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COMPOSTTION AND METHOD FOR POLISHING BULK SILICON
BACKGROUND OF THE INVENTION

(001} Siticon wafers used in electronic devices are typically prepared from a single
crystal siticon ingot that 1s first sliced into thin walfers using a diamond saw, lapped to
improve flatness, and etched 1o remove subswriace damage caused by lapping. The silicon
wafers are then typically polished in a two-step process to remove nanotopography caused by
etching and to achieve the desired thickness before the wafers are acceptable for use n
electronic devices,
3002} Inx the first polishing step, a high removal rate is required, and ideally the
wanotopography would not be worsened during this step. Nanotopography s a parameter that
measures the front-surface topology of an area and is delined as the deviation of a surface
within a spatial wavelength of around 0.2 10 20 mm. Nanotopography differs from surlace
flatness i that, for nanotopography, the flatness of the water surface is measured relative to
the wafer surface itself, while for surface Datness, the flatness of the wafer surface is
measured relative to a flat chuck used o hold the wafer. Thus, a wafer may have perfeat
flatness, vet still have nanotopography. If a waler has swrface wregularities on the front and
back sides of the water, but the front and back surfaces are pavallel, the water has perfect
flatness. However, the same wafer will exlubll nanotopography. Nasotopography bridges
the gap between roughness and flatness in the topology map of wafer surface wrregulariies in
spatial frequency.
{0663} Conventional polishing compositions for silicon wafers exhibnt high removal rates
for silicon, but produce mcreased nanotopography of the silicon wafers. The increased
sahoiopography puts increased demands on the second, final polishing step to produce silicon
wafers suitable for further processing nto semiconductor substrates.
[0604] in addition, the edges of the silicon wafers can come into contact with processing
apparatus and fransporting cases, which can resuli in cracking or chipping at the edge
surfaces of the wafers. Fine particles can be generated by the cracking or chipping, which
can mterfere with forther processing. Contanunation of the silicon wafers with very fine
particles can also oceur at the coarsened sutface of the edge. which particles can be released
during processing and result in contamination of the wafer surfaces. Thus, the mdermost
periphery edge of the waler is typically chamfered and then nurror polished at an early sta
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of the wafer processing. Further, in some processes, the silicon wafers are oxudized on one
side to form a protective layer of silicon oxide, and so part of the water edge comprises
silicon oxide. While sihicon polishing compositions can be used for edge polishang, tvpicatly,
a hugher removal rate is needed for edge polishing of silicon walkers than for surface
polishing. In addition, a suitable edge polishing composition desirably exhibuis a useful
removal rate on silicon oxide as well as on silicon. Thus, there remains a nead in the art for

improved polishing compositions for sificon wafers.

BRIEF SUMMARY OF THE INVENTION
[6665] The mvention provides a polishing composition comprising (a) silica, (b a
compound or compounds that increases the removal rate of silicon, (¢} o tetraalkylammonium
sait, and {d) water, wherein the polishing composition has a pH of 7 to 11,
j0006] A first embodiment of the inventive chemical-mechanical polishing composition
comprises a chemical mechanical pohishing composition consisting essentially of or
consisting of (a) 0.5 wi.% to 20 wit.% of silica, (b) 0.01 wi% to § w9 of one or more
organic carboxylic acids, (o) 0.0005 wi.% o 2 wi.% of one or move aminophosphonic acids,
{d) 0.01 wi.% 1o 5 wi.% of one or more tetraalkviammoniwm salts, (e} optionally one or more
bicarbonate salts, {f) optionally potassmum hydroxide, and {g) water, wherein the polishing
composition basapHof Tto L 1,
j0007] A second embodiment of the inventive chemical-mechanical polishing
composition comprises a chemical mechanieal polishing composition consisting essentially
of or consisting of (4} 0.5 wi.% to 20 wi.% of sihica, (b} 0.01 wit.% 1o 2 wi% of one or more
polvaminocarboxylic acids, (¢} .05 wi % to 5 wi.% of one or more amines, (D 0. wito to §
wi,% of one or more ietraatkylanumonmm salis, (e) 0.001 wi% to 1 wi % of one or more diod
compounds, {{} optionally one or more bicarbonate salts, and (g} water, wherein the polishing
composition hasapH of Tto 1L
jO008] A third embodiment of the inventive chenuical-mechanical polishing composition
comprises a chemical mechanical polishing composttion consisting essentially of or
consisting of (a) 0.5 wi.% to 20 wit.% of silica, (b) 0.01 wi% to 2 w9 of one or more
polyaminocarboxylic acids, (o) 0.1 wi b to § wi% of one or more tetraalkyvlgrmnmonium salts,

{d} .01 wi.9% 1o § wi.% of one or more organic carboxvhic acids, () optionally 0.1 wt% o 5
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wt. % of one or more amines, {f) optionally one or more bicarbonate salts, and (g} water,
wherein the polishing composttion hasapH of 70 11

0009} A fourth embodiment of the inventive chemical-mechanical polishing composition
comprises a chenucal mechanical polishing composition consisting essentiglly of or
consisting of (a) 0.5 wi.% to 20 wi% of silica, (b)Y .02 wi.% to 3 wi.% of pue or more
gifrogen-contaning heterocyehic compounds, {¢3 0,05 wi % to 2 wi.% of one or more
aminophosphonic acids, (A .1 wt % 0 5 wi.% of one or more tetraatkviammomam salts, (&)
optionalty one or more bicarbonate salts, and () water, wherein the polishing composition
masapti of Tio 1L

[eO1H The mvention also provides a method for chemically-mechanmcally pohishing a
substrate with the inventive chemical-mechanical polishing composition.

{0611} A first embodiment of the inventive method for chemically-mechanically
polishing a substrate comprises {1} contacting a substrate with a polishing pad and a chemical
mechanical polishing composition consisting essentially of or consisting of {a) 0.5 wt % 10 20
wi s of sthica, (b) .02 wi.% to § wi.% of one ov move organic carboxvlic acids, (€} 0.02

()z

wi % to 2 wi% of one or more ammophosphonic acids, {(d30.] wit.% to 5wt of one or more
tetraalkyviammontam salts, (e) optionally one or move bicarbonate salts, (f) optionally
potassium hyvdroxide, and {g) water, wherein the pohishing composition has a pH of 7 1o 11,
{11} moving the polishing pad relative to the substrate with the chemical-mechanical polishing
composition thersbetween, and (1i1) abrading at least a portion of the sabstrate to polish the
substrate.

0812 A second embodiment of the inventive method for chemicallv-mechanically
polishing a substrate comprises (1) contacting a substrate with a polishing pad and a chenucal
mechanical polishing compostiion consisting essentially of or conaisting of (2} 8.5 wi% to 2
wi%% of silica, (b} 0.01 wit.% 10 2 wt % of one or more polyaninocarboxylic acids, (¢) .05
wi,% to § wi% of one or more amines, (d) 0.1 wi%% 1o 5 wit.% of one or more
tetraatkylanmmonnen salis, () 0.001 wt% to | wi%: of one or more diol compounds, ()
optionally one or more bicarbonate salts, and {g) water, wherein the polishing composition
has a pH of 7 to 11, (11) moving the polishing pad relative 10 the substrate with the
chenuical-mechanical polishing composition therebetween, and {1it) abrading at feast a portion

of the substrate to polish the substrate.
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j0013] A third embodiment of the nventive method for chemically-mechanically
polishing a substrate comprises (1} contacting a substrate with a polishing pad and a chemical
mechanical polishing composition consisting essentially of or consisting of (a) 4.5 wit.% to 20
wi.% of silica, (b} 0.01 wi % 10 2 wt.% of one or more polyaminocarboxylic acids, (¢} 0.1
wi. % 1o & wi.% of one or more tetraatkylammoninm salts, {d)} 0.01 wt% o S wtb of one or
more organic carboxylhic acids, (e optionally &1 w90 1o § witb% of one or more amunes, (D
optionalty one or more bicarbonate salts, and {g) water, wherein the polishing composition
has a pH of 7 10 11, {i1) moving the polishing pad relative o the substrate with the
chenmcal-mechanical polishing composition therebetwesn, and {11} abrading at least a portion
of the substrate to polish the substrate.

