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POLISHING SILICON CARBIDE

BACKGROUND OF THE INVENTION
[0001]  Semiconductors with the ability to operate more efficiently in ovder to achieve a
significant reduction in power consumption are highly desirable. Typicaily, silicon substrates
are used 1n the manufacture of such devices; however, further development is limiled due to the
inherent characieristics of silicon. Development of the next generation of semiconduetor
devices has emphasized the use of maternials having a greater bardness and other nmgque
properties. For example, silicon carbide, when compared with silicon oxide, has a higher
thermal conduclivity, a greater iolerance for radiation, and & higher dislectric strength, and is
able to withstand greater emperanwes, which makes it suttable for a variety of applications. The
use of siticon carbide has been limited (o some extent by senviconductor fabrication technology.
[0662]  Inorder to produce silicon carbide semiconductors, the surfaces of the silicon carbide
substrates must be polished in order o provide smooth surfhces and to obtain precise dimensions
for the surfaces. The properties which make silicon carbide such a usefud substrate provide
unique challenges in the polishing process. Due to the hardness of sihcon carbide, diamond grit
is typically used to mechantcally polish silicon carbide substrates.
[0083]  Chemical-mechanical polishing {CMP) techmiques are widely used throughout the
semicondactor industry n order to polish the current generation of silicon devices, CMP
involves the use of a polishing composition (also known as 8 polishing slerrv} contaming an
abrasive and an aqueous material, which s applied to a swface by contacting the surface with a
polishing pad satwrated with the polishing composition. The pohshing composition may also
contain an oxidizing agent, which allows for less aggressive mechanical abrasion of the
substrate, thus reducing mechanical damage to the substrate caused by the abrading process,
The use of such techniques to polish silicon carbide substrates could greatly reduce the costs of
mamufacturing semiconductors by decreasing polish time and reducing damage to the substrate.
[0064]  Adaptation of CMP techniques for sifivon varbide polishing has been relatively
ansuccessful. Polishing compositions contanning colloidal sifica resalted in low silicon carbide
semoval rates, thus requiring a lengthy polishing cvele lasting several hours at temperatures of
aroustd S0° C, which is bikely to result in damage to the silicon carbide subsirate. Zhow, etal. /.
Elecirachemicad Soc., 144 LI6I-LI63 {1997, Neslen, et al., /. Eleceronic Materials, 30: 1271
1275 (2001}, The long polishing cvele adds considerable cost to the process and 15 & barrier

preventing widespread use of silicon carbide within the semiconductor industry, Thus, there
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remains g need for alterative polishing systems and methods of polishing substrates comprising
silicon carbide.
BRIEF SUMMARY OF THE INVENTION

[0865]  The invention provides a method of chemically-mechanically polishing a substrate
comprising (1) providing a subsirate comprising al least one layer of single crystal silicon
carbide, (i) contacting the subsivate with a chenical-mechanical polishing composition
compising (a) & liquid carrier, (b) an abrasive, (¢) a catalyst comprising a metal composition,
wherein the metal 15 selected from the group consisting of transitton medals, and {d) an oxidumng
agent that oxidizes silicon carude, (i) moving the composition relative to the substrate, and {iv)
abrading at least a portion of the silicon carbide of the substrate to polish the substrate,

