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conpatibl e A patterned electrode material is then formed on the green layer to form a structure that
20  is stacked to provide a laminate of alternating layers of green ceramic dielectric and
electrode. The stacks are diced into MLCCs-sized cubes which are heated to burn off
organic materials, such as binder and dispersant, and are then fired to sinter the particles
of barium titanate-based material to form a capacitor structure with laminated, dense
ceramic dielectric and electrode layers. During sintering, increased ceramic dielectric
25  density is achieved as a result of the fusion and consolidation of the particles to form
grains.

Sintering aids are often added as a minor constituent {e.g., less than 5 weight
percent) to dielectric compositions to lower the sintering temperature. Lower sintering
temnperatures can reduce processing costs (e.g., by using less energy) and may provide

30  greater control over the process. Silicate-based glass forming additives, also called frits,
are often used as sintering aids due to their low-melting temperature and

chemical/material compatibility. In particular, most nickel-electrode compatible



WO 01/ 14280 PCTI US0al122830 2 dielectric formulations include a fit to
reduce sintering tenperature. Exanples of fits include pure, colloidal
Si 02 and cURPHIHI silicates. Conventionally, silicate sinPEF/USY2330s are
manuf actured using nelt techni ques, where individual oxides are m xed
toget her and heated to a nolten state, ;Enched and 5 solidified into a

singl e gl ass @BRSRc foFAB1=AGhd HoBAASS h idded to
reduce the particl ce 0si zea._ Thle_c r eégalsﬁltt ?"sn‘S poaﬁge?ﬁ%%?pgg#g ﬁgagﬁggspgrfﬂscl e
si ze of bet weapludepecoioidaidi@pandicompoend(sitependi ng on mlling time), a
non- spherical and g parti.cl e nmorphol o and _a mul ti - nodal
particle size di st(?(%’n%%?#%%b E@?{tﬁ Pt Ir‘%?ld{)ﬁgmaﬁ’i){fﬁwg uﬂp%gigggecgg\qusm
consumi ng ( e.ghere Brtivédual odidasras) mixed toyeier Mt hosetCR 2GasleaRatRbid@Bhedd f r om
the milli ng n;rs?gig@édl?ecent st{i des in_mcroel ectroni c and conmuni cation

S

t echnol ogi BB EPgls glastrhass. nihesakd glassiiprrberaumtivesushgghidanilipdto
performance gt Rnice 42 erhelrsBIRR ALYy} iEQI)?fIa? Qg'ﬁxfigiﬁgikﬁﬁgﬁ agl tance

in smaller case sizes (high volumetric efflcien | chani cal
strength and 3ben lasd 10tmpicropn{(dspendington milling tinteh senondphanicaldnd frregataf or nance
features, th : J f : factur f i.for ltra-thin
dielectric F%a?édrlim??gg&sgy’lagégh{&ﬁéﬁ%gﬁﬁ%ﬁ%ﬁge 1 egh{’rgilf:gi{trlfé 3“?’ ﬂt)e
Accordi ngl y, millingguogesd is timefconsuaing (aige sevees! Adwls)tdnd tnayantrddacadaeshiiaion

dielectri C si t.l,ons_that are used to fabricate thin dielectric |ayers.

20 SUNNAR@ G’—@ﬁl el“l\’l@’éﬁﬁe&\‘f‘The present invention is directed to a d

silicate-based si iReednt sigides ifl microdledtRA h8 comRidatinigrhéiegisd miver i ng ai d,

and a dielectric.c ositian jncluding the same and capacitor devices nade

from such a dﬁ?ﬁ?BE‘? %HHWWHZ%&% 05%&558; whilrdthe PRFEWEIRSS TRRGPMERs havenet hod of

preparing a SieeRadull iRirthsedt MephePRpiBkRGn Lrﬂﬁie&'gé‘sé sﬂlr-% lfddet sol ution
ol utio

conprising a silicon ionic species"wth a secon S n conprising an
al kal i ne ear %K), higherirecchpiedl stengthiead nediebility. flnordeeto meat thestemivancedict i ng
the silicon IffbiefBeRbGRehir id el bl Ald A BRI o Blm ' fi-oRGELGS 1O
forma silicate-based sintering ard. I'n another aspect, Tfe 1 nveRtion
provi des a sileieesr(eggless tan Fhrdcrensfired thicknessyd 30 i ncl udes al kal i ne earth

metal silicate-b ai%?or&%&l&! & A&:ﬁ e:%s\élfor}% s?nQenan\é%gdatggt ne.'c%'rl;[el a%!igd tg Idlze?ecg'}cc

compositions that are used to fabricate thin dielectric layers.

