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LTCC DIELECTRIC COMPOSITIONS AND DEVICES HAVING HIGH Q FACTORS

BACKGROUND OF THE INVENTION

1. Field of Invention

100017 This invention relates to dislectiic composilions, and more particularly to Zine-
Lithium-Titanium Qxide and Silicon-Strontium-Copper Oide based dialaciric
sompaositions that exhibit a dislectric constant K = § ~ BQ, with very high Q factor at GHz
frequencies and that can be used in low emperatuwre co-fired ceramic (LTCC)
applications with noble metal metaltization.

2. Description of Related Ant

{00021  The siate of the art matlerials used in LTCC sysiems for wirglass applications
use dislectrics with a range of dislectiic constants K = 4-80 and with G factors around
500-1,000 at the measuring frequency of 1 MHz, The particular application and device
siructura dintate the specific dielectric constant and Q factor thatl is needed. High
dislectric constant, high Q facior matarials are neadad for demanding high frequency
applications. This is generally achieved by combining high-K CaTi0s with a low-K
material to obtain spedcific properties. Howaver, the low Q factor of CaTilz at GHz
frequencies gensrally has the undsesirable effect of lowering the Q factor of said
caramic. Additionally, the high firing temperature of CaTiQs iz prohibitive for LTCO

technologies.

SUMMARY OF THE INVENTION

(0003]  This invention relates io dislectric compaositions, and mors particularly to zing-
ithium-titanium oxide and silicon-strontium-copper oxide based dielectric compositions
that exhibil a dislectric constant K = § - B0, for example about 5 1o about 30 with very
high Q factor at GHz high freguencies and that can be used in low temperature co-fired
ceramic (LTCC) applications with noble metal metallization. The G factor = 1/ Df,
where D is the dielactric loss tangent. The Qf value is a parameater usad {o describe
the quality of a dielectric, typically at frequencies in the GHz range. Qf can be
expressed as Of = G x f, where the measurement frequernicy | {in GHz) is multiplied by

the ( factor at that frequeancy. There is growing demand for high dislectiic constant
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materials with very high Q values greater than 1000 at »5 GHz for high frequency
applications.
{0004 Broadly, the ceramic material of the invention includes a host which is made
by mixing the appropriate amounts of ZnG, L0, and TiQy, or 8i0;, 3rC, and Cu, and
milling these materials ogather i an aqueous meadium o a particle size Dso ranging
frorm aboul 0.2 to about 5.0 microns. This slurry is dried and calcinad at about 800 o
1200°C for about 1 1o 8 hours {o form the host material including ZnQ, L0, and TiOz or
SiQg, 8rQ, and CuQ. The resultant host material is then mechanically pulverizad and
rmixed with fluxing agents and again milled in an agqusous medium 1o a parlicle size Dso
ranging from ahowt 0.2 fo about 5.0 microns. Altermnately, the particle size Dsp ranges
from about 0.5 to about 1.0 micron. The milled ceramic powder is dried and pulvernzad
to produce g finely divided powder. The resuliant powdsr can be praessad indo
oylindrical pallets and fired at temperaturas of about 775 to about 825 °C. Inone
axample, the peliels may be fired at lemperatures of about 800 to about 810 °C. The
firing is conductad for a ime of about 1 to about 200 minutes.
[0008]  An embodiment of the invention is a composition comprising a mixture of
pracursor materials that, upon firing, forms a zine-lithium-titanium oxide host material
that is lead-free and cadmium-frae and can, by itself, or in combination with athay
oxides, form a dislectric material,
{60061  An embodiment of the invention is a composition comprising a mixturs of
pracurser materials that, upon firing, forms a silicon-strontium-copper oxide host
malerial thal is lead-free and cadmium-free and can, by itself, or in combination with
other oxides, form a dielectric material.
(06871 In a preferred embuodiment, the host matenal includes no lsad. In an altemats
oraferrad embodiment, the host malerial includes no cadmium. In a more preferrad
embodimant, the host material includes no lead and no cadmium.,
{G008] In a preferrad embodiment, the host material comprises (i) 40-65 wit% TiOg, (i)
30~60 with Zn(, and (i) 0.1-15 wi L.
{00081  In another embodiment, the host material comprisas () 40-85 witSs Tilg, ()
30-50 wi% Zn03, {1} 0.1-15 wit% LizO, {iv) 0-5 wit% MnOg, and {v} 0-5 wi% NiO.