[oo14} A fourth embodiment of the wnventive method for chemically-mechanically
polishing a substrate comprises {1} contacting a substrate with a polishing pad and a chemical
mechamcal polishing composition consisting essentially of or consisting of {a) 0.5 wt.% 10 20
wi %% of sthea, () 0.02 wi% to 5 wi.% of ong or more nitrogen~contatmng heterocyelic
compounds, (©) 0.05 wi% © 2 wi% of one or more aminophosphowmic acids, (01 w0 5
wi. % of one or more tetraaltkylammoniam salts, (e} optionally one or more bicarbonate salts,
and (f} water, wherein the pohshing composition has a pH of 7 to 11, (1) moving the
polishing pad relative to the subsirate with the chemical-mechanical polishing composttion
therebetween, and (i11) abrading 3t {east a portion of the substrate to polish the substrate,
{0615} The mvention further provides a method for polishing an edge ot a silicon wafer,
wheretn the edge consists essentially of sificon, which method comprises (i) contacting 8
substrate with a polishing pad and a chenucal mechanical polishing composition consisting
essentiatly of {3) 0.5 wit % to 20 wi % of wet process silica, {b) 0.01 wi.% 10 S wt¥s of an
organic carboyylic acid, (¢} G.0003 wit.% {0 2 wt.% of an ammophosphonic acid, (d) 0.4
wi% to 3 wi% of a tetraalkvlammonium salt, (¢} potassium hvdroxide, (f) optionally, a
bicarbonate sal, and {g) water, wherem the polishing composition hasa pH of 7 to 11, {11}
moving the polishing pad relative to the edge of the silicon wafer with the chemical
mechanical polishing composition therebetween, and (i1} abrading at least a portion of the
edge to polish the edge of the silicon waler,

joB 16} The tnvention additionally provides a method for polishing an edge of a wafer,
wherein the edge has a surface connisting essentially of sihicon and stlicon oxide, which

method comprises (1) contacting a substrate with & polishing pad and a chenmcal mechanical
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polishing composition consisting essentially of {a) (1.5 wi.% to 20 wiS of silica, (b} 0.01
wi to 5 wi% of an organic carboxylie acid, {¢) 0.0005 wt% to 1 wi™ of an
aminophosphonic acid, (d) 0.01 wi.% to § wi % of a tetraalkyiammonium salt, {e) optionally,
a bicarbonate sali, {f) optionally, potassiunt hydroxade, and (g) water, wherein the polistung
conposition has a pH of 7 to 11, (11) moving the polishing pad relative to the edgs of the
waler with the chemical mechameal polishing composition therebetween, and (i1i) abrading at

least a portion of the edge to polish the edge of the wafer.

BRIEF DESCRIPTION OF THE DRAWING(S)

{0617} The Figure is a schematic drawing that dlustrates the surface parameter R

DETAILED DESCRIPTION OF THE INVENTION
[0018]  The inventon provides a pohshung composition comprising (a) sthica, (b} a
compound or compounds that increases the removal rate of silicon, (¢} a tetraalkylammomum
salt, and {d} water, whervem the polishing composition hasapH of 7 to 11.
{0619} The silica can be any saitable form of silica such as wet-process type sihica, fiimed
siltca, or combinations thereof. For example, the stlica can comprise wet-process type silica
particles {e.g., condensation-polymerized or precipitated sifica particles). Condensation-
polymenized silica particles typically are prepared by condensing S{OH) to form celleidal
particles, where collowdal particles are defined as having an average pariicle size between | am
and HIG0 sm. Such abrasive particles can be prepared in accordance with ULS, Patent 5,230,833
or can be obtained as any of various copmercially avatlable products, such as the Akzo-Nobel
Bindzil 30/80 product, the Nalco DVESTS006 product, and the Fuso PL-2 product, as welf as
other similar products available fromt DuPont, Bayer, Applied Research, Nissan Chemical, and
Clanan.
o020} The silica can comprise fumed silica particles. Famed silica particles can be
produced from volatile precursors {e.g., silicon hahides) in a pyrogenic process by hydrolvsis
andior oxidation of the precursors in a high temperature fame (Hx/aw or HyCHafain) 1o
produce the fumed silica. The solution containing the precursor can be spraved into a high
temperature flame using a droplet geperator, and the metal oxide can then be collected.
Typuwcal droplet generators include bi-fluid atomirzers, high-pressure spray nozzles, and
ulirasonic atowmizers. Suitable fumed silica products are commercially available from

producers such as Cabot, Tokuyama, and Degussa.
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0021} The silica can have any suitable average particle size (e, average particle
diameter). The silica can have an average particle size of 4 nm or mwore, e.g., 10 nm or more,
18 nm or more, 20 nm or move, of 25 nm or more.  Alternatively, or in addition, the silica can
have an average particle size of 180 nm or less, e.g., 120 nm or less, 110 nm ot fess, 100 am
or less, 90 wm or less, 80 nim or fess, 70 nm or less, 60 nm or fess, 30 mn or less, or 40 nm or
less. Thus, the silica can have an average particle size bounded by any two of the above
endpoints. For example, the silica can have an average particle size of 10 nm to 100 nm, 20
wm to 10 nm, 20 nm to 80 om, 20 nm 0 60 nm, or 20 ww to 40 nm. For & non-sphernical
sifica pariicle, the size of the particle s the diameter of the smallest sphere that encompasses
the particle.

{0822}  The polishing composition can comprise any suaitable amount of silica. Typically,
the polishing composition can contain 0.5 wi.% or move, e.g., 1 wi% or more, 2 wt.% or
more, or 5 wi% or move of silica. Alernatively, or in addiion, the polishing composition
can conlatn 20 wi.% or less, e.2., 13 wt.% or less, 10 wi.% or fess, 8 w.% or less, 6 wt%% or
less, or § wi.%% or less of silica. Thus, the polishing composition can comprise silica in an
amownt boumded by any two of the above endpoints recited for silica. For example the
polishing composition can comprise 0.5 w9 10 20w %, 1 wi% to 15 wt%, SwiSeto 15
wi %, or 8.5 wi % to 5 wit% of silica.

[0623} The silica particles preferably are colloidally stable. The term collowd refers to the
suspension of silica particles in the liguid carvier. Colloidal stability refers to the
maintenance of that suspension through time. In the context of this invention, an abrasive is
considered colloidally stable if, when the abrasive is placed into a 100 ml graduated cylinder
and allowed to stand unagitated for a time of 2 howrs, the difference between the
concentration of particles m the bottom 30 mi of the gradaated cyhinder {({B] in terms of g'ml}
and the concentration of particles in the top 30 mi of the graduated cyvlinder (T1 in terms of
g/nd} divided by the imtial concentration of particles in the abrasive composition (U} in
terms of gimi} is less than or equal t0 0.5 (e, {B] -~ {THC] 0.5 More preferably, the
value of | B THC] is less than or equal to 0.3, and most preferably is less than or equal to
1.

jo024] The pohishing composition comprises water, The water is used to facilitate the

application of the abrasive particles, compound(s) that increase the removal rate of silicon,
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and any other additives to the surface of a suitable sybstrate to be polished or planarized.
Preferably, the water is deionized water,

[0025] The polishing composition has a pH of 11 or less {e.g., 10 or less). Preferably, the
polishing composition has a pH of 7 or more {e.g., § or more). Even more preferably, the
polishing composition hasapH of 7to 1 {e.g, 8 to 10). The polishing composition
optionally contams pH adjusting agents, for axample, polassium hydvoxide, ammeonium
hydroxide, and/or nitnie acid. The pohishing composition also optionally comprises pH
bulterng systemis. Many such pH buflering systems are well known m the art. The pH
buffering agent can be any suitable buffering agent, for example, bicarbonate-carbonate
buffer systems, aminoalkyisulfonic acids, and the like. The polishing composition can
comptise any suttable amount of a pH adjustor and/or a pH bullfening agent, provided that a
suttable amount s used o achieve andfor maintain the pH of the polishing composition
within a seitable range.

