1 COVPOSI TI ONS AND METHODS FOR POLI SHI NG SI LI CON NI TRI DE MATERI ALS

FI ELD OF THE | NVENTI ON [ 0001] This invention relates to polishing
conpositions and nethods. Mre particularly, this invention rel ates
to methods for polishing silicon nitride-containing substrates and
conposi tions therefor. BACKGROUND OF THE | NVENTI ON [ 0002] Conposi ti ons
and net hods for chem cal -nechani cal polishing (CW) of the surface of
a substrate are well known in the art. Polishing conpositions (also
known as polishing slurries, CMP slurries, and CMP conpositions) for
CWP of surfaces of sem conductor substrates (e.g., integrated
circuits) typically contain an abrasive, various additive conpounds

and t he cawom@@mwgmmmmk. RQUISVENG: HEICONIWITRIRE MAJERIALS

and mechani cal abrasion of sysfpERF fuE NVANRG N of an overlying
first layer to expose the surface of a non-planar second | ayer on

whi ch t 10@0%]i r sThisdpesntion rélafentscholishing semposiiens@sd methades Marepartipylarly,
U.S. Paﬁ\mhv%n%ﬂég to%gth&% i%?}‘&fsf)ﬁ?h licon%'i g—k&ntaﬁﬁ'&%b%atél and

di scl oses a rocess using a I ng pa and a slurry to renove

a flrstmaysﬁumsﬂuﬂﬁaster rate than a second layer until the surface
of the overlying first |ay gl&iRﬁﬁWb #TEPe HQVBRRTEOR! anar with the
upper surface of the covered second |ayer. Mre detailed explanations
of chenf0882] me&lemmiosisionpesid metheds far ehemjcaldnechanical pobshing of the surface
4, 671, 85y sublGiraté stvpellj%vﬁﬂq Wart. %&%ﬁm@%@mphgg%(hﬂo KREWER B4 b&fbﬁingcwp

technlques a substrate carrier or polishin i's nounted on a
carri erslagisar@Vy shurtlegpand Cl\ﬂhmmqqﬂmﬂtfaefl ?ﬁﬁ“éfaiﬁqu semnisenistPti n a
CMP app VibsaRURivE oS,
Lo e SRt (o i o e e s A P BB
pad andanskthe like., mnth its attached substrate are noved relative to
one anogdaﬁs T?ﬁ at quﬁ: VAGEEAL cOfculrBht dhRA ANEhEMBHahREEbRATHESE t O
abrade the sur § e strate to renove a portion of the

nat er i afurfacere g r@rmfra@toefedmg ficss layentor @ppseibe sufics §f 8 Ran-plasar seqerd
The pol i, o[tswﬁth hﬂ%éﬂ?? rléfo?rnwr?ﬁggucth b&edd Is¥Mebctibblt il hesr paieRro.bY

t he che activit t he nposition (e.qg., by

oxi di zi ﬁ@S%\géﬁttOSBe)@c pm‘l BD&@BSBGYGY etl. héxﬁcla%ﬂalatwesvrw&@mg 3 prlishing pped

conposi § R’gﬁt{ mdvis f[’[&qg&ae? 'apfq"asé? I‘ét%’ ﬂﬁ% aQfcoRl 1ARF Bl e SHHREBEGE

in the F ng conposi tion. pi ca rasive rmaterials include

silico nowhrtymgal%rst loweri of matsrial becoateél mwiamrcmﬂu@e upper sriaagral dha epyered sgcond

tin oxigg, e [1&9{%%&1& e @hﬁaga%?wf 1%:&%7 m%Z&ntal E@Vshidgea're &lundlin U.§. Patents
e or

exanpl e, scribes a ne em cal anically polishing a
met al IHye‘i,GbyS%bM(aétﬁlﬁg5§h@dhler‘? 8%83:? the metal layer with a

pol i shi g@osi ur Iy c6NBRALbiH B3P tegﬂmaﬂés' ) ¥uﬁcslrgt% cﬁﬁie@br Wisﬁﬂtgﬂ@ﬁ& {sGh&nted on

suspend in an agueous nedi um Alternati vel séu he abr asi ve materi al
may be peeroenessembly and positipredip cpripstvgthmpolisting padin & (MR gppatatug glhes 3

to Cookg ﬂhetaésser%lz(blrm&'% atc,}&ﬁtrH%lé){)repﬁté t%rlh@ QJHQ@Q@ gkl MGk ubSidté a§di‘nst

texture or atter tO Bruxvoort, et al

di scl osths mllﬁhmeaa%bmad@né GRITISH Vit lpﬁaqawclp@cnytamteétﬁ weYRAFEIEVe tamer
typ' Ca' h.métc WQF éryaeéntatsﬁhé ssétﬁ?ésagtrat@ eavartoqstahbmsafﬁmme
luralty of transistors ave been formed. Transi stors are
c he i c asuh}tratndo moieaorgonefi he meteaal fompihe subswate surgicsythersby pelishing the
regi ons qifehe ThY Bétgreﬁgeoﬁﬁésdbeafae Sulbelcdiicalins matesmdwsy tHeRBinfdaP! S

and layers are separated by interlevel dielectrics , conprised
pri mar i pgtivity of gheepdflishing 6pmppitienie-coxlyxidiging Zﬁent*H@dF’rb&ﬁ%sr 8f Jher additives