DETAILED DESCRIPTION OF THE INVENTION
[0886]  The invention is directad 10 2 method of polishing 3 substrate contaming at least one
laver of single crysial silicon carbide. The substrate comprising & least one layer of single
crystal sibicon carbide is confacted with a chemical-mechanica polishing composition. The
chemical-mechanical polishing composition comprises, consists essentially of, or consists of (w)
a liquid carrier, (b} an abrasive, {¢) a catalyst comprising a metal composition, wherein the metal
is selected from the group consisting of transition metals, and (d) an oxidizing agent that
oxidizes silicon carhide. At least a portion of the silicon carbide then is abraded to polish the
substrate,
[0667]  The substrate to be polished using the method of the invention can be any suitable
substrate which comprises at feast owe fayer of silicon carbide. Seitable substrates nclode, but
are not Hinvted 1o, flat pane! displays, integrated circuits, memory or rigid disks, metals,
interfayer disleciric (ILD) devices, semiconductors, micro-gleciro-mechatical systems,
ferroelectrics, and magnetic heads. The silicon carbide can comyise, consist essentially of, or
consist of any saitable silicon carbide, many of which are known in the ant. The silicon carbide
can be single crystal. Silicon carbide has many different types of crystal structures, each having
its own distinet set of electronic properties. Only a small namber of these polytypes, however,
can be reproduced in a form acceptable for use as semiconductors. Such polyiypes can be either
cubic (e.g., 3C silicon carbide) or non~cubic (e g, 4H silicon carbide, 6H silicon carbide). The
properties of these polytypes are well known in the art.
[0008]  The abrasive can be any suitable abrasive, many of which are well known in the art.

The abrasive can comprise, consist essentiadly of, or consist of one or move metal oxides. The
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meial oxide can be selecied from the group consisting of ahaning, ceria, germanta, magesia,
silica, tilania, zirconia, co~formed products thereof, and combinations thereot,

[0009]  The abrasive preferably comprises, consists essentially of. or consists of alunvaa,
For example, the aluming can be seeded gel process alphs slusuna, which is available from
manufacturers such as Saint Goban {alpha ahumina).

[0610]  The abrasive desirably 15 suspended 1 the liquid carger {e.g., waler). The abrasive
typicatly is in particalate form. The sbrasive particles con bave any suitable particle size. The
abrasive particles can have an average particle stze of 10 mm or more, 20 nm or more, 3 nm or
more, 40 am or more, or SO nn or more. Altematively, or n addition, the abrasive particles can
have an average particle size of 300 or less, 200 wm o less, 1830 nm or less, 170 om or less, 160
nm of fess, 150 nm or less, 130 nnxor less, 110 mm or less, or 100 nm or less. For example, the
abrasive particles can have an average particle size of 40 nmto 130 nm, 45 nm io 123 nm, 30
amio 120 om, SSamio 115 am, or 60 nmyto 110 nmy. The particle size of a particle 1s the
diameter of the smallest sphere that encompasses the particle.

[0011]  Any suitable amount of abrasive can be present in the pohishing composition. The
amount of abrasive in the polishing composition can be 0.081 wi.%6 or more, 0.05 wi.% or mote,
{11 wt.% or more, 0.2 wt.% or more, (1.3 w.% or more, 0.5 wt.% or more, 1 wi™ or more, 5
wi.% or more, 7 wi.% or more, 10 wi.% or more, or 12 wi % or more. Alternatively, or in
addition, the amount of abrasive in the polishing composition car be 30 wi.% or less, 40 wi.% or

LI vy

less, 18 wi.9% or fess, 10 wt% or less, 5 wi i or less, 3wt or less, T wi % or less, .8 wi% or
less, 0.7 wi.% or less, 0.6 wt.% or fess, or 6.5 wi % or less. For example, the amounnt of abrasive
i the polishing composition can be 0.05 wi %10 § wtba, 0.1 wt% 10 0.8 wi %, or 0.5 wth to
7 Wi,

[0012] A lquid cardier is used to facilitate the application of the abrasive and any optional
additives o the surface of a suitable substrate to be polished (e.g., planarized). The Hguid camer
can be any suitable hiquid, e.g., solvent, including lower alcohols {e.g.. methanol, ethanol, el¢.),
ethers (e.g., dioxane, tetrahydrofuran, ete), water, and mixtures thereof. Preferably, the liquid
carrier comprises, consists essentially of, or consists of water, more preferably delonized water,
0013 A catalyst is g substance that increases the rate of approach to equilibrium of a
chemical reaction without being substantially consumed uself. Advantageously, a catalyst can

be present in less than stoichiometric amounts. Without wishing to be boand by any theory, it 1s
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believed that the catalyst in conjunction with the oxidizing agent promotes the oxidation of
silicon carbide to silicon dioxide.