20 SUMMARY OF THE INVENTION

The present invention is directed to a silicate-based sintering aid, a method for

producing the sintering aid, and a dielectric composition including the same and
capacitor devices made from such a composition.
In one aspect, the invention provides a method of preparing a sintering aid. The
25  method includes mixing a first solution comprising a silicon ionic species with a second
solution comprising an alkaline earth metal ionic species. The method further includes
reacting the silicon ionic species with the alkaline earth metal jonic species to form a
silicate-based sintering aid.
In another aspect, the invention provides a sintering aid. The sintering aid
30 includes alkaline earth metal silicate-based particles having an average particle size of

less than about 500 nm.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing, and other objects and advantages, will be more fully appreciated

20  from the following drawings, in which:

FIGS. 1A and 1B respectively are transmission electron microscope (TEM)
micrographs of the barium-calcium silicate particles prdduced in Example 1 and
commercially available barium-calcium silicate particles.

FIG. 2 is a TEM micrograph of the barium-calcium silicate particles produced in

25  Example 1 mixed with barium titanate-based particles to form a dielectric composition.

FIG. 3 shows a graph comparing the particle size of dielectric compositions
including the barium-calcium silicate particles produced in Example 1 (Line A) to
dielectric compositions including the commercially available barium-calcium silicate
particles (Line B).

30 FIG. 4 is a graph of the dilatometric thermal shrinkage profiles illustrating the
reduction of the sintering temperature of a dielectric composition including 0 mol%, 1
mol%, 2 mol%, and 3 mol% concentrations, respectively, of the barium-calcium silicate

particles produced in Example 1.
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as barium silicate (BaSi0Os), or a multi-component silicate, such as barium-calcium

silicate (BayCa,8103). In some embodiments, the sintering aid may be produced as
20  nano-sized particles which can be mixed with barium titanate-based particles to form a

dielectric composition. In other embodiments, the sintering aid may be produced as a

coating on the surfaces of barium titanate-based particles to form a dielectric

composition. The dielectric compositions that include the sintering aid, either as

particles or as coatings, may be sintered at relatively low temperatures, for example, to
25 form dielectric layers in MLCCs and, particularly, MLCCs having ultra-thin layers.

The silicate-based sintering aid is produced using a precipitation reaction. The
method generally involves mixing together appropriate reactive species under the proper
conditions to cause the precipitation reaction to occur. In some embodiments, a solution
that includes a silicon ionic species is mixed with a solution that includes an alkaline

30 earth metal ionic species to form a reaction mixture. Under appropriate conditions, the
silicon ionic species reacts with the alkaline earth metal ionic species to produce the

silicate-based sintering aid in the desired form.
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hydroxide octahydrate, calcium oxide, or calcium hydroxide. When multi-component
silicates (i.e., silicates that include more than one alkaline earth metal), are being
produced, more than one ionic alkaline earth metal ionic species is added to the reaction
mixture. For example, in some embodiments when barium-calcium silicate is produced,
25  barium hydroxide and calcium hydroxide may both be added to the reaction mixture. In
multi-component silicate embodiments, the respective reactive species may be added to
the reaction mixture in relative proportions that yields a silicate having the desired
stoichiometric ratio.
Silicon ionic species and alkaline earth metal ionic species are sometimes
30 referred to herein as “reactive species.” In some embodiments, respective solutions
including the silicon ionic species and the alkaline earth metal ionic species may be

mixed to form the reaction mixture. In other embodiments, silicon ionic species and the
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20 The reaction typically proceeds until completion, when one of the reactive
species is completely or nearly exhausted. The reaction time depends upon a number of
factors, including the reaction conditions and reactive species, and is typically on the
order of about a few hours,
In some embodiments, the precipitation reaction is most efficient at basic
25 conditions. Because many aqueous solutions including alkaline earth metal ionic species
are bases (e.g., BaOH), a separate pH adjusting compound may not be required to
increase the pH of the mixture. However, in some cases, a pH adjusting compound that
does not interfere with the reaction may be added to maintain a desired pH. In some
embodiments, the solution containing the alkaline earth metal jonic species or the pH
30 adjusting compound is added in sufficient amounts to maintain the pH above a certain

level, for example, above about 12 or above about 13.
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Al t er nat i veyshed baated particles may be maintained in a slurry until further processing.

20 When silicate-based particles are desired, they may be precipitated directly from
the reaction mixture. The resulting product which includes the silicate-based particles
dispersed in an aqueous medium is filtered and washed, for example using de-ionized
water, to remove residual reactive species. The washed particles may be dried, for
example, by heating in a vacuum furnace. In other cases, the washed particles may be

25 maintained in a slurry. The silicate-based particles may be mixed with barium titanate-
based particles to form a dielectric composition. In some embodiments, the silicate-
based particles may be added to a slurry of barium titanate-based particles. When added
to the slurry of barium titanate-based particles, the silicate-based particles may be dried
or may be slurried as well. In other embodiments, dried silicate-based particles may be

30  added to dried barium titanate-based particles. In any case, is generally preferable to
sufficiently mix the silicate based-particles with the dielectric-based particles to produce

a uniform dielectric composition.
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20  particle size refers to the average particle size of primary particles in a composition. In

many cases, silicate-based particles have even smaller particle sizes. For example, in

some cases, the silicate-based particles have an average particle size of less than about

250 nm; in some cases less than about 100 nm; in some cases less than about 50 nm. In

certain cases, silicate-based particles having an average particle size between about 10
25  nm and about 50 nm are preferrad.