I nterco Rﬁg&ft %jth%tﬁl\quf}mhuﬁ &n@or Wi!rhehRRGA) 28 ity dfh&brasive suspended in the
|nterco nects ypl ca ti eveI I nterconnects are conprised of
stacked thin-filnms consisting of one or nore of the foll ow ng
materials: titanium (Ti), titaniumnitride (TiN), tantalum (Ta),

al um num copper (Al -Cu), alum numsilicon (A -Si), copper (Cu),



selectivity levels to insulator materials used in wafer manufacture.
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0018] The present invention
provi des nethods for polishing a silicon nitride-containing surface.
In a preferred enbodi nent, the nethod conprises abrading a surface of
a silicon nitride-containing substrate with a polishing conposition
conprising colloidal silica, at |east one acidic conmponent having a
pKa in the range of 1 to 4.5, and an aqueous carrier. The pH of the
pol i shing conposition is in the range of 0.5 pH units Il ess than the
pKa of the at |east one acidic conponept to 1.5 pH units greater than
t he pKa. 100191The colloidal silica is present in the polishing
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of the acid conponent of the conpositions. Materials that have two or
nore aci di c hydrogens (e.g., sulfuric acid, phosphoric acid, succinic
acid, citric acid, and the |like) have a plurality of successive pKa
val ues correspondi ng to the successive dissociation of each acidic
hydr ogen. For exanpl e, phosphoric acid has three acidic hydrogen; and
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BRIEF SUMMARY OF THE INVENTION
[0013] The present invention provides methods for polishing a silicon nitride-containing
surface and polishing compositions useful in such methods. In a preferred embodiment, the
present invention provides a method for polishing a silicon nitride-containing substrate. The
method comprises abrading a surface of a silicon nitride-containing substrate with a polishing
composition comprising colloidal silica, at least one acidic component having a pKa in the
range of 1 to 4.5, and an aqueous carrier. The pH of the polishing composition is in the range
of 0.5 pH units less than the pKa of the at least one acidic component to 1.5 pH units greater
than the pKa.
[0014] The acidic component preferably is an inorganic acid, a carboxylic acid, an organic
phosphonic acid, an acidic heterocyclic compound, a salt thereof, or a combination of two or
more of the foregoing.
[0015] The composition comprises 0.01 to 15% by weight of colloidal silica and 10 to
100,000 ppm (0.001 to 10% by weight) of at least one acidic component.
[0016] In some preferred embodiments, the removal rate for silicon oxide obtained when
polishing a silicon oxide wafer is less than the corresponding silicon nitride removal rate,
obtained when polishing a silicon nitride wafer with the same slurry under the same polishing
condition, particularly for compositions comprising relatively low levels of colloidal silica (i.e.,
0.05 to 4% by weight). Typically the silicon nitride removal rate exceeds the silicon oxide
removal rate by a factor of 2 or more, more typically by a factor of 10 or more, for
compositions comprising 0.1 to 4% by weight of colloidal silica. In addition, similar selectivity
can be obtained for silicon nitride versus polysilicon.
[0017] In another éspect, the present invention provides a chemical-mechanical polishing
method for polishing a silicon nitride-containing substrate. The method comprises the steps of
contacting a surface of a silicon nitn'de-containing substrate with a polishing pad and an
aqueous polishing composition, and causing relative motion between the polishing pad and the
substrate while maintaining a portion of the polishing composition in contact with the surface
between the pad and the substrate for a time period sufficient to abrade at least a portion of the

substrate surface. The polishing composition comprises 0.01 to 15% by weight of colloidal
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silica, 10 to 100,000 ppm of at least one acidic component having a pKa in the range of 1 to
4.5, and an aqueous carrier. The pH of the polishing composition is in the range of 0.5 pH
units less than the pKa of the at least one acidic component to 1.5 pH units greater than the
pKa.

