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Silicon Carbide Renoval Rate (nn/hr) 1A (conparative) 30 w. % funmed
silica VA 10-10.5 0 1B (conparative) 30 w.% funmed silica 0.5 w. %
H202 10-10.5 46.5 1C (conparative) 30 w. % funed silica 1.0 wt. % H202

10-10. 5 77. 54 bhidef:Gppparative) 30 wt. % fumed silica 2. 0
10-10.5 69.‘?% ‘ﬁ% ILg‘corrpar ative) 30 wt.% substantially g%ﬁ{é?ﬁ‘{ﬁé’gﬁ% lica

N'A 10 0 1F (invention) 30 w.% substantially spherical silica 1.wt.%
amoni Umepela§et Jf sihBle E0/stéilsiBeoh CarbidB MENinb GiRY thd @oldhil composition relative to the

substrate, and (iii) abrading at least a portion of the silicon carbide of the substrate to polish the
substrate. The polishing composition comprises, consists essentially of, or consists of (a) &
liquid cartier, (b) an abrasive suspended in the liquid carrier, and (c) an oxidizing agent.

[0012] In a first embodiment, the abrasive is substantially spherical silica particles having an
average particle size of 40 nm to 130 nm, and the oxidizing agent is selected from the group
consisting of hydrogen peroxide, oxone, ammonium cerium nitrate, periodates, iodates,
persulfates, and mixtures thereof. In a second embodiment, the abrasive is alumina and is
present in an amount of 3 wt.% or less based on the weight of the liquid carrier and any
components dissolved or suspended therein, and 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 selected from the group consisting of hydrogen peroxide, oxone,
ammonium cerfum nitrate, periodates, iodates, persulfates, and mixtures thereof. In a third
embodiment, 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 selected
from the group consisting of oxone, potassium persuifate, and mixtures thereof. In a fourth
embodiment, the abrasive is alomina and is present in an amount of 3 wt.% or less based on the
weight of the liquid carrier and any components dissolved or suspended therein, and 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 selected from the group
consisting of hydrogen peroxide, oxone, ammonium cerium nitrate, periodates, periodic acid,
iodates, persulfates, chromates, 'pe'rmanganates, bromates, perbromates, ferrates, perrhenates,
perruthenates, and mixtures thereof. In a fifth embodiment, the abrasive is alumina, titania,
ceria, or zirconia, and is present in an amount of 3 wt.% or less based on the weight of the liquid
carrier and any components dissolved or suspended therein, and the oxidizing agent is a
permanganate salt, wherein the permanganate salt is present in an amount of 0.001 wt.% to 2.5
wt.% based on the weight of the liquid carrier and any components dissclved or suspcndeci
therein. In a sixth embodiment, the abrasive is alumina, titania, ceria, or zirconia, and is present
in an amount of 3 wt.% or less based on the weight of the liquid carrier and any components
dissolved or suspended therein, and the oxidizing agent is periodic acid, wherein the periodic
acid is present in an amount of 0.001 wt.% to 1 wt.% based on the weight of the liquid carrier
and any components dissolved or suspended therein. |

[001 3]  The substrate to be polished using the method of the invention can be any suitable

substrate which comprises at least one layer of silicon carbide. Suitable substrates include, but



substantially spherical silica 1 w.% ammoni um persul fate 10 93 111
(invention) 30 w.% substantially spherical silica 1 wt.% 1C103 11
124 11 (invention) 30 wt.% substantially spherical silica 2 w.%

anunoni um pehsebialg 10 124 1.1 (invention) 30 wt . % Syghasdahiy
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[0014]  The polishing pad can be any suitable polishing pad, many of which are known in the

art. Suitable polishing pads include, for example, woven and non-woven polishing pads.
Moreover, suitable polishing pads can comprise any suitable polymer of varying density,
hardness, thickness, compressibility, ability to rebound upon compression, and compression
modulus. Suitable polymers include, for example, polyvinylchloride, polyvinylfluoride, nylon,
fluorocarbon, polycarbonate, polyester, polyacrylate, polyether, polyethylene, polyamide,
polyurethane, polystyrene, polypropylene, coformed products thereof, and mixtures thereof.
[0015] The polishing pad can comprise fixed abrasive particles on or within the polishing
surface of the polishing pad, or the polishing pad can be substantially free of ﬁxeci abrasive
particles. Fixed abrasive polishing pads include pads having abrasive particles affixed to the
polishing surface of the polishing pad by way of an adhesive, binder, ceramer, resin, or the like
or abrasives that have been impregnated within a polishing pad so as to form an integral part of
the polishing pad, such as, for example, a fibrous batt impregnated with an abrasive-containing
palyurethane dispersion.

[0016] The polishing pad can have any suitable configuration. For example, the polishing
pad can be circular and, when in use, typically will have a rotational motion about an axis
perpendicular to the plane defined by the surface of the pad. The polishing pad can be
cylindrical, the surface of which acts as the polishing surface, and, when in use, typically will
have a rotational motion about the central axis of the cylinder. The polishing pad can be i the
form of an endless belt, which, when in use, typically will have a linear motion with respect o
the cutting edge being polished. The polishing pad can have any suitable shape and, when in
use, have a reciprocating or orbital motion along a plane or a semicircle. Many other variations
will be readily apparent to the skilled artisan.

[0017]  The polishing composition comprises an abrasive, which desirably is suspended in

the liquid carrier (e.g., water). The abrasive typically is in particulate form. Any suitable



TABLE 2 Pol i shing Conposition Oxidizer Concentration pH Silicon
Car bi de Removal Rate (run/hr) 2A (conparative) NA 10 0 2B
(invention) 1 wt.% ammoni um persulfate 10 105 2C (invention) 1 w.

anmoni um p 10 87.5 2D (invention) 1 w.%a |fate
10 126 2E ?‘I[O?\%J[ Ihgln) 1 wt . % anmoni um persul fate 10%@@]0%61%%

(invention) 2 wt.% ammoniumpersulfaté 1 wt.% ammoni um cerium
nitrate 1@ .bivé cADR used, many of which are well known in the art. Preferably, the abrasive

comprises, consists essentially of, or consists of one or more metal oxides. The metal oxide
desirably is selected from the group consisting of alumina, ceria, germania, magunesia, silica,
titania, zirconia, co-formed products thereof, and combinations thereof.

