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and nethods for planarizing or polishing the surface of a substrate,
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[ 0004] O@gdbway to fabricate planar copper circuit traces on a silicon

di oxi de strate is referred to as the damascene_ process. | n accordance
wi th t hi $0093bcedelishingcampasitions &ir sikicersbasedl apteranetpldielaetrisdeyershayabessr ned by a
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factors such as residual moisture content. As a result, the capacitance between the

conductive layers is also relatively high, which in turn limits the speed (frequency) at which

AD

a circuit can operate. Strategies being developed to reduce the capacitance include (1)
incorporating metals with lower resistivity values (e.g., copper), and (2) providing electrical
isolation with insulating materials having lower dielectric constants relative to silicon
dioxide.

[0004] One way to fabricate planar copper circuit traces on a silicon dioxide substrate is
referred to as the damascene process. In accordance with this process, the silicon dioxide
dielectric surface is patterned by a conventional dry etch process to form holes and trenches
for vertical and horizontal interconnects. The patterned surface is coated with an adhesion-
promoting layer such as titanium or tantalum and/or a diffusion barrier layer such as
titanium nitride or tantalum nitride. The adhesion-promoting layer and/or the diffusion
barrier layer are then over-coated with a copper layer. Chemical-mechanical polishing is
employed to reduce the thickness of the copper over-layer, as well as the thickness of any
adhesion-promoting layer and/or diffusion barrier layer, until a planar surface that exposes
elevated portions of the silicon dioxide surface is obtained. The vias and trenches remain
filled with electrically conductive copper forming the circuit interconnects.



barrier layer are then over-coated with a copper |ayer. Chem cal - nechani cal
polishing is enployed to reduce the thickness of the copper over-I|ayer, as
wel | as the thickness of any adhesion-pronoting |ayer and/or diffusion
barrier layer, until a planar surface that exposes elevated portions of the
silicon dioxide surface is obtained. The vias and trenches remain filled
with electrically conductive copper f%n‘i ng the circuit interconnects. 2
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[0007] The inventio a chemca ani ca [ ng system for
pol i shi n905§ subst rate conprising (a) a water-soluble silicate compound, (b)
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a substrate, V\/mch met hod corrprlses (1) contacting a substrate with a

pol i shing system corrprl %Ffﬁﬁ?ﬁbﬁﬂl%)hlcate conpound, (b) an
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polishing system is substantlally free of abrasive part1cles. The invention further provides a

method of polishing a substrate, which method comprises (i) contacting a substrate with a

polishing system comprising (a) a water-soluble silicate compound, (b) an oxidizing agent
that oxidizes at least a part of the substrate, (c) water, and (d) a polishing pad, wherein the
polishing system is substantially free of abrasive particles, (ii) moving the polishing pad
relative to the substrate, and (iii) abrading at least a portion of the substrate to polish the
substrate.

DETAILED DESCRIPTION OF THE INVENTION
[0008]  The invention provides a chemical-mechanical polishing system comprising (a) a
water-soluble silicate compound, (b) an oxidizing agent that oxidizes at least a part of a
substrate, (c) water, and (d) a polishing pad. The polishing system is substantially free of
abrasive particles.
[0009]  The polishing system comprises a water-soluble silicate compound. The water-
soluble silicate compound can be any suitable water-soluble silicate compound. Desirably,
the water-soluble silicate compound is an alkali metal silicate. Preferably, the water-soluble
silicate compound is selected from the group consisting of potassium silicate, sodium



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0008] The invention provides a

chem cal - nechani cal polishing systemconprising (a) a water-soluble
silicate compound, (b) an oxidizing agent that oxidizes at |least a part of a
substrate, (c) water, and (d) a polishing pad. The polishing systemis
substantially free of abrasive particles. [0009] The polishing system
conprises a water-soluble silicate corEEound. The water- soluble silicate
conpound can be any suitable water-soluble silicate conpound. Desirably,
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3.6. [OOHast ﬂﬁmm&atodamsubfﬁersblw thatRdclosRABD 3.8 Moesgeierably,atigieous
sol ution |(g1t he ¢ r§§ent| ve polishing conposition. A nmethod of providing the
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conpound can to _obtain fesired concentration of SiC2 in
sol ut i orfompgpndyig o dissolve a solid form of the Water-soluble silicate compound in water to