06261 A first embodiment of the inventive chemical-mechanical polishing composition
provides a chenucal mechanical polishing composition consisting essentiglly of or consisting
of {(a) 0.5 wi.% to 20 wi% of silica, (b) 0.01 wi.% lo 5 wi.% of an organic carboxylic acid,
(¢} (1.0005 wt.% 1o 2 wt.% of an anminophosphonic acid, {d) 0.01 wt% to Swi® of a
tetraatkylanymonum salt, {e) optionally a bicarbonate saki, (f) optionally potassium
hvdroxide, and (g} water, wherein the polishing composttionhasapHof 7 to 11,

{0627} The polishung composition of the first embodiment contains one or more suitable
orgamc carboxylic acids or salts theveoll The organic carboxylic acid can be an alkyl
carboxyhe acid or arvl carboxylic acid and can be optionally substituted with groups selected
from the group consisting of €;-Cyy alkyi, amino, substituted amine (2.p., methylamino,
dimethylapine, and the like), hvdroxyl, halogen, and combinations thereof. Preferably, the
organic carboxylic acid is a hvdroxvearboxylic acid (e.g., an aliphatic hydroxyearboxylic acid
or a hvdroxybenzoic acid), an amine acid, an amino hydroxvbenzoic acid, or a pynidmne
carboxylic acid. Non-hmiing examples of suitable hydroxyearboxylic acids include malonie
acid, lactic acid, malic acid, tartanic acid, acetohydroxamic acid, glycolic acid,
2-hvdroxybutyric acid. benzilic acid, salicylic acid, and 2,6-dilvdroxybenzoie acud,
Non-hmiting examples of suttable amino acids mchude glveme, alamne, proline, lysine,
cysteine, leacine, aspartic acid, ghatamie acid, and 2-amino-4-thiarzolacetic acid.

Non-lingung examples of an amino hydroxybenzow sad nchade 3-aminosalicvlic acid and
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3-amino-4-hydroxybenroic acid. Non-limiting examples of pyridine carboxylic acids melude
picohinic acid and nicotinic acid.

00281 The polishing composition of the first embodiment can contain any suitable
amount of the organic carboxvlic acid(s). The polishing composition can contain .01 wi%
or more, &.g., 0.02 wi% or more, 2.g., 0.05 wi% or more, 8.1 wi.% or more, or 0.5 wi.% or
more of the organic carboxylic acid(x). Alternatively, or i addition, the polishing
composition can contain 3 wit.% or less, ez, 4 W% or less, 3 wi.% or less, 2 wi.% or fess, or
bwit % or less of the organic carboxylhic aeid(s}. Thus, the polishing composition can
comprise the organic carboxviic acid{s} m an amount bounded by any two of the above
endpoits recited for the organic carboxylic acidis). For example the polishing composition
can comprise .01 wils to 5 wit%, .02 wi% 1o § wibe, 0.05 wi to 4 wi, or .1 wi% to
3 wito of the organie carboxyvlic acid(s}.

{0629} The polishing composition of the first embodiment contains one or more suitable
aminophosphonic acids. Preferably, the aminophosphonic acid ts selected from the group
cousisting of ethvlenediaminetetra(methvlene phosphonic acid), amino tri{methylene
phosphonic acid), diethylenetriaminepenta{methviene phosphonic acid}, salts thereot| and
combinations thereof, More preferably, the amivophospbonic acid s anuno wi{methylene
phosphonie acid).

[0630] The polishing compuosition of the first embodinent can contain any suitable
amount of the aminophosphonic acid(s). Typically, the polishing composition can contain
0.0005 wi.% or more, e.g., G001 wi% or more, 0.01 wi.% o more, 0.02 wi % or more, .03
wi s or more, 0.1 wi % or miore, §.2 wt %% or more, o .5 wi % or more of the
aminophosphonic acid(s). Alternatively, or in addition, the polishing composition can

3.

contain 2 wi.% or Jess, e.g, 1.5 ot% or less, or T wi% or less of the amimophosphounic
acid(s). Thus, the polishing composition can comprise the anunophosphonic acid(s) in an
amount bounded by any two of the above endpoints reciied f{or the aminophosphonic acid(s).
For example the polishing compostion cap comprise 0005 a1% 10 2 wt.%, 002 wiS to 2
wi %%, 005 wi%% 1o 2 wit%, (.1 wi% to 1.5 wi, or 0.5 wit% 10 1 wt.% of the
aminophosphonic acid(s).

joB311 The pohishing composition of the first embodiment comprises one or more
suitable tetraatkylammonium sali{s). The tetraatkylanmmoniuan salt preferably comprises a

cation selected from the group consisting of tetramethylammonivm, tetracthyvlammonam,
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tetrapropylammonium, and tetrabutvlammonian. The tetraalkylammonium salt can have any
suitable cation inclading but not linuted to hydroxide, chiloride, bronude, sulfate, or
hvdrogensalfate. In an embodiment, the tetraalkylammonium salt is a tetraalkylammonium
hydroxide {e.¢., tetramethylwnmonium hydroxide).

[0632] The polishing composition of the first embodinient can comprise any suitable
amount of the tetraalkylammonium sali(s). Tymcally, the polishing composition can conlamn
0.01 wi% or more, e.g., 0.1 wi% or more, 0.2 W% or move, or 0.5 wi.% or more of the
tetraalkviaamoniam sali{s). Alternatively, or in addiiion, the polishing composition can
condam 3 wi % or less, eu, 4 wib or less, 3 wi % or less, 2 wi% or less, or 1 wi% or less
of the tetraalkylammontum sali(s). Thus, the polishing composition can comprise the
tetragtkylanynonuem salt{s) i an amount boundad by any two of the above eadpoints recited
for the tetraalkylammonmm sali(s). For example the polishing composition can comprise
0.0 wi% o 5 w9, 0.1 wi% to 3 wi.%, 0.2 wi % to 4 wibe, or 0.5 wi ™ 1o 3 wi.% of the
tetraatkylammonium salifs).

0633 o an embodiment, the polishing composition consists essentially of (a) 0.5 wi %
to 20 w1.% of wet process sihica, (b) .01 wit % to 5 wi% of an organic carboxyhie acid
selected [rony the group consisting of factic acid, oxahic acid, 2-hvdroxybutyric acid, bennilic
acid, and combinations thereol, {€) 0.0003 wi.% to 2 wit.% of an ammophosphonic acid
selected from the group consisting of ethyvlenediaminetetra{imethylene phosphonic acid),
aming {ri{methylene phosphonic acid}, diethylenetrianunepentaimethylene phosphonic acid),
and combinations thereof, {(d) 0.01 wi % o § wi% of g tetraatkvianunonium hydroxide, {(e)
0,05 wi % 0 2 wi.% of potassium hydroxide, (£) 0.05 wit.% to 5 wit % of potassium
bicarbonate, and (g} waler.

0341 A second embodiment of the inventive chenmical-mechanical polishung
composition provides a chenical mechanical polishing compesttion consisting essentialty of
or consisting of {a) 0.5 wi.% to 20 wi.% of silica, (b)) C.0I wilsto 2 witw ol a
polvaminocarboxvlic acid, (¢} 0.1 wt.% to S wi% of an amine, (d) 0.1 wi M to S wifb of a
tetraatkylammonium sali, (e) 0.001 wt % (o 1 wt.% of a diel compound, ({} optionally a
hicarbonate salt, and {(g) water, wherein the polislung composttion hasapH of 7 to 11,

jOB35Y The pohshing composttion of the second embodiment comyprises one of more
suitable polyvaminocarboxylic acids. The term polvaminccarboxylic acid as used herein

refers to a compound having two o more amine groups snd two or more carboxylic acid
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groups. Preferably, the polvaminccarboxvlic acid is selected from the group consisting of
ethylenediaminetetraacetic acid, diethylenetriaminepentaacetic acid,
Nethvdroxyethvilethylenediannetmiacetic acid, nitrilotriacetic acid, methylglveinediacetic
acid, salis thereof, and combinations thereof. More preferably, the polyanunocarboxyhe and
ts sefected from the group consisting of ethylenediamineteiraacetic acid or a salf thereof{e.g.,
a mone-, di-, -, or tetrasodinm salt thereof).