[0018] In particular, the abrasive comprises, consists essentially of, or consists of
substantially spherical silica, alumina, ceria, zirconia, or titania. 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)4 to form substantially spherical particles. The precursor
Si(OH), 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 prodﬁcts such as Bindzil from EKA Chemicals, the Fuso PL-1, PL-2, and PL-3
products, and the Nalco 1034A, 1050, 2327, and 2329 products, as well as other similar products
available from DuPont, Bayer, Applied Research, Nissan Chermical, 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, alumina, ceria, zirconia, and
titaﬁa particles can have any suitable particle size. For example, the substantially spherical
silica, alumina, ceria, zirconia, and titania particles can have an average particle size of 10 nm or
more (&.g., 20 nm or more, 30 nm or more, 40 nm or more, or 50 nm or more). The substanfiaily
spherical silica, alumina, ceria, zirconia, and titania 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 nm or less, 130 nm or
less, 110 nm or less, or 100 nm or less). Accordingly, the substantially spherical silica, alumina,
ceria, zirconia, and titanja 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.

[0019]  Any suitable amount of abrasive can be present in the polishing composition.
Typibally, 0.01 wt.% or more (e.g., 0.05 wt.% or more) abrasive will be present in the polishing
composition. More typicaily, 0.1 wt.% or more (e.g., 1 wt.% ormore, 5 wt.% or more, 7 wt.%
or more, 10 wt.% or more, or 12 wt.% or more) abrasive will be present in the polishing
composition. 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 wt.% or less, 5 wt.% or
less, 3 wt.% or less, 1 wt.% or less, 0.6 wt.% or less, or 0.3 wt.% or less). Accordingly, the



126 2G (i nvention) [ 0043] As is apparent fromthe data presented
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composition. Preferably, the oxidizing agent is selected from the group consisting of hydrogen

peroxide, oxone, ammonium cerium nitrate, periodates, iodates, persulfates, chlorates,
chromates, permanganates, bromates, perbromates, ferrates, perrhenates, perruthenates, and
mixtures thereof. The permanganates, periodiates, and persulfates can be any periodate, iodate,
persulfate or combination of periodates, iodates, and persulfates, such as, for example,
potassium periodate, peniodic acid, ammeonium persulfate, potassium persulfate, or potassium
permanganate, More preferably, the oxidizing agent is oxone, potassium persulfate, potassium
permanganate, or periodic acid. The oxidizing agent can be present in the polishing coruposition
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, 2.5 wt.% or less, 2 wt.% or less, 1 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.%, 0.001 wt.% to 2.5 wt.%, 0.005 wt.% to 10 wt.%, 0.01
wt.% to 5 wt.%, 0.05 wt.% to 2 wt.%, or 0.1 wt.% to 0.5 wt.%) oxidizing agent. More
preferably, the polishing composition comprises 0.001 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.

[0022} The polishing composition, specifically the liquid 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, 6 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., 2 or more, 3



[0049] A 411 single crystal silicon carbide wafer was polished with
fifteen different polishing conpositions. The contents and pH of each
of the polishing conpositions are indicated below in Table 4. The

silicon carpi val rate (nmhr) was determ ned f
pol i shi ng é@%%@%#ﬁ. n, and the results are shown in T§§F§§§@m$ﬁ§15 4

Pol i shi ng Conposition Abrasive Concentr@tion pH Oxidizer

Concent r abi @bre St i iQ8, Citirel& JRewiRy 3l o Reh6re). L THA/PI dan $4) foCexampleatroni @ o
20 wt. % substantially spherical silica (Bindzil) 1 91@356 %

(i nvent | oh) (b T B0\ GPR 21 Fom g aEat ehiiPes ik AT 8- 0.5
wh. % 112000305 YR 009 pARLECTHAKIRACH OAIRed dohEnbimueatsyan) 20

W . % substantially spherical S|Iica_gBindziI),10 0.5 wt. % pot assi um
per i odat esuBbleamais. AJeAsPsHIcaby thipotishinarompatition &y fepresqrepaise &PH ca

adjustor, a pH buffering agent, or a 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 combinatioﬁ 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, and the like. The polishing
composition can comprise any suitable amount of a pH adjustor and/or a pH 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,

[00624] Tt will be appreciated that many of the aforementioned compounds can exist in the
form of a salt, an acid, or as a partial salt. Furthermore, certain compounds 6r reagents may
perform more than one function. For example, some compounds can function both as a
chelating agent and an oxidizing agent.

[0025) 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. The amount of surfactant in the polishing composition typically is 0.0001
wt.% to 1 wt.% (preferably 0.001 wt.% to 0.1 wt.% and more preferably 0.005 wt.% to 0.05
wt.%o).

[0026]  The polishing composition can comprise an antifoaming agent. The antifoaming
agent can be any suitable 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.

[0027] The polishing composition can comprise a biocide. The biocide can be any suitable
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.

[0028]  The polishing composition can be prepared by any suitable technique, many of which
are known to those skilled in the art. The polishing composition can be prepared in 2 batch or
continuous process. Generally, the polishing composition can be prepared by combining the

components thereof in any order. The term “component” as used herein includes individual



(Bindzil) 10 0.5 w. % potassi um persul fate 104 4E (conparative) 20
W . % substantially spherical silica (Nalco 1034) 2 N A 97 4F
(comparative) 20 w.% substantially spherical silica (Nal co 1034) 2

0.5 wt % H2 Bo/f i nvention) 20 wt. % substantially lica
(Nal co 103 gﬂ 9(541@0( % pot assi um periodate 122 4H (i %gefﬁ§| %ﬂl é0

wt . % substantial ly spherl cal silica (Na$co 1034) 2 0.5 wt. % potassi um
per sul f at pgkdfend le.§. COMDBNARIVE hbidsibe, lc.) U €l hvany cbihbinAtion 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 liquid carrier, and the remaining components,
such as the abrasive and other additives, can be supplied in a second container or multiple other
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).

[0031] 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 composition in an amount
within the appropriate range recited above for each component. For example, each componént
can be present in the concentrate in an amount that is 2 times (e.g., 3 times, 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 liquid 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.



4K (conparative) 0.5 wt.%ceria 5 3000 ppm potassi um periodate 0 4L
(invention) 0.5 wt.%ceria 5 3000 ppm potassi um persul fate 64 4M
(conmparative) 7.5 w.% g seeded gel process alpha alumna 3 VA 0 4N

5740 (1 R B9 s w96 seaded el process. al pha AR AR L o

pot assi um peri odate 59 4P (invention) 13.5 wt. % seeded gel process
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apparent ‘fromthe data presented in Table 4, the silicon carbide

renoval rerfenction with a chemical-mechanical polishing (CMP) apparatus. Typically, the apparatus
comprises a platen, which, when in use, is in motion and has a velocity that results from orbital,
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
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, so as to abrade at least a portion of the substrate to polish the
substrate. .
[0033] Desirably, the polishing end-point is determined by rrionitoring the weight of the
silicon carbide substrate, which is used to compute the amount silicon carbide removed from the
subsﬁ’ate. Such techniques 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 a rate 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
nmv/hr or less (e.g., 500 nm/hr or less, 300 nm/hr or less, 250 nm/hr or less, or 200 nmvhr 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/hr, 30 nm/hr to 500 nm/hr, 40 nm/hr to
300 nmv/hr, or 50 nm/hr to 180 nm/hr). More preferably, the silicon carbide 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 nov/hr to 2700 nmv/hr, 30 novhr to 1000 nmv/hr, 100 nm/hr to 500 nm/hr, or 200 nmyv/hr
to 400 nm/hr.
[0036] The follc;wing examples further illustrate the invention but, of course, should not be
construed as in any way limiting its scope.