[0014]  The catalvst comprises a metal composition, wherein the metal is selected from the
cvoup consisting of transition group metals. The wmetal composition typically is & transition
metal salt or complex having two or more oxidation states. The phrase “two or more oxidation
states” refers {o an atom andfor compound that has a valence number that is capable of being
augmented as the result of 8 toss of one or more negative charges it the form of electrons.
{8018 The metal compesition advantageousty comprises a transition metal chosen from the
group comprising Ag, Co, Cr, Cu, Fe, Mo, Mo, Nb, N1, Os, Pd, R, Ir, Re Rb, S, TLV, Zrand
combinations thereof. Preferably, the transition metal is Fe, My, Cu, Co, Ag, P4 Pt, or Rh.
More preferably, the transition metal s Ptor Co.

[0616]  The metal composition typically comprises an anton or ligand i addiion to the
fransition metal. The anion and ligand can be any suitable anton and any suiable ligand,
respectively.

[0017]  Suitable anions in the transition mew! complexes and salts include, for example,
nitrate, fluoride, chloride, chloraie, bronide, bromate, dimethvlolpropionate, todide, todate,
formate, hydrido, sulfate, phosphate, acetate, oxalate, acetylacetonate, citvate, tartrate, malonate,
oluconate, phihalate, succinate, perchlorate, perbromate, periodate, and antino acid salts,

[0618]  Suitable {ipands in the transition metal complexes and salis depend in part on the
iransition metal(s} and can include, for sxample, olefing, functionalixed olefins, cyche olefing,
ethers, pyridines, nitriles, thioethers, phosphines, amines, carbonyls, and combinations thereof.
Examples of amines, inchude, for example, NHs, NH{CHa),, and NH(CH,CH),, Examples of
phosphines inchude, for example, PPhs and PICH)

[0019]  Esemplary platinum compositions include, by way of itlustration and not himuation,
Pilacach, PICL, PiCL, HoPiCle, HoPHON)e, HoPBrg, PBry, PIF, and hydrates thereof.

[0020]  Exemplary cobalt compositions fnclude, by way of iflustration and not hmitation,
FOU\DQ; CO{OACL CO{C;H»Ojl FOBT; CU“:}O}: CO{C?[};); COCE; (‘U{CH}O;};
Cofl0:);, Coly, Co(SO4), and hvdrates thereof.

00211 Exemplary palladium compositions include, by way of illustration and not limutation,
Pd{acac),, PHOAC), PACE, PdBr;, PAINO:),, and PASQy, and hydrates thereof,

(60221  Exemplary fron compositions include, by way of lustration and not imitation,

FeS0,, Fe(NOu):, FeCl:, Fe(ClOy):, FeBry, Felacack, FelOAQ:, and Fe(Il) oxalate, and
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hvdrates thereof. Exemplary tron compositions inclade, for example, Fex(SO4), FelNOy);,
FeCly, FeBry, Fe(ClOy ), FePQ,, Fe{acac), and Fe(liT) oxalate, and hydrates thereof,

(00231  Exemplary manganese compositions include, by way of illustration and not
lamuation, Ma(OAC), M{ClQ). MaBr, MaCl, Ma(NQ:):. and MaS0y, and hydrates thereof.
Exemplary manganese compositions include, for example, Ma{OAc); and Mn{acac);, and
hydrates thereof.

[6624]  Exemplary copper compositions include, by way of tastration and not hmitation,
CuQAc, CuBr, CulCl, and Cyl, and hydrates thereof. Exemplary copper compositions mclude,
for example, Cu(QACH, Culdn,Culls and Cu(Cl0y),, and hydrates thereof.

[0023]  Exemplary silver compositions inchude, by way of illustration and not himntation,
AgOAg, Ag citrate, AgNO;, AgBrO;, AgBr, AgClO,, AgCl, Agl, and A, S0y, and hvdrates
thereof.

{06261 Exemplary iridiwm compositions inclade, by way of ilustration and not lmitation,
Ir{acac)s. IrCly, and IvBrs, and hydeates thereof.