[0636] The polishing conposition of the second embodiment can conmprise any suntable
amount of the polyaninocarboxylic acid(s). Typically, the polishing composition can contain
.01 wt.% or more, e.g., 0.1 wi% or more, 0.2 wt.% or more, or 8.5 wit % or more of the
polvaminocarboxylic acid(s). Alternatively, or in addition, the polishing composition can
contain 2 wi.% or less, e.g. 1.3 wi% or less, or 1.0 wt.% or less of the polyaminocarboxylic
acid(s). Thas, the polishing composition can comprise the polvaminocarboxyvlic acid{s) in an
amount boanded by any two of the above endpoints recited for the polvaminocarboxylic
acid{z). For example the polishing composition can comprise (107 wit.% to 2 wi%, 0.1 wi%
1o 1.8 w6, or 0.5 wit.% to 1 wi,% of the polyanunocarboxylic acid(s).

037} The polishing composition of the second embodiment comprises one of more
spitable amines. Non-limiting examples of saitable amanes include pipemnine,
anunoethylpipergzine, 2-methyl-2-aminoethanol, (2-aminoethyl}-2-aminoethanol,
ethanoclamine, diethanolamine, friethanolamine, ethylenedianiine, diethylenetriamine,
tetracthylenepentamine, hydrazine, 2-hydroxyethyibydrazine, semicarbazide, hydroxvlanune,
N-methythydroxylamine, O-methyihvdroxylamine, snd O-carboxymethylhydroxylamine.
More preferably, the amine is piperazine or annnoethylpiperazine.

jO038] The polishing composition of the second embodiment can comprise any suitable
amowt of the amine(s}. Typically, the polishing composition can contain .03 wi %% or more,
e.g., 01 wi% ovmore, 0.2 wi% or more, or 3.5 wi.% or more of the amine{s). Alternatively,
ot i addition, the polishing composition can contain 3 wi.% or less, e.g., 4 wi'b or less, 3
wi. % or less, 2 wi.% or fess, or 1 at% or less of the amine(s}. Thus, the polishing
composition can comprise the amine(s) in an amouant bounded by any two of the above
endpoints rectied for the amine(s). For exmmple the polishing composition can comprise .05

W% 10 5w, 0.2 wi b to 4 wi %, or 108 wi ¥ to 3 wi% of the amiine{s},
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j0039] The polishing composition of the second embodiment conprises one or movre
saitable tetraatkvlammontom salts. The tetraalkylammoniu salt and amount thereof can be
as reciied for the first embodiment of the polishing composition.

[0040] The polishing composition of the second embodiment comprises one or more
suitable diol compounds. The diol compound can be any sustable diol compound and
typreally is a 1, 2-diod compound or a 1,3-diol compound. Typically, the diol compound is a
linear or branched-chain C-Cyyy diol compound. Non-limiting examples of suttable 1,2~diol
compomuds inclade 1 2-propane diel, 1,2-butane diol, 1,2-pentane diol, 2,3-pentane diol, and
combinations thereof. Mon-hmiting examples of suitable 1.3-diol compounds mclode

I 3-propane diod, 1 3-butane diol, 1 3-pentane diol, 2 4-pentane diod, and combinations
thereof.

0641} The polishing composition of the second embodiment can comprise any suitable
amount of the diol compound(s). Typically, the polishing composition can contain 0.001
wt %% or more, e.g, 0.005 wt % or more, (.01 wt% or more, or (L.035 wt.% or more of the diol
compound{s). Alternatively, or in addition, the polishing composition can contain 1 wiL.% or
fess, e.g., 0.75 wih or less, (1.5 wi.% or ess, 0.25 wi % or less, or 0.1 wit. % or less of the diol
compound(s). Thus, the polishing composition can comprise the diel compound{s) m an
amount bounded by any two of the above endpoints recited for the diol compound{s). For
example the polishing composition can comprise 001 wit % to 1 wils, 0005 wtis to 0.75
wi, %, or .01 wit.% {0 0.5 wi.% of the diol compound(s).

{06421 A third embodiment of the mventive chemical-mechamcal polishing composition
comprises a chemical mechanical polishing composition consisting essentially of or
consisting of {a} 0.5 wt.% to 20 wi.% of silica, (b) 0.01 wt ¥ to 2 wi M ofa
polvaminocarboxylic acid, (€} 6.1 wit.% to 5 wi % of a tetraalkyviammonim salt, () 0.1 wit%
t0 S wit %% of an organic carboxylic acid, (e} optionally 0.1 wt % to 5 wt.% of an amine, (D)
optionally a bicarbonate salt, and () water, wherein the polishung comyposition has a pH of 7
to 11. The polyammocarboxvlic acid, tetraatkylammeonium salt, organic carboxylic acid,
armineg, and amounts thereof contatned in the third embodiment of the nveniive chemucal-
mechanical polishing composition can be as rectied berein for the first and second
embodimenis of the inventive polishing composition.

D431 A fowth embodiment of the inventive chenncal-machanical polishing composition

provides a chemical mechanical polishing composition consisting essentially of or consisting
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of (a) 0.5 wi% 10 20 wi % of silica, (b) 0.02 wi.% 1o 5 wt.% of g nitrogen-containing
heterocyelic compound, (e} .05 wi% o 2 wt.% of an aminophosphonic acid, {d) 0.1 wi to
5wt % of a tetraatkylanmmoniwm salt, (e} optionally a bicarbonate salt, and (f} water, wherein
the polishing composition has a pH of 7 to 11, The aminophosphonic acid,
tetraatkyvlammoniim sali, and amoungs thereof contained in the fourth embodiment of the
imventive chemical-mechanical polishing composiiton can be as recited herein for the first
embodiment of the inventive polishing composition,

jo441 The polishing composition of the fourth embodiment comprises one or more
suitable mitrogen-containing heterocyelic compounds. The term nitrogen-contaimng
heterocyelic compound as used herem refers to a 5+, 6-, or Tamembered ring compound
having one or more mitrogen atoms contained as part of the ring system. In an embodiment,
the nitrogen-containing hetevocyche compound is a triazole. In a preferred enbodiment, the
sitrogen-contatping heterocyehe compound is an amivotriazole. Non-hmiting examples of
suitable aminotriazoles include 3-amino~1.2 4~tnarole, 3-amino~1,2 4-triazole-S~carboxylic
acid, 3-amino-S-mercapto~1,.2 d-trigrole, and 4~amino-S-hydrazino~1 2 4-ingrole-3-thiol. In
another embodiment, the nitrogen-containing heterocyclic compound is a thiazole.
Non-himiting examples of suitable thiazoles include 2-amino-S-methyithiazole,
2-amino-d-thoaroleacetic scid, and thiazele. In another embodiment, the
aifrogen-containing heterocyelic compound is a heterocyclic N-oxade. Non-limiting
examples of suntable heterocyehie N-onides include 2-hvdroxypyridine-N-oxide,
4-methylmorpholine-N-oxide, and picolinic acid N-oxide.