EXAMPLE 1

[0037] -~ This exainple demonstrates the effect on the removal rate of silicon carbide by the

presence of substantially spherical silica and an oxidizer in a polishing composition.



typically increases upon the addition of an oxidizer to the polishing
conposition. The conbi nati on of seeded gel process al pha alumna with
potassi um persul fate was particularly effective in increasing the
removal ra i,licon carbide. WD 2009/111001PCT/ U 15
EXAMPLE 5 E"g‘agﬂfﬁﬁ]ﬁf'{m% exanpl e denonstrates the effect gégfgg{ee%r%?%gal
rate of silicon carbide by the presencaiof different types of alum na
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Al uni na TypePdlistingna Manuiteesiver er |AvePsigigerPar { i cPR Si| Bdlicon fprbiie Resesyal
Car bi de RenBwmposiane | nfipimentraian( i|nCerehigaiionspeded gel pr Sedsmirhha
Sai nt Gobatf—{atphar=<tf0—3I3t5 5B (fnventiom ¢-Degussa—{(RyS-11)
120 109 SEACFHRRERAS, @uwni?ﬁiﬂ??ot (RVIAKS 11) AT SR (i nvant i on§
aat-ad
POl YT G e rative) | 30 wi% fumed | 05 wi% H;0; | 10-10.3 465
silica
1C (comparative) | 30 wt.% fumed | 1.0 wt.% H,0, | 10-10.5 71.5
silica
1D (comparative) | 30 wt.% fumed | 2.0 wt.% HpO, | 10-10.5 69.75
| silica
1E (comparative) 30 wt% N/A 10 0
substantially
spherical silica
1F (invention) 30 wt.% 1 wt.% 10 77.5
substantially ammoninm
spherical silica persulfate
1G (invention) 30 wt.% 1 wi.% 10 93
substantially ammonium
spherical silica persulfate
1H (invention) 30 wt.% 1 wt.% X103 11 124
substantially
spherical silica
11 {invention) 30 wt.% 2 wt.% 10 124
substantially ammoninm
spherical silica persulfate
1J (invention) 30 wt.% 2 wt.% oxone 10 93
substantially
spherical silica

[0039] As is apparent from the data presented 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.
EXAMPLE 2

[6040] This example demonstrates the effect on the removal rate of silicdn 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
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2C (invention)

1 wt.%
amnmonium
persulfate

10

87.5

r) 6A

2D (invention)
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126

2E {invention)
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10

182
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2 wt.%
ammonium
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10

105

2@ (invention)

[0043]

1 wt.%
arpmonium

cerjium nitrate

1.7

126

As is apparent from the data presented in Table 2, the presence of either ammonium

persulfate or ammonium ceriun nitrate in the polishing composition increased the silicon
carbide removal rate from 0 to as high as 182 nm/hr.
EXAMPLE 3

[0044]

presence of an oxidizer in a polishing composition.

[0045]

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

A 4H semi-insulating 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 ammonium persulfate as indicated in Table 3.

[0046]

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

comnposition, and the results are shown in Table 3.



O stable 15 6B (invention) 0.002 stable 290 6C (i nvention) 0.005
stable 336 6D (invention) 0.03 stable 270 6E (invention) 0.1 unstable
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[0047]  As is apparent from the data presented in Table 3, the silicon carbide removal rate
increases when the polishing composition comprises ammonium persulfate.

-EXAMPLE 4
[0048]  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] A 4H single crystal silicon carbide wafer was polished with fifteen different
polishing composition.s. The contents and pH of each of the polishing compositions are
indicated below in Table 4. The silicon carbide removal rate (nm/hr) was determined for each

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

TABLE 4
Polishing Abrasive pH Oxidizer Concentration { Silicon Carbide
Composition Concentration Removal Rate
(nm/hr)
4A (comparative) 20 wt.% 10 N/A 76
substantially
spherical silica
(Bindzil)
4B (invention) 20 wt.% 10 0.5 wt.% H20; 105
substantially
spherical silica
(Bindzil)




[ 0062] As is apparent fromthe data presented in Table 7, although
bot h conpositions were effective in polishing the silicon carbide

waf er, the conposition containing the higher concentration of alum na
achi eved a_hi r.sjlicon carbide polishing rate.
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[ 0065Fe——sitteonTcat QTETIUVd.I rage—(nmn I mmed o5
each tr%lﬁpgnvﬁlﬁon fer, h g; sul ts%gre sho%:‘:gé}s i% ;éjﬁi’& TABLE 8
Silicpon Carbide WAf con Carbide Re te (pnmhr) 411N

\f e
single crystal 282 @f%r}égﬁ%ﬂma sul ating 235 6H semi-insul afing 222 611
A

Sem = T uu; | SIggTr T 3 yoL I 32£ L J e T 'I i"laui (Z.LI Ty
611 se‘dfﬁ)@f’rﬂ%%?g'fafr ép%ﬁ.fl senj -i nsul ati|ng 345313@\1 si ngl @ crys?al
316 |[O0066]As is 1ppé lést"?f“ }yomthe data presented in Tabl e 8, the

i nvent i ve poli shi rg ‘1on was able to successfully pol i sh each
type Q 4 sted—EXAMPLE -9 [ 00671TFh

dermonsth (§eararitiye) ~ffec%0‘6hﬁ’t he femoval r gﬁ/"% ca; bi de g@
polishing a silicon S¥p¥AHRNSubst rate usi ng di fferent polish tool

paraneters with a po?PP%rFﬁah%“éorrposi tion. [0068]Five di fferent sets of

pol i shing tool par \-apor

deposi 4G 6rVeREYD) pol yc?Q ¥t i nk sil% con apﬁl"ﬁe@ﬁ\ﬁﬁ’éﬁ‘ﬁ% th a 122
pol i shi ng conposi t|i orfuessRiaibhi ng 1 wt . % seeded P§A92sr ocess al pha

al uni pa and 0.3 w|. %ppeiabdlistm persul fate, adjusted to a pli of 4.
[ 0069] The_silicon [cafbeleel®3hnvhl rate (nut/hr) was determined for

each Bl (ofenpod)i shi ng 20 wt% 2 0.5 wt.% potassium 116
: substantially persulfate
spherical silica
{(Nalco 1034)
41 (comparative) 0.5 wt.% ceria 5 N/A 0
4K {comparative) 0.5 wt.% ceria 5 3000 ppm potassium 0
periodate .
4L (invention) 0.5 wt.% ceria 5 3000 ppm potassium 64
persulfate
4M (comparative) | 7.5 wt.% g seeded 3 N/A 0
gel process alpha
alumina
4N (invention) 7.5 wt.% seeded 3 0.5 wt.% Hy0, 37
gel process alpha
alumina
40 (invention} 7.5 wt.% seeded 3 0.5 wt.% potassium 59
gel process alpha. periodate
alumina
4P (invention) 7.5-wt.% seeded 3 0.5 wt.% potassium 350
gel process alpha persulfate
alumina

