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invention pertains to a nethod of polishing a silicon carbide
substrate. BACKGROUND OF THE | NVENTI ON [ 0002] Sem conductors with the
ability to operate nore efficiently in order to achieve a significant
reduction in power consunption are highly desirable. Typically,
silicon substrates are used in the manufacture of such devices,
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it suitable for a variety of applications. The use of silicon carbide
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unsuccessful. Polishing compositions containing colloidal silica resulted in low silicon carbide

removal rates, thus requiring a lengthy polishing cycle lasting several hours at temperatures of

around 50°C, which is likely to result in damage to the silicon carbide substrate. Zhou, et al., J.



average particle size of 40 nmto 130 nm and the oxidizing agent is
selected fromthe group consisting of hydrogen peroxi de, oxone,

anmmoni um ceriumnitrate, periodates, iodates, persulfates, and

m xtures thereof. In a second enbodi ment, the abrasive is alum na and
is present in an anount of 3 W% or |ess based on the weight of the
liquid carrier and any conponents dissolved or suspended therein, and
the oxidizing agent is present in an ambunt of 0.001 wt.%to 0.5 wt.%
based on the weight of the liquid carrier and any conponents

di ssol ved or WORPEHIEd therein, and is selected fro HB%%WEW%’ 274

consi sting of hydrogen perOX|de oxone, anmmoniumceriumnitrate,

peri odates, iodates, persulfates, and m xtures thereof. In a third
enbodi ment, the oxidizing agent is present in an amount of 0.001 wt.%
to 0.5 wm. % based on the weight of the liquid carrier and any
conponent s di ssol ved or suspended thereﬂg, and is selected fromthe
group consi sting of oxone, potassium persulfate, and m xtures

thereof. [0011] The substrate to be polished using the nethod of the
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carrier, (b) an abrasive suspended in the liquid carrier, and (c) an oxidizing agent, wherein the

oxidizing agent is present in an amount of 0.001 wt.% to 0.5 wt.% based on the weight of the

liquid carrier and any components dissolved or suspended therein, and is selecied from the group



buffering agent, provided such anount is sufficient to achieve and/or
mai ntain the desired pH of the polishing conposition, e.g., wthin
the ranges set forth herein. [0021] The polishing conposition
optionally conprises a chelating or conpl exing agent. The conpl exi ng
agent is any suitable chemi cal additive that enhances the renoval
rate of the substrate |ayer being renoved, or that renoves trace
nmetal contam nants in silicon polishing. Suitable chelating or

conpl exi ng agents can i nclude, for exanple, carbonyl conpounds (e.g.,
acetylacetonnggmﬁﬂH”%he li ke), sinple carboxyl ates (EF%E%”maﬂ@?7tes
aryl carboxylates, and the |ike), carboxylates containing one or nore
hydr oxyl groups (e.g., glycolates, |lactates, gluconates, gallic acid
and salts thereof, and the like), di-, tri-, and poly-carboxyl ates
(e.g., oxalates, oxalic acid, phthalates, citrates, succinates,
tartrates, mal ates, edetates (e.g., dipojassiumEDTA), m xtures
thereof, and the |ike), carboxylates containing one or nore sulfonic
and/ or phosphonlc roups, and the |ike. Suitable chelatlng or, .
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conprises a platen, which, when in use, is in notion and has a

velocity that results fromorbital, linear, or circular notion, a

polishing pad in contact with the platen and noving with the platen

when in notion, and a carrier that holds a substrate to be polished

by contacting and noving relative to the surface of the polishing

pad. The polishing of the substrate takes place by the WO

2008/ 030420PCT/ US2007/ 019274 10 substrate being placed in contact

with the polishing pad and the polishing conposition émhlch eneral ly
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polishing pad noving relative to the substrate, so as to abrade at

| east a portion of the substrate to polish the substrate.
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t he amount silicon carbide renoved fromjhe substrate. Such

techni ques are well known in the art [0034] Polishing refers to the
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[0015] The polishing composition comprises an abrasive, which desirably is suspended in

the liquid carrier (e.g., water). The abrasive typically is in particulate form. In particular, the
abrasive comprises, consists essentially of, or consists of substantially spherical silica ox
alumina. Substantially spherical silica is also referred to as colloidal silica by those of ordinary
skill in the art. Preferably, the substantially spherical silica is precipitated or condensation-
polymerized silica, which is prepared using the sol-gel process. Condensation-polymerized

silica particles typically are prepared by condensing Si{OH), to form substantially spherical



0O 1B (conparative) 30 wt.% fumed silica 0.5 w.% 11202 10-10.5 46.5
1C (conparative) 30 w.% funed silica 1.0 w.% 11202 10-10.5 77,5 1D
(conmparative) 30 wt. % funmed silica 2.0 w.%1202 10-10.5 69.75 1E
(conparative) 30 w.% substantially spherical silica NA 10 0 IF
(invention) 30 w.% substantially spherical silica 1 wt.% amoni um
persul fate 10
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particles. The precursor Si(OH)s can be obtained, for example, by hydrolysis of high purity
alkoxysilanes, or by acidification of aqueous silicate solutions. Such abrasive particles can be
prepared in accordance with U. S. Patent 5,230,833 or can be obtained as any of various
commercially available products such as Bindzil from EKA. Chemicals, the Fuso PL-1, PL-2,
and PL-3 products, and the Nalco 10344, 1050, 2327, and 2329 products, as well as other
similar products available from DuPont, Bayer, Applied Research, Nissan Chemical, and
Clariant. Preferably, the alumina is seeded gel process alpha alumina, which is available from
manufactures such as Saint Gobain (alpha alumina). The substantially spherical silica particles
and the alumina particles can have any suitable particle size. For example, the substantially
spherical silica particles and the alumina particles can have an average particle size of 10 nm or
more (e.g., 20 nm or more, 30 nm or more, 40 nm or more, or 50 nm or more). The substantially
spherical silica particles and the alumina particles can have an average particle size of 200 nm or
less (e.g., 180 nm or less, 170 nm or less, 160 nm or less, 150 nim or less, 130 nm or less, 110
nm or less, or 100 nm or less). Accordingly, the substantially spherical silica particles and the
alumina particles can have an average particle size of 40 nm to 130 nm (e.g., 45 nm to 125 nm,
50 nm to 120 nm, 55 nm to 115 nm, or 60 nm to 110 nm). The particle size of a particle is the
diameter of the smallest sphere that encompasses the particle.