provide a solution. Alternatively, a concentrated solution of the water-soluble silicate
compound can be diluted to obtain the desired concentration of SiO; in solution. Various
grades of potassium silicate and sodium silicate solutions in water are available
commercially, wherein the solutions are characterized by the particular modulus of the
silicates used in their preparation, as well as wt.% SiO, and wt.% K,0 or Na,O of the
solutions. Zaclon, Inc. (Cleveland, OH) and PQ Corporation (Valley Forge, PA) are two
major suppliers of both solid forms and solutions of potassium silicate and sodium silicate.
[0014]  Aqueous solutions of potassium silicate also can be obtained by hydrothermal
processes, wherein a silicon dioxide (e.g., SiO2) source is reacted with aqueous solutions of
potassium hydroxide under conditions of elevated temperature and/or pressure. Examples
of suitable hydrothermal processes for production of aqueous solutions of potassium silicate
are disclosed in U.S. Patents 5,084,262 and 5,238,668.

[0015] The polishing system can comprise any suitable amount of the water-soluble
silicate compound. Generally, the content of water-soluble silicate compound present in the
polishing system is expressed as the weight percent of SiO, provided by the water-soluble
silicate compound, based on the total weight of water and any components dissolved
therein. Typically, the polishing system comprises sufficient water-soluble silicate



grades of potassiumsilicate and sodiumsilicate solutions in water are
available commercially, wherein the solutions are characterized by the
particul ar nodulus of the silicates used in their preparation, as well as
w.% Si 2 and wt. % K20 or Na20 of the solutions. Zaclon, Inc. (C evel and,
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solid fornms and sol uti ons of potassi umg silicate and sodiumsilicate. [0014]
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important. Stability of the aqueous solutions of water-soluble silicate compounds to

precipitation or gel formation is generally highest at a pH greater than 9 and a pH lower

than 4.

[0019] Desirably, the polishing system is used before any gel or precipitate is visually

observable. The time between preparation and use of the polishing composition will vary

based on the pH, concentration of SiO,, the oxidizing agent, and any optional components

present in the polishing system, as well as the temperature to which the polishing system is

subjected. The inventive method disclosed herein provides for use of the polishing system

while the polishing system remains substantially free of particulate matter or of a gel during

its use in the polishing of a substrate.

[0020]  The polishing system comprises an oxidizing agent that oxidizes at least a part of

a substrate. Any suitable oxidizing agent can be used in conjunction with the invention.

Preferably, the oxidizing agent is selected from the group consisting of hydrogen peroxide,

potassium iodate, potassium permanganate, ammonium persulfate, potassium hydrogen

peroxymonosulfate sulfate, ammonium molybdate, ferric nitrate, potassium nitrate, and

combinations thereof. More preferably, the oxidizing agent is hydrogen peroxide. The
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In still other embodiments, the pH of the system is adjusted at the point-of-use (e.g., at the
surface of the substrate).

[0023]  The pH can also be adjusted by the use of a buffering agent. Typically, a
buffering agent comprises an acid and its conjugate base. When a buffering agent is used to
adjust the pH of the polishing system, it will be understood that sufficient buffering agent
will be added to the polishing system to neutralize sufficient M,O to provide the desired pH.
The pH buffering agent can be any suitable buffering agent, for example, phosphates,
sulfates, acetates, borates, ammonium salts, and the like. The polishing system can
comprise any suitable amount of a pH adjustor (e.g., an acid or a base) and/or a pH
buffering agent, provided that a suitable amount is used to achieve and/or maintain the pH
of the polishing system within the desired pH ranges.

[0024]  The polishing system optionally further comprises one or more other additives.
Such additives include any suitable surfactant and/or theological control agent. Suitable
surfactants include, for example, cationic surfactants, anionic surfactants, anionic



conposition conprises 50 ppmor less (e.g., 40 ppmor |ess, or 30 ppm or

| ess) of calcium ion, based on the total weight of water and any conponents
di ssolved therein. [0022] If desired, the pH of the polishing systemcan be
adjusted by acidifying a strongly basic solution of a water-sol uble
silicate conpound by the addition of a sufficient anmunt of an acid to
neutralize sufficient M0 that is present to obtain the desired pH The

acid can be any suitable acid strong eéhough to produce the desired final pH.
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characteristics, such as the polishing rate, of the polishing system is altered.