[0050] As is apparent from the data presented in Table 4, the silicon carbide remeval 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 increasing the removal rate of silicon carbide.



conditions, and the results are showmn in Table 9. WO

2009/ 111001PCT/ US2009/ 001326 18 TABLE 9 Polishing Conditions Platen
Speed (rPIn) Down Force (1lcPa) [psi] Silicon Carbide Reinoval Rate
(nm hr) 9A é{i nvention) 60 6.62 [0.96] 63 9B (i nvention) 60 19.97
[2.87] 221 Y@ ¥AWAti on) 100 19.97 [2.87] 655 9D (i nvRGHTSBHY/ 003
32.96 [4.78] 978 9E (invention) 120 32. ?56 [4.78] 982 [0070]As is
apparent fromthe data presented i nE‘l;&QY[g 5 the silicon carbide
renoval rate increased as the platen™ro a%l onal speed of the

pol i shi ng [@Ed} andhisexadplandefionstetepthe sffent en Gie réthevabbsifisdicen agldealsy the

t he polishin ad .were incr ed. MPLE 10. [.0071] Thi.s exanpl e
tomonat r s8R 3T alBleRt Y FRRT DA BUANC PR BUSERE (HReBBRar bi e by the
presence qf0sdif f ex éAtingkiceliszi sijiccaganide waertwae pplidhedwith gix diffipas pblishing
of the invention. [Q072].A 411 sem -insul ati Sj rystal ,sili¢on
Oar bi de. wiPBPORRs iR PR s sl T Eh i A SAaL T e,
Each of t:petﬁm&mga{smgtd;@fmed é?siddjugi_&&td?@;ﬁﬂ afﬂeﬂleﬁy&fdﬂzlu%fimo(ﬁa] gﬁg@éﬂ in each
process a a al.uym na and was adj uste to 0 . e
silicon c&?%@@lla‘éffﬁﬁ?ﬁipoﬁl%?%liﬁﬂﬁcﬂﬁgb?(ﬂ%i’él“dﬁ?bgar i ned for each

pol i shi ng [gm@APOS iTthie ilicorPdlebildVRmOOS Whté Bundhi§ wa & @Erndinkd Fedtagh dddishing

composition, and the results are shown in Table 5.

TABLE S
Polishing Alumina Type Alumina Average Particle Silicon Carbide
Composition Manufacturer Size (nm) Removal Rate
(nm/hr)
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
(TPAG)
SE (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

alumina 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.

[0056]

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

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

“compositions. Each of the polishing compositions contained 3 wt.% seeded gel process alpha

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

modified by the addition of potassium persulfate.

[0057]

composition, and the results are shown in Table 6.

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




TABLE 10 Polishing Conposition Oxicii7er Concentration Silicon

Car bi de Renoval

Rate -

(run/hr) 10A (invention) 0.3 wt.% potassium

persul fate 280-313 10B (i nvention) 0.12 wt. % potassi um per nanganat e
1682 10C (i nvention) 0.27 wt. % potassiumchlorate 152 10D ’
(conpar at i V&) 200948t . 9% ceri um perchlorate <10 10E (i MEBRZPEAISY. 43

W . % pot assi um chromate 492 10F (invention) 0.43 wt. % ammoni umiodate

20 100 (invention) 0.25 w. % peri odi
wt . % pot assi um brornate 236 101 (co

(i nvention) O.

per manganat e 4

dehydrate <10

[0058]

AP

g 694 1011 (invention) 0.37

Fve) |odine <10 10J
3 Weoltéhingt aspi upfasdisul f at e @aithiddM 12 (wiSioqadlaaséd um
| 73Cdios{tanpar atPexselfat®. 37 wt Sébidiodi um t RagstaARete
10L (conpar aji Cejceraionwt|. % pot assi um nol yhaahe <1p
(wt.%)

6A {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

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 (.03 wt. % potassium persulfate.
EXAMPLE 7

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

[0059]

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 pe};sulfate 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 (nm/hr) was determined for each polishing

composition, and the results are shown in Table 7.

[0062]

TABLE 7
Polishing Alumina Silicon Carbide
Composition Concentration Removal Rate
(wt.%) (nmv/hr)
7A (invention) 0.1 213
7B (invention) 0.5 288

As is apparent from the data presented in Table 7, although both compositions were

effective in polishing the silicon carbide wafer, the composition containing the higher

concentration of alumina achieved a higher silicon carbide polishing rate.
EXAMPLE 8

This example demonstrates the effect on the removal rate of several different types of

[0063]

siticon carbide wafers by a polishing composition.



[0Q74] As is apparent fromthe data presented in Table 10, the silicon
carbi de renoval rate increases when the polishing conposition
conprises alumina particles in combination with an WO
2009/ 111001PCT/ US2009/ 001326 19 oxi di zi ng agent such as potassi um
per sul f at e, Y3134 P%Um per manganat e, pot assi um chl or at ECTIEIAYWH
chromate, periodic acid, or pota55|un1bﬁonate EXAMPLE || [0075] This
exanpl e d?ﬂﬂ@ﬁ[st r & ixfé}gnt 98# si 16 2§a1 SFIBY %blﬁ%gi'e&qu?é delféﬁ’ch with a

e conce

carbide b RETati sl um permanganate i n a polishing
conposi t i polishin@OFBpositibe csetammgrﬂsﬁma%usmgle@ geigrosessaipba alumsid 4nd 13 wt.%
car bi de wa S i fferent polishing conpositions.
Each of é%%%ﬁ?ﬁﬁﬁﬁgk Qﬁ%“%h 8%§fgontalned 0.6 W % seeded ge
process aI[QﬂGé} al Ohe ahcon[o@@?dk]r&'meva& rdtd (covirraaddethemimedbor ghchytapecof wafer, and
(ni n/hr) ternlned ach polishing conposition, and the

resul ts aﬁ%rgu e T FaB 6%% TABLE 11 Pol i shing Conposition

Pot assi um Per mangant e Cbncentratlon (WKBEE8|0H Silicon Carblde Renoval

Rat e run/ hr 11A ettt PR IRSAL 4 1682
11C (|(nvent i ém 0. [LASE ﬁ%ﬁliigaﬁfﬁ\)’%t °°Bbi‘§’“% %)e%ﬁ’fﬁsf
(invention) 0.2 4 0712 11F (invention) D.3

4HN single crystal 282

6H semi-insulating 235

6H semi-insulating 222

6H semi-insulating 241

4HN single crystal 322

- G6H semi-insulating 341

6H semi-insulating 358

6H semi-insulating 345

4HN single crystal 316

{0066]  Asis apparent from the data presented in Table 8, the inventive polishing

composition was able 1o successfully polish each type of silicon carbide wafer tested.
EXAMPLE ¢

10067] This example demonstrates the effect on the removal rate of silicon carbide by

polishing a silicon carbide substrate using different polish tqol parameters with a polishing

composition.