[0016] Any suitable amount of abrasive can be present in the polishing composition.
Typically, 0.01 wt.% or more (e.g., 0.05 wt.% or more) abrasive will be present in the polishing
composition. More typically, 0.1 wt.% or more {e.g., 1 wt.% or more, 5 wt.% or more, 7 wt.%
or more, 10 wt,% or more, or 12 wt.% or more) abrasive will be present in the polishing
compaosition. The amount of abrasive in the polishing composition typically will be 50 wt.% or
less, more typically will be 40 wt.% or less (e.g., 15 wt.% or less, 10 wi.% or less, 5 wt.% or
less, 3 wt.% or less, 1 wit.% or less, 0.6 wt.% or less, or 0.3 wt.% or less). Accordingly, the
amount of abrasive in the polishing composition can be 2 wt.% to 50 wt.%, and more preferably
5 wt.% to 40 wt.% (e.g., 10 wt.% to 35 wt.%, 15 wt.% to 35 wt.%, or 20 wt.% 10 35 wt.%).
[0017] A liguid carrier is used to facilitate the application of the abrasive and any optional
additives to the surface of a suitable substrate to be polished (e.g., planarized). The liquid carrier
can be any suitable liquid, e.g., solvent, including lower alcohols (e.g., methanol, ethanol, etc.),
ethers {e.g., dioxane, tetrahydrofuran, etc.), water, and mixtures thereof. Preferably, the liquid

carrier comprises, consists essentially of, or consists of water, more preferably deionized water.



10 (invention) 30 w. % substantially spherical silica 1 wt.% amoni um
persul fate 10 93 111 (invention) 30 w.% substantially spherical
silica lw.%21(103 11 124 11 (invention) 30 w. % substantially
spherical silica 2 wt.% anmoni um persul fate 10 124 11 (i nvention) 30
Wt . % substantially spherical silica 2 wt.% oxone 10 93 [O0039]As is
apparent fromthe data presented in Table 1, the silicon carbide
renoval rate increases when the polishing conposition conprises

subst anti al léf sgheri cal silica particles in conbination with an

oxi di zi ng ag@M?*@¥?as ammoni um persul fate, potassi uRTVHRYTBI92%r
oxone.

[0018] The polishing composition comprises an oxidizing agent, which can be any suitable
oxidizing agent for one or more materials of the substrate to be polished with the polishing
composition. Preferably, the oxidizing agent is selected from the group consisting of hydrogen
peroxide, oxone, ammmonium cerium nitrate, periodates, iodates, persulfates, and mixtures
thereof. The periodates, iodates, and persulfates can be any periodate, iodate, persulfate or
combination of periodates, iodates, and persulfates, such as, for example, potassium periodate,
potassium iodate, ammonium persulfate, potassium persulfate, or sodium persulfate. More
preferably, the oxidizing agent is oxone or potassium persulfate. The oxidizing agent can be
present in the polishing composition in any suitable amount. Typically, the polishing
composition comprises 0.001 wt.% or more (e.g., 0.005 wt.% or more, 0.01 wt.% or more, 0.05
wt.% or more, or 0.1 wt.% or more) oxidizing agent. The polishing composition preferably
comprises 20 wt.% or less (e.g., 15 wt.% or less, 10 wt.% or less, 5 wt.% or less, 2 wt.% or less,
or 0.5 wt.% or less) oxidizing agent. Preferably, the polishing composition comprises 0.001
wt.% to 20 wt.% (e.g., 0.001 wt.% to 15 wt.%, 0.005 wt.% to 10 wt.%, 0.01 wt.% to 5 wt.%, or
0.05 wt.% to 2 wt.%) oxidizing agent. More preferably, the po]is'.hing composition comprises
0.00t wt.% to 0.05 wt.%, 0.001 wt.% to 0.1 wt.%, 0.001 wt.% to 0.5 wt.%, or 0.001 wt.% to 2
wt.% oxidizing agent.

[0019] The polishing composition, specifically the I‘iquid carrier with any components
dissolved or suspended therein, can have any suitable pH. The actual pH of the polishing
composition will depend, in part, on the type of substrate being polished. The polishing
composition can have a pH of 11 or less (e.g., 9 or less, 7 or less, 5 or less, 4 or less, 3 or less, or
2 or less). The polishing composition can have a pH of 1 or more (e.g., 4 or more, 6 or more, &
or more, or 9 or more). The pH can be, for example, from 1 to 11 (e.g., from 2 to 10, from 3 to
9, from 4 to 8, or from 5 to 7).

[0020] The pH of the polishing composition can be achieved and/or maintained by any
suitable means. More specifically, the polishing composition can further comprise a pH
adjustor, a pH buffering agent, or 2 combination thereof. The pH adjustor can comprise, consist
essentially of, or consist of any suitable pH-adjusting compound. For example, the pH adjustor
can be any suitable acid, such as an inorganic or an organic acid, or combination thereof. For
example, the acid can be nitric acid. The pH buffering agent can be any suitable buffering agent,
for example, phosphates, acetates, borates, sulfonates, carboxylates, ammonium salts, and the

like. The polishing composition can comprise any suitable amount of a pH adjustor and/or a pH



EXAMPLE 2 [0040] Thi s exanpl e denpnstrates the effect on the renoval
rate of silicon carbide by the presence of different oxidizing agents
in the polishing conposition of the invention. [0041] A 4BN single
crystal silicon carbide wafer was polished with seven different

pol i shing conpositions. Each of the polishing conpositions contained
30 wt.% substantially spherical silica. Six of the polishing _
conposi tions were further nodified by the addition of either ammni um
persul fate or ammoni umceriumnitrates as indicated in Table 2.7’ WO
2008/ 030420P¥P/ 2085/ 019274 12 [0042] The silicon car B?H'é”?"é/ﬂ’c?i‘/él
rate (nmhr) was determned for each polishing conposition, and the
results are shown in Table 2. TABLE 2 Polishing Conposition Oxidizer
Concentration pH Silicon Carbide Renoval Rate (nmihr) 2A
(conparative) NNA 10 0 2E (invention) 1 wt.% ammoni um persulfate 10
105 2C (invention) 1 wt.% ammoni um persu]7fate 10 87.5 2D (invention)