[8627]  Exemplary rhodium compositions, by way of tlustration and not limitation,
Riacac), RhCh, RhBry, RBNOy);, REPOy, and Rhu(S04s}), and hydrates thereof.

[0028]  Exemplary nickel compositions include, by way of illustration and not hinutation,
Ni{acach, NiCly, NiBry, and Ni{NO, 1y, NiSOy, and Ni{{l) oxalate, and hydrates thereof

[0629]  The catalyst can be homogeneous ot heterogenous. The metal composiion is
advaniageously at least partially soluble in the Hywid carrier under the conditions under which
the polishing is carried out, or are carried by, absorbed onto, or attached to an inert support such
as, for example, silica or alwmina. By “at least partially soluble™ is micant that the metal
composition has & solubility in the Hquid carrier of at least 1 ug/mi. or meore, 1.2, at least § uyg of
metal compostiton dissolves completely in | mb of lquid cagrier.

[0030]  The catalysi comprising a metal composition can be present in the polishing
cornposition in any suitable amount. The polishing composition can comprise 5 ppm of more,
50 ppm or maore, 100 ppm or more, 250 ppim or wore, 500 ppm or more, HHIO ppm or more,
1300 ppm or more, 2000 ppm or more, 2300 ppm or maore, ot 3000 ppm or more catalyst.
Aliernatively, or i addition, the polishing compeosition can comprise 10000 ppm or less, 8000
ppm or less, 7000 ppm or less, 6000 ppim or less, 5000 ppm or less, 4000 ppm or less, or 3000

ppm or less catalyst. For example, the polishing composition can comprise 5 ppm to 3000 ppm,
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HI0 ppm to 1000 ppm, 30 ppm to 000 ppm, 1800 ppm (o SO0 pphy, 3000 ppan to 5000 ppm, of
00 ppm to 4000 ppm catalyst

[0031]  The polishing composition employs an oxidizing agent is conjunction with a catalyst.
The oxidizing agent can be any suitable oxidizing agent that oxidizes silicon carbide.
Preferably, the oxidizing agent 13 sefected from the group consisting of hydrogen peroxide,
QxOne, anunoniun cerium nitrate, periodaies, 1odates, persulfates, chlorates, chromates,
permanganates, bromates, perbromates, ferrates, perrhenates, perruthenates, and mixtures
thereof. The permanganates, periodiates, and persalfates can be any penodate, 1odate, persulfate
or combination of periodates, odates, and persulfates, such as, for example, potassium
periodate, periodic acid, smmoniam persalfate, potassium persutfate, or potassinm
permanganate. More preferably, the oxidizing agent is potassium persuifate, potasstum
permanganate, or penodic acid.

[0632]  The oxidizing agent can be present in the polishing composition in any suitable
amount. The pelishing composition can comprise 0.001 wi.% or more, 0.008 wi.% ot more,
(.01 wi.%% or more, 0.05 wi.% or more, 0.1 wi.% or more, or 0.2 wt.% or more oxidizing agent,
Alternatively, or i addition, the polishing composition can comprise 20 wi.% or less, 15 wi%
or less, 10 wi% or less, 5 wi % or less, 2 wi.% or less, 1 wi% or less, or 0.5 wi% ot Jess
oxidizing agent. For example, the polishing composition can comprise 0.01 wi% to S wil |
005 wi%to 1wt %, 0.1 wi% to 0.5 wt%, or 0.2 wi% 10 8.5 wt% oxadizing agent.

{0633}  The polistung composition, speeifically the hquid carvier 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 pohshing
composition can have a pH of 11 or less, 9 or less, 7 or less, 6 or less, 5 or fess, 4 or less, 3 or
less. or 2 or fess. Alternatively, or in addition, the polishing composition can bave apH of T or
more, 2 or more, 3 or more, 4 or more, & or maore, 8 or more, or 9 or more. For example, the pH
caithe from 1 o 11, from 210 10, from 210 6, from 3 to 9, from $ 10 8, fom S0 7, or from 3 to
5.