DETAILED DESCRIPTION OF THE INVENTION
[0018] The present invention provides methods for polishing a silicon nitride-containing
surface. In a preferred embodiment, the method comprises abrading a surface of a silicon
nitride-containing substrate with a polishing composition comprising colloidal silica, at least
one acidic component having a pKa in the range of 1 to 4.5, and an aqueous carrier. The pH of
the polishing composition is in the range of 0.5 pH units less than the pKa of the at least one
acidic component to 1.5 pH units greater than the pKa.
[0019] The colloidal silica is present in the polishing composition in an amount in the range
of 0.01 to 15% by weight. Preferably, the colloidal silica is present in the CMP composition in
an amount in the range of 0.05 to 8% by weight, more preferably 0.1 to 4% by weight. The
colloidal particles préferably have a mean particle size in the range of 1 nm to 500 nm, more
preferably 10 nm to 50 nm, as determined by laser light scattering techniques, which are well
known in the art.
[0020] The colloidal silica desirably is suspended in the polishing composition, more
specifically in the aqueous carrier component of the polishing composition. When the silica is
suspended in the polishing composition, it preferably is colloidally stable. The term "colloid"
refers to the suspension of abrasive particles in the liquid carrier. "Colloidal stability” refers to
the maintenance of that suspension over time. In the context of this invention, a silica
suspension is considered colloidally stable if, when the silica is placed into a 100 mL graduated
cylinder and allowed to stand without agitation for a time of 2 hours, the difference between the
concentration of particles in the bottom 50 mL of the graduated cylinder ([B] in terms of g/mL)
and the concentration of particles in the top 50 mL of the graduated cylinder ([T] in terms of
g/mL) divided by the total concentration of particles in the abrasive composition ([C] in terms
of g/mL) is less than or equal to 0.5 (i.e., ([B] — [T])/[C] <0.5). The value of ([B]-[T])/[C]

desirably is less than or equal to 0.3, and preferably is less than or equal to 0.1.
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[0021} As used herein and in the appended claims, the term "colloidal silica” refers to
silicon dioxide that has been prepared by condensation polymerization of Si(OH)s. 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 products, such as the Fuso PL-1, PL-2, and PL-3 products, and the Nalco 1050, 2327,
and 2329 products, as well as other similar products available from DuPont, Bayer, Applied
Research, Nissan Chemical, and Clariant.

[0022] As used herein and in the appended.claims ixi reference to the compositions and
methods of the invention, the term "at least one acidic component having a pKa in the range of
1 to 4.5" encompasses materials comprising at least one acidic hydrogen that has a dissociation
constant corresponding to a pKa in the range of 1 to 4.5. Accordingly, materials having a
single acidic hydrogen, as well as materials having two or more acidic hydrogens fall within the
scope of the acid component of the compositions. Materials that have two or more acidic
hydrogens (e.g., sulfuric acid, phosphoric acid, succinic acid, citric acid, and the like) have a
plurality of successive pKa values corresponding to the successive dissociation of each acidic
hydrogen. For example, phosphoric acid has three acidic hydrogens, and three pKa values (i.e.,
2.1, 7.2, and 12.4) corresponding to dissociation of the first, second, and third hydrogens,
respectively. For materials having multiple acidic hydrogens, only one of the pKa values must
be in the range of 1 to 4.5. Any other acidic hydrogen in such compounds can have a pKa
within the range of 1 to 4.5, can have a pKa less than 1, or can have a pKa greater than 4.5.
[0023] The acidic component comprises 0.001 to 10% by weight (10 ppm to 100,000 ppm)
of the polishing composition. Preferably, the acidic component is present in the composition in
an amount in the range of 100 to 5000 ppm, more preferably in the range of 500 to 2000 ppm.
[0024]) The acidic component can be any inorganic or organic acid having a pKa in the
range of 1 to 4.5. In some preferred embodiments, the acidic component can be an inorganic
acid, a carboxylic acid, an organophosphonic acid, an acidic heterocyclic compound, a salt
thereof, or a combination of two or more of the foregoing. Non-limiting examples of suitable

inorganic acids include sulfuric acid (i.e., hydrogen sulfate ion, HSO4 ), phosphoric acid,
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sof tware (Advanced Chem stry Devel opnent, Inc., Toronto, Canada).
phosphorous acid, pyrophosphoric acid, sulfurous acid, and tetraboric acid). Non-limiting

examples of suitable carboxylic acids include, monocarboxylic acids (e.g., benzoic acid,
phenylacetic acid, 1-naphthoic acid, 2-naphthoic acid, glycolic acid, formic acid, lactic acid,
mandelic acid, and the like), and polycarboxylic acids (e.g., oxalic acid, malonic acid, succinic
acid, adipic acid, tartaric acid, citric acid, maleic acid, fumaric acid, aspartic acid, glutamic
acid, phthalic acid, isophthalic acid, terephthalic acid, 1,2,3,4-butanetetracarboxylic acid,
itaconic acid, and the like). Non-limiting examples of suitable organic phosphonic acids
include, include phosphonoacetic acid, iminodi(methylphosphonic acid), DEQUEST®
2000LC brand amino-tri(methylenephosphonic acid), and DEQUEST® 2010 brand
hydroxyethylidene-1,1-diphosphonic acid, both of which are available from Solutia. Non-
limiting examples of suitable acidic heterocyclic compounds include uric acid, ascorbic acid,
and the like. Table 1 provides a non-limiting listing of selected suitable acidic components,
along with their reported pKa values. The pKa values of various inorganic and organic acids
are compiled in a number of sources familiar to those of ordinary skill in the chemical arts,
including, without limitation various editions of The CRC Handbook of Chemistry and Physics,
published by The Chemical Rubber Company, and Lange's Handbook of Chemistry, published
by McGraw-Hill, to name a few. For acids whose pKa values were not found in the literature,
the pKa values were estimated using ACD/pKa dB software (Advanced Chemistry
Development, Inc., Toronto, Canada).