[0068] Five different sets of polishing tool parameters were used to polish a chemical vapor

deposition (CVD) polycrystalline 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

{6069]  The silicon carbide removal rate (nm/hr) was determined for each set of polishing

conditions, and the results are shown in Table 5.



4 1747 110 (invention) 0.5 4 1922 11H (invention) 1.0 4 1958 | 1[I
(invention) 1.5 4 1812 11J (invention) 2.5 4 1913 11K (i nventi on)
(3.1;4 1?). 1&24 [0078] As is apparent fromthe data presented in Table

, polishing conmpositions conprisin ot assi um per nanganat e over a
concent r at PERPARYPE of 14 wt. % to 2.% 5/( . % and a? pH BFBHBLPd in
a significant silicon carbide renoval ygate. EXAMPLE 12 [0079] This
exanpl e denonstrates the effect on thgyesoval rate of silicon
carbide by the concentration of periodic acid and abrasive in
pol i shi ng conposiRolignngand |t hBlajsk Spéedt h irsfrirery ¢ orPpisen Cabie
[ 0080] A 4H sefn - Cosdifiatsi ng si ndipe)cr yst al (&%) [peidn ¢armealBfer was
pol i shed withj 12 different| polishing conpositions. |[0080me silli con
car bi de renovpdA Garetiémn/ Nr) wasodet er fri ned2 fb¥éleach pol i%hi ng
conposi tion, pgElGhvats®sullts ar écshown|i nopahRe7ii2| WO 221
2009/ 111001 PCT3tE2a86801326 2010ABLE 12 1B@l7i[387hg | Conposss i on pH
Peri odi ¢ Aci di épaehtibat 1 an (W12 AT um rra.gegagent fati ongtsm . %
9E (invention) 120 32.96 [4.78] 982

U

[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.

- EXAMPLE 10
[0071] This example demonstrates the effect on the removal rate of silicon carbide by the
presence of different oxidizing agents in the polishing composition of the invention.
[0072] A 4H semi-insulating single crystal silicon carbide wafer was polished with 12
different polishing compositions. Each of the polishing compositions contained 0.6 wt.% seeded
gel process alpha alumina and was adjusted to a pH of 4.
[0073] The silicon carbide removal rate (nm/hr) was determined for each polishing

composition, and the results are shown in Table 10.

TABLE 10
Polishing Composition Oxidizer Concentration Silicon Carbide
Removal Rate -
(nm/hr)
10A (invention) : 0.3 wt.% potassium persulfate 280-313
10B (invention) 0.12 wt.% potassium permanganate 1682
10C (invention) 0.27 wt.% potassium chlorate 152
10D (comparative) 0.48 wt.% cerium perchlorate <10
10E (invention) 0.43 wt.% potassium chromate 492
10F (invention) 0.43 wt.% ammonium iodafe 20
10G (invention) 0.25 wt.% periodic acid 694
10H (invention) 0.37 wt.% potassium bromate 236
101 (comparative) Iodine <10
107 (invention) 0.3 wt.% potassium persulfate and 473
0.12 wt.% potassium permanganate
10K (comparative) 0.37 wt.% sodium tungstate dehydrate <10
10L {comparative) 0.26 wt.% potassium molybdate <10 -

[0074]  Asis apparent from the data presented in Table 10, the silicon carbide removal rate

increases when the polishing composition comprises alumina particles in combination with an



Silicon Carbide Renoval Rate (nnfhr) 12A (invention) 2' 0.15 0.1 504
12B (invention) 2 0.05 0.6 335 12C (invention) 2 0.25 0.6 671 12D
(invention) 2 0.15 1.1 761 12E (invention) 4 0.05 0.1 374 12F

(i nvention) 481) 0.25 0.1 573 12G (invention) 4 0.15 0.6 717 12H

(i nvention) V&350 1 761 PCT/US2009/001326

19
oxidizing agent such as potassium persulfate, potassium permanganate, potassium chlorate,

potassium chromate, periodic acid, or potassium bromate.

EXAMPLE 11
[0075] This example demonstrates the effect on the removal rate of silicon carbide by the
concentration of potassium permanganate in a polishing composition. |
[0076] A 4H semi-insulating single crystal silicon carbide wafer was polished with 11
different polishing compositions: Each of the polishing compositions contained 0.6 wt.% seeded

gel process alpha alumina.

[0077} The silicon carbide removal rate (nm/hr) was determined for each polishing

composition, and the resulis are shown in Table 11.

TABLE 11
Polishing Composition Potassium pH Silicon Carbide
Permangante Removal Rate (nm/hr)
Concentration (wt.%)
11A (invention) 0.1 4 1660
11B (invention) 0.12 4 1682
11C (invention) 0.14 4 1722
11D (invention) 0.18 4 1591
11E (invention) 0.2 4 1712
11F (invention) 0.3 4 1747 -
11G (invention) 0.5 4 1922
11H (invention) 1.0 4 1958
111 (invention) 1.5 4 1812
11] (invention) 2.5 4 1913
11K (invention) - 0.14 10 164

[0078] As is apparent from the data presented in Table 11, polishing compositions

comprising potassium permanganate over a concentration range of 14 wt.% t0 2.5 wt.% and at

pH of 4 resulted in a significant silicon carbide removal rate.

EXAMPLE 12

[0079] This example demonstrates the effect on the removal rate of silicon carbide by the

concentration of periodic acid and abrasive in a polishing composition and the pH of the

polishing composition.

[0080] A 4H semi-insulating single crystal silicon carbide wafer was polished with 12

different polishing compositions.

[0081]  The silicon carbide removal rate (nm/hr) was determined for each polishing

composition, and the results are shown in Table 12.
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[0082]

As is apparent from the data presented in Table 12, polishing compositions

comprising periodic acid over a concentration range of 0.05 wt.% to 0.25 wt.%, and alpha-

alumina over a concentration range of 0.1 to 1.1 wt.%, at pH of 2 to 6, resulied in a significant

silicon carbide removal

[0083]

rate.
E

XAMPLE 13

presence of different types of abrasives in a polishing composition.