[0028] While the components of the polishing system can be combined well before or
even shortly before use, the components of the polishing composition can be combined at or
near the point-of-use. As utilized herein, the term “point-of-use” refers to the point at which
the polishing system is contacted with the substrate surface). When the components of the
polishing system are to be combined using point-of-use mixing, the components of the
polishing system are separately stored in two or more storage devices.

[0029] In order to mix components of the polishing system contained in storage devices
at or near the point-of-use, the storage devices typically are provided with one or more flow
lines leading from each storage device to the point-of-use of the polishing system (e.g., the
platen or the substrate surface). By the term “flow line” is meant a path of flow from an
individual storage container to the point-of-use of the component stored therein. The one or
more flow lines can each lead directly to the point-of-use, or, in the case that more than one
flow line is used, two or more of the flow lines can be combined at any point into a single
flow line that leads to the point-of-use. Furthermore, any of the one or more flow lines



The amobunt of anti-foam ng agent present in the polishing systemtypically
is 40 ppmto 140 ppm based on the total weight of water and any conponents
di ssol ved therein. [0026] The polishing systemoptionally further conprises
a biocide. The biocide can be any suitable biocide, for exanple an

i sot hi azol i none bi oci de. The anmount of biocide used in the polishing system
typically is 1 ppmto 500 ppm and preferably is 10 ppmto 200 ppm [0027]
Any of the conponents used in conjunction with the invention can be provided
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elements of the apparatus (e.g., via one or more flow lines). Furthermore, the mixing device
can comprise more than one chamber, each chamber having at least one inlet and at least
one outlet, wherein two or more components are combined in each chamber. If a container-
type mixing device is used, the mixing device preferably comprises a mixing mechanism to
further facilitate the combination of the components. Mixing mechanisms are generally
known in the art and include stirrers, blenders, agitators, paddled baffles, gas sparger
systems, vibrators, etc.

[0032]  The polishing system comprises any suitable polishing pad (e.g., polishing surface).
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,



7 (e.g., the individual flow lines or a conbined flow line) can first |ead
to one or nore of the other devices (e.g., punping device, neasuring
device, m xing device, etc.) prior to reaching the point-of-use of the
conponent (s). [0030] The conponents of the polishing systemcan be delivered
to the point-of-use independently (e.g., the conponents are delivered to
the substrate surface whereupon the conponents are m xed during the
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is partlcularly well-suited for use in conjunction with a chemical-mechanical polishing

(CMP) apparatus. Typically, the apparatus comprises a platen, which, when in use, is in
motion and has a 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 system of the invention, and by the polishing pad moving relative
to the substrate, with the other components of the polishing system therebetween, so as to
abrade and remove a portion of the substrate so as to polish at least a portion of the
substrate.

[0036] When the method of the invention is practiced in conjunction with a CMP
apparatus, the polishing pad of the polishing system comprises the polishing pad of the
CMP apparatus. The polishing pad can be as previously recited.

[0037]  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



[ 0032] The polishing system conprises any suitable polishing pad (e.g.,
polishing surface). Suitable polishing pads include, for exanple, woven and
non-woven polishing pads. Moreover, suitable polishing pads can conprise any
sui tabl e polyner of varying density, hardness, thickness, conpressibility,
ability to rebound upon conpression, and conpression nodulus. Suitable

pol ynmers include, for exanple, polyvinylchloride, polyvinylfluoride, nylon,
fl uorocarbon, polycarbonate, polyester, polyacrylate, polyether,
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carrier gofasium silicate, as set forth in Table 1. The potassium silicate was provided by dilution
of a 30 wt.% solution of potassium silicate in water (Kasil 2130; PQ Corp., Valley Forge,
PA) to provide the recited concentrations of SiO,. All of the polishing systems were
homogeneous by visual inspection before and after use. Following use of the polishing
systems , the tantalum removal rates were determined. The results are set forth in Table 1.