[0045]  The pohishing composition of the fourth embodiment can comprise any suiable
amount of the nitrogen-containing heterccyelic compound. The polishing composition can
contain .02 wi.% or more, e.g., 0.05 wt.% or moge, 0.1 wt.% or more, or 0.5 wi% or more
of the mitrogen~containing heterocvelic compound(s). Alernatively, or in addition, the
polishing composition can comain 5 wi b or less, e.n., 4 wi.% or less, 3 wih or less, 2 wi%
or fess, or 1 at.% or less of the nitvrogen-containing heterocvelic compound(s). Thus, the
polishing composition can comprise the nitrogen-containing heterocyehic compound(s} in an
amount bounded by any two of the above endpoints recited for the mirogen-comtaiming
heteroeyclic compound(s). For example the polishing composition can comprise .02 wi.%
o3 w9, 0005 wi% to 4 wi%, or 0.1 wt ¥ to 3 wi % of the nitrogen-containing

beterocyelic compound(s).
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joid6] The polishing composition optionally further contains one or nrore bicarbonate
salis. The bicarbonate salt can be any suttable bicarbonate salt and can be, for example,
potassium bicarbonate, sodiam bicarbonate, amimoniwm bicarbonate, or combinations thereof,
{0847}  The polishing composition can contai any suitable amount of the bicarbonate
salt{s}. Tvpically, the polishing composition can contain .05 wi.% or morg, e.g., 0.1 witbo or
more, 0.23 wi% or more, or 0.3 wi.% or more of the bicarbonate sali(s). Alternatively, or in
addition, the polishing composition can contain 5 wi.% or less, e.g., 4 wi.% or less, 3 wt% or
less, 2 wi% or less, o 1 wi% or less of the bicarbonate sali(s). Thas, the polishing
composition can comprise the bicarbonate sali(s) in an amount boanded by any two of the
above endpoints recited for the bicarbonate sali{s). For example the polishing composition
can comprise 003 wils to T wil, 0. w10 4w, .23 wi% o 3w, or .8 wils 1o 2
wi.% of the bicarbonate salt(s).

{0648} The polishing composition optionally further contains potassiom hydroxide. The
polishing composition can contain any suitable amount of potassiom hydroxide. Typically,
the polishing composition can contain 0.08 wi% or more, e.g., 0.1 wt.% or move, or 0.25
wi. % or more of potassitom hydroxide. Alematively, or in addition, the polishing
composition can contain 2 w9 or less, e 1.5 w9 or less, 1 w26 or less, D8 wi%% or
tess. or £.6 wi.% or less of potassium hydroxide. Thus, the polishing composition can
comprise potassin hvdroxide in an amount bounded by any two of the above endpomts
recited for potassium hydroxide. For example the polishing composition can comprisa .03
w10 o wt%, 0.1 wt% 10 2 wi%, 1 wi% o 1 wit%, or 825 wi%% o 0.8 wit% of
potassium hydroxide.

j0049] The polishing composition optionally further conprises one or move other
additives. Such additives inclade any suitable dispersing agent, such as, for example,
bomopolymers or random, block, or gradient acrvlate copolymers comprising one or more
acrviic monomers (2.2., polyacrylates, polvmethacrylates, vioyl acrvlates and styrene
acrvlates), combinations thereof, and salis thereof (Other suttable additives mclude biocides.
The biocide can be any suttable biocide, for example, an isothiazolinone biocide.

00504 The polishing composition of the invention can be prepared by any suitable
techmique, many of which are known 1o those skilled in the art. The polishing composition
can be prepared m a baich or continuous process. Generally, the polishing composition can

be prepared by combimng the components thereof i any order. The term “component” as
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used herein inclodes individual ingredients (e.g., silica, compound(s} that increases the
removal rate of stlicon, tetraalkyvlammonium salt, etc.) as well as any combination of
mgredients {e.g., silica, componnd{s} that increases the removal rate of stlicon,
tetraglkylammonium salt, buffers, ete.).

[6651] For example, in one embodiment, the silica can be dispersed i water. The
orgamc carboxviic acid, anunophosphonic acid, and {etraalkylamumonium salt can then be
added, and nmuxed by any method that is capable of incorporating the components into the
pohishing composttion. Other compounds that icrease the removal rate of silicon similarly
can be utifized m the preparation of the polishing composition. The polishing compostiion
can be prepared prior (o use, with one or more contponents, such as a pH adjusting
compounent, added to the polishing composition just before use (e g., within 7 days before
use, or within 1 hour before use, or within | minute before use). The polishing composition
also can be prepared by naxing the components at the surface of the substrate during the
polishing operation.

0052 The pohishing conposition also can be provided as a concentrate which is
intended to be diluted with an appropriate amount of water prior (0 use. In such an
embodiment, the polishing composition concentrate can comprise, for example, silica, a
compound or corpounds that increases the removal rate of silicon, a tetraalkylommonium
salt, and water in amounts such that, upon dilution of the concentrate with an appropriate
amount of water, each component of the polishing composition will be present in the
polishing composition in an amount within the appropnate range recited above for each
component. For example, the abrastve, compound or compounds that increases the removal
rate of siticon, and tetraatkylammonium salt can each be present in the concentrate in an
amownt that 15 2 times {e.g.. 3 times, 4 tumes, 5 times, 10 times, or 15 times) greater than the
concentration recited above for each component so that, when the concentrate is diuted with
an equal volume of water (e.g.. 2 equal velumes water, 3 equal volumes of watsr, 4 squal
vohames of water, ¢ equal volomes of waler, or 14 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 component. Furthermore, as will be understood by those of ordinary
skifl in the art, the concentrate can contain an appropriate fraction of the water present in the

final polishing compostiion in order to ensure that the compound or compounds that increases
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the removal rate of silicon, and other suitable additives are at least partially or fully dissolved
in the concentrate.

0053 The invention further provides a method of chenucallv-mechanically polishing a
substrate comprising (i) contacting & substrate with a polishing pad and the polishing
conposition described heretn, (1) moving the polisling pad relative o the substrate with the
pohish the substrate.

jo0a4 Afthough the polishing composition of the mvention can be used to polish any
subsirate, the polishing composition is parbicularly nsefidd tn the polishing of a substiate
comprising siticon, for example. silicon wafers used 1 the electronics industry. In this
regard, the silicon can be undoped silicon, or it can be doped sihcon, such as p-tyvpe silicon
doped with boron or aluminum. In addition, the silicon can be polysiticon, The mventive
polishing composition and method of use thereot 1s suitable for the pre-polishing or the final

polishing of silicon wafers as produced from silicon single crystals by diamond sawing and

rough grinding, as well as for edge polishing of sihicon walers and for use in the reclamation
of stlicon walers by polishing.

RS Advantageously, the mventive polishing method exhibits improved
nanotopography when used to polish stlicon wafers after lapping and etching of diamond
sawed silicon wafers. One way to measure change m nanotopography during
chemical-mechanical polishing is to deternune the value of the parameter: AR,/ d wherein
R, is the average maxinum height of the profile, AR, s the change in R, from one time point
to another time point, e.g., before and after chemicab-mechanical polishing, and d 1s the
amowtt of material removed i microns over that same time span, with the result expressed in
nanomelers. Referring o the Figure, R, represents the fargest peak to valley height i a
given sampling length L, and R, represents the average of 3 Ry values i § conbiguous
sampling lengths, Sampling length L is approximately S mum. Suitable techniques for
profitometry, and atomic force micvoscopy. Suitable mstruments for styvlos prohlometry and
optical profilometry are available from, e g., Veeco Instruments {Plamview, NY), Desirably,
the mventive polishing method resulis in a AR, / d that is about zero or less, that is, substrate

nanotopography 13 sither wnchanged or improved afler use of the inventive polishing method.
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j0056] The polishing method of the invention is particularly suited for use in conjunction
with a chenucab-mechanical polishing apparatus. Typically, the apparatus comprises a platen,
which, when in ase, is in motion and has a velocity that resulis from orbital, linear, or eircalar
motion, g polishing pad in contact with the platen and moving with the platen when in
motion, and a carrier that holds a substrate to be polished by contacting and moving the
subystrate relative to the surface of the polishing pad. The polishing of the substrate takes
place by the substrate being placed in contact with the polishing pad and the polishing
composition of the mvention and then the polishing pad moving relative 0 the subsirate, s0
as io abrade at leasi a portion of the subsirate {o polish the subsirale.