[0084]

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

A 4H semi-insulating single crystal silicon carbide wafer was polished with 7

different polishing compositions. Each of the polishing compositions contained an abrasive and

potassium permanganate, and was adjusted to a pH of 4. The type of abrasive used in each of

the polishing compositions and the amount of potassium permanganate are indicated below in

Table 13.
[0085)

composition, and the results are shown in Table 13.

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




Silicon Carbi de Renpva

Rate (nmhr) 13A (invention) 0.12

al pha-alum na 0.6 2069 13B (invention) 0.12 titania 0.6 1032 13C

(conmparative) 0.12 substantially spherical
“(invention) 0.14 zirconia 0.6 389 13E (invention)

silica (25 nn) 10 <10 13D
0.14 ceria 0.6 480

13F (conpar®? PP¥311¥114 substantial |y spherical silicaPC8OHPYPR290

13G (conparative) 0.14 filmed silica 10,026

[ 0086] As is apparent fram

the data presented in Table 13, the #4gg;gfizal pha-alumnna, titania,

Polishing Potassium Abrasive Type Abrasive - Silicon Carbide
Composition Permangante Concentration Removal Rate
Concentration (wt.%) {(nm/hr)
(wt.%)
13A (invention) 0.12 alpha-alumina 0.6 2069
13B (invention) 0.12 titania 0.6 1032
13C (comparative) 0.12 substantially 10 <10
spherical silica
(25 nmy)
13D (invention) 0.14 zirconia 0.6 389
13E (invention) 0.14 ceria 0.6 480
13F (comparative) 0.14 substantially 10 70
spherical silica
(80 nm)
13G (comparative) 0.14 fumed silica 10 26
[0086]  Asis apparent from the data presented in Table 13, the use of alpha-alumina, titania,

zirconia, and ceria resulted in a silicon carbide removal rate which was significantly larger than
the rates achieved with the compositions containing silica.

EXAMPLE 14
[0087] This example demonstrates the effect on the removal rate of silicon carbide by the pH
of the polishing composition and the concentration of potassium permanganate in the polishing
composition.
[0088]

different polishing compositions. Each of the polishing compositions contained 0.6 wt. % cena

A 4H semi-insulating single crystal silicon carbide wafer was polished with 5

and potassinm permanganate. The pH and the amount of potassium permanganate are indicated

in Table 14.

[0089]  The silicon carbide removal rate (nm/hr) was determined for each polishing
composition, and the results are shown in Table 14.

TABLE 14
Polishing Potassium . pH Silicon Carbide
Composition Permangante Removal Rate (nm/hr)
Concentration
{(wt.%)

14A (invention) 0.06 2 233

14B (invention) 0.25 2 1202

14C (invention) 0.155 4 915

14D (inventiomn) 0.06 6 690

14E (invention}) 0.25 6 1907




zirconia, and ceria resulted in a silicon carbide renoval rate which
was significantly larger than the rates achieved with the
conpositions containing silica. EXAMPLE 14 [0087] This exanpl e
denonstrates the effect on the renoval rate of silicon carbide by the
pH of the POFYRLINY conposition and the concentrati onPGHUBHPAYIIUM
per nanganate in the polishing conpositjpon. [0088] A 4H semi -insul ati ng
single cr | sil.icon i f i .t el

pol 1'shi ot @0fmodisct GREeR Rt 4B N Rkliata RRb: S0 Welof et g v
0.6 W . %f2erf a sandetyof psisinm |penmeagen@nesntritems pddubigidn isendiveninilicof
potassiuqéﬁggnqag%ﬂ%&p.are i ndicated in Table 14. [0089] The silicon
carbide r ArmYaté (nm hr) was determ ned for each polishing
conposition, and the results are sBEAMHUE [Fabl e 14. TABLE 14

Pol i shi jti Pot ' P Co ti. LA
511 con Pl Ge T rSarie KRRk T TR FERvRE oo e aaby b
(i nvent i angd cdhc@firaflonl @patatd@n pemmapdnaien) 0. 155 4 915 14D (i nventi on)
0.06 6 6 4E (i ti. . 0.25 6 1907. WO _. . :

2009/ 11.1003ET) U607 G4 55k St Me il PEIERE d: o

pr esent ediffdfent pillsBing4ompbrxidns.eEah of &k balishit@lcomp@ditidrd ROEai0éd @6 tvo % at

a variety of pqtassium pernmangangte _concentrations resulted in
si gni fi cAMAMAATIPEGHFEAP %gaflgtﬁo Pl“f éﬁr}‘éﬁe ﬁ%ﬁ%"’ﬁs‘m permanganaie are

indicated below in Table 15.
[00693] The silicon carbide removal rate (nm/hr) was determined for each polishing

composition, and the results are shown in Table 15.

TABLE 15
Polishing Potassium pH Silicon Carbide
Composition Permangante Removal Rate (nm/hr)
Concentration
(wt.%)
15A {invention) 0.05 2 485
15B (invention) 0.45 2 1236
15C (invention) (.05 4 289
15D (invention) 0.14 4 389
15E (invention) 0.05 6 69
15F (invention) 0.45 6 129

[0094] As is apparent from the data presented in Table 15, use of titania over a pH of 2to 6
at a variety of potassium permanganate concentrations resulted in a significant silicon carbide
removal rate.

EXAMPLE 16
[0095] This example demonstrates the effect on the removal rate of 4HN single crystal
silicon carbide by a polishing composition.
[0096] 4HN single crystal silicon carbide wafers were polished with three polishing
composition containing seeded gel process alpha alumina and either potassium permanganate,
potassium persulfate, or periodic acid, adjusted to a pH of 4. The amount of abrasive and the
amount of oxidizing agent are indicated in Table 16.
[0097] The silicon carbidé removal rate (nm/hr) was determined for each polishing

composition, and the results are shown in Table 16.