Preferably, the size of the silicate-based particles is generally uniform and the
particle size distribution of the particles is small. In some cases, the quartile ratio
{d7s/dys) may be less than about 3 and, in some cases, less than about 2. The silicate-
based particles preferably have a similar morphology which may be substantially

30  spherical.
When in a dried state, the silicate-based particles of the invention can, in some

cases, form clusters of particles or agglomerates. However, the clustered silicate-based
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si nteri ng) .thickness such that the thickness of the coating varies by less than 20%. In other cases,

20 the thickness may vary by larger amounts across the surface of an individual barium
titanate-based particle. Particularly in cases where the coating layer thickness is low (i.e.
less than 0.5 nm), the thickness of the coating may vary over different portions of the
particles., In some cases, portions of the barium titanate-based particle surface may not
be coated at all.

25 Particles of barium titanate-based material may be either coated with the silicate-
based compound or mixed with the silicate-based particles of the invention to produce
the dielectric composition. The barium titanate-based particles may comprise barium
titanate, solid solutions thereof, or other oxides based on barium and titanate having the
general structure ABOj3, where A represents one or more divalent metals such as barium,

30  calcium, lead, strontium, magnesium and zinc and B represents one or more tetravalent
metals such as titanium, tin, zirconium, and hafnium. An example of one type of barium
titanate-based material has the structure Ba;.,)AxTi(1-y)ByOs, where x and y can be in the

range of 0 to 1, where A represents one or more divalent metals other than barium such
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The barium titanate-based particles may also have a variety of shapes which may

depend, in part, upon the process used to produce the particles. In some cases, barium

titanate-based particles having a substantially spherical morphology are preferred. In

other cases, barium titanate-based particles may have an irregular, non-equiaxed shape
25  which may result from a milling process.

The barium titanate-based particles may be produced according to any technique
known in the art including hydrothermal processes, solid-state reaction processes, sol-gel
processes, as well as precipitation and subsequent calcination processes, such as oxalate-
based processes. In some embodiments, it may be preferable to produce the barium

30 titapate-based particles using a hydrothermal process. Hydrothermal processes generally
involve mixing a barium source with a titanium source in an aqueous environment to
form a hydrothermal reaction mixture which is maintained at an elevated temperature to

promote the formation of barium titanate particles. When forming barium titanate solid



| ead titanate or barium zirconate. In other cases, the conpound nmay have
multiple 10 partial substitutions of bariumor titanium An exanple of such
a nmultiwoerpasti al substituted conposition is represer@Eiusogrisie
structural formula Ba(]j .X_x-_X. ") 1' b, ,Cax, Srx,, Ol (j-y-y'-y") SnyZry'
Hfy. 2 where x, x', x", y', and y" ar€ each greater than 0. In many

cases, the miowpamcie@ a{%meaﬁag S8 thudily the RGP AURKL L e Crystal

structure, thou in ot cases it may not. ar i um anat e- based
particles nglya m&tabaweksy be addedite téxeélvidmﬁumalmaetmmmmr é)ertahl cs. In
preferred c Al particle
size. The b un’?t | '? %atse&bml@%q%gérﬁﬁg@ggﬁa%h%@g%g ”tgﬁ?att? cle size

of less t hbmetbmmleﬂha‘ymglwnag@partlde s:cmfdalsms:romdnd smurbdfragtﬂ atiforg| € si ze

may bo. 1 booiein tzs 4RetRAT SRR PPl ERRE ol BeaSilia e © 7

particle sitmsed partideshavh beemmﬂbea,&er mm@wemerommomeomd US| PatkgNse- based

pon tho: proRReE e 10 srEAREL e bR Bramorsen hekins i Gece bibbam

titanate- ba@ﬁda,ﬁaa,rt [ cI es havi ng a substantially spherical norphol ogy are
preferred. t her Is) ‘f{ %m titanate-based particles may have an
irregul ar, non aana%@a oHmpRss, thesbagiim titanate bgsed particles may haveia qoating process

The bar jim jhilhdRgble bAaseR dBpddk b&hﬁ‘&anﬂﬁbopﬁtdoz[ré’gﬂﬁﬁﬂetép& s;ﬁ’:hﬂ@s E&PI Y state

technique known in the art including hydrothernal proce
reaction prddesoebydreyesydihe dppase é@gmmd%@nmhancagerfanedmmaémd)n and

