm, exhibited a AFM surface roughness
that was approximately 50% greater, and a removal rate that was approxamately 34% greater
than, the average AFM swrface roughness and average removal rate exiubited by Polishing
Composition 4A. Polishing Composition 4D, which contamned TEOS-derivad silica having a
D30 particle size of 72 nm, exiubited 3 AFM surface roughness that was approximately 66%
greater, and a removal rate that was approximately 128% greater than, the average AFM

surface roughness and average removal rate exhibited by Polishing Composition 4A,

EXAMPLE §
{6069} This example demonsirates the effect of polvacrylic acid present i a polishing
composition on the asperity count in the polishing of separate substrates comprising glass
disks.
{0076} Two separate substrates comprising glass disks were polished with two different
polishing compositions. Each of the polishing compositions comprised 8.5 wit.%% of a sodinm
stlicate-derived colloidal silica in water at a pH of 2.3 Polishing Composition 3A
{comparative) did not contain any polvmer. Polishing Composition 3B {invention) Ruther
contained 50 ppm of polyacrylic acid.
[6071] Following polishing, the substrates were ispected using a Nanoscope Dimension
3100 atomic force microscope {Braker, Santa Barbara, CA} Four Ixl um sites on each disk
were inspected. The disk polished with Polishing Composttion SA exhibited approximately 2
asperities per measurement site, while the disk polished with Pohishing Compaosition 5B
exhibited approximately 0.23 asperities per measurement site. The results are ilustrated in
FIGS. 1A and 1B.

EXAMPLE 6
{68072} This example demonstrates the effect of the amount of a polviner, for different
abrasive particle sizes, on the removal rate and AFM-R, observed when polishing glass
substrates with chemical-mechanical polishing compositions comprising the polvmer,
wherein the polymer employed has an overall charge that 1s the same sign as the zeta
potential Z, of the abrasive particles.
{6073}  Polishing Compositions 3A-3C from Example 3, and the AFM-R, and removal
rates therefor, are reproduced i Table § for convenience and ease of companson with the
polishing compositions of this example. Nineteen sumilar substrates comprising circulur glass
disks were each polished with one of nineteen polishing compositions (Polishing

Compositions 6A-68). Each of the polishing compositions contained either 8 wit%
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{Polishing Compositions 3A-3C and 6A-6E) or 8.3 wi.% (Polishing Compeositions 6F-68) of
wet-process substantially spherical silica abrasive particles prepared from sodium silicate.
Any differences in removal rate or AFM-R, arising from the difference i amount of silica
particles {8 wi.% vs. &5 wi.%) is expected (o be minimal compared to the effect of the
podvier, such that, in the context of this example, the difference 1w amount of sithica is not
considered 1o be significant. Polishing Compositions 3A-3C and 6A-60 had a pH of 2.3 and
demonstrate the effect of polymer amount on abrasive particles having different median
particle sizes. Polishing Compositions 6P-68 had a pH of either 4 or & and emplov only ong
stze particle {34 nny) to demonstrate the effects of enaployving the polymer at these pHs. The
stlica abrasive particles had, at the pH of the polishing compositions, the median particle
sizes indicated in Table 5. The polishing compositions contamned polvacrvlate {e.g.,
DEQUEST PO020 available from Thermphog), Le., an anionic polymer, in the amount
mdicated m Table 8. The polvacrylate had a weight-average molecular weight of 3000
gmol.
0074} Following pohishing, the removal rate and AFM-R, were determined for each of

the polishing compositions, The results are summarized i Table 5.
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Table §
Polishing })Oi}m_le%’ Siii.c:;.l WLEM“ Removal Rate AFM-R,
Camposit?@n pH “‘,,‘i‘?‘_’“m Pamc‘ie Siee {Asmin) (A)
{ppm) {nm)

6A 2.3 { 18 300 (.94
6B 2.3 30 18 380 (.98
HC 2.3 300 IS 400 (.89
61 2.3 4 26 1034 1.463
6E 2.3 300 26 970 (.92
3A 23 £} 34 2164} 121
OF 23 £ 34 2330 117
3B 23 SO 34 1960 107
GG 2.3 otk 34 2120 1.08
GH 2.3 54 34 1810 1.06
3C 2.3 S00 34 1000 .89
61 23 SO0 34 1460 09