[0025]) Varying the pH of the compositions, within the limits of the invention (i.e., 0.5 units
less than the pKa to 1.5 units greater than the pKa) will generally result in changes in silicon
nitride removal rates. For example, a composition comprising 0.5% by weight of colloidal
silica, 0.01 mol/L of DEQUEST® 2010 and 0.02 mol/L sulfate afforded a nitride removal rate
.of 650 A/min at pH 2.2, while at pH 3, the removal rate was 300 A/min when measured under
the same polishing conditions. In other cases, the removal rate may increase with increasing
pH. For example, a composition comprising 0.5% by weight of colloidal silica, 0.01 mol/L of
phthalic acid and 0.02 mol/L sulfate afforded a nitride removal rate of 300 A/min at pH 3,
while at pH 4, the removal rate was 400 A/min when measured under the same polishing

conditions.



[ 0026) The conpositions and net hods of the invention provide useful
silicon nitride renoval rates over a w de range of pH, colloida
silica concentration, and acid conponent concentration. In sone
particularly preferred enbodi nents, the silicon nitride renoval rate
is 250 Angstrons per mnute (A/mn) or greater when polishing a
silicon nitride blanket wafer on a table-top CMP polisher at a down
force of 3.5 pounds per square inch (psi), a platen speed of 60
revolutions per mnute (rpn), a carrier, speed of 56 rpm and a
polishing slurry flowrate of 9 100 Ililiters per mnute (nmJmn).
As an added benefit, the conpositions of the present invention can
al so provide for selective removal of silicon nitride in the presence
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conpositions of the present invention provide relatively high silicon
nitride renoval rates at abrasive |levels | ow enough to avoid
excessive scratch defects. In particular, the fornulation and pH of
the CMP conposition can be varied to vary the silicon nitride renoval
rate. In sone preferred enbodi nents, particularly those including 4
percent or less of colloidal silica, the relative rate of silicon
nitride renoval exceeds the rate for renoval of silicon oxide and/or
polysilicon. This selectivity is an adqitlonal asset for use in
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W % Silica Acid Conponent (Anount, ppn) PH pKa Nitride RR Amn
1A(conparative) 0.5 D2010 (2000 ppm* 4 1-2 133 113 (inventive) 0.5
D2010 (2000 ppm* 2.2 1-2 641 IC (conparative) 0.5 succinic acid
(1180 ppm 2.2 4.19
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[0032] The pblishing compositions of the invention 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 a 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 ingredients (e.g., colloidal silica, acids, bases, oxidizing agents, and
the like), as well as any combination of ingredients. For example, the colloidal silica can bé
dispersed in water, and the acidic component can be added, and mixed by any method that is
capable of incorporating the components into the polishing composition. Typically, an
oxidizing agent, when utilized, is not added to the polishing composition until the composition
is ready for use in a CMP process, for example, the oxidizing agent can be added just prior to
initiation of polishing. The pH can be further adjusted at any suitable time by addition of an
acid or base, as needed.

[0033] The polishing compositions of the present invention also can be provided as a
concentrate, which is intended to be diluted with an appropriate amount of aqueous solvent
(e.g., water) prior to use. In such an embodiment, the polishing composition concentrate can
include the various components dispersed or dissolved in aqueous solvent in amounts such that,
upon dilution of the concentrate with an appropriate amount of aqueous solvent, each
component of the polishing composition will be present in the polishing composition in an
amount within the appropriate range for use.

[0034] The invention also provides a method of chemically-mechanically polishing a
silicon nitride substrate. The method comprises (i) contacting a surface of a silicon nitride-
containing substrate with a polishing pad and a polishing composition of the invention as
described herein, and (ii) moving the polishing pad relative and the surface of the substrate
relative to one another, while maintaining at least a portion of the polishing composition
between the pad and the surface, thereby abrading at least a portion of the surface to polish the
substrate.