Subsequent. fakghiaok itk QPR 38Rp0RHiE) AIOIEbALRaHDASRS, Bigcasses, |0 some

enbodi ments, it may be preferabl ari Tanat e- based
particles u1§¢1h§e kithiwr maghesium| calsiuos stsentiubly seandiney, ristonpmydesses, general |y

i nvol ve m b n QuUrce in naq eous
envi ronnen;%?gdl%o@%!lhgg%&g ng?legeég&%aib}rlllgglk I!li,l%l’e OTRHy HMO nt ai ned at
an el evt ecvtmnpm&tauura, llwl, bpnmﬂmrea Lanthafiide aigtientn Imﬁoxhaémbbmmmt@lﬂ&l e

particles n 1/14280 .PCTI USOCO 22830
11 sol uti onaegart | @PW tgg%gn%k ﬁlcaajlggﬁgﬁctgoatwgqﬂﬁ uptghle %ageﬁoprl ate
di val ent orparticédsrtmvabentdesmbad, far&yamplspnhemaﬂdbd)mm[hs Fayeite Applasation
reacti on mt tal hydro I ocesses he, used to produce
subst ant i aII?(%/' l6§§%g,g?(§fgﬁed;%elp <iiRct %ﬂ?ﬁﬁ“&mabﬁwamﬁgﬁ% U by IRferRRreAn 5 age
particle siendifetyf Inltheserdnthodimentscititizing d6pant-8ddedebatitinftRérite-based particles,

20  the silicate-based sintering aid may be provided as particles mixed with the coated

barium titanate-based particles or as another chemically distinct coating layer produced
using the above-described process. In other embodiments, the dopant compounds may
also be provided as particles which may be mixed with the barium titanate-based
particles.

25 The dielectric composition including barium titanate-based particles and silicate-
based sintering aid, either in particulate or coating form, may be further processed as
known in the art. In some embodiments, the A/B ratio may be adjusted prior to forming
a dielectric layer. In some cases, the A/B ratio is adjusted to a value greater than 1.
Barium titanate-based compositions having A/B ratios greater than 1 are desirabie in

30  certain MLCCs applications to improve compatibility of the composition with base metal
electrodes. The A/B ratio may be adjusted according to any technique known in the art.
In some embodiments, the A/B ratio may be increased by adding an insoluble barium

compound, such as barium carbonate (BaCO3), in particulate form to the composition.
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The silicate-based sintering aid lowers the temperature required to sinter the

20 dielectric composition. For example, a typical dielectric composition including the
sintering aid may be sintered at a temperature of less than between about 1250 °C and
about 1350 °C, as compared to the same dielectric composition without the sintering aid
which requires sintering temperatures of greater than 1400 °C. The silicate-based
sintering aids of the invention also may be more effective at lowering the sintering

25  temperature of dielectric compositions than conventional sintering aids. That is, a
dielectric compositions including silicate-based sintering aids of the invention may be
sintered at lower temperatures {e.g., by at least 25 °C lower ) than the same dielectric
composition that includes the same weight percentage of a conventiona! sintering aid. It
is believed that the advantage in reducing sintering temperatures results from the uniform

30  distribution of the silicate-based sintering aids of the present invention throughout the
dielectric composition. This uniformity occurs both when the silicate-based sintering
aids are produced as particles and when produced as coatings. The silicate-based

particles have small particle sizes allowing them to be easily and uniformly dispersed
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structure gl&g lglms nat ed, dense ceram c dielectric and el ectrode | ayers.
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the 20 di el ect AitariomAgalzhin siticate Heteriey aidp¥ae proglutedpiccatingite beorhéthed of
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was continually stirred and maintained at a temperature of about 85 °C to ensure reaction

completion. Barium-calcium silicate particles were produced having the composition
BayCap4Si0s. The product was filtered, washed with de-ionized water to remove any
25  excess reagents, and dried to produce barium-calcium silicate particles.

The dried barium-calcium silicate particles were analyzed for particle
characteristics using transmission electron microscopy (TEM). The particles had a
substantially spherical morphology, an average particle size of about 50 nm, and uniform
particle sizes. Typical barium-calcium silicate particles appear in the TEM micrograph

30 shownin FIG. 1A. The minor amounts of particle clustering that was present was
determined to be an artifact of the drying process, as the particles were readily
dispersible into individual primary particles.



ai ds are produced as particles and when produced as coatings. The
silicate-based particles have small particle sizes allowing themto be
easily an®WQMAen y di spersed WO 01/ 14280 PCT/ US00/ 2283 FCTH0¢/ESghout
dielectric conpositions. In certain cases yhen the silicate-based particles
have a uniformparticle sizes and a substantially spherical norphol ogy,
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silicate sintering aid was produced according to one nethod of t he resent
i nventi on. Thenilled alpestisly smrhemﬁe@ab%# Bénuan andahed Iﬁa‘rnb iaeq Bap-ypEfosm pae

for particle &Q@r%&ule Ediaflf Qvﬁmsgmlmrﬁgaza%'sﬁ &ﬁi s%;teaﬁﬁqhe

particles to orm c mxture that was racteri zed.
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tHe prese
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hydr oxi de iign I‘p&ﬂ'tﬁlels‘mes pesssppirehcajmrp}mldgﬁ)ersm:ﬂrgratd{alpmeleeaetarsmhmabml m xture
havi ng a Ba: Ca rat f.abo 4. The ﬁl kal §ne ear. th{)?g%t al mxture 20

was heated to a tebfgfégﬁi"tﬁl? 8"&{81‘“3?@’86?5’@56“@3 PGS ST YTRGEFOTS| y, while an