buffering agent, provided such amount is sufficient to achieve and/or maintain the desired pH of
the polishing composition, e.g., within the ranges set forth herein.
[0021] The polishing composition optionally comprises a chelating or complexing agent.
The complexing agent is any suitable chemical additive that enhances the removal rate of the
substrate layer being removed, or that removes trace metal contaminants in silicon polishing.
Suitable chelating or complexing agents can include, for example, carbonyl compounds (e.g.,
acetylacetonates and the like), simple carboxylates (e.g., acetates, aryl carboxylates, and the
like), carboxylates containing one or more hydroxyl groups {e.g., glycolates, lactates,
gluconates, gallic acid and salts thereof, and the like), di-, tri-, and poly-carboxylates (e.g.,
oxalates, oxalic acid, phthalates, citrates, succinates, tartrates, malates, edetates (e.g.,
dipotassium EDTA), mixtures thereof, and the like), carboxylates containing one or more
sulfonic and/or phosphonic groups, and the like. Suitable chelating or complexing agents also
can include, for example, di-, tri-, or polyalcohols (e.g., ethylene glycol, pyrocatechol,
pyrogallol, tannic acid, and the like), polyphosphonates such as Deguest 2010, Dequest 2060, or
Dequest 2000 (available fiom Solutia Corp.), and amine-containing compounds (e.g., ammonia,
amino acids, amino alcohols, di-, td-, and polyamines, and the like).
[0022] It will be appreciated that many of the aforementioned compounds can exist in the
form of a salt (e.g., a metal salt, an ammonium salt, or the like), an acid, or as a partial salt. For
example, citrates include citric acid, as well as mono-, di-, and tri-salts thereof; phthalates

* include phthalic acid, as well as mono-salts (e.g., potassium hydrogen phthalate) and di-salts
thereof; perchlorates include the corresponding acid (i.e., perchloric acid), as well as salts
thereof. Furthermore, certain compounds or reagents may perform more than one function, For
example, some compounds can function both as a chelating agent and an oxidizing agent (e.g.,
such as iron (II) nitrate, iron (III) nitrate, and the like).
{0023] The polishing composition optionally further comprises one or more other additives.
Such additives include acrylates comprising one or more acrylic subunits (e.g., vinyl acrylates
and styrene acrylates), and polymers, copolymers, and oligomers thereof, and salts thereof.
[0024] The polishing composition can comprise a surfactant and/or rheological control
agent, including viscosity enhancing agents and coagulants (e.g., polymeric rheological control
agents, such as, for example, urethane polymers). Suitable surfactants can include, for example,
cationic surfactants, anionic surfactants, nonionic surfactants, amphoteric surfactants, mixtures

thereof, and the like. Preferably, the polishing composition comprises a nonionic surfactant, An



1 wt.% amoni um persul fate 10 126 2E (invention) 1 wt % ammoni um
persul fate 10 182 2F (invention) 2 wt.% amoni um persul fate 10 105 2G
(invention) 1 wt.% amonhun ceriumnitrate 1.7 126 [0043]As is
apparent fromthe data presented in Table 2, the presence of either
arrunoni um persul fate or amonium ceriumnitrate in the polishing
conposition increased the silicon carbide renoval rate fromO to as
hi gh as 182 nm hr. EXAMPLE 3 [0044] Thi s exanpl e denonstrates the
effect on the renpval rate of silicon carbide by the presence of an
oxi di zer in WOFHPPEOng conposition. [0045] A 4HPSI si A28
silicon carbide wafer was polished with three different polishing
conpositions. Each of the polishing conpositions contained 30 w. %
substantially spherical silica and was adjusted to a pH of 10. Two of
the polishing conpositions were further nodified by the addition of
anmoni um persul fate as indicated in Table 3. [0046] The silicon
carbide renoval rate (nm hr) was det ernified for each pol i shi ng
conposition, and the results are shown in Table 3. WO

2008/ 03042 Cﬁawlggié@w)&ldg_ gamopic surfactant is an ethylenediamine polyoxyethylene surfactant,

The amount of surfactant in the polishing composition typically is 0.0001 wt.% to 1 wt.%
(preferably 0.001 wit.% to 0.1 wt.% and more preferably 0.005 wt.% to 0.05 wt.%).

{0025] The polishing composition can comprise an antifoaming agent. The antifoaming
agent can be any svitable anti-foaming agent. Suitable antifoaming agents include, but are not
limited to, silicon-based and acetylenic diol-based antifoaming agents. The amount of anti-
foaming agent in the polishing composition typically is 10 ppm to 140 ppm.

[6026] The polishing composition can comprise a biocide. The biocide can be any snitable
biocide, for example, an isothiazolinone biocide. The amount of biocide in the polishing
composition typically is 1 to 50 ppm, preferably 10 to 20 ppm.

[0027] The polishing composition preferably is colloidally stable. The term colloid refers to
the suspension of the particles in the liquid carrier. Colloidal stability refers to the maintenance
of that suspension through time. A polishing composition is considered colloidally stable if,
when the polishing composition is placed into a 100 ml graduated cylinder and allowed to stand
unagitated for a time of 2 hours, the difference between the concentration of particles in the
bottom 50 ml of the graduated cylinder ([B] in texrms of g/ml) and the concentration of particles
in the top 50 ml of the graduated cylinder ([T] in terms of g/m1) divided by the initial
concentration of particles in the polishing composition ([C] in terms of g/ml) is less than or
equal to 0.5 (i.e., {[B] — [T]}/[C] =0.5). Preferably, the value of [B}-[T)V/[C] is less than or
equal to 0.3, more preferably is less than or equal to 0.1, even more preferably is less than or
equal to 0.05, and most preferably is less than or equal to 0.01.

[0028] The polishing composition can be prepared by any suitable techuique, 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 lz;y combining the
components thereof in any order. The term “component” as used herein includes individual
ingredients (e.g., oxidizing agent, abrasive, etc.) as well as any combination of ingredients {e.g.,
water, halogen anion, surfactants, etc.).

[0029] The polishing composition can be supplied as a one-package system comprising the
liquid carrier, the abrasive, the oxidizing agent, and optionally other additives. Alternatively,
some of the components, such as an oxidizing agent, can be supplied in a first container, either
in dry form, or as a solution or dispersion in the Yquid carrier, and the remaining components,

such as the abrasive and other additives, can be supplied in a second container or multiple other