0057} A substrate can be polished with the chemical-mechanical polishing composition
with any suitable polishing pad (e.g., polishing surface). Suitable polishing pads include, for
example, woven and nop-woven polishing pads. Moreover, suitable polishing pads can
comprise any suitable polvimer of varving denstty, hardness, thickness, compressibitity,
ability to reboand upon compression, and compression modulus. Suitable polymers include,
for example, polyvinylehloride, polyvvinyiflvoride, nylon, fluorecarbon, polycarbonate,
polvester, polvacrylate, polvether, polvethylene, polyvamide, polyurethane, polvstyrene,
polypropylene, coformed products thereof, and mixtures thereof. Hard polyvurethane
polishing pads are particularly wseful in conjunction with the mventive polishing method.
[0658] Desirably, the chemical-mechanical polishing apparatus further comprises an in
siu polishing endpoint detection system, many of which are known in the art. Techmigues
for ingpecting and momtonng the polishung process by analyzing light or other radiation
reflected from a surface of the subsirate being polished are known in the art. Such methods
are described, for example, in U.S, Patent 5,196,333 U S, Patent 5433 651, U.S. Patent
5600511, US. Patent 5,643,046, ULS. Paten $,638,1K3, LLS. Patent 5,730,642 U1.S. Patemt
5838447, ULS. Patent 5,872,633, 1.8, Patent 5,893 706, L1.S. Patent 5,949,927 and U.S.
Patent 5,964,643, Desirably, the inspection or monttoring of the progress of the polishing
process with respect to a substrate being polished enables the deternymation of the polishing
end-point, 1.e., the deternunation of when {o terminate the polishing process with respect to a
particulgr substrate.

{0059 In an embodiment, the mventive method provides a method for polishing an edge
of a sithicon wafer, wherein the edge consists essentially of sthcon. In another embodiment,

the inventive metheod provides a method for polishing an edge of 8 waler, wheretn the edge



WO 2011/130072 PCT/US2011/031354

has a surface consisting essentiatly of stiicon and sthicon oxide. The edge polishing can be
carried out using techmiqees that are well known in the art. For example, edge polishing can
be performed using edge polishers supplied by SpeedFam Co., Lid., Kanagawa, Japan.
0060} Advantageously, the mventive polishing method exhibits improved chucking
mark performance when used to polish the edges of silicon wafers, wheram the edges of the
sihicon wafers consist essentially of silicon of consist essentially of sihicon and sthicon oxide.
In edge pohshing, the siticon wafers arve typically held in place using # vacuum chuck
attached to the back side of the wafer. The vacuum ofien draws polishing compossions onto
the back of the waler during polishing, where 1t can dry. The dited residue (s referred to as a
chucking mark. If the residue resulting from drying of the polishing compaositions 1s not
eastly removed, the waters then require additional cleaning steps afier polishing, thereby
adding io the cost of manufacture. Desirably, the inventive method results in chucking marks
which are drv white residues and easily removed during farther processing of the wafers.
0661} Advantageously, the inventive method further provides improved removal rates
when used o polish wafers edges consisting essentially of silicon, thereby hmproving
production throaghput of the wafers. In addition, when used {o polish waters consisting
essentially of sihcon and silicon oxide, the inventive method exhibits mproved removal rates
for stlicon oxide relative to silicon, thereby resulting i even polishing of the wafer edges.
{06662} The following examples further iflustrate the mvention but, of course, should not
be construed as in any way limiting its scope.

EXAMPLE |
{0063} This example demonstrates the effect of an organic carboxvlic acid, an
aminophosphonic acid, and a tetraglkylammonium salt on the removal rate and surface
roughness observed for silicon subsirates achievable by the polishing composition of the
mvention.
j0064] Seven similar substrates, which substrates comprised 102 o {4 inch} diameter
civcwlar silicon wafers, were polished with seven different polishing compositions (Polishing
Compositions FA-1GY Al of the polishing compositions contained 1 wt.% sthea
wet-process silicg (Polishing Compositions 1A, 1B, 1D, and 1F) or funned silica (Polishing
Compostttons 1, 1E, and 1G), 0.27 wil tetramethylammonium hydroxide, and 0.05 wi.%

potassium bicarbonate i water at a pH of 103, Polishing Composition 1A {comparative)
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further comtamed (.017 wt.% ethylenediaminetetraacetic acid and {1.067 wi.% piperazine,
Polishing Compositions 1B-10 further coptained €.033 wit %%
diethylenetriaminepenta(methylene phosphonic acid) and an organic carboxyhic acid, which
was either 0.08 wi.% malonic geid (Polishing Compositions 18 and 1C), 0.067 wi.% lactic
acid (Polishing Compositions 1D and 1E), or 1107 wi% malic acid (Polishung Compositions
1F and 1G).

{0665} Following polistung, the removal rates for siicon and the magnitude of the change
in nanotopography, AR/, were determined for each of the polishing compositions, The

resulis are summarized m Table 1.

Table 1

Polishing Composition Silicon Removal Rate (A/min) AR./d {nm)
[A (comparative) 6300 |6

1B {invention) 5700 |0

1C {invention) S0 0.1

1D (invention) 3150 | 0.4

1E (invention) 5650 [ 0.4

1F Gavention) S700 0.2

1G Govention) 3400 4]

[iB66] As is apparent from the results set forth in Table 1, the snventive polishing
compositions exhibited silicon removal rates that were approximately 79% to 88% of' the
removal rate exhibited by the comparative polishing composition, vei the inventive polishing
composttions exhibited a change in surface roughness caused by polishing that ranged from a
decrease 1n surface roughness of approximately 0.2 nm (Polishing Composttion 1F) to an
increase in surface roughness of approximately 0.4 nm (Polishing Compositions 1D and 1E},
while the comparative polishing composition exhibited an increase in surface roughness of
approximately 6 nm.

EXAMPLE 2
[0067]  This example demonstrates the effect of an orpamic carboxylic acid, a
poivamumocarboxylic acid, and a tetraalkyviammonium salt on the removal rate and surface
roughness observed for silicon substrates achievable by the polishing composition of the

mvention.



WO 2011/130072 PCT/US2011/031354

i

j0068] Three similar substrates, which substrates comprised 102 cm (4 inch) dianeter
cirewdar sihicon wafers, were polished with three different polishing compositions {Polishing
Composittons 2A-IC). Polishing Composition 24 (comparative) comtained T wt.%
wet-process silica, 0.0167 wit% ethylenediaminetetrageenic acid, 0.067 wi.% piperazine, .27
wi.% tetramethyviammontum hydroxide, and 0.03 wi.% potassium licarbonate. Polishing
Compuosition 2B (nvention) contaned 0.85 wi % wet-procass silica, (.02 wi%
ethylenedianunetetrancetic acid, GLO83 wi.% oxalic acid, 0.2 wi % tetramethylanumonium
hydroxide, and 0.1 wi.% potassium bicarbonate. Polishing Composition 2C (invention)
contamed 0.53 wi % wet-process silica, 0.8167 wi % elhvienedianunetetraacetic acd, 0.007
wi.% oxahe acid, 0.067 wi.% tetramethylammonium hydroxide, and 0.05 wi.% potassium
bicarbonate.

{0669} Following polishing, the removat rates for silicon and the magnitude of the change
in nanotopography, AR/, were determined for each of the polishing compositions. The

results are summarized in Table 2.

Table 2
Polishing Composition Sificon Removal Rate (A/min) AR (nm)
2A 6700 4
2B 3900 -3}
2C 3500 -7

[0670]  Asis apparent from the results set forth in Table 2, the mventive polishing
compositions exhibited stlicon removal rates that were approximately 82% (o 88% of the
removal rate extubited by the comparative polishing composition, yet the mventive polishing
compaositions exhibited a decrease in surfice roughness caused by polishing of approxmmately
4 am and 7 nm, as compared to an increase in surface roughness cansed by polishing with
the comparative polishing composition of approximately 4 nm.