aqueous sol ut ih9drofHerrSATI-pEAGES baAhetitiede-Baee particles BaTR) focfafh b @Riddirkt Ur e.
The reaction m xture was (iontl nual Ig)géstl rrePI and mai ntai ned at a
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The product was filtered, washed th de-ionized water to renove any 25

excess fr ea}éemdsffer%ma befriegiithe éarﬁ%aa;@émwawa*a ﬂﬁ’élﬁleé (aymiags pardele eizpefrabpel es.
The dried baris H%@%&b&%ﬁh%ﬁhﬁ@&&&@&él@é(@%r E@A%%?T ﬁfﬁ d?%ﬁ jicle

characteristics transm ssi on ectron 0SCO particles
had a subst aﬁ’ﬁl\'éhrha}ysmﬂ&p@rrﬁwaled ﬂ@t@hbhmgy,calamn@vlma@g@ﬂpm wierd esehizas of

about 50 nm %Qﬁjvﬂ\% Eg{i@es when dispersed throughout the barium titanate-based particles. A
typical TEM micrograph of the dielectric composition is shown in FIG. 2 in which the
20  larger particles are barium titanate-based particles and the smaller particles are barium-
calcium silicate particles.
The particle size of the dielectric composition including the silicate-based
particles of the invention and barium titanate-based particles was measured using a
standard light-scattering technique. FIG. 3 shows the results obtained by the technique
25  where line A represents the particle size of the dielectric composition including silicate-
based particles of the invention. The graph shows that the average particle size of the
dielectric composition is about 120 nanometers, which is approximately the average size
of the barium titanate-based particles. The barium titanate-based particle size dominates
the measurement because of the presence of many more barium titanate-based particles
30  than the smaller silicate-based particles. Advantageously, the silicate-based particles did
not increase the particle size of the composition.
A dielectric composition including the commercially available barium-calcium

silicate particles described above and the same barium titanate-based particles (average



particle sizes. Typical bariumcalciumsilicate particles appear in the TEM
m crograph 30 shown in FIG | A The m nor anmounts of particle clustering
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di fference between the bariumcalciumsilicate particles (average particle
si ze of about Hoielecimie camgioditions imaludingavesioes wengtbepanﬂagcsl (e snol%y & ripes,
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20 3 mol% of the silicate-based particles. Electrical properties of the sintered pellets were

also measured. The dielectric compositions exhibited a dielectric constant of 1500 and
demonstrated a temperature stability of capacitance and dielectric loss which conformed
to X7R specifications.
A dielectric composition including 2 mol% of the commercial silicate-based
25  particles was uniaxially pressed into pellets and analyzed using dilatometric thermal
shrinkage techniques for comparative purposes. FIG. 5 compares the shrinkage profile
of the dielectric composition including the 2 mol% commerecial silicate-based particles to
the shrinkage profile of the dielectric composition including 2 mol% of the silicate-based
particles of the invention. At the same weight percentage, the silicate-based particles of
30 the invention have sintering temperatures about 25 °C lower than the dielectric
composition including the commercial particles.
The example illustrates that barium-calcium silicate particles may be produced

according to the process of the invention and that these particles may be dispersed in



based particles of the invention. The graph shows that the average particle
size of the dielectric conposition is about 120 nanoneters, which is

appr oxi matwab yi/iubee average size of the bariumtitanat e- bagavuspenissel es. The
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exhi bi ted a diibtred,twashedoweitisdeaintizal wat&Q0 ramebe any excess reagents and dned to

20  produce barium silicate particles.

The barium silicate particles were added to a barium titanate-based particulate
composition to form a dielectric composition. For comparative purposes, conventional
silicon dioxide (SiO;) particles were added to a barium titanate titanate-based
composition to produce a dielectric composition. Both dielectric compositions had the

25  same weight percentage of the sintering aid. Both dielectric compositions were analyzed
using dilatometric thermal shrinkage techniques. The shrinkage profiles shown in FIG. 6
illustrate that barium silicate particles reduce the sintering temperature about 25 °C lower
than the silicon dioxide particles.

This example illustrates that barium silicate particles may be produced according

30 to the methods of the invention. The barium silicate particles may be used effectively as
a sintering aid and can lower the sintering temperature more than a conventional SiO,

sintering aid.
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s111cate partlcles produced according to a method of the invention using a dllatometnc

20 thermal shrinkage technique. The composition of the coated particles included the same
weight percentage of barium silicate as the composition including the barium silicate
particles. The shrinkage profiles illustrated in FIG. 8 shows that the two compositions
have similar sintering behavior.

This examples illustrates that barium titanate-based particles may be coated with

25  asilicate sintering aid composition according to a method of the present invention. The
coated particle composition has similar advantageous sintering characteristics as
compositions that include silicate particles produced according to methods of the present
invention, which as illustrated in Examples 1 and 2, had superior sintering characteristics
as comparted to conventional sintering aid particles.