13 TABLE 3 Pol i shing Conposition Oxidizer Concentration Silicon
Car bi de Renmoval Rate (nm hr) 3A (conparative) NNA 0 32 (invention) 1
wt . % anmoni um persul fate 22.75 3C (invention) 1 wt% arnnoni um

persul fate 21 [0047]As is apparent fromthe data presented in Table
3, the silicon carbide renoval rate increases when the polishing
conposition conprises anmoni um persul fate. EXAMPLE 4 [0048] Thi s
exanpl e denonstrates the effect on the renoval rate of silicon
carbide by the presence of an oxidizer and an abrasive in a Eolishing
conposi ti on. WPGE’&’Q-’]WMH singl e crystal silicon carbi dBCTAERWI MY
polishedNl svith fifteen different polishing conpositions. The
contents and pH of each of the polishing conpositions are indicated
below in Table 4. The silicon carbide renoval rate (nnihr) was
determ ned for each polishing conposition, and the results are shown
in Table 4. TABLE 4 Poli shing Conpositi%n Abr asi ve Concentration p_H

containers. 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 in the art.
[0030] Solid components, such as the abrasive, can be placed in one or more containers
either in dry form or as a solution in the liquid carrier. Moreover, it is suitable for the
components in the first, second, or other containers to have different pH values, or alternatively
to have substantially similar, or even equal, pH values. The components of the polishing
composition can be partially or entirely supplied separately from each other and can be
combined, e.g., by the end-user, shortly before use (e.g., 1 week or less prior to use, 1 day or less
prior to use, 1 hour or less prior to use, 10 minutes or less prior to use, or 1 minute or less prior
to use).
{00313 The polishing composition also can be provided as a concentrate which is intended to
be diluted with an appropriate amount of liquid carrier prior to use. In such an embodiment, the
polishing composition concentrate can comprise a liquid carrier and optionally other
components in amounts such that, upon dilution of the concentrate with an appropriate amount
of liquid carrier, each component will be present in the polishing compésition in an amount
within the appropriate range recited above for each component. For example, each component
can be présent in the concentrate in an amoumt that is 2 times {(e.g., 3 tirnes, 4 times, or 5 times)
greater than the concentration recited above for each component in the polishing composition so
that, when the concentrate is diluted with an appropriate volume of liquid carrier (e.g., an equal
volume of liquid carrier, 2 equal volumes of liguid carrier, 3 equal volumes of liquid carrier, or 4
equal volumes of liquid carrier, 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 skill in the art, the concentrate can contain an
appropriate fraction of the liquid carrier present in the final polishing composition in order to
ensure that the other components of the polishing composition are at least partially or fully
dissolved or suspended in the concentrate.
[0032] The inventive method of polishing a subsirate is 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 velogity that results from orbital,
linear, or circular motion, a 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

relative to the surface of the polishing pad. The polishing of the substrate takes place by the



Oxi di zer Concentration Silicon Carbide Renoval Rate (turdlin 4A
(conparative) 20 w.% substantially spherical silica (Bindzil) 10 NV A
76 48 (invention) 20 W % substantially spherical silica (Bindzil) '

10 0.5 wt. % H202 105 4C (invention) 20 w. % substantially spheri cal
silica (Bindzil) 10 9.5 wt. % potassi um peri odate 102
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substrate being placed in contact with the polishing pad and the polishing composition (which
generally is disposed between the substrate and the polishing pad), with the polishing pad
moving relative to the substrate, 0 as to abrade at least a portion of the substrate to polish the
substrate.

[0033] Desirably, the polishing end-point is determined by monitoring the weight of the
silicon carbide substrate, which is used to compute the amount silicon carbide removed from the
substrate. Such technigues are well known in the art,

[0034] Polishing refers to the removal of at least a portion of a surface to polish the surface.
Polishing can be performed to provide a surface having reduced surface roughness by removing
gouges, crates, pits, and the like, but polishing also can be performed to introduce or restore a
surface geometry characterized by an intersection of planar segments.

[0035] The method of the invention can be used to polish any suitable substrate comprising
at least one layer of silicon carbide. The silicon carbide can be removed at any suitable rate to
effect polishing of the substrate. For example, silicon carbide can be removed at arate of 5
nm/hr or more (e.g., 10 nm/hr or more, 20 nm/hr or more, 50 nm/hr or more, 70 nm/hr or more,
100 nm/hr or more, or 200 nm/hr or more). The silicon carbide can be removed at a rate of 800
nm/hr or less (e.g., S00 nm/hr or less, 300 nmv/hr or less, 250 nm/hr or less, or 200 nm/hr or less).
Accordingly, the silicon carbide can be removed from the substrate at a rate of 5 nm/hr to 1500
nm/hr (e.g., 10 nm/hr to 1000 nm/hr, 20 nm/hr to 800 nm/br, 30 nm/hx to 500 nm/hr, 40 nm/hr to
300 nm/br, or 30 nm/br to 180 nrn/hr). More preferably, the silicon catbide can be removed
from the substrate at a rate of 20 nm/hr to 180 nm/hr, 70 nm/hr to-180 nm/hr, 100 nm/hr to 180
nm/hr, 30 nm/hr to 1000 nmvhr, 100 nmv/hr to 500 nmvhr, or 200 nm/hr to 400 nm/hr.

{0036] The following examples fiwther illustrate the invention but, of course, should not be

construed as in any way limiting its scope.

EXAMPLE 1
[0037] This example demonstrates the effect on the removal rate of silicon carbide by the
presence of substantially spherical silica and an oxidizer in a polishing composition.
[0038] A 6H semi-insulating single crystal silicon carbide wafer was polished with ten
different polishing compositions. The contents and pH of each of the polishing compositions are
indicated in Table 1. The silicon carbide removal rate (nm/hr) was determined for sach

polishing composition, and the results are shown in Table 1.



WD 2008/ 030420PCT/ US2007/ 019274 14 Pol i shing Conposition Abrasive

Concentration pH Oxidizer Concentration Silicon Carbide Renpval
4D (i nvention) 20 wt.% substantially spherical

(nm h/ 1

Rat e
silica

(Bindzil) 10 0.5 w. % potassi um persul fate 104 4E (conparative) 20

wt . % substantially spheri cal
(conparative) 20 w.%

silica (Nalco 1034) 2 N A 97 4F

WO 2008/030420 PCT/US2007/019274
11
TABLE 1
Polishing Abrasive Oxidizer pH Silicon Carbide Removal
Composition Concentration Concentration Rate (nm/hr)
1A (comparative} | 30 wt.% fumed /A 10-10.5 0
silica
1B (comparative) | 30 wt.% fumed | 0.5 wt.% H;0, | 10-10.5 46.5
' silica
I'1C (comparative) | 30 wt.% fumed | 1.0wt% HzO, | 10-10.5 77.5
' silica
| 1D (comparative) | 30 wt.% fumed | 2.0wt.% H0, | 10-10.5 69.75
silica
1E (comparative) 30 wt.% N/A 10 0
substantially
spherical silica
1F (invention) 30wt.% 1wt% 10 775
substantially ammonium
spherical silica persulfate
1G (invention) 30 wt% 1wt.% 10 93
substantially ammonium
spherica] silica persulfate
1H (invention) 30 wit% 1 wt.% KIO; 11 124
substantially
spherical silica
1I (invention) 30 wt.% 2wt.% 10 124
substantially amntonium
spherical silica persulfate
1J (invention) 30 wt.% 2 wt.% oxone 10 93
substantially
spherical silica
[0039] As is apparent from the data presenied in Table 1, the silicon carbide removal rate

increases when the polishing composition comprises substantially spherical silica particles in

combination with an oxidizing agent such as ammonium persulfate, potassium iodate, or oxone.