[ 0091] Thi s exanpl e denonstrates the effect on the renoval rate of
silicon carbide by the pH and concentration of potassium

per manganate. [0092] A 4H sem -insul ating single crystal silicon
carbi de waf er was polished with 6 different polishing conpositions.
Each of thewﬁawféﬂﬁﬂg conpositions contained 0.6 wt. (%CtT(r{Bé‘W?’%mé’ﬁd
pot assi um per manganate. The pH and t he gmount of potassium
pernanganate are indicated below in fahig&5. [0093] The silicon
carbide renoval rate (nn/hr) was determned for each polishing

conposi t | on, Patishithe r ¢Suidizer Qoacestidion |i n TaWlwnins. TABLE 3ificon Carbide
Pol i shi ng Cdivpwsiitipron Pot assi(whtdPer nandafteetomicor (vt 50 pn Removal Rag
Silicon Carbide Renoval Rate (nmhr) 15A (invention) 0.D5 2 48%5/MBEB

(i nventi QhJA Qndmtidn)1236 TECv{(Jorpetastiumon)l 0. 05 40.889 15D (i nvent34dn)
0.14 4 389 15E (invention) GeBblfge69 13F (invention) 0.45 6 129

[ 0094] As | 16B dpjatieft | o4 hetdatassipnedent ed i di6Tabl e 15, use 2055
titania over a pH of 2|to Gediangand®r i etly of potassi um pernanganate

concent r at o ngvdnasny t ed 0. nweySIegpdit k@t silicoep carbi de renovgs

rate. EXAMPLE 16

[0098]  Asis apparent from the data presented in Table 16, the inventive polishing

compositions were able to successfully polish 4HN single crystal silicon carbide wafers.
EXAMPLE 17

{0099]  This example demonstrates the stability of potassium permanganate in an accelerated

heating test to simulate the decomposition of oxidiimg agents at room temperatuie.

[00100] The silicon carbide removal rate, pH, conductivity, and % oxidizer of a polishing

composition containing potassium persulfate and a polishing composition containing potassium

permanganate were measured initially and after heating to 62° C for 16 hours. The results are

shown in Table 17.

TABLE 17
Oxidizing Potassium Potassium Potassium Potassium
Agent Persulfate Persulfate (16 Permanganate | Permanganate (16
(initial) hours at 62° C) (initial) hours at 62° C)
Removal rate 251 164 1148 1139
(nm/hr)
pH 3.75 1.80 3.84 3.88
Conductivity 5520 11,350 1198 1185
(pS/cm) .
% oxidizider 0.598 0.297 0.170 0.170

[00101] Asis apparent from the data presented in Table 17, potassium permanganate does not

decompose but rather remains stable under the accelerated heating test.



[ 0095] Thi s exanpl e denonstrates the effect on the renoval rate of 4HN
single crystal silicon carbide by a polishing conposition. [0096] 4HN
single crystal silicon carbide wafers were polished with three
pol i shi ng conposition containing seeded gel process al pha al um na and
ei t her potassi um permanganat e, potassi2dn persul fate, or periodic
acid, adjusted to a pH of 4. The anount of abrasive and the anount of
oxi di zing agent are indicated in Table 16. [0097] The silicon carbide
removal rate (nm hr) was determ ned dogpgg@ch polishing conposition
and the results are shown in Table 16. WO

2009/ 111001PCT/ US2009/ 001326 23 TABLE 16 Polishi ng Conposition

Oxi di zer Goncenthatadehchepicaliy-maghani- Py polishing asetatéte vhiohmet 9yl c@ngriseson

Car bi de quvak%xﬁﬁﬁﬁg 4 S tRfc)cohPrdirg! agiégs@&}itl&?yer O shoWMoraP QRS Shrbil: wieth a

persul fate 0.6 341 16B (i.nvention) t . % pot assi um per manganat

0.6 2055 rbemicslaeshipicglpplithing coiipasition eemertisieaci d 0.2 698 [0098] As is
apparent from the datq@idy.gnted in Table 16, the inventive polishing
conposi tions m§§e able to successfully polish 4HN single crystal _
silicon carbid )maf%V@Wmﬁ%ﬂﬁﬁﬁﬁﬂTWﬂFé@@éf?ﬁﬁéwgﬁ%ﬁﬁFé1@%%%%@??&@@§43
the stabi Ipidsynt of arPRicaBSIfUBMNE WIBRGAMRE Baskdlortile 36ERI £liRtiIRHidneae 4 any
test to sinulate hehgﬁco o%%tion_of oxi di zing agents at room

t enper at urcgr.np‘f"(%tié‘ﬁﬂo & surnepded fheelly fidde renoval r ate, pH, o
conductivity, &)d %mnoidilizeesgef witer@® the SRidfRthe GEEP @Srdstr® M HOMGALINYfRAGout
pot assi um syl f,ate, and_a pgl.i shing. conposi.tion containi pot assi um
per manganao‘?)@r1 v‘xﬁ‘r é’atﬁﬁ‘&oélg?‘gdmi ?f’i lfaf;egl qn%%ﬁg‘ggtfotfé'?e g Gapgr £ %"Z CEMPYEY 6
hours. Theliss@sadl drssugreades htbatkin, and Talidredn e, oxTdiddhdEagedt DekcBitzd AgmAGE Bloup
Pot assi umconsisting of hydrogen peroxide, oxone, ammonium cerium nitrate, periodates, periodic acid,
iodates, persulfates, chromates, chlorates, permanganates, bromates, perbromates, ferrates,
perthenates, perruthenates, and mixtures thereof, and

(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 about 1 wt. % or

less based on the weight of the liquid carrier and any components dissolved or suspended therein.

3 The method of claim 1, wherein the oxidizing agent is present in an amount of about 0.1
wt. % to about 0.5 wt. % based on the weight of the liquid carrier and any components dissolved

or suspended therein.

4. The method of claim 1, wherein the liquid carrier with any components dissolved or

suspended therein has a pH of about 2 to about 6.

5. The method of claim 1, wherein the oxidizing agent is potassium permanganate.
6. The method of claim 1, wherein the oxidizing agent is periodic acid.
7. The method of claim 1, wherein the silicon carbide is removed from the substrate at a rate

of about 30 nm/hr to about 2700 nm/hr.



Persul fate (initial) Potassium Persulfate (16 hours at 62 O

Pot assi um Per manganate (initial) Potassium Pernmanganate (16 hours at
62 C) Renoval rate (nnfhr) 251 164 1148 1139 pH 3.75 1.90 3.84 3.88
Conductivity (btS/ cm 5520 11,350 1198 1185 % oxi di zi der 0.598 0. 297
0.170 0.170 [00101] As is apparent fr¥mthe data presented in Table
17, potassi um permanganat e does not deconpose but rather remains
stabl e under the accelerated heating test. 24 CLAIMS 1. A nethod of

cheni cal | y: mec hamdtgodlof Yhepdall$fietH@nioal 5 poShing b Qubsitdik, GihidiBt R comprises:

corrprlses (|)cont cting a substrate co sin | east _one | ayer_ of
single crydtal ?’itﬂcg% PUESLS CHEPRRRE Rt Easén%ﬁ%f’éP Wierféﬁfai%’[’lw"BBFP’é‘ﬁWHﬁa

conposi ti @hermearmeblmnm@ polishing cofipgsitian kémiptisthgcarri er, (b) an
abr asi ve suspen i e liquid carrier, wherein the abrasive is

ed ir
al unmi na and |s(agr ESEIlIGtm ®T%h anount of about 3 wt. %or |ess based on