[0035] The polishing compositions of the present invention can be used to polish any
suitable substrate, and is especially useful for polishing substrates comprising silicon nitride, as

well as substrates containing silicon nitride and silicon oxide and/or polysilicon. The



0 113 (inventive) 0.5 succinic acid (1180 ppm 5 4.19 259 1E
(conmparative) 0.5 phthalic acid (1660 ppm 2.2 2.98 44 |IF (lnventive)
0.5 phthalic acid (1660 ppnm) 4 2.98 383 1G (conparative) 2 5.5 nfS
nitric acid (to pH 2.2) 2.2 -1.3 32
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compositions of the present invention provide relatively high silicon nitride removal rates at
abrasive levels low enough to avoid excessive scratch defects. In particular, the formulation
and pH of the CMP composition can be varied to vary the silicon nitride removal rate. In some
preferred embodiments, particularly those including 4 percent or less of colloidal silica, the
relative rate of silicon nitride removal exceeds the rate for removal of silicon oxide and/or
polysilicon. This selectivity is an additional asset for use in polishing modern semiconductor
materials with relatively narrow oxide line widths.

[0036] The polishing compositions of the present invention are particularly suited for use in
conjunction with a chemical-mechanical polishing apparatus. Typically, the CMP apparatus
comprises a platen, which, when in use, is in motion and haé a velocity that results from orbital,
linear, and/or circular motion, a polishing pad in contact with the platen and moving relative to
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 a polishing composition of
the invention and then moving the polishing pad relative to the substrate, so as to abrade at least
a portion of the substrate to polish the substrate.

[0037] A substrate can be planarized or polished with a polishing composition of the
invention using any suitable polishing pad (e.g., polishing surface). Suitable polishing pads
include, for example, woven and non-woven polishing pads, grooved or non-grooved pads,
porous or non-porous pads, and the like. 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.

[0038] Desirably, the CMP apparatus, further comprises an in situ polishing endpoint
detection system, many of which are known in the art. Techniques for inspecting and
monitoring the polishing process by analyzing light or other radiation reflected from a surface

of the workpiece are known in the art. Such methods are described, for example, in U.S. Patent



1H (conparative) 2 70 nS nitric acid (to pH 2.2) 2.2 -1.3 173 11
(inventive) 2 sulfate (2000 ppm) 2.2 1.99 548 *DEQUESTO 2010LA
(hydr oxyet hyl i dene- 1, 1-di phosphonic acid) [0043] As is apparent from
the results set forth in Table 2, each of the inventive polishing
conpositions exhibited a silicon nitride renoval rate of greater than
250 AJm n. The conparative conpositions exhibited considerably | ower
renmoval rates. EXAMPLE 2 [0044] This exanple illustrates the

i nportance of colloidal silica in the conpositions of the invention
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claims, concentrations reported as parts per million (ppm) are based on the weight of the active

component of interest divided by the weight of the composition (e.g., as milligrams of
component per kilogram of composition). For example, DEQUEST® 2010LA is sold as a 60%
by weight aqueous solution of hydroxyethylidene-1,1-diphosphonic acid; thus, 2000 ppm of
DEQUEST® 2010LA refers to 2000 milligrams of hydroxyethylidene-1,1-diphosphonic acid in
one kilogram of the composition on an actives basis, which corresponds to 3300 milligrams of
DEQUEST® 2010LA product (60 percent aqueous solution) in 996.7 grams of the CMP

composition.

EXAMPLE 1
[0040] This example illustrates the effectiveness of the compositions of the present
invention for polishing silicon nitride substrates.
[0041] Ten different polishing compositions were used to separately chemically-
mechanically polish similar silicon nitride blanket wafers (Compositions 1A-1J). Each of the
polishing compositions comprised 0.5 to 5% by weight of colloidal silica (having a mean
particle size of 20 nm). The amount of silica, the amount and type of acid, the pH of the
composition, and the pKa of the acid for each composition are shown in Table 2. Examples
1B, 1D, 1F, and 11 are compositions of the invention, while Examples 1A, 1C, 1E, 1G, and 1H
are comparative compositions in which the pH of the composition is outside the range of the
invention.
[0042] The polishing compositions were utilized on a bench-top polisher to polish blanket

wafers of silicon nitride under the following polishing conditions: down-force of 3.5 psi, platen



W %Silica Silica type (Amunt, ppm) Ntride RR Amn 2A
(conparative) 4 funed silica 28 28 (conparative) 8 funmed silica 32 2C
(inventive) 4 colloidal silica 873 2D (inventive) 8 colloidal silica
1029 100461The data in Table 3 clearly indicate the inportance of
utilizing colloidal silica in the conpositions of the present

i nvention, conpared to funed silica, which afforded a | ow nitride
renmoval rate.
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speed of 60 rpm, carrier speed of 56 rpm, and a slurry feed rate of 100 mL per minute
(mL/min). The silicon nitride removal rate (“Nitride RR"”) obtained for each polishing

composition was determined. The results are set forth in Table 2.