[0040]

EXAMPLE 2

This example demonsirates the effect on the removal rate of silicon carbide by the

presence of different oxidizing agents in the polishing composition of the invention.

[0041]

A 4HN single crystal silicon carbide wafer was polished with seven different

polishing compositions. Each of the polishing compositions contained 30 wt.% substantially

spherical silica. Six of the polishing compositions were further modified by the addition of

gither ammonium persulfate or ammonium cerium nitrates as indicated in Table 2.




substantially spherical silica (Nalco 1034) 2 0.5 wt. %1202 96 4G
(invention) 20 w. % substantially spherical silica (Nalco 1034) 2 0.5
Wt . % pot assi um periodate 122 4H (invention) 20 wt. % substantially
spherical silica (Nalco 1034) 2 0.5 wt. % potassium persulfate 116 41
(conparative) 0.5 wt.%ceria 5 VA O 4K (conparative) 0.5 w%ceria 5
3000 ppm pot assi um peri odate O

WO 2008/030420 PCT/US2007/019274
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[0042] The silicon carbide removal rate (nm/hr) was determined for each polishing
composition, and the results are shown in Table 2.

TABLE 2
Polishing Oxidizer pH Silicon Carbide
Composition Concentration Removal Rate (nm/hr)

2A (comparative) N/A 10 0
2B (invention) 1wt% 10 105
ammonium
persulfate
2C (invention) 1wt% 10 87.5
ammonium
persulfate
2D (invention) 1 wt.% 10 126
ammoninm
__persulfate
2E (invention) 1 wt% 10 182
ammoninm
persulfate
2F (invention) 2 wt.% 10 105
ammonium
persulfate
2G (invention) 1wt.% 1.7 126
ammonium
cerium nitrate

[0043] As is apparent from the data presented in Table 2, the presence of either ammonium
persulfate or ammonium cerium nitrate in the polishing composition increased the silicon

carbide removal rate from O to as high as 182 nm/hr.
EXAMPLE 3

[0044] This example demonstrates the effect on the removal rate of silicon carbide by the
presence of an oxidizer in a polishing composition.

[0045] A AHPSI single crystal silicon carbide wafer was polished with three different
polishing compositions. Each of the polishing compositions contained 30 wt.% substantially
spherical silica and was adjusted to a pH of 10. Two of the polishing compositions were further
modified by the addition of ammoninm persulfate as indicated in Table 3. ,

[0046) The silicon carbide removal rate (nm/hr) was determined for each polishing

composition, and the results are shown in Table 3.



4L (invention) 0.5 wt.%ceria 5 3000 ppm potassi um persul fate 64 4M
(conparative) 7.5 wt.%g seeded gel process alpha alunmna 3 NA O 4N
(invention) 7.5 wt % seeded gel process alpha alumna 3 0.5 wt. % H202
37 40 (invention) 7.5 w. % seeded gel process al pha alumna 3 0.5

Wt . % pot assi um periodate 59 4? (invention) 7.5 w % seeded gel process

al pha alumna 3 0.5 wt. % potassi um

WO 2008/030420 PCT/US2007/019274
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TABLE 3
Polishing Oxidizer Silicon Carbide
Composition Concentration Removal Rate (nm/hr)
3A (comparative) N/A 0
3B (invention) 1wt.% 22.75
ammonium
persulfate
3C (invention) 1wt.% 21
ammonium
persulfate

increases when the polishing composition comprises ammonium persulfate.

[0048]

EXAMPLE 4

This example demonstrates the effect on the removal rate of silicon carbide by the

presence of an oxidizer and an abrasive in a polishing composition.

[0049]

As is apparent from the data presented in Table 3, the silicon carbide removal rate

A 4H single crystal silicon carbide wafer was polished with fificen different

polishing corripositions. The contents and pH of each of the polishing compositions are
indicated below in Table 4. The silicon carbide removal rate (nmv/hr) was determined for each

polishing composition, and the results are shown in Table 4.

TABLE 4

Polishing
Composition

Abrasive

Concentration -

pH

Oxidizer Concentration

Silicon Carbide
Removal Rate

(om/hr)

4A (comparative)

20 wt.%
substantially
spherical silica
(Bindzil)

10

N/A

76

4B (invention)

20 wt.%
substantially
spherical silica
(Bindzil)

10

0.5 wt.% H202

105

4C (invention)

20 wt.%
substantially
spherical silica

(Bindzil)

10

0.5 wt.% potassium
periodate

102




persul fate 350 WD 2008/ 030420PCT/ US2007/ 019274 15 [0050] As is
apparent fromthe data presented in Table 4, the silicon carbide
renoval rate typically increases upon the addition of an oxidizer to
t he polishing conmposition. The conbinati on of seeded gel process

al pha alum na with potassium persulfate was particularly effective in
i ncreasing the renoval rate of silicon carbide. EXAMPLE 5 [0051] This
exanpl e denonstrates the effect on the renoval rate of silicon
carbide by the presence of different types of alum na abrasive in a
pol i shing coM938PBP9%8. [ 0052] A 4H single crystal siliBoMUBHIHIHE

waf er was polished with six different polishing conpositions. Each of
t he polishing conpositions contained 3 w.% abrasive and 1.0 w. %
pot assi um persul fate, and was adjusted to a pH of 3. The type of

al um na abrasive used in each of the polishing conmpositions is

i ndicated below in Table 5. [0053] The silicon carbide renoval rate
(nmhr) was determ ned for each polishing conposition, and the
results are shown in Table 5. TABLE 5 Pol i shing Conposition Alunina