Gl 23 £ 66 4320 202
6K 2.3 Y 66 3320 1.73
6L 2.3 S04 66 1980 144
et 2.3 £ 46 3950 221
ON 23 30 96 3920 2.04
60 23 S0 U6 SO0 1.96
6P 4 £ 34 160 (.89
60Q 4 S04 34 630 (.87
oR & { 34 1220 (.88
63 & SO0 34 230 (.86

[6075F  Asis apparent from Table 5, a comparison of the effect of the inclusion of

polvacryiate m the polishing compositions across different median particle sizes {at a pH of
2.3} reveals that the reduction in AFM-R, (24% and 29%} achteved by employing
polvacrylate m amounts from O ppm to SO0 ppm is more pronounced for polishing
compositions comprising abrasive particles having ¢ median pariicle size of 34 am and 66
i, respectively, as compared to the AFM-R, reduction (3%, 119%, and 11%) observed for
abrasive particlies having other median particle sirzes {e.g., 18 nm, 26 nm, and 96 wm,

respectively) {where applicable, the polishing resulis for a polishing composition having the
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same amount of polymer and same median particle size were averaged to obtam the reduction
rates reported herein). Moreover, the inclusion of polvacrviate in polishing compositions
having a pH of 4 or 8 was found to decrease the removal rate, while also somewhat
mproving the AFM-R,. It is clear from the results set forth in Table S that polyacrylate has a
favorable effect on the AFM-R, &t all of the median particle sizey and pHs depicted in Table
y

{6076} All references, including publications, patent applications, and patents, cited
herein are hareby incorporated by reference {0 the same extent as if each reference were
mdividually and specifically indicated to be mcorporated by reference and were set forth in
its entirety herein,

|80771 The use of the terms “a” and “an™ and “the” and “at least one™ and sinlar
refevents in the context of describing the imvention {especially in the context of the following
claims) are to be construed o cover both the singular and the plural, unless otherwise
wmddicated herein or clearly contradicted by context. The use of the term “af least one™
followed by a hist of one or more items (for example, “at least one of A and B”) is to be
construed (0 mean one Hem selected from the listed tems (A or By or any combination of two
or more of the histed items (A and B), unless otherwise indicated herein or clearly
contradicied by context. The termes “comprising,” “having,” “including,” and “containing”
are 10 be construed as open-ended terms (Le., meaning “mcluding, but not himited t0.7) anless
otherwise noted. Recitation of ranges of values herefn are merely intended to serve gs a
shorthand method of referring individuaily to each separate value falling wathin the range,
unless otherwise indicated herein, and each separate value is incorporated nto the
specification as it i1t were individually recited herein. Al wethods described herein can be
performed in any suilable 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 merely (o better iffonuinate the nvention and does not pose a
Himitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed elemant ay assential to the
praciice of the invention.

{6078} Preferred embodiments of this invention are described heremn, including the best
mode known to the mventors for catrying out the invention. Variations of those preferred
embodiments may become apparent to those of ondinary skiil in the arl upon reading the
foregomng description. The inventors expect skilled artisans to employ such vanations as

appropriate, and the inventors intend for the invention to be practiced otherwise than as
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specifically described herein. Accordmgly, this ivention inchudes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any contdnnation of the above-described elements in all possible
variations thereof 1s encompassed by the invention unless otherwise indicated herein or

atherwise clearly contradicied by context.
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CLAM(SY:
i A chenucal-mechanical polishing composition comprising:

(a} abrasive particles,

{b) a polymer, and

{c) water,

wherein the following conditions are sanisfied:

(i) the polymer possesses an overall charge,

(11} the abrasive particles bave a 7eta potential Z, measared in the absence of the
polvmer and the abrasive particles have a zeta potential Zy measured in the presence of the
polvmer, wherein the zeta potential 7, is a numerical value that is the same sign as the overall
charge of the polymer, and

{111} | zeta potential Z;}I > In.ia potential Zul )

2. The polishing composition of claim 1, wherein the outer surface of the
abrasive particles consists of silica.

-y

3 The polishing compesition of claim 1, wherein the abrasive particles are
synthesized by condensing an alkali metal silicate.