Table 1; Effect of concentration of potassium silicate on tantalum removal rate

System Wt.% SiO, (as potassium | Tantalum Removal Rate
silicate) (A/min)

1A (invention) 0.25 14

1B (invention) 0.75 70

1C (invention) 2.0 236

1D (invention) 6.0 318

[0042]  These results demonstrate that the tantalum removal rate exhibited by the
polishing system comprising soluble potassium silicate depends on the concentration of
soluble potassium silicate present in the polishing system. Concentrations of soluble



hol ds a substrate to be polished by contacting and noving relative to the
surface of the polishing pad. The polishing of the substrate takes place by
the substrate being placed in contact with the polishing system of the
invention, and by the polishing pad noving relative to the substrate, with
t he ot her conmponents of the polishing systemtherebetween, so as to abrade
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use of the polishing systems, the tantalum removal rates were determined. The results are

set forth in Table 2.

Table 2: Effect of concentration of potassium silicate with added calcium ion on tantalum

removal rate
(System Wt.% SiO; (as potassium Tantalum Removal Rate
silicate) (A/min)
2A (invention) 0.25 232
2B (invention) 0.75 324
2C (invention) 2.0 482
2D (invention) 6.0 289
2E (comparative) 0 456"

* .
average of two experiments

[0045]
systems comprising soluble potassium silicate and 20 ppm of calcium ion depends on the

These results demonstrate that the tantalum removal rate exhibited by polishing

concentration of soluble potassium silicate present in the polishing system, with practical
tantalum removal rates being achieved with 0.25 wt.% or more SiO, and a maximum
tantalum removal rate observed w{th 2.0 wt.% SiO,. The tantalum removal rate observed



potassiumsilicate, as set forth in Table 1. The potassiumsilicate was
provided by dilution of a 30 w.% solution of potassiumsilicate in water
(Kasi| 2130; PQ Corp., Valley Forge, PA) to provide the recited
concentrations of Si2. Al of the polishing systenms were honogeneous by

vi sual inspection before and after use. Follow ng use of the polishing
systens , the tantalumrenoval rates mere determ ned. The results are set
forth in Table 1. Table 1; Effect of éoncentration of potassiumsilicate on
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silicate A (I ventio
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t hat t healirasitegamticlesaSystedn 280t e exhi bited by the polishing system conprising
sol ubl e potassium silicate depends on the concentration of soluble
potassiumsilicate present in the polishing system Concentrations of
soluble 10 potassiumsilicate providing 2 w.%or nore, specifically 2.0
w.%and 6.0 wt.% of SIi2 (Systens IC and 1D) exhibit practical tantal um
renoval rates wthout use of an abrasive. EXAMPLE 2 [0043] This exanple
shows the effect of increasing concentrations of potassiumsilicate in the
presence of added calciumion on the renoval rates for tantalum|l ayers
observed with the polishing systens of the invention. [0044] Simlar
substrates conprising a |layer of tantalum over silicon dioxide were
separately polished with five different polishing systens (Systens 2A-2E)
Systens 2A-2D consisted of 3 w. % hydrogen peroxide in water at a pH of 11,
20 ppm of calciumion (as calciumchloride), and varying amounts of
potassium silicate, expressed as the final concentration of Si Q2 provided
by the potassiumsilicate, as set forth in Table 2. System 2E was a
conparative polishing systemconprising 6 wt.% funed silica (abrasive
particles), 0.5 w.% potassium acetate, 0.05 w. % benzotriazole, 3 m.%
hydr ogen peroxide, and 20 ppmcalciumion (as calciumchloride) in water at
a pH of 10. The potassiumsilicate was provided by dilution of a 30 wt.%
solution of potassiumsilicate in water (Kasil 2130; PQ Corp., Valley
Forge, PA) to provide the recited concentrations of Si2. Al of the