Table 2: Effects of acidic components and pH on silicon nitride removal rates

Wt % Acid Component Nitride RR

Example Silica (Amount, ppm) pH pKa A/min
1 A(comparative) 0.5 D2010 (2000 ppm)* 4 1-2 133
1B (inventive) 0.5 D2010 (2000 ppm)* 22 1-2 641
1C (comparative) 0.5 succinic acid (1180 ppm) 2.2 4.19 0
1D (inventive) 0.5 succinic acid (1180 ppm) 5 4.19 259
1E (comparative) 0.5 phthalic acid (1660 ppm) 22 2.98 44
IF (inventive) 0.5 phthalic acid (1660 ppm) 4 2.98 383
1G (comparative) 2 5.5 mS nitric acid (to pH 2.2) 22 -13 32
1H (comparative) 2 70 mS nitric acid (to pH 2.2) 22 -1.3 173
11 (inventive) 2 sulfate (2000 ppm) 22 1.99 548

*DEQUEST® 2010LA (hydroxyethylidene-1,1-diphosphonic acid)

[0043) As is apparent from the results set forth in Table 2, each of the inventive polishing
compositions exhibited a silicon nitride removal rate of greater than 250 A/min. The

comparative compositions exhibited considerably lower removal rates.

EXAMPLE 2
[0044] This example illustrates the importance of colloidal silica in the compositions of the
invention for removal of silicon nitride. 4
[0045] Silicon nitride blanket wafers were polished with a series of different polishing
compositions on a bench-top polisher at a down force of 3.5 psi, a platen speed of 60 pm, a
carrier speed of 56 rpm, and a polishing slurry flow rate of 100 mL/min. All of the polishing
compositions were prepared in deionized water with 3000 ppm of sulfuric acid as the acidic
component, at a pH of 2.2, and with either 4 or 8% by weight of silica. Examples 2A and 2B
included fumed silica in place of the colloidal silica, for comparison purposes. The amounts
and type of silica are shown in Table 3, along with the silicon nitride removal rate (RR)

observed for each composition.



EXAMPLE 3 100471This exanple illustrates the effect of coll oi dal
silica concentration on the renoval of silicon nitride. [00481Silicon
nitride bl anket wafers were polished with a series of different
pol i shing conpositions on a bench-top polisher at a down force of 3.5
psi, a platen speed of 60 rpm a carrier speed of 56 rpm and a
polishing slurry flowrate of 100 nUmn. Al of the polishing
conpositions were prepared in deionized water with 2000 ppm of

hydr oxyet hyl i dene- 1, 1- di phosphonic achg (DEQUESTV 2010LA) as the

aci dic conmponent, at a pHof 2.2, and with O to 8% by wei ght of
silica. The anpbunts of silica used are shown in Table 4, along with
the silicon nitride renoval rate (RR) observed for each conposition

Table 4: Effects of éil%sc oncentration. on silicon nitride renoval
rates ExanpleW Wx'?i‘ﬁo st E%’é; sl TS 0 2 38
(inventive)] 0.2 510 3C (ijny&rtijpe) 2 ‘3 nvent i ! 3E
(i nventive) | 2xaEple Shica Amount, ppm) A/min

2A (comparative) 4 fumed silica 28

2B (comparative) 8 fumed silica 32

2C (inventive) 4 colloidal silica 873

2D (inventive) 8 colloidal silica 1029

[0046] The data in Table 3 clearly indicate the importance of utilizing colloidal silica in the

compositions of the present invention, compared to fumed silica, which afforded a low nitride

removal rate.

EXAMPLE 3
[0047] This example illustrates the effect of colloidal silica concentration on the removal of
silicon nitride. o
[0048]) Silicon nitride blanket wafers were polished with a series of different polishing

compositions on a bench-top polisher at a down force of 3.5 psi, a platen speed of 60 rpm, a
carrier speed of 56 rpm, and a pélishing slurry flow rate of 100 mL/min. All of the polishing
compositions were prepared in deionized water with 2000 ppm of hydroxyethylidene-1,1-
diphosphonic acid (DEQUEST® 2010LA) as the acidic component, at a pH of 2.2, and with 0
to 8% by weight of silica. The amounts of silica used are shown in Table 4, along with the

silicon nitride removal rate (RR) observed for each composition.

Table 4: Effects of silica concentration on silicon nitride removal rates

Example Wt % Silica | Nitride RR A/min
3A (comparative) 0 2
3B (inventive) 0.2 510
3C (inventive) 2 853
3D (inventive) 4 986
| 3E (inventive) 8 983




15 100491The data in Table 4 denonstrate that effective renoval of
silicon nitride was observed even with silica levels as |ow as 0.2%
by wei ght. EXAMPLE 4 100501This exanple illustrates the effect of
acid concentration and colloidal silica concentration on the renoval
of silicon nitride. 10051)Silicon nitride bl anket wafers were
polished with a series of different polishing conmpositions on a
bench-top polisher at a down force of 3.5 psi, a platen speed of 60
rpm a carder speed of 56 rpm and a g@lishi ng slurry flow rate of
100 nL/mn. Al of the polishing conpositions were prepared in