4, The polishing composition of claim 1, wherein the abrasive pasticles have a
substantially spherical shape.

5. The polishing composition of claim 1, wherein the abrasive particles are
present n an amoant of 1 wi% to 30 wi%.

6. The polishing composition of claim 1, wherein the abrasive particles have an
average particle size of 1 mm to 100 nm.

7. The polishing compeosition of claimt 1, wherein the polyvmer comprises
monomers that are an {alkvDacrvlic acid, a salt thereof, or a combination thereof and 0-3
mol% of a comonomer having a sulfonate group or sulfonic acid group.

8. The polishing composition of claim 7, wherein the polymer has a weight-
average molecular weight of 1000 to 4000 g/mol.

9. The polishing composition of clatm 1, wherem the polvimer is present in an
amount of T ppm to 10,000 ppm.

10, The polishing composition of claim 1, wherein the polishing composition has

apHolltoé6.
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1o A chenmeab-mechanical polishmyg composition conprising:

{a} abrasive particles comprising silica on an outer surface of the abrasive particles,

(b} a pelymer comprising a polv(atkylacrylate, a salt thereof, or a combination
thergof, whergin the polymer comprises -3 moel? of 2 monomer having a sulfonate group or
sulfonic acid group, and

{c} water,

wherein the polishing composition has a pH of 1.8 10 4 and the following conditions

(1) the polymer possesses an overall negative charge,

(11} the abrasive particles have a zeta potentiagl 7, wmeasured in the absence of the
polymer and the abrastve particles have a zeta potential Zy, measured in the presence of the
polymer, wherein the zeta potential Z, is negative, and

(iii) |zeta potential Z, ] > | veta potential Z, | .

12, The polishing composition of claim 11, wharein the abrasive particles are

syathesized by condensing an alkali metal silicate.

13, The polishing compesttion of claim 11, wherein the abrasive particles are

substantiatly spherical in shape.

14, The polishing composition of claim 11, wherein the abrasive particles are

present in an amount of 1 wi% to 30 wi%.

15 The polishing composition of clatm 11, wheremn the abrasive particles have an

average particle size of 1 wm to 50 nn

16, The polishuing composition of claim 11, wherein the polymer is a

homepolymer of an {atkyhacrylic acid, a salt thereof, or a combination thereof.

17.  The polishing compostiion of claim 11, wherem the polymer has a weight~

average molecular weight of 1000 to 4000 g'mol.

18, The polishing composition of clamm 16, wheremn the polymer is present i an

amownt of | ppim to 2,000 ppm.

19, The polishing composition of claim 11, wherein the following equation is

satisfied: Izei‘a potential Z;;.ﬂ — | zeta potential Zaﬁ >l mv.

200 A method of chenucal-mechanically polishing a substrate, which methaod

comprises;
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(1} contacting a substrate with a polishing pad and the chemical-mechanical polishing
COmMPosSHIon comprising:
{1 abrasive particles,
{b} a polymer, and
) water,
wherein the following condutions are satisfied:
(1) the polymer possesses an overall charge,
{11} the abrasive particles have a zeta potential 7, measured in the
absence of the polvimer and the abrastve particles have a veta potential
Zy messured in the presence of the polymer, wherein the zeta potential
Z, 1s a numerical value that is the same sign as the overall charge of the
polymer, and
(iii) | zeta potential Zy | > | zeta potential 7, { |
{2} moving the polishing pad relative 1o the sybstrate with the chemical-mechanical
polishing composition therebetween, and

(3) abrading at least a portion of the substrate to polish the substrate.

2t The method of claim 20, wherein the substrate has a zeta potential Z,
megsured in the absence of the polymer, wherein the zeta potential Z, has a numerical value
that is the same sign as {a) the numerical value of zeta potential 7, and (b} the overall charge

of the polymer.
22 The method of clavm 20, wheremn the substrate s glass.

23, The method of claim 20, wherein the polviner comprises a poly({alkyiacrylate,
a salt thereof, or a combination theveof.

24, The method of claim 20, wherein, afier chemical-mechanical polishing of the
substrate, the polished substrate hys an atomic force microscopy roughness average (AFM

Rayof 1.5 A or less, as measured over 2 2 um x | um area of the polished substrate.
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FIG. 1A
Polishing Composition 5A
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