i nventive



pol i shing systens were honbgeneous by visual inspection before and after

use. Following use of the polishing systens, the tantal umrenoval rates
were determ ned. The results are set forth in Table 2. Table 2: Effect of
concentration of potassiumsilicate with added calciumion on tantal um
removal rate System W.% Si Q2 (as potassi um Tantal um Renoval Rate silicate)
(AAmn) 2A (invention) 0.25 232 2B (invention) 0.75 324 2C (invention) 2.0
482 2D (invention) 6.0 289 2E (conpafative) 0 456 average of two
experinments [0045] These results degpasygate that the tantalumrenoval rate
exhi bited by polishing systens conprising soluble potassiumsilicate and 20
ppm of cal ciumion depends on the concentration of soluble potassium
silicate presknt iAchdmicgeahéechhning psligtimgyysteint for polesbingeedubsttaat al um r enoval
rates bewﬁ?prgﬁ_%i.eved with 0.25 wt.%or nore SiO2 and a maxi nrum tantal um
removal rat’e obServed with 2.0 wt.% Si Q2. The tantal um renoval rate observed
11 with 2.0 w. %(® O veatrs-splrblasiicetsl compmidon ( Syst em 2C) was essentially

equal to the tant(_@* UGh bRIARYR) agert tBat QRN Bfllcidt b Pald o€ QRERMALl Ve system
conprising funed silica, abrasive particles (System2E). 12 CLAIMS 1. A

cheri cal - mechani cdf) p8EHg system for polishing a substrate conprising:
(a) a water-sol ubl(@) skabpblisiisg g@npound, (b) an oxidi zi ng agent that oxidizes

at | east a part of tr . i shi pad, wherein
t he polishing syst%}%r?%}élﬂge&@%]g%% ?}fasf%&%{r]%éangﬁ Eﬁ%&%éﬁ@é&g\éﬁ%ﬁ%s 2. The
polishing systemof claim1, wherein the water-soluble silicate

2. The polishing system of claim 1, wherein the water-soluble silicate
compound is selected from the group consisting of potassium silicate, sodium silicate,
potassium metasilicate, and sodium metasilicate.

3. The polishing system of claim 2, wherein the water-soluble silicate
compound is potassium silicate.

4. The polishing system of claim 3, wherein the potassium silicate has a
Si10,:K,0 molar ratio of 2.8 to 3.9.

5. The polishing system of claim 4, wherein the potassium silicate has a
Si0,:K,0 molar ratio of 3 to 3.6.

6. The polishing system of claim 1, wherein the oxidizing agent is selected
from the group consisting of hydrogen peroxide, potassium iodate, potassium
permanganate, ammonium persulfate, potassium hydrogen peroxymonosulfate sulfate,
ammonium molybdate, ferric nitrate, potassium nitrate, and combinations thereof.

7. The polishing system of claim 6, wherein the oxidizing agent is hydrogen
peroxide.

8. The polishing system of claim 1, wherein the polishing system has a pH of 9
or more.

9. The polishing system of claim 8, wherein the polishing system has a pH of
10 to 12.



conmpound is selected fromthe group consisting of potassiumsilicate, sodium
silicate, potassiumnetasilicate, and sodiumnetasilicate. 3. The polishing
systemof claim2, wherein the water-soluble silicate conpound is potassium
silicate. 4. The polishing systemof claim3, wherein the potassiumsilicate
has a SiQ2: K20 nolar ratio of 2.8 to 3.9. 5. The polishing systemof claim

4, wherein the potassiumsilicate has a Si02: K20 nolar ratio of 3 to 3.6.

6. The polishing systemof claim31, wh&rein the oxidizing agent is selected

from the group, congjedolifin@ysttlb LAt R eifiBe pPRIESSEy4ton RAAH ofOt assi um
per manganat e, ammoni um persul fate, potassi um hydrogen peroxynonosul fate

sul f at e, °F '&¥noni um nol ybdate, ferric nitrate, potassiumnitrate, and

conbi nati ons thereof. 7. The polishing systemof claim®6, wherein the

oxi di zing agent i . hde. i Em ggs t]EgnI aim1l,
wherein the poli smﬂr%%égﬁlgﬁg?#%gl{sgf;&%ﬁ loofwgya%rtﬂ%éle. : @ﬁ% po ?%Ih&ng system
of claim®3-wherein the polishing systemhas a pH of 10 to 12. 13 10. The
polishing systemof claim1, wherein the polishing systemhas a pH of 4 or