EXAMPLE S
0071} This example demonstrates the effect of an organic carboxylic acid, a
polvaminocarboxylic acid, an amine, and a tetraalkylammonium salt on the removal rate and
surface roughness observed for silicon substrates achievable by the polishing composition of

the mvention,
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0721 Two simtlar substrates, which substrates comprised 102 cm (4 inch) diameter
circular sihcon wafers, were polished with two different polishing compositions (Polishing
Composttions 3A and 3B). Pohshing Compositions 3A and 3B contained | wt.%
wet-process silica, 0.0167 wit% ethylenediaminetetrageenic acid, 0.067 wi.% piperazine, .27
wi.% tetramethyviammontum hydroxide, and 0.03 wi.% potassium licarbonate. Polishing
Compuosition 3B (nvention) further contained 0.033 wi.% benztlic acid.

{0673} Following polistung, the removal rates for siicon and the magnitude of the change
in nanotopography, AR/, were determined for each of the polishing compositions, The
resulls are summarized in Table 2.

Table 3

Polishing Composition Siticon Removal Rate (A/min) | AR./d (any)
3A 6250 &
iB 2330 -6
{06741 As 1s apparent from the resalts set forth in Table 3, the inventive polishing

composition exhibited a silicon removal rate that was approximately 42% of the removal rate
axhibsted by the comparative polishing composition, vel the mventive polishing composition
exhibited a decrease 1 surface roughness caused by polishing of approximately 6 mm as
compared to an mcrease in surface roughness caused by polishing with the conparative
polishing composition of approximately 6 mn,

EXAMPLE 4
{075} This example demonstrates the effect of a diol compound, a pelvanunocarboxvlic
acid, an anune, and a tewaalkylammonium salt on the removal rate and surface ronghness
observed for silicon substrates achigvable by the polishing composition of the invention.
[0676] Two sinular sabstrates, which subsirates comprised 102 cm {4 inch} diameter
cirendar sificon wafers, were pobished with two different polishing compositions (Polishing
Compositions 4A and 4B). Polishing Compositions 4A and 4B contamed 1 wi.%
wet-process siliea, 0.0167 wit ethvlenedismunetetraacetio acid, 8.067 wi % piperazine, 0.27
wi.% tetramethylammonium hydroxide, and 0.05 wi % potassivm bicarbonate. Polishing
Composttion 3B {rovention) further contained 0,033 wt. %% 2. 4-pentanediol (1.e., a diol

compound},
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0077} Foltowing polishing, the removal rates for silicon and the magnitude of the change
in nanotopography, AR/, were determined for each of the polishing compositions. The

resuhis are sunymarized in Table 4.

Table 4
Polishing Composition Silicon Removal Rate {A/min) | AR/d (nm)
4A (comparative) S350 -(3.5
4B {invention) 4375 -3

0078 As 15 apparent from the resulis set forth in Table 4, the inventive polishing
composition exhibited a sihicon removal rate that was approximately 82% of the removal rate
exhibited by the comparative polishing composition, vet the inventive polishing composition
exhibited a decrease i surface roughness caused by polishing of approximately 5 mm as
compared to a decrease in surface roughness caused by polishing with the comparative

polishing composition of approximately -0.5 nm.

EXAMPLE 5
{0079 Thus exanple demonstrates the chucking mark performance of an embodiment of
the invention.
{0680} Two separate substrates, which substrates comprised sheets of polyvinyl chlonde
{(“PVC”) were nusted with two different polishing compositions (Polishing Compositions 54
and 5B} Polishing Composition 3A {comparative} contained 0.04 wi.% of an
aminophosphonic acid, .2 wt.% of tetramethylanmmonium hvdroxide, 0.1 wi.% of potassium
bicarbonate, 0.044 wit.% of oxalic acid, and 085 wit % of a wet-process silica. Polishing
Composition 5B (invention) contained (.02 wt % of an anunophosphonic acid, 0.13 wit % of
tetramethylammonium hvdroxide, 0..7 wi.% of potassium bicarbonate, 0.04 wi of
potassiam hydroxide, 0.022 wi% of lactic acid, and 0.67 wi.% of a wet-process silica.
{0681} Adfter misting, the compositions were allowed to dry. Polishing Composition 5A
lefi a gelled residue. Polishing Composttion 5B lefl a dry, white residue.

EXAMPLE 6
[0882]  This exarople demonstrates silicon removal rates achievable by the inventive
polishing composiiion.
jOO83] Two separate stlicon substrates were polished with two different polishing

compositions {Polishing Compositions 6A and 6B). Polishing Compositions 6A and 6B
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contained comtained .02 wit % of an aminophosphonic acid, 0.13 wt % of
tetramethylammonium hydroxide, (.7 wi% of potasstam bicarbonate, 0.04 wi.%% of
potassium hydroxide, and (.022 wt.% of tactic acid. Polishing Composition 6A farther
contained 10.0 wi.% of a wet-process silica, nantely, Nalco DVSTS006, Polishing
Composition 68 further contained 10.0 wi% of a different wet-process silica, namely, Nalco
TX11003,
{0684} Following polishing, the removal rates for silicon were deternuned in mg of
stheon removed per nuinute of polishing. Pohishing Composttion 6A exhibited a silicon
removal rate of 13.5 myg S¥min. Polistung Composition 68 exhibited a sihicon removal rate
of 14.2 mg Si‘oun.

EXAMPLE Y
jOO85] This example demonstrates silicon removal rates achievable by the inventive
polishing composition.
(1086} Twao separate sihicon substrates were polished with two different pohishing
compositions (Polishing Corapositions 7A and 7B). Polishuag Composition 7A contained
0.004 wi.% of an aminophosphonic actd, 0.027 wi.% tetramethy lammonnum hydroxids,
0.007 wi.% potassium bicarbonate, 8.08 wt % potasstum hydroxade, £.013 wit. % lactic acid,
and 1.2 wi.% fumed sihea. Polishung Composition 78 contained 0.004 wi.% of an
aminephosphonic acid, 8,053 wi% tetramethyiammonium hydroxide, 0.013 wi% potassium
bicarbonate, 0.08 wi % potassiom hydroxide, 0.027 wi.% lactic acid, and 1.2 wi% fumed
silica.
{0087}  Following polishing, the removal rates for silicon were determined in mg of
silicon removed per minute of polishing. Polishing Composition 7A exiubited a silicon

b
f

removal rate of 11.2 mg St'‘min. Polishing Composiion 7B exhibited a silicon removal rate

of 11.8 mg Sifmin.

EXAMPLE B
0688} This example demonsirates silicon oxide removal rates achievable by the
invenuve polishing composition.
00891 Two separate silicon oxide substrates were polished with two different polishing
compositions (Polishung Compositions 8A and 8B}, The silicon oxide was derived from

tetraethylorthostlicate. Polishing Composition S8A contained 0.015 wt.% of an
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aminephosphonic acid, 8.1 wt.% tetramethviammonium hydroxide, 0,025 wi % potassium
bicarbonate, 0.3 wi.% potassiom hyvdroxade, 6.05 wi. % lactic acid, and 4.4 wi.%% finmed sthea.
Polishing Composition 8B contained 6.015 wit.% of an anunophosphonic acid, 0.2 wt%
tetranethylammonium hydroxide, 0,05 wit % potassium bicwrbonate, 0.3 wt% potassium
hydroxide, 0.1 wit% lactic acid, and 4.3 wi.% fumed silica.

[6684] Following polishing, the removat rates for sthoon oxide were determimed inmyg of
silicon removed per mimuste of polishing. Polishing Composition 8A exhibited & sthcon oxide
removal rate of 2.7 mg SiO/mun. Polishimg Conposition 8B exhibited a stlicon oxide
removal rate of 4.9 mp SiO/min.