dei oni zed water with 10 to 1000 ppm of hydroxyethyli dene-1, 1-

di phosdR64f]c adhel d{tDECURST Od2DofdtaYe thet difeetivcrediovalofiszoenitridavan pH
of 2. 2,300 0 DudRL, BIAPY, ME) AoRhySihpga. The amunts of silica
and aci &’ conponen uSed are Shown i tabl'e %, al ong with the silicon
nitride renoval rate (RR) observed for each conposition. Table 5:
Effects of acid concentration on S%Wﬂ‘tri de renoval rates
Exanple W Vu Silica Acid Conponen nount, ppn) Nitride RR Aimn
4A (i neo%0lve) Tob ex3aPIEGII{st@®s tpngifet66f atidl (onnerdratipy end GelidaR6ilida ( 200

ppM 590%né&tl§aii91¥ &R Mevrgl)noval of silicon nitride.
{0051] Silicon nitride blanket wafers were polished with a series of different polishing
compositions on a bench-top polisher at a down force of 3.5 psi, a platen speed of 60 rpm, a
carrier speed of 56 rpm, and a polishing slurry flow rate of 100 mL/min. All of the polishing
compositions were prepared in deionized water with 10 to 1000 ppm of hydroxyethylidene-1,1-
diphosphonic acid (DEQUEST® 2010LA) as the acidic component, at a pH of 2.2, and with
0.5 or 5% by weight of silica. The amounts of silica and acid component used are shown in

Table 5, along with the silicon nitride removal rate (RR) observed for each composition.

Table 5: Effects of acid concentration on silicon nitride removal rates

Wt % Acid Component* Nitride RR
Example Silica | (Amount, ppm) A/min
4A (inventive) 0.5 D2010 (100 ppm) 450
4B (inventive) 0.5 D2010 (200 ppm) 591
4C (inventive) 0.5 D2010 (500 ppm) 612
4D (inventive) 0.5 D2010 (1000 ppm) 695
4E (inventive) 5 D2010 (10 ppm) 238
4F (inventive) 5 D2010 (100 ppm) 705
4G (inventive) 5 D2010 (200 ppm) 805
4H (inventive) 5 D2010 (500 ppm) 783
41 (inventive) 5 D2010 (1000 ppm) 907

*DEQUEST® 2010LA (hydroxyethylidene-1,1-diphosphonic acid)

The data in Table 5 indicate that effective silicon nitride removal can be achieved under a broad

range of acid and colloidal silica concentrations.
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EXAMPLE 5
[0052] This example illustrates the selectivity for removal of silicon nitride relative to
silicon oxide.
[0053) Silicon nitride and silicon oxide blanket wafers were polished with a series of
different polishing compositions. All of the polishing corfnpositions were prepared in deionized
water including 0.1 and 1% by weight of colloidal silica with 2060 ppm hydroxyethylidene-
1,1-diphosphonic acid (DEQUEST® 2010LA) (Ex. SA and 5B), 1660 ppm phthalic acid (Ex.
5C and 5D), and 2000 ppm sulfuric acid (hydrogen sulfate) (Ex. SE and SF) as the acid
components as the acid components. These compositions were utilized to polish silicon nitride
and silicon oxide blanket wafers on a Mirra polisher at 4 psi down pressure, 93 rpm platen
speed, 86 rpm carrier speed, and 150 mL flow rate. The results for these tests are shown in
Table 6.

Table 6. Effects of acidic components on silicon nitride and silicon dioxide removal rates

Polishing Nitride RR Oxide RR
Composition (A/min) (A/min) Selectivity
5A (0.1% silica) 100 19 53
5B (1% silica) 500 70 7.1
5C (0.1% silica) 450 27 16.9
5D (1% silica) 680 130 52
5E (0.1% silica) 120 14.5 82
5F (1% silica) 510 69 74

[0054) The results in Table 6 demonstrate very high selectivity for sﬂjcon nitride versus

silicon oxide under the polishing conditions evaluated.

EXAMPLE 6
[0055] This example illustrates selectivity for removal of silicon nitride relative to

polysilicon.
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EXAMPLE 5 [0052] This exanple illustrates the selectivity for renoval
of silicon nitride relative to silicon oxide. [0053]Silicon nitride
and silicon oxide blanket wafers were polished with a series of

di fferent polishing conmpositions. All t he polishing conpositions
were prepared in deionized water including 0.1 and 1% by wei ght of
colloidal silica with 2060 dr oxyet hyl i denel, 1- di phosphoni ¢ aci d
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si | i ca) ofipdysicon tgpieally exdiibits lan dri}iation time due to removal of a protective oxide coating
on the surface of the silicon. Accordingly, the polysilicon removal rate is determined by

plotting the amount of polysilicon removed after 10 seconds, 60 seconds and 180 seconds. The
polysilicon removal réte in A/min is then calculated as the amount of polysilicon removed
during the one minute interval between 30 seconds of polishing and 90 seconds of polishing, by
reference to the plot.