Type Al J_m__n_a_wannfa turer 'Ar\vlelra‘_n Darf|h|n Qu zZe (nr‘f} S:!-n N r‘avB‘ do
. c ar]
Renoval | Ratg. ¢nm hr Zgﬁé pyent ifon) seeded gel process aIS%1°\% i
Gobai n { algabadiieh00| 3EandhiblVENt i o) ' |fouiBs BoEHS SR (m/hr)
20 wt.%
. . substantially 0.5 wt.% potassium
4D (invention) spherical silica 10 persulfate 104
(Bindzil}
20 wt.% .
) substantiaily
4E (comparative) spherical silica 2 N/A, 97
{(Nalco 1034)
20 wt.%
AF (comparative) | Substantially 2 0.5 wt.% H202 96
spherical silica
(Nalco 1034)
20 wt.%
. - substantially 0.5 wt.% potassium
4G (nvention) |y cricat silica 2 periodate 122
Nalco 1034)
20 wt.% _
. . substantially 0.5 wt.% potassivm
4H (invention) sphericat silica 2 persulfate 118
{(Nalco 1034)
4T (comparative) 0.5 wt.% ceria 5 N/A 0
. . . 3000 ppm potassium
4K (comparative) 0.5 wt.% ceria 5 periodate 0
4L (invention) | 0.5 wt.% ceria 5 3000 ggr‘;‘ull’i;‘t"fsmm 64
aM 7.5 wt.% g seeded
. gel process alpha 3 N/A 0
{comparative) .
alumina
7.5 wt.% seeded
4N (invention) gel process alpha 3 0.5 wt.% H202 37
alumina
7.5 wt.% seeded .
. . 0.5 wt.% potassium
40 (invention) gel p;loces's :lpha 3 periodate 59
7.5 wt.% seeded .
. . 0.5 wt.% potassium
4P (invention) gel process alpha 3 persulfate 350
alumina




(RMA11) 120 109 5C (invention) fumed Cabot (RWWA- 11) 120 129 5D

(i nvention) polyner coated al um na Cabot M croel ectronics (TPA6) 120
58 5E (invention) al pha Saint Gobain PN 7955.35 350 121 5F

(i nvention) al pha Saint Gobain PN 7955.80 800 151 [O0054]As is
apparent fromthe data presented in Table 5, use of the seeded gel
process al pha alumna resulted in a silicon carbide renoval rate

whi ch was significantly larger than the rates achieved with the
conpositions containing other types of alum na. EXAMPLE 6 [0055] This
exanpl e denoW&2PEP¥420t he ef fect on the renoval rate oPCRYIFH|274
carbide by the concentration of potassiumpersulfate in a polishM

conposi tion.

[0050]

15

As is apparent from the data presented in Table 4, the silicon carbide removal rate

typically increases upon the addition of an oxidizer to the polishing composition. The

" combination of seeded gel process alpha alumina with potassium persulfate was particularly

effective in inereasing the removal rate of silicon carbide.

[0051]

EXAMPLE 5

presence of different types of alumina abrasive in a polishing composition.

[0052]

‘This example demonstrates the effect on the removal rate of silicon carbide by the

A. 4H single crystal silicon carbide wafer was polished with six different polishing

compositions. Each of the polishing compositions contained 3 wt.% abrasive and 1.0 wt.%

potassium persulfate, and was adjusted to a pH of 3. The type of alumina abrasive used in each

of the polishing compositions is indicated below in Table 3.

[0053] The silicon carbide removal rate (nm/hr) was determined for each polishing
composition, and the results are shown in Table 5.
TABLE 5
Polishing Alumina Type Alumina Average Particle | Silicon Carbide
Composition Manufacturer Size (nm) Removal Rate
. (eon/h)
5A (invention) seeded gel Saint Gobain <100 315
process alpha (alpha)
5B (invention) " fumed Degussa 120 109
(RMU3-11)
5C (invention) fumed Cabot (RMWA- 120 129
11}
5D (invention) polymer coated Cabot 120 58
alumina Microelectronics
(TPA6)
5E (invention) alpha Saint Gobain PN 350 121
7955.35
5F (invention) alpha Saint Gobain PN 800 151
7955.80

[0054]

As is apparent from the data presented in Table 5, use of the seeded gel process alpha

alurnina resulted in a silicon carbide removal rate which was significantly larger than the rates

achieved with the compositions containing other types of alumina.

[0055]

EXAMPLE 6

concentration of potassium persulfate in a polishing composition.

This example demonstrates the effect on the removal rate of silicon carbide by the




WD 2008/ 030420PCT/ US2007/ 019274 16 [0056] A 4HN single crystal silicon
car bi de wafer was polished with five different polishing
conpositions. Each of the polishing conpositions contained 3 w.%
seeded gel process al pha alum na and was adjusted to a pH of 4. Four
of the polishing conpositions were further nodified by the addition
of potassium persulfate. [0057] The silicon carbide renoval rate
(nmhr) was determ ned for each polishing conposition, and the .
results are shown in Table 6. TABLE 6 Poli shing Conposition Potassium
Per sul f at e CHRceNE#0420 on (W . % Col |l oidal Stability SPCTEBH7ECAEHI de
Renoval Rate (run/hr) 6A (conparative) O stable 15 68 (invention)

0. 002 stable 290 6C (invention) 0.005 stable 336 6D (|nvent|on) 0.03

stable 270

16

[0056]
compositions. Each of the polishing compositions contained 3 wt.% seeded gel process alpha

A 4HN single crystal silicon carbide wafer was polished with five different polishing

alumina and was adjusted to a pH of 4. Four of the polishing compositions were further

modified by the addition of potassium persulfate,

[0057] The silicon carbide removal rate (nm/hr) was determined for each polishing
composition, and the results are shown in Table 6.
TABLE 6
Polishing Potassium Colloidal Silicon Carbide
Composition Persulfate Stability Removal Rate
Concentration {nm/hr)
(wt.%)
G6A (comparative) 0 stable 15
6B (invention) 0.002 stable 290
6C (invention) 0.005 stable 336
6D {invention) 0.03 stable 270
6E (invention) 0.1 unstable 288
{0058] As is apparent from the data presented in Table 6, the silicon carbide removal rate

continued to increase as the concentration of potassium persulfate increased up to a

concentration between 0.005 wt.% and 0.03 wt. % potassium persulfate.

EXAMPLE 7
[0659] This example demonstrates the effect on the removal rate of silicon carbide by the
concentration of seeded gel process alpha alumina in a polishing composition.
[0060] A 4HN single crystal silicon carbide wafer was polished with two different polishing

compositions. Each of the polishing compositions contained 0.1 wt.% potassium persulfate and
was adjusted to a pH of 4. The polishing compositions also contained seeded gel process alpha

alumina at a concentration of either 0.1 wt.% or 0.5 wt.%.