{0091} Preferred embodiments of this mvention are desenbed herein, including the best
mode known to the mventors for carrving ot the nvention. Variations of those preferved
embodinents may become apparent {o those of ordinary skill in the art wpon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors itend for the invention to be practiced otherwise than as
specifically described herein, Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permiited by
apphicable law. Moreover, any combination of the above-~described elements in all possible
variations thereof is encompassed by the invention unless otherwise mdicated herein or

otherwise clearly contradicted by context.
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CLAIMES)
i A method for polishing an edge of a silicon water, wherein the edge consists

essentially of silicon, which method comprises:
(N contacting a subsirate with a polishing pad snd 8 chemical-mechgrical
polishing composition consisting essentially of
{a) 0.5 wit %% to 20 wt.% of wet-process silica,
{h} .01 wt.% to 5 wt.% of an organic carboxylic acid,
{c) (L0005 wi % 1o 2 wil% of an anunophosphonic acid,
() .01 wi%% to 5 wi% of a tetraalkylammontum sali,
{e}  potassmum hydroxide,
) optionally a bicarbonate salt, and
{2} water,
wheretn the polishing composition has a pH of 7 10 11,
(i} moving the polishing pad relative to the edge of the silicon wafer with
the chemical-mechanical pohshing composition therebetween, and
(11} abrading at least a portion of the edge to polish the edge of the silicon
waler,

2. The method of claim 1, wherein the polishing composition containg 0,02 wi%
to 5 wit.% of an orpanie carboxylic acid, .02 wit % (0 2 wi b of an aminophosphonic acid,
and 0.1 wi.% to § wi.% of a tetraatkviammonium sall.

3 The method of claim 2, wherein the polishing composition containg 5 wt.% o
20 wi.% of wet-process silica,

4, The method of claim 3, wherein the polishing composition contains 1 wi%
to 15 1% of wet-process silica.

3. The method of clamm 2, wherein the wet-process sihica has an average pavticle
size of 4 mym to 180 nm,

6. The method of claim 3, wherein the wet-process silica has an average particle
stze of 20 nm to 50 nm.,

7 The method of claim 2, wheremn the polishing composition contains (.1 wi.%
10 2 wi.% of the organic carboxylic acid.

& The method of claim 7, wherein the organic carboxylic acid is a

bvdroxycarboxylic acid.
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9. The method of claim 8, wherein the organic carboxylic acid is selected from

the groap consisting of lactic acid, oxalic acid, 2-hydroxybatyrie acid, benzilic acid, and
combinations thereof.

10, The method of claim 2, wherein the polishing composition contains 0.1 wi.%
0 1 wi.% of the aminophosphonic acid.

il The method of claim 10, wherem the aminophosphomc acid 13 selected from
the group consisting of ethylenediaminetetra{methylene phosphonic acid), smine
iri{methyieng phosphonic acid), disthylenetriaminepentaimethyiena phosphonic acid), and
combinations thereofl

12, The method of clanm 11, wheremn the aminophosphonic acid is amino
tri{methylene phosphome acid},

13, The method of clatm 2, wherein the polishing composition contains a
bicarbonate salt, and the bicarbonate salt is potassiom bicarbonate.

14, The method of claim 2, wherein the polishing composition has a pH of 8 to 1)

15, The method of claim 1, wherein the polishing comaposition consists essentially

{a} (1.5 wt.% 10 20 wit.% of wet-process sthea,

{by  0.0F wt% 1o 3 wi.% ol an organic carboxylic acid selected from the
group consisting of lactic acid, oxalic acid, 2-hydroxybutyric acid,
benzilic acid, and combinations thereof,

{c})  0.0005 wi% to 2 wi% of an aminophosphonic said selected from the
group consisting of ethylenediaminetetra(methylene phosphonic acid),
amine tri{methylene phosphonic acid),
diethvlenetrianuinepental methylene phosphonic acid}, and
combinations thereof,

{h) 0.01 wi% 10 § wt.% of a tetraalkylannnonim hydroxide,

(e) 0.05 wi ¥ to 2 w9 of potassium hydroxide,

(H) 0.05 wi.% to § wi % of potassium bicarbonate, and
{2} waler.
16, A method for polishing an edge of a wafer, wherein the edge has a surface

consisting essentially of sificon and stlicon oxide, which method comprises:
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{1} contacting a subsirate with a polishing pad and a chemical-mechanical
polishing composition consisting essentially oft
{a} 88 wi % to 20 wi% of silica,
{h) 000wt to 5 wt% of an organic carboxyhc acid,
{c) 0.000% wi b o 1 wi% of an aminophosphonic acid,
{d) 0.01 wt% to § wt.% of a tetraallylammontom salt,
{e) optionally a bicarbonate salt,
{HH optionally potasstuny hydroxide, and
(g} walsr,
wherem the polishing composition has a pH of 710 11,
{11}  moving the polishing pad relative to the edge of the wafer with the
chemical-mechanicat polishing composition therebetween, and

(111} abrading at least a portion of the edge (o polish the edge of the wafer.

17, The method of claim 16, wherein the polishing composition contains 6.02
w10 5 wi.% of an organic carboxylic acid, 0.02 wit % 1o 2 wt.% of an anunophosphonic
acid, and 0.1 wt.% to 5 wt.% of a tetraalkyvlammontom salt.

8. The method of claim 17, wherein the silica is fumed silica.

19, The method of claim 17, wherein the polishing composition contains 5 wi.%
to 20 wit.% of sihica.

24, The method of claim 19, wherein the polishing composition contains 10 wi.%
o 15 wt.% of silica.

21, The method of claim 17, wherein the silica has an average particle size of 4
o 180 nm.

22, The method of claim 21, wherein the silica has an average particle size of 20
mm {0 50 nm.

23 The method of claim 17, wherzin the polishing composition comains 0.1 wi %
to 2 wit.% of the orgamic carboxylic acid.

34, The method of claim 23, wheremn the organic carboxvhic scid s a
hydroxyearboxylic acid.

25, The method of claim 24, wherein the organic carboxvlic acid 1s selected fronm:
the group consisiing of lactic acid, oxalic acid, 2-hydroxybatyric acid, benzilic acid, and

combinations thereof,
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26, The method of claim 17, wherein the polishing composition contains .1 wi.%%

to 1 wi%% of the anunophosphonic acid.

=]

2

27, The method of clamm 26, wherein the aminophosphonic acid is selected from
the group consisting of ethylenedianminetetra(imethylene phosphonic acid), amino
trilmethyizne phosphonie acud), diethvleneirianunepentalimethylene phosphonic acid), and
combinations thereol.

28, The method of claim 27, wherein the aminophosphonic scid 1§ amino
iri{methviene phosphonic acid).

29, The method of claim 17, wherein the polishing composition conains 8
bicarbonate salt, and the bicarbonate salt 18 potassium bicarbonate.

30, The method of claim 17, wherem the polishing composition contains
potassivm hydroxide.

3t Themethod of claim 17, wherein the polishing composition has a pH of & to
10,

32, The method of claim 16, wherein the polishing composition consists
essentially oft

{a} (1.5 wt.% 10 20 wit.% of wet-process sthea,

{by  0.0F wt% 1o 3 wi.% ol an organic carboxylic acid selected from the
group consisting of lactic acid, oxalic acid, 2-hydroxybutyric acid,
benzilic acid, and combinations thereof,

{c})  0.0005 wi% to 2 wi% of an aminophosphonic said selected from the
group consisting of ethylenediaminetetra(methylene phosphonic acid),
amine tri{methylene phosphonic acid),
diethvlenetrianuinepental methylene phosphonic acid}, and
combinations thereof,

{h) 0.01 wi% 10 § wt.% of a tetraalkylannnonim hydroxide,

(e) 0.05 wi ¥ to 2 w9 of potassium hydroxide,

(H) 0.05 wi.% to § wi % of potassium bicarbonate, and

{2} waler.