[0034]  The pH of the polishing composition can be achieved andfor maintained by any
sutiable means. More specifically, the polishing composition can further comprise a pH
adustor, a pH buffering agent, or a combination thereof. The pH adjustor can comprise, consist
essentially of, or consist of any sudfable pH-adjusting compound. For example, the pH adjustor

can be any suitable acid, such as an inorganic or an organic acid, or combnation thereof, For
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gxample, 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 saitable amount of a pH adjustor and/or a pH bulfering agent,
provided such amount is sufficient to achieve andfor maintain the desired pH of the polishing
composition, e.g., within the ranges set forth herein,

[06835] It will be appreciated that many of the aforementioned compounds can exast in the
form of a salt, an acid, or as a partial salt. Furthermore, certain compounds or reagents may
perform more than one function, For example, some compounds can function both as a
chelaiing agent and an oxidizing agent.

[8036]  The polishing composition can comprise a surfactant and/or theological control
agent, including viscosity enhancing agents and coagulants {e.g., polvmeric rheolegical control
agents, such as, for example, urethane polymers). Suitable surfactants can include, for example,
cationic surfactants, anionde surfactants, nonionic surfaciants, ampheteric surfactants, mixtures
thereof, and the like. The amount of surfaciant in the polishing composition typically is 0.0001
wi%s to 1wt {preferably 0.001 wt % to 0.1 wi.% and more preferably 6.005 wi% 10 0.08
wi

[0037]  The polishing composition can comprise an anttfoaming agent. The astifoanung
agent can be any suitable anti-foaming agent. Suitable antifoanting agents include, but are not
limited 1o, silicon-based and acetylenic diol-based antifoaming agents. The amount of anii-
foaming agent in the polishing composition typically is 10 ppm o 140 ppm.

[6638]  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 500 ppm, preferably 2 to 20 ppm.

{60391 The polishing composition can be prepared by any suitable technique, many of which
are known to those skilled i the art. The polishing composition can be prepared i a bateh 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 individoal
ingredients {e.g., oxidizing agent, abrasive, ete ) as well as any combination of ingredients {e.g..
water, catalyst, surfactant, etc.).

{0840]  The polishing composition can be supplied as a one-package system comprising the
liquid carrier, the abrasive, the oxidizing agent, and optionally other addstives. Alternatively,

some of the components, such as an oxidizing agent, can be supplied in a first container, either
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in dry form, or s a solution or dispersion in the liquid carrier, and the remaining components,
such as the abrastve and other additives, can be supplied in a second container or multiple other
containers. Other two-container, or three- of more container combinations of the components of
the polishing composition are within the knowledge of one of ordinary skill 1 the art.

{0041}  Solid components, such as the abrasive, can be placed i one or more countainers
either in dry form or as a solution in the bauid carner. Moreover, it is suiable for the
composents i the first, secoud, or other containers to have dilferent pH values, or sltematively
10 have substantialty similar, or even equal, pH values. The components of the polishing
composition can be partally or entirely supplied separately from esch other and can be
combined, e.g., by the end-user, shortly before use (e.g.. 1 week or less priov to use, 1 day or less
prior to use, | hour or less prior to use, 10 minutes or less prior {o use, or | minute or less prior
to usel,

[0842]  The pelishing composition also can be provided as a concentrate which 18 mtended o
be diluted with an appropriate arount of Hquid carrier prior to use. In such an embodiment, the
polishing composition concentrate can comprise o Hquid carier and optionally other
components in amounts sach that, upon dilution of the concentrate with an appropriate amount
of Hiquid 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 component
can be present in the concentrate in an amount that is 2 times {e.g., 3 times, 4 times, 5 times, or
at least 10 times) greater than the conceniration recited above for each component n the
polishing composition so that, when the concentrate is diluted with an appropriate vohune of
liquid carrier {e.n., an equal volume of lquid 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
concentrale 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 al
least partially or fully dissolved or suspended in the concentrate.