30 It should be understood that although particular embodiments and examples of
the invention have been described in detail for purposes of illustration, various changes

and modifications may be made without departing from the scope and spirit of the



filtered, washed with de-ionized water to renove any excess reagents, and
dried to 20 produce bariumsilicate particles. The bariumsilicate

particl eswgetg4z8ded to a bariumtitanate-based particul RCEUSEREBFsition to
forma dielectric conposition. For conparafg ve purposes, conventional
silicon dioxide (SiQ2) particles were added to a bariumtitanate

ti t anat e- basednvetioh aA¢cbtdimg!y,chginaaitioreisaotiodk datited exaepigs dyithd appendBdt h
dielectric conpositions had the 25 same wei ght percentage of the sintering
aid. Both diegg@P?ic conpositions were analyzed wusing dilatonetric thernma
shri nkage techni qu&hat Eesisbd isnkage profiles shown in FIG 6 illustrate
that bariumsilicate particles reduce the sintering tenperature about 25 C
| ower than the silicon dioxide particles. This exanple illustrates that
bariumsilicate particles may be produced according 30 to the nethods of
the invention. The bariumsilicate particles may be used effectively as a
sintering aid and can lower the sintering tenperature nore than a
conventional SiQ2 sintering aid. WO 01/ 14280 PCTI USOQ 22830 17 Exanple 3:
Production of Silicate-Based Coatings on Barium Titanate-Based Particles
and Characterization of the Coated Particles Bariumtitanate-based
particles were coated with a silicate-based coating according to one

nmet hod of the present invention. The coated particles were further 5
characterized and conpared to a dielectric conposition including
silicate-based particles produced according to a nethod of the present
invention. Bariumtitanate (BaTi O3) particles having a particle size of

| ess than 500 nm were added to a barium hydroxide (Ba(OH)2) solution. The
solution was m xed to slurry the particles so that they were sufficiently
suspended. An aqueous solution of sodium 10 silicate (Na2Si O3) was added to
the slurry while continuing mxing. The silicon ionic species (Si032-)
reacted with the bariumionic species (Ba2+) to forma bariumsilicate
(BaSi 03) coating on the surfaces of the bariumtitanate particles. The
coated particles were anal yzed using TEM The TEM anal ysis reveal ed t hat
the bariumtitanate particles included a bariumsilicate coating on at

| east a part of their 15 surfaces and that the coated particles had an
average particle size of less than 500 rim



FIG 7 is a typical TEM m crograph of the coated bariumtitanate particles.
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Exanpl es 1l.and 2. eri.or .sintering characteristics as conparted to
conventiongfn§1%¥%$?%ﬁag'ﬁmpﬁé?@bles. 30 It should be understood that

al t hough particul ar enbodi nents and exanples of the invention have been
described n detail for r.poses of jllustratiqgn, various changes and

o 11 cat 1 6ns. g B abeY hotheras sRHE Sl Hrsr B el SR i 1 o
the WO101134286-bR¥edpbitidRd 22830 18 invention. Accordingly, the invention is
not to be limted except as by the appended clains. Wat is clainmed is: WO
01/ 14280 PCT/US00/22830 19 LLILELE treerr vl vier 11l CLAIMs * CL
MS 1. A methodrpé mhe®af élfieh 2 vilePdiethe Blicatb-BaseQ PRttickek Rove dii vkrage & fir st
solution conprising a silicon ionic species with a second solution 5
conpri si ngPamicksIsiesof kees Bar #ouheilm; oni ¢ species; and reacting the silicon
ionic species with the alkaline earth netal ionic species to forma

silicate-based sintering aid. ) . )
15 4. The method of claim 3, wherein the silicate-based particles have an average

particle size of less than about 100 nm.

S. The method of claim 4, wherein the silicate-based particles have an average

particle size of between about 10 nm and about 50 nm.

20
6. The method of claim 2, wherein the silicate-based particles are substantially
spherical.
7. The method of claim 2, further comprising mixing the silicate-based particles

25  with barium titanate-based particles to form a dielectric composition.

8. The method of claim 7, further comprising sintering the dielectric mixture at a

temperature of between about 1250 °C and about 1350 °C.

30 9, The method of claim 3, wherein the reaction is carried out under conditions
effective to produce the silicate-based particles having an average particle size of less

than about 500 nm.



2. The net hod of cl ai ﬁwgﬁerel n the silicate-based sintering aid

conprises 10 sili cat H ULHE} . 3. The nethod of claim2, wherein
t he silic@wosibdased pa verage particle SIPLA/USDOI28YWS t han

about 500 nm 15 4. The net hod of *claim 3,2gwherein the silicate-based
particles have an average article size of |less than about 100 nm 5. The
met hod of cl ai®n 4, Thetraethddo d}mmsli, wherainghdsibeste-raed siwbung hdvemprisenver age

particle si Zecoaftmg ce@%?y}alo g?b%ﬂgm F&g{e-bgged%xcfeg 6. The method of

claim 2, wheréin Irca d par are antially spherical.
7. The rret hod of cl ai m 2, further corrprl sing mxing the silicate-based

particles 25 vmt bar i ez sed articles to form.a.dielectric
conposi tion. h‘éh LH@O"%‘?”E%QI Pﬂ%ﬁ’ }%@g‘?ﬁi Iy grodpsing &‘an t he
dielectricsm M@ atbaﬂmn&m@rbagd&r;ﬁnmesbet ween about 1250 C and about 1350