| ess. 11. The polishing system of claim 10, wherejin.the poljshing system has
a pH of 2 to%. ikhepp %?Xs?m?fgﬁﬁﬁﬁs]v@%‘f* n\,\%FBP%hEgWﬁg%ﬁuﬁﬁ?rhe pol i shing
syst em f ¢onigaes 1 poAms 5&pmn b padciuindoO ppm of cal ciumion. 13. A nethod of
polishing a substrate, which nethod conprises: (i) contacting a substrate

with a polishing systemconprising: (a) a water-soluble silicate conpound,
(b) an oxi di Zi3ng a‘ém_rﬁrthomwépolminﬂaz@bst}aﬂte, whichtmethgrheampsisesthe substrate, (c)
water, and (d) a ppli E%Mn@%@ubéﬁﬁ?er withla ﬁ&]ﬁhﬂ%lsyﬁéﬁm%n@ﬁ% mis
substantially free of rasrve partl_%l es,

(a) awater-soluble silicate compound,

(b) an oxidizing agent that oxidizes at least a part of the substrate,

(c) water, and

(d) apolishing pad,

wherein the polishing system is substantially free of abrasive particles,

(i) moving the polishing pad relative to the substrate, and

(iif) abrading at least a portion of the substrate to polish the substrate.

14.  The method of claim 13, wherein the water-soluble silicate compound is
selected from the group consisting of potassium silicate, sodium silicate, potassium
metasilicate, and sodium metasilicate.

15.  Themethod of claim 14, wherein the water-soluble silicate compound is
potassium silicate.

16. The method of claim 15, wherein the potassium silicate has a Si0,:K;0
molar ratio of 2.8 to 3.9.

17. The method of claim 16, wherein the potassium silicate has a Si02:K,0
molar ratio of 3 to 3.6.

18.  The method of claim 13, wherein the oxidizing agent is selected from the
group consisting of hydrogen peroxide, potassium iodate, potassium permanganate,
ammonium persulfate, potassium hydrogen peroxymonosulfate sulfate, ammonium
molybdate, ferric nitrate, potassium nitrate, and combinations thereof.



(ii1) noving the polishing pad relative to the substrate, and (iii) abrading
at least a portion of the substrate to polish the substrate. 14. The net hod
of claim 13, wherein the water-soluble silicate conpound is selected from
the group consisting of potassiumsilicate, sodiumsilicate, potassium
metasilicate, and sodium nmetasilicate. 15. The nethod of claim 14, wherein
the water-soluble silicate conpound i ? potassiumsilicate. 16. The net hod
of claim 15, wherein the potassium si ffcate has a Si02: K20 nolar ratio of
2.8 to 3.9. 1k, Theherréthabbfaainl 18, whéein théexidizingt dpentdohpdopempesodideat e has a
Si2: K20 nolar ratio of 3 to 3.6. 18. The nethod of claim 13, wherein the
oxi di zing agent is selected fromthe group consisting of hydrogen peroxide,
pot assi um i okt e, Thstrestbidohgimnidnyhersinghe pelishingisystempdias apHaafd, orpot assi um
hydr ogengggrr oxynonosul fate sul fate, anmonium nolybdate, ferric nitrate,
potassiumnitrate, and conbi nations thereof. 14 19. The nmethod of claim 18,
wherei n the oxidizing agent is hydrogen peroxide. 20. The nethod of claim
13, wherein thie potheshétigl E\esiRMONAEerdiniht sdlisBinglsysteirhas a M. of Theo 1Rt hod of
claim 20, wherein the polishing systemhas a pH of 10 to 12. 22. The net hod
of claim 13, wherein the polishing systemhas a pH of 4 or less. 23. The
met hod of cl d@2m 2ZThewhedhasl of cldim |3oWwherkinthe polshimmshistemaapripbfof2 drdess. 24.
The net hod of claim 13, wherein the polishing system furthher conprises |

ppmto 50 ppmof calciumion. 25. The nmethod of claim 13, wherein the
substrate comri sedietrgitos afiplaim 22, wherein the polishing system has a pH of 2 to 3.

24.  The method of claim 13, wherein the polishing system further comprises 1
ppm to 50 ppm of calcium ion.

25.  The method of claim 13, wherein the substrate comprises tantalum.