[0061] The silicon carbide removal rate (nmv/hr) was determined for each polishing
composition, and the results are shown in Table 7.
TABLE 7
Polishing Alumina Silicon Carbide
Composition Concentration Removal Rate
(wt.%) (nm/hr)
7A (invention) 0.1 213
7B (invention) 0.5 288




6E (invention) 0.1 unstable 288 [0058]As is apparent fromthe data
presented in Table 6, the silicon carbide renpval rate continued to
i ncrease as the concentration of potassiumpersulfate increased up to
a concentration between 0.005 wt.% and 0.03 w. % potassi um

persul fate. EXAMPLE 7 [0059] This exanpl e denonstrates the effect on
the renoval rate of silicon carbide by the concentration of seeded
gel process al pha alumna in a polishing conposition. [0060] A 4HN
single crystal silicon carbide wafer was polished with two different
pol i shing coMPd8P#%88s. Each of the polishing conposi F¢BHEEBHEEI ned
0.1 w.% potassium persul fate and was adjusted to a pH of 4. The
pol i shing conpositions al so contained seeded gel process al pha

alum na at a concentration of either 0.1 w.%or 0.5 w.% [0061] The
silicon carbide renmoval rate (nn/hr) was determ ned for each

pol i shing conposition, and the results @are shown in Table 7. TABLE 7
Pol i shi ng Conposition Al um na Concent ratl on (w.% Silicon Carbide
Renoval n 7A ti on 0.1 .213 78 (inventi on) 0.5 288
WO 2008/ 538@633) c#%%?@é‘?ﬁ‘o@ @‘ﬁdi“? Tertsd S abie’, élﬁﬁa%mf FHRRPFILIPRS VAR a
present ed sffigctiglyt golighingithe Ialdmcgfnaﬂmdermmnb@suuipoﬁiﬁsn Stabhingf theBiphere 1N
pol i shi ng doh&niil ggﬁa . ON gont aining the
hi gher concent ratofgﬁﬂgifﬁﬁggtﬂl&ﬁ%@%%ﬁrgég% 3% Shms% P¥con carbi de
polishing rate. EXAMPLE 8 EXAMPLE 2

[0063] This example demonstrates the effect on the removal rate of several different types of
silicon carbide wafers by a polishing composition.

[0064) Nine different types of single crystal silicon carbide wafers were polished with a
polishing composition containing 0.6 wt.% seeded gel process alpha alumina and 0.03 wt.%
potassium persulfate, adjusted to a pH of 4,

[0065) The silicon carbide removal rate (nm/hr) was determined for each type of wafer, and

the results are shown in Table 8.

TABLE 8§
Silicon Carbide Silicon Carbide
Wafer Type Removal Rate
(um/hr)
AHN 282
6HPSI 235
GHPS] 222
6HPSI 241
4HN 322
6HPSI 341
GHPS] 358
6HPSI 345
4HN 316

[0066] As is apparent from the data presented in Table 8, the inventive polishing

composition was able to successfully polish each type of silicon carbide wafer tested.

EXAMPLE9
[0067] This example demonstrates the effect on the removal rate of silicon carbide by
polishing a silicon carbide substrate using different polish tool parameters with a polishing
composition.
[0068] Five different sets of polishing tool parameters were used to polish a chemical vapor
deposition (CVD) polycrystallire silicon carbide wafer with a polishing composition containing
1 wt.% seeded gel process alpha alumina and 0.3 wt.% potassium persulfate, adjusted to a pH of
4.,



[ 0063] Thi s exanpl e denonstrates the effect on the renoval rate of
several different types of silicon carbide wafers by a polishing
conposition. [0064] Nine different types of single crYstal silicon
carbi de wafers were polished with a polishing conposition containing
0.6 W .% seeded gel process al pha alumna and 0.03 wt . % potassi um
persul fate, adjusted to a pH of 4. [0065] The silicon carbide renoval
rate (nmhr) was determ ned for each type of wafer, and the results
are' shown in Table 8. TABLE 8 Silicon Carbide Wfer Tg e Silicon
Car bi de Renmo¥Q20848%20 t anf hr) 4FI N 282 6HPSI 235 6HPSP 13‘262""641#314 241
41111 322 6HPSI 341 6HPSI 358 6BPSI 345 411N 316 [O0066]As is
apparent fromthe data presented in Table 8, the inventive polishing
conposition was able to successfully polish each type of silicon
carbide wafer tested. EXAMPLE 9 [0067] This exanpl e denonstrates the
effect on the renpoval rate of silicon cq&bide by

[0069] The silicon carbide removal rate (nm/hr) was determined for each set of polishing

conditions, and the results are shown in Table 9.

TABLE 9
Polishing Platen Speed Down Force Silicon Carbide
Conditions (rpnn) : (psi) Removal Rate
: (nm/hr)
9A (invention}) 60 0.96 63
9B (invention) 60 2.87 221
9C (invention) - 100 2.87 ) 655
9D (invention) 120 4.78 578
9E (invention) 120 478 082

{0070} As is apparent from the data presented in Table 9, the silicon carbide removal rate
increased as the platen rotational speed of the polishing pad and the down force pressure of the

substrate against the polishing pad were increased.



polishing a silicon carbide substrate using different polish tool
paranmeters with a polishing conposition. [0068]Five different sets of
pol i shing tool paraneters were used to polish a chem cal vapor
deposition (CVD) polycrystalline silicon carbide wafer with a
pol i shing conposition containing 1 w 1% seeded gel process al pha
alum na and 0.3 wt.% potassium persul fate, adjusted to a pH of 4. WO
2008/ 030420PCT/ US2007/ 019274 18 [0069] The silicon carbi de renoval

rate (nn/hr) was determ ned for each set of polishing conditions, and

the resul

&laimge shown in Table 9. TABLE 9 Polishing Conditions Platen

Speed (rpm) Down Force (psi) Silicon Carbide Renoval Rate (nmihr) 9A
(i nvent i oRe iBgertionelaggediB (i nvention) 60 2.87 221 9C (invention) 100
2.87* 655 9D (invention) 120 4.78 978 9E (invention)

I. A method of chemically-mechanically polishing a substrate, which method comprises:
(i) contacting a substrate comprising at least one layer of single crystal silicon carbide
with a chemical-mechanical polishing composition comprising: (a) a liquid carrier,
wherein the liquid carrier with any components dissolved or suspended therein has a pH
of about 5 or less, (b) an abrasive suspended in the liquid carrier, wherein the abrasive
consists of substantially spherical precipitated or condensation-polymerized silica
particles having an average particle size of about 40 nm to about 130 nm, and (c} an
oxidizing agent selected from the group consisting of oxone, ammonium cerium nitrate,
periodates, iodates, persulfates, and mixtures thereof, (ii) moving the polishing
composition relative to the substrate, and (iii) abrading at least a portion of the silicon
carbide of the substrate to polish the substrate.