C. 30 9. The method of claim3, wherein the reaction is carried out under
conditions effective to produce the silicate-based particles having an

average parti ¢l e Sigin&hod ehimti0aRh389 We balln HbnaMBaQL/ hAZBA hhve an
111111aaaaaaatrrer it/ o1r11a pCT/ UsOO/ 22830 M S x 2 10. The net hod of

clai m 1, wher &ierage pertigielsize af lestthareabost Hi0evm.ng ai d conprises coatings on
surfaces of a plurality of bariumtitanate-based particles. 11. The nethod
of claim 10, further conprising hydrothermally producing the 5 plurality
of bari umiti t Bhat eflisasatbdoictairn |1 8 sfurth coﬁhﬁsimgaﬂilhtadhglhe cdatadrhafiOm tiz\mareei n the

about 500 nim Pt ASSCH1E MGG BAT 2O P FhH SN R g Si ntering

the coated bariumtitanate- based particles at a terrperature of between
about 1250 C and about 1350 C, 14. The nethod of claim 1, wherein the first
sol uti on conptises @%ﬁtﬁl‘?dc‘gtc@”i‘én‘”heﬁni@ firghFRlubRR FRIRPTISES LHLGAR 190 wher ei n

the first solution conprises sodiumsilicate.

15 15.  The method of claim 1, wherein the first solution comprises sodium silicate.

16.  The method of claim 1, wherein the second solution comprises a solution from

the group consisting of barium hydroxide and calcium hydroxide.

20 17.  The method of claim 1, further comprising heating the mixture of the first
solution and the second solution to a temperature of between about 60 °C and about 100

°C.

18.  The method of claim 1, further comprising filtering, washing, and drying the

25  silicate-based sintering aid.

19.  The method of claim 1, wherein the silicate-based sintering aid comprises a

multi-component silicate-based composition.

30 20. The method of claim 1, wherein the silicate-based sintering aid comprises
Baxcai.xsi03-

21. A sintering aid comprising:



16. The nmethod of claim1 er ei n t he second sol ution conprises a solution
from the group con !I;Iwm” hydr oxi de and cal ci um hydroxi de. 20
17. Thewowi/paase of c orrpri si ng heati ng tpternmoskisae of the
first solution and the second soI ati onsjo a tenperature of between about
60 C and about 100 C. 18. The nmethod of claim 1, further conprising
filtering, was hiaﬂ@linamjﬂdm;thlrs@iqatvd)as@ﬁpasﬁdlésdmrhglaaa&dagh' pakrtéole sige éffless 19.
The net hod tgf %b f@ wherein the silicate-based sintering aid conprises a
nul ti-conponent 'siTicate-based conposition. 30 20. The nmethod of claiml,
wherein the 5| I i cate-based sintering ai d conprises Ba, , Caj - xSi 03 21. A

sintering 2 1] Dl Hill M
PCTI USOOR2 eaﬂ’i "gﬁédvgaf?at"ﬂjzﬁﬁfv greigithg *gg”g[’é‘ L\?‘L‘Faéq Eése‘lllaw ng an
average spar;tamdlmﬁveauaaferdgepmcreh%om@ymaﬁ%uﬂmo&a The sintering aid of
claim 21, wherein the alkaline earth netal silicate-based 5 particles have
an average particle size of less than about 100 nm 23. The sintering aid
of clai m 2L whefiisthdring aff dfRldiA21 eRhLrtinTR dalibl birfidhenPAREk LAY L i Cl €S
have an average particle size of between about 10 nm and a ou}t’ nm 10
24. The si riagidlesdas an Byerage aarticle sizewh between abut H) roa kindhabouti$Q imnret al
silicate-based particles are non-mlled. 25. The sintering aid of claim
21, conprising multi-conponent alkaline earth nmetal silicate-based
particl s Fdvi n@haninmi@ma@@fptadmﬂdlwhséinehecnikdliessarthetabditkimte-&@éH nm 15 26.
The sinteri 25, wherein the nulti-conponent al kaline earth
nmetal sil |ﬂc%%c€%5%ffg% ?1 cles conprise Ba,,Cai-,,Si8. 27. The sintering
aid of claim 26, vvherel n X is between about 0.4 and about 0.6. 20 28. The
stlapt Ie(r:: 22 Cei g[]%l(g:ltsﬁ etl}r]}ng% d f"f@%ﬂﬁ?? t%%%rg{nlé%dlt?%orgggr}egt aql‘(aa}lme earth rlngtgt e-based
silicate-based particles having an average particle size of less than about 500 nm.