100431 The inventive method of polishing a substrate is particularly suited for use in
conjunction with a chemical-mechanical pelishing {CMP) apparatus. Typically, the apparatus
comprises a platen, which, when in use, is in motion and has a velocity that results from orbital,

lingar, or cirenlar motion, & polishing pad in contact with the platen and moving with the platen
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when in motion, and a carrier that holds a subsirate 10 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
cenerally is disposed between the substrate and the polishing pad), with the polishing pad
moving relative to the substrate, so as to abrade af least a portion of the substrate to polish the
substrate.
[0044]  Desirably, the polishing end-point i determined by monitoring the weight of the
silicon carbide substrate, which is used to compute the amount of silicon carbide removed from
the substrate. Polishing end-point determination lechniques are well known m the arl
[0045]  Polishing refers to the removal of a1 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 tike (1.2, to planarize the surface), but polishing also can be
performed io introduce or restore a serface geometry characterized by an intersection of plavar
Sewenis.
[0046]  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 50
amvhr or more, 70 nim'hr or more, 100 amdhr or more, 200 nnvhr or more, 300 anv'hr or more,
1000 mn/hr or more, or 2000 nvhr or more,

EXAMPLE |

[0047]  This example demonstrates the effect on the removal rate of silicon carbide by the
presence of different transition metal compositions in the polishing composition of the
invention,

{00481 An on-axis 4HPSI single crystal silicon carbide wafer was polished with 11 different
polishing compositions. Each of the polishing compositions contained water, 0.6 wt.% seeded
cel provess alpha aluming, a catalyst as indicated below, and 0.3 wi.% of potasshun persulfate
(KPS}, and was adjpusted to apH of 4.

[0649] The sthcon carbide removal rate {nmthr) was determuned for each polishing

composition, and the results are shown u Table 1.
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TABLE 1
Pelishing Catalyst Catalyst Sthieen
Composition (Concentration Carbide
Removal Rate

{nhr)
1A {invention) FeSOy7TH0 3083 ppm <20
1B (invemion) Fa(NO1y9H-D 4483 ppm 140
1T {invention) Mn(ClO4)»6H0 3017 ppm 170
1D {invention) CulBr 1591 ppm 130
1 E Gnvention) Co(NO: ) 6H0 3230 ppm 275
JF {invention) AaNGhy IRES ppm 218
15 {invention) Il 3313 ppm a3
IH {invention) PdCl 1702 ppm 210
1T (invention) H-PICl 4350 ppm 705
1§ {invention} REa{PO4): 599 ppm 11{
LK {invention) NiBry 2450 ppm 80

[003801  As is apparent from the data presented in Table 1, the inventive polishmy

compositions with a variety of catalysts resulted in a significant silicon carbide removal rate.
EXAMPLE 2

(1051} This example demonstrates the effect on the removal rate of sificon carbide by the

presence of different types of oxidizing agents in cowbination with a catalyst in a polishing

COMPOSItion.

{0652} An on-axis 4HPSTE single crystal sihcon carbide wafer was polished with 9 different

polishing compositions. Fach of the polishing compositions contained water, 0.6 wi.% seeded

el process alpha alumina, and an oxidizing agent as indicated below, and was adpusted to a pH

of 4. Polishing Compositions 2A-2C did not contain an catalyst, while Polishing Compositions

2D2F contained 013 wt % HyPtCle, and Polishing Compositions 2G-21 contarned 0.27 wi %%

CoiNO ) 6H:0.

[6083]  The silicon carbide removal rate (nmshr) was determined for each polishing

composttion, and the resulis are shown i Table 2.
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TABLE 2

Polishing Catalyst Catalyst Oxidizing Oxadiang Stheon
Composition Concentration Agent Agent {arbide
{wi. %) Concentration | Removal Rate
(wi %) {nshr)
2A {comparative} None e KPS 0.3 248
2B (comparative) None v HslO:, 025 636
20 {(comparative) None ~mn KvinQy 14 1722
2D (invention) HaPiClg 013 KPS 0.3 6Hdd
2F (invention) H.PiClg 015 H,10, 023 1528
2F {(invention) HaPClg .18 Kivinly .14 2367
2G (invention) Co(NOsk .27 KPS 0.3 382
6HO
2H (invention) CofNOs 427 HI0, 0.23 929
HH-0
21 (vention) CofNOs b (.27 KMnOy 0.14 930
'fSH’gG

[0084]  Asis apparent from the data presented in Table 2, polishing compositions comprising

a catalyst in combination with an oxidizing agent resulted n a significant silicon carbnde

removal rate as compared fo similar polishing compositions that did not contain & catalyst.
EXAMPLE 3

[0655]  This example demonsirates the effect on the removal rate of silicon carbide by the

concentration of the catalvst in the polishing composition.