t he wei ght of (e |anghiadive arspanded ianic lagnid c@@i&pmhaﬁmshwﬁbsesﬂb isesdleaéd from

suspended i an OXI |Z|n

oxi di zi ng a tﬁfgé&ﬁj CBnSlS%H%OfaI Pind, l%aacﬁ%?]n %Sﬁc? %{\{hﬂras;\%1§ eSSt

2.5 W . %3abawedt oﬁabphté wie g lespbasechan the qughtt oﬁaneﬂlrpad carieh aadiyhy components

conponent %s?éﬁe?i%w\%&nﬁédtﬁé}éﬂ%ﬂ&md therein, and wherein the oxidizing
e

agent is selected omt group consisting of hydrogen peroxide,
oxone, ammoni ufm cerd pemmanganaig ealt, pberkio dat wemangemtecdit ds preset, injao daes , of

per sul f at §§ous GHQR 85 1o GEHLPHEL §8 194 %gge@%gﬁxg%e?g%t of E}%gl?t}t%ﬁi; partier and any

perbromates, ferrates, perrhenatés, perruthenates,
t her eof , ZAEPYICRty Aisspiied OF Hepeprisitheraimg conposition relative to the

substrate, (AN nobink IR RERHINR gorﬁ‘ﬁosﬂh@@a%iat@e BULshafand he silicon
car bi de of the substrate to polish the substrate.
(iii)  abrading at least a portion of the s1hcon carbide of the substrate to polish the substrate.

9. The method of claim 8, wherein the abrasive is present in amount of about 1 wt. % or less

based on the weight of the liquid carrier and any components dissolved or suspended therein.
10. The method of claim 8, wherein the abrasive is alumina.

11. The method of claim 8, wherein the permanganate salt is present in an amount of amount
of about 0.1 wt. % to about 1 wt. % based on the weight of the liquid catrier and any components

dissolved or suspended therein.

12, The method of claim 8, wherein the liquid carrier with any components dissolved or

suspended therein has a pH of about 2 to about 6.

13. A method of chemically-mechanically polishing a substrate, which method comprises:
1) contacting a substrate comprising at least one layer of single crystal silicon carbide with
a chemical-mechanical polishing composition comprising:

{(a) a liquid carrier,

(b) an abrasive suspended in the liquid carrier, wherein the abrasive is selected from
the group consisting of alumina, titania, ceria, and zirconia, and wherein the abrasive is present in
an amount of about 3 wt. % or less based on the weight of the liquid carrier and any components

dissolved or suspended therein, and



2. The nmethod of claim1l, wherein the abrasive is present in an anount
about 1 wt. %or |ess based on the weight of the liquid carrier and
any conponents dissol ved or suspended therein. 3. The nethod of claim
1, wherein the oxidizing agent is present in an anount of about 0.1
w. %to about 0.5 wt. % based on the weight of the liquid carrier
and any conponents di ssolved or suspengled therein. 4.The nethod of
claim1, wherein the liquid carrier with any conponents dissolved or
suspended therein has a pH of about 2 to about 6. 5. The nethod of
claim1, wherein th . dl 71 . i i UR; . The
rethod of olai oL, PRarsAas piiaRBthuke %35%?”% e

7. The met hecenehncdf 4baw 8.00hirtetodt rPonthlews P4 hagasrpndhey wiighe of Be kaidppmier #om
t he substr akfodbondnd @lsElvedor #3QMEca3Ret hr to about 2700 nm hr. 25
8. A nethod of chem cally-pechani.cally poljshjng a substrate, which
met hod confd?i sé%".‘”“@é‘l?@ﬁ%sﬁl?g F‘?’i‘ﬁ"‘ﬁ“?ﬁf}g‘t"gﬁ’tt& S(‘:‘%W%F’i a§$ng at |east one

| ayer of s¢ifpgl ebatiys itddastaipbiicodt theailibinctberbide bhthasubstewicmlishnechzmnteal
pol i shi ng conposition conpri sing: (a) aliquid carrier,

(b) an abrasive suspended in the liquid carrier, wherein the abrasive
i s sel ect ed-f r S¥hetmivthodypioiginad drgiessin theyaberfsive [supmdsend in anjongfref aboutclewi & orand
zirconi a, aad, WAk Bl Welchr ALIAR MRiel shd REERRPnchiNaifDIva R Wiben@d iRt 3
wt. %or |ess based on the weight of the liquid carrier and any
conponent s di ssol ved or suspended therein, and (c) a

per manganat® saldemewb@sfRlain 13)@hpes B oganatiansdld i s present in an
anount of about 0.001 wt. %to about 2.5 wt. % based on the wei ght of
the liquid carrier and any conmponents di ssol ved or suspended therein,
(i) novi ngs.t helhpohateli of glatw ipostietsirothe peinatgavae tat s lpeeswt sty @hant gnd
(iii) abradi tot0; | ol [ e A

Substr at e (B0 ot ShE PR CROHL P iR e o B a

t he abrasi venjogengdissdypd of psnepdsafere®f about 1 wt. % or | ess based on
the weight of the liquid carrier and any conponents dissol ved or

suspended erej,n. 10.The nethod of claim8,. wherein the abrasjve is
o a1 4 Thel g e b de S ik e b PR R pr
present i nsapendainboatin bfs aalwoldbutdfto doast 0. 1 wt. % to about 1 w. %
based on the weight of the liquid carrier and any conponents

di ssol ved or suspended therein. 12. The nethod of claim@8, wherein the
liquid carrier with any conponents di ssol ved or suspended therein has
a pH of about 2 to about 6. 13. A nethod of chem cally-nechanically
polishing a substrate, which nethod conprises: (i)contacting a
substrate conprising at |east one |ayer of single crystal silicon
carbide with a chem cal - mechani cal polishing conposition conprising:
(a) aliquid carrier, (b) an abrasive suspended in the liquid
carrier, wherein the abrasive is selected fromthe group consisting
of alumna, titania, ceria, and zirconia, and wherein the abrasive is
present in an anmount of about 3 wt. %or |ess based on the wei ght of
the liquid carrier and any conmponents di ssol ved or suspended therein,
and 26 (c)periodic acid or periodates, wherein the periodic acid or
peri odates are present in an anount of about 0.001 wt. %to about 1
wt. % based on the weight of the liquid carrier and any conponents

di ssol ved or suspended therein, (ii)noving the polishing conposition
relative to the substrate, and abrading at |east a portion of the
silicon carbide of the substrate to polish the substrate. 14. The
met hod of claim 13, wherein the abrasive is present in anount of
about 1 wt. %or |ess based on the weight of the liquid carrier and
any conponents dissolved or suspended therein. 15. The net hod of
claim 13, wherein the abrasive is alumna. 16. The nethod of claim
13, wherein the permanganate salt is present in an anount of anount