[06057] The composition comprising 0.5% by weight colloidal silica exhibited a silicon
nitride removal rate of 600 A/min, and a polysilicon removal rate of 130 A/min. The
composition including 5% by weight colloidal silica exhibited a nitride removal rate of 780
A/min and a polysilicon removal rate of less than 100 A/min. Thus, the composition of the
present invention exhibit significant selectivity for removal of silicon nitride versus polysilicon

under the same polishing conditions.
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CLAIMS

1. A method for polishing a silicon nitride-containing substrate, the method
comprising abrading a surface of a silicon nitride-containing substrate with a polishing
composition comprising:

(a) 0.01 to 15% by weight of colloidal silica;

(b) 10 to 100,000 parts per million (ppm) of at least one acidic component
having a pKa in the range of 1 to 4.5; and

(c) an aqueous carrier therefor;

wherein the polishing composition has a pH in the range of 0.5 pH units less
than the pKa of the at least one acidic component to 1.5 pH units greater than the pKa.

1 pH unit greater than the pKa of the at least one acidic component.

2. A chemical-mechanical polishing (CMP) method for polishing a silicon nitride-
containing substrate, the method comprising the steps of:

(a) contacting a surface of a silicon nitride-containing substrate with a polishing
pad and an aqueous CMP composition, the CMP composition comprising 0.01 to 15% by
weight of colloidal silica, 10 to 100,000 ppm of at least one acidic component having a pKa in
the range of 1 to 4.5, and an aqueous carrier therefor, wherein the polishing composition has a
pH in the range of 0.5 pH units less than the pKa of the at least one acidic component to 1.5 pH
units greater than the pKa; and

(b) causing relative motion between the polishing pad and the substrate while
maintaining a portion of the CMP composition in contact with the surface between the pad and
the substrate for a time period sufficient to abrade silicon nitride from the surface.

3. The method of claim 2 wherein the substrate comprises silicon nitride and
silicon oxide.

4. A chemical-mechanical polishing (CMP) method for selectively removing
silicon nitride in the presence of silicon oxide in a substrate, the method comprising the steps
of abrading a surface of a substrate comprising silicon nitride and silicon oxide with a
polishing composition including 0.01 to 15% by weight of colloidal silica, 10 to 100,000 ppm

of at least one acidic component having a pKa in the range of 1 to 4.5, and an aqueous carrier



17 [0056] Silicon nitride and polysilicon bl anket wafers were polished
with two different polishing conpositions of the invention on a

tabl e-top CVWP polisher at a down force of 3.5 psi, a platen speed of
60 rpm a carrier speed of 56 rpm and Iﬁ?pol ishing slurry flow rate
of 100 m /mn. The conpositions had a pH of 2.3 and included 500 ppm
of hydroxyet hylidene-1, 1- di phosphonic acid (DEQUESTS 2010LA) and
either 0.5 or 5% by weight of colloidal silica. The silicon nitrid
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19 therefor, wherein the polishing conposition has a pHin the range
of 0.5 pH units less than the pKa of the at |east one acidic
conponent to 1.5 pH units greater than the pKa. 5 A

chem cal - mechani cal polishing (CW) netﬂpd for selectively renoving
silicon nitride in the presence of polysilicon in a substrate, the
met hod conprising the steps of abrading a surface of a substrate
conprising siljcon_nitride and l.ysilicon with a_polishin .
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wherein t1e o0l dal silica is present in the conposition in an
anount in the rangdb)dessghan k pH 294 gieatge hgn the pKa of the g leayhenerpsidirorpmponent.
any one of clains 1, 2, 4, or 5 wherein the at |east one acidic
conponent is present in the polishing conposition in an anount in the
range of 500 to 2000 ppm 11. A polishing conposition

conpri si ng: (a) 0.01 to 15% by wei ght of coll oida

silica; (b) 10 to 100,000 ppm of at |east one acidic
conponent having a pKa in the range of 1 to 4.5; and (c)
an aqueous carrier therefor; wherein the polishing
conposition has a pHin the range of 0.5 pHunits |less than the pKa
of the at |east one acidic conponent to 1.5 pH units greater than the
pKa. 20 12. The conposition of claim1l wherein the coll oi dal
silicais present in the conposition in an anmount in the range of 0.1
to 4% by wei ght. 13. The conposition of claim1l wherein the at
| east one acidic conponent is present in the polishing conmposition in
‘an anount in the range of 500 to 2000 ppm 14. The conposition
of claim 1l wherein the at | east one acidic conponent is selected
fromthe group consisting of an inorganic acid, a carboxylic acid, an
or gani ¢ phosphonic acid, an acidic heterocyclic conpound, a salt

thereof, and a conbination of two or nore of the foregoing. 15.
The conposition of claim 11l wherein the pH of the polishing
conposition is (a) not nore than 1 pH unit greater than
the pKa of the at |east one acidic conponent; or (b) less

than 1 pH unit greater than the pKa of the at |east one acidic
conponent .