0056 A 4HPSI single crystal silicon carbide wafer was polished with 5 different polishing

compositions. Fach of the polishing compositions conlained water, 0.6 wt.% seaded gel process

alpha atamina, chioroplatinic acid (HaPtCly) in the amount indicated below, and 0.3 wt.% KPS,

and was adjusted to z pH of 4,

[0057]  The silicon carbide removal rate {nm/hr) was determuined for each polishing

composition, and the resdis are shown i Tablg 3.

TABLE 3

Polishing Composition HaPtCle Concentration {ppm) | Silicon Carbide Removal
Rate (mm/h)
3A {comparative} 0 260
3B Govention) 100 380
3C Gnvention) 200 630
3D (invention) 800 730

3E {invention} 1700 KO0
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[OO58]  Asis apparent from the data presented in Table 3, polishing compositions comprising
the catalyst, chloroplatinic acid, over a concentration range of 100 ppm to 1700 ppm resulted m
a significant silicon carbide removal rate, which was greater than the silicon carbide removal
rate achieved with a similar pohishing composition that did not contain g catalyst.

EXAMPLE 4
[0659]  This example demonsirates the effect on the removal rate of silicon carbide by the
presence of different types of ligands in a polishing composition containing the catalyst
ColNQgy 6H O,
[0060] A 4HPSI single ceysial silicon carbide wafer was polished with 3 different polishing
compositions. Rach of the polishing compositions contained water, 0.6 w1.% seeded gel process
alpha aluming, 3230 ppm CofNO»6H0, and 0.3 wi.% KPS, and was adjusted to a pH of 4.
The polishing conyposition comained three different amine Hgands as indicated below,
(0661}  The silicon carbide removal rate (navhr) was determined for each polishing

compaosition, and the resulis are shown in Table 4.

TABLE 4
Polishing Composition | Ligand Ligand Concenteation | Silicon Carbide
| {ppwm) Removal Rate
; {nnr'hr}
4A {invention) NH: 943 30
4B (nvention) NH(CH: )z 3234 205
4C (invention) NHICH.CH: ) 3230 22

[8862]  As is apparent from the data presented in Table 4, the use of a ligand i combination
with the catalyst in the mventive polishing composition resulted in a significant sithicon carbide
removal rate.

(00637 Al references, including publications, paient applications, and patents, cited herein
arg hereby incorporated by reference to the same extent as if each reference were individually
and specifically indicated to be incorporated by reference and were set forth in its entirety
heremn.

[0064]  Preferred embodiments of this invention are described herein, icluding the best
mode known 1o the inventors for carrying oot the invention. Vartations of those preferved
embodiments may become apparent to those of ordinary skyll i the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as

appropriate, and the inventors intend for the invention fo be practiced otherwise than as
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specifically described herein, Accordingly, this invention includes all modifications and
equivalents of the subject matter recited i the claims appended bereto as permitted by
apphicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encorspassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS
1. A method of chemically-mechanically polishing a substrate comprising:
{1} providing a substrate comprising ot least one layer of single crystat silicon

carbide,
{it}y  contacting the subsirate with a chemical-mechanical polishing
COMPOSHION COMPYISING,
{ay  aligud camier,
{by  anabrasive,
(¢} acaalyst comprising a metal composition, wherein the metal is
selected from the group consisting of transition metals, and
() onoxidizing agent that oxidizes silicon carbade,
{ify  moving the polishing composition refative to the subsirate, and
(iv)  abrading at least a portion of the ailicon carbide of the substrate to polish
the sabsirate.