2. The method of claim 1, wherein the abrasive is present in an amount of about 5 wt. %
to about 40 wt. % based on the weight of the liquid carrier and any components disselved
or suspended therein.

3. The method of claim 2, wherein the abrasive is present in an amount of about 15 wt. %
to about 35 wt. % based on the weight of the liquid carrier and any components dissolved

or suspended therein.

4. The method of claim 3, wherein the liquid carrier comprises water, and the liquid
carrier with any components dissolved or suspended therein has a pH of about 3 or less.

5. The method of claim 4, wherein the oxidizer is ammeonium cerium nitrate.

6. The method of claim 5, wherein the oxidizer is present in the amount of 0.05 wt. % to
about 2 wt. %.

7. The method of claim 4, wherein the oxidizer is potassium periodate.

8. The method of claim 7, wherein the oxidizer is present in the amount of 0.05 wt. % to
about 2 wt. %.

9. The method of claim 4, wherein the oxidizer is potassium persulfate.

10. The method of claim 9, wherein the oxidizer is present in the amount of 0.05 wt. % to
about 2 wt. %.



120 4.78 982 [0070]As is apparent fromthe data presented in Table
9, the silicon carbide renoval rate increased as the platen
rotational speed of the polishing pad and the down force pressure of
the substrate against the polishing pad were increased. 19 dains
The invention clainmed is: 1. A method%of chemically-nechanically
polishing a substrate, which nethod conprises: (i) contacting a
substrate conprising at |east one |ayer of single crystal silicon
carbi de w a ni c ol.i, shi.n osition conprising:
(a) a li m&h F}fglc’% {Riﬁ'gﬁe‘fv elﬁwgtff‘o%fﬁﬁllﬁa%sgcr ngﬁvﬂeany corrponents
di ssol ved or sus ded therejn has a pH of about 5 or h) an
abr asi ve E@g o clata 1 wyeird %?WbﬁtéPtlaIWBPeéWﬁl Hhe laswgwaon-
consi sts Eﬁy@ﬁb@@é ictal |y spherical precipitated or

condensat i on-pol yneri zed silica particles having an average particle
si ze of abodhe agthedhof olaithduwhargin thewpxidiaihg (Geynt ahpresentinznrgnoageeftabout
sel ect ed §.0bwt.t%h¢o ghooup wt.dh dasdionghoieightorfehe laquidodrtien and mny nompaneatse,
peri odat edissolvedat espepled sherdiat es, and m xtures thereof, (ii) noving
the polishing conmposition relative to the substrate, and (iii)

abr adi ng pf. Theafthod o lairh Owhéreinhie GiidizingnRgaRipsiasvm fdedavbst rat e
to poli st‘pdtggglugulgggtéate 2. The nethod of claim1, wherein the
abrasive is present in an anount of about 5 wt. %to about 40 wt. %

based on {Ngnui.al o@f:lahﬁ“? \khé}lsﬁh%&@:&&lkéﬁs ?&stﬁi?ﬁ( GAlIpgNent s

di ssol ved or suspended ther el n. hod of cI alm 2, wherein

the abr ané\/ %hé ﬁqt %[08%? Qlta \?ﬂe{ragqql'@stlh&f c%%g 15 }é'n d ﬁ%%} t(ﬁe @‘L?D%HE‘[@%?EI

Wt . %bas carrier an nent's

di ssol vear or0 §Bspgﬂ&5ﬁﬁ eltr% Oﬂmﬂ’f‘he met hod of cl a| m 3 wher ein
the i qui rrier npri ses wat.er nd th quid carrier with an
Componant 5 desfvdG 98#&1%3 PR o Kap i iTepigvEq e SupsBHe

| ess. 5. a“PF?éD ?‘H&@OE)‘P’HZ‘:‘V&PWP‘K in the oxidizer is anmni um
ceriumnitrate. 6. The method of cI aimb5, wherein the oxidizer is
present i1 Themsthodef clgim 6, whergin thakiquid easterwish gy, componants dinslvediokod
of cl ai mspspanted tiugin liag agt] ofi abevt 3 er lpwt assi um peri odate. 8. The

met hod of claim 7, wherein the oxidizer is present in the anmount of
0.05 wt. P& fThe aiadmtl oPchatm 18pwhedein THediguet daodkr ofithcingicomg$onandsatissolved e
oxi di zer suspepdt¢dthsicinnhapanslibfiabet 2 orlless. The nmet hod of claim 9, wherein
the oxidizer is present in the anount of 0.05 wt. %to about 2 wt. %
20 11. TheThBikoddof claindil vlercinies idizih Ggdnt tyirébeffiiah @ncaRAITTTab&ES
vater.  I2o01he URtBes 0t 04 Bise bn tﬁ&’fwgit%fiﬂéql%ﬁimh@é?tah@hﬂl

spheri cal .osipbh&is dissohRAYE SepLidRaRRLiHEr | zed silica he met hod
of claimi1l, wherel n the oxidizing agent is present in an anount of

22?:’} e? gqull ‘fl'ﬁe mg%htzgﬂlagg%" 2§ d’yﬁere;fg?%?ﬁﬂzﬂa (%éﬂ? ‘é&’?ésg{l]ktmiﬂ aﬂ%&q flfgf:[.'chﬂ

met hod of a en |°§u OatrnSSI um%erl odat e
or pot assi® %OP%’&%Q%S Vef&'?l Suﬁ% q?\a.)ﬁﬁé%i "of "claim 1, wher ein the oxidizer
i s potassjum persu te., .16. The nmethod of_ c¢laim n.the

si | icon c?a%%]’fa@eﬁﬂedp fBire & Whesrin thrsinglnewstal wicop Céjf’l‘doﬁlé BN Bk 30
nm | hr to about 1000 mm/hr. 17. The nethod of claim 16, wherein the
silicon & Bhemeihed pEelpyd Whasein thresinglbeyrtal elicen carbidsris SHPShpdyivpa00
nm hr to about 500 nm hr. 18. The nethod of claim11, wherein the
liquid carrier with any conponents di ssol ved or suspended therein has
a pH of about 3 or less. 19. The nethod of claim 18, wherein the
liquid carrier with any conponents di ssol ved or suspended therein has
a pH of about 2 or less. 20. The nethod of claim1, wherein the

oxi di zing agent is present in an anount of about 0.001 wt. %to about
2 Wt. % based on the weight of the liquid carrier and any conponents
di ssol ved or suspended therein. 21. The nethod of claim 20, wherein