15
26. The sintering aid of claim 25, wherein the multi-component alkaline earth metal
silicate-based particles comprise Ba,Ca,;.xSi0;.
27.  The sintering aid of claim 26, wherein x is between about 0.4 and about 0.6.
20
28.  The sintering aid of claim 21, wherein the alkaline earth metal silicate-based
particles are substantially spherical.
29.  The sintering aid of claim 21, further comprising barium titanate-based particles.
25

30.  The sintering aid of claim 29, wherein the barium titanate-based particles have an

average particle size of less than about 500 nm.

31.  The sintering aid of claim 30, wherein the barium titanate-based particles have an

30  average particle size of less than about 150 nm.

32.  The composition of claim 29, wherein the barium titanate-based particles are
substantially spherical.



29. The sintering aid of claim?21, further conprising bariumtitanate-based
particles. 25 30. The sintering_ ai f claim?29, wherein the barium
titanat e-waoutigsart i cumm‘j‘ ﬁmﬂ% age particle size BECI/U88280han about
500 nm 31. The sinte A I 3097 Wherein the barium
titanate-based particlé&s have an 30 average particle size of |less than
about 150 nm 32. The conposition of claim?29, wherein the barium
titanate-bas partjcles.ar subst antially spherical. WO01/ 14280 11 \11\\
11 1 11PCTT UStio1 278 S %'ai‘age%?egﬁmﬁé‘#?tﬁﬁ?’%{?ﬁsQ‘R&F%@Bﬁ%‘&j particul ate
conposi ti on conpr ivafing titdaleibasad pattiies condipw@itarPdkdling k&t neoal sitkawi Basedin

al kaline earth netal silicate-based sintering aid. 5 34. The conposition
of claim 33, sHREHE 8-t he bari um titanat e- based particles have an average
particle sjze of |ess than about 500 nm 35. The conposition of claim 33,

wherein the bariumtitanate-based garti cles have an 10 average particle
si ze of | ess ¥han TaBsompasiipnnfclede 33, wherednihp barium iinege-based ipartigles hayeanei n

the bariumt iatv%g%ﬁ&pﬁ§§ﬂ%gﬂg§tﬁ4ﬂeﬁoﬁr§@0nﬁx}‘b5t antially spherical. 15 37.
clarm 33, a

The conposition wherein the kal ine earth netal an al kaline
earth metal fromthe group consisting of bariumand calcium 38. The

conposi tion cl gl.m 33 erein. oating, conpr.j ses. Ba e nal .03, 20
3o, The. compadi t1 aest ierih b, g BRR, AP pSREF HaaE® e piBbis s oot
0.6. 40.0Theveapppstitle siae of leslthinbdd, 150k ei n the coating includes a
plurality of chemcally distinct layers. 25 41. A bariumtitanate-based

conposition conprising: bariumtitanate-based particles; and al kaline

earth metal sig i cahechapaitiddrtiaih 85, wWirkinGe Bariny 8fange bRt bhtitles gk ze of
| ess than about 500 nm 30 42. The bariumtitanate-based conposition of
claim 41, wherbiidntiahesehereali ne earth

15 37.  The composition of claim 33, wherein the alkaline earth metal an alkaline earth
metal from the group consisting of barium and calcium.
38.  The composition of claim 33, wherein the coating comprises Ba,Ca;.4Si0;s.

20 39. The composition of claim 34, wherein x is between about 0.4 and about 0.6.

40.  The composition of claim 33, wherein the coating includes a plurality of

chemically distinct layers.

25 41l. A barium titanate-based composition comprising:
bariumn titanate-based particles; and
alkaline earth metal silicate-based particles having an average particle size of less
than about 500 nm.

30 42.  The barium titanate-based composition of claim 41, wherein the alkaline earth

metal silicate-based particles have an average particle size of less than about 100 nm.



metal silicate-based particles have an average particle size of |ess than
about 100 nm WO Ollgmaﬁl\m“ﬁmwjmlllllll Il I N PCT/US00/ 22830 C ~ M 23
43. Theydeiri4se titan tion of claimA4l; pararses2e2ssthe al kal i ne
earth netal silicaterbased pdrticlés h? Me an average particle size of

bet ween about 10 nm and about 50 run. 44. A nultilayer ceram c capacitor

conpri si ng:43 di'ﬂleﬂﬁhﬁﬂn&ndrﬂtéﬁfasmﬁoslhagohﬂmhmn wheraimathealkalirectaphr t i cl es
coated with an _alkaline earth netal S|I|cat sgsmt r|n aid. . 45. A

mul til ayer mepksiicatebasedparayle AR 8YSRREE PREIC sﬂﬁeé’? iaeaes °é‘§/ BPEr i si ng
bariumtitapahesdgaed particles and alkaline earth netal silicate-based

particles having an average particle size of | ess than about 500 nm

5 44. A multilayer ceramic capacitor comprising:

a dielectric layer comprising barium titanate-based particles coated with an

alkaline earth metal silicate-based sintering aid.

45. A multilayer ceramic capacitor comprising;:
10 a dielectric layer comprising barium titanate-based particles and alkaline earth

metal silicate-based particles having an average particle size of less than about 500 nm.