2. The method of claim 1, wherein the oxidizing agent 1s selected from the group
consisting of persalfates, organic peroxides, inorganic peroxides, peroxyacids, permanganates,
chromates, percarbonates, chlorates, bromates, iodates, perchloric acid and salts thereot,
perbromic actd and salts thereof, pertodic acid and salts thereof, hydroxylanune and salts
thereof, farmicvanide, oxone, and conthinations thereof.

3. The method of claim 2, wherein the oxidizing agent is periodic acid, ammomum
persulfate, potassiem persulfate, or potassium permanganate.

4. The method of claim 1, wherein the oxidizing agent is present i an amount of
1.001 wi.% 1o 3 wi% based on the welght of the liquid casrier and any components dissolved or
suspended therein,

5. The method of claim |, wherein the abrasive 18 selected from the group

consisting of silica, ahunina, tlania, zirconda, ceria, magnesia, and combinations thereol.

b, The method of claim 3, wherein the abrastve i3 alumina.
7. The method of claim 1, wherein the abrasive is present in an amount of .05

wi % 10 5 wi % based on the weight of the Hquid carrier and any components dissolved or

suspended therem,
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& The method of claim 7, wherein the abrasive is present in an amout of 0.1 wi'%
10 0.8 wt.% based on the weight of the liquid carrier and any components dissolved or
suspended therein.

9. The method of claim 1, wherein the transition metal is selected from the group
consisting of Ag, Cr, Cu, Fe, Mo, Mn, Nb, Ni, Os, Pd, Ir, Ru, Rh, Sn, T, V, and Zr.

WL Themethod of claim 1, wherein the transition wetal 13 Co or P

11, The method of claim 1, wherein the wetal composition comprises a ligand
sefected from the group consisting of nitrate, fleoride, chloride, chiorate, dimethvlotpropionate,
formate, bromide, bromate, iodide, iodate, hvdrido, sulfate, phosphate, acetate, oxalate,
acetylacetonate, citrate, tartrate, malonate, gluconate, phihalate, succinate, perchlorate,
perbromate, and periodate.

12, Themethod of clatm 1, wherein the metal composition 15 Co{NOy ), 6H:0.

13, Themethod of claim 1, wherein the metal composition is HaPtCle.

14, The method of claim 1, wherein the catalyst is present i an amount of § ppmito
5000 ppm.

15, The method of claim 14, wherein the catalyst is present in an amount of 3000
ppm to 4000 ppm.

16, The method of claim 1, wherein the hiquid carrier 15 water.

17 The method of claim 1, wherein the abrasive is aluming, the catalyst comprises
o or P, and the oxidizing agent is potasstum persulfate or smmoniam persuliate.

18, The method of claim 1, wherein the abrastve is ahanina, the catalyst comprises
Co or Py, and the oxidizing agent is a permanganate or a periodate,

19, The method of claim 17, wherein the aluming is present in an amount of 0.5 wi%
10 0.7 wi.% based on the weight the weight of the liguid carrier and any components dissolved
or suspended therem.

20, Themethod of claim 18, whergin the alumina is present i an amount of 0.5 wi%
t0 0.7 wi.% based on the weight the weight of the liquid carrier and any components dissolved
or suspended therein.

21, The method of claim 17, wherein the persulfate is present in an amount of 0.2

i

wi. % to (3.5 wi.%%, and the catalvst is present 11 an amount of 3440 ppm to 3000 ppm.
) P pp PP
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22, The method of claim 18, wherein the oxidizing agent is 3 peniodate and 1s present
in an amount of 0.2 wit% to 0.3 wt.%, and the catalvst is cobalt and is present 1 an amount of
3000 ppro to 000 ppn.

23 The method of claim 1, wherein the oxidiving agent is a persulfate,
permanganate, or periodate and is present it an amount of 0.1 wi.% to 0.5 wi.%, and the catalyst

15 platinum and s present in an amount of 100 ppm to 1000 ppm.
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