Py
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08107 In another preferrad embodiment, the host material comprises {i} 45-75 wit%
SOz (i) 15-38 wite Sr0, and (i) 10-30 with Cu.
{0011 An embodiment of the invention may include more than one hostor a cholee
of hosts disciosed eisewhere hersin,
{0012] A dislectric matenial of the invention may include B3-88.8 wi% of any of at
feast one host material disclosed herain together with any or ail of the following fluxing
agents and dopants in an amount not 1o exceed the indicated value in pa*ef“hebes
Si02 (4 wi% ), CalOs {4 with); BeOz (4 wi%h); LiCOz {4 with); LIF (4 wi%), BaCQOs{
%), zinc borats {8 wit%); and CuO {3 wi%).
{00131  In another embodiment, the fluxing agents and dopants may include; 0.3-8
wiSh zinc borate, 0.1-4 wits B0, 0-4 wi%e SiCy, 0-4 wi% BalGs, 0-4 wit Calls, 0-4
wi% LizC0s, 0-4 with LiF, 0-3 wi% CuO, or oxide equivalents of any of the foregoing.
{0014]  In stili another embodiment, the fluxing agents and dopants may include: §.3-8
wi% zinc borate, 0.1-4 wi% B20s, 0-4 wi% Si0z, (-4 wi%h BaCOs, -4 wi% Calls, (-4
wie LiC0Os, 0.1-4 with LiF, 0.1-3 wi®% Cu(, or oxide squivalents of any of the
foragoing.
G018 Invel another embodiment, the fluxing agenis and dopanis may include; §-8
wi% zinc borale, 0.1-4 wi% B20s, 0-4 wit%h SOz, 0-4 wi% BaCOs, 0-4 wit¥ Calls, (-4
% Li2C0s, 0-4 wite LiF, 0-3 wi% CuQ, or oxide equivalents of any of the foregoing.

B018]  in still yet another embaodiment, the fluxing agents and dopants may includs;
0.1-8 wi% zinc borate, §.1-4 wi% B2D0s, 0-4 witt SiQz, 0-4 wi%h BalO;, -4 with Calls,
O~-4 wi% LiCQs, 0-4 wi% LiIF, 0-3 wi% Cu, or oxide squivalents of any of the
foregoing.
[0017] In yel another embodimert, the fliding agents and dopants may includs: 0-8

wi% zinc borate, 0.1-4 wi% B20Os, 0-4 wi% SIQ:, 0-4 wi% BaCQs, 0-4 wi% Cal0s, 0-4
wi% LinCOs, G-4 wi% LiF, 0.1-3 wit% CuQ, or oxide aquivalents of any of the foregoing.
[0018]  The diglectric materials of the invention contain no lead in any form and no
cadmium in any form.
00181 An embodiment of the invention is a lead-free and cadmium-free composition
comprising a mixture of precursors that, upon firing, forms a lsad-free and cadmium-fres
diglectric material comprising: (a) 35-85 wit% TiDz, {b) 25-55 wi% ZnQ, (¢} 0.1-15 wi%%
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L0, {d) 0.1-5 wi% B20s, (8) 0-4 wi% Si0:, {f) 0-6 wi%s Bal, {gy) 0-4 with Ca0, (h) -4
wi% LiF, (1} G-3 wi% CuD, no lead and no cadmium.

{00207 Ancther embodiment of the hwention is a lead-fres and cadmium-fres
compaosition comprising a mixture of precursors thal, upon firing, forms a lead-ree and
cadmium-free dielectric material comprising: {a) 35-85 wit% TiOz, {b) 25-85 wit% Zn(,
{£} 0.1-15 wi% L0, {d) 0.1-5 wi%h BaOs, (&) 0-7 wi% SiD:, () 0-6 wi% Bal, (g) 0-6 wi%
Ca(, {h) 0-5 with LiF, (i} 0-5 wi% Cu0, no lead and no cadmium,

{00211 Sl ancther smbodiment of the invention is a lead-freg and cadmium-free
composition comprising a mixture of precursors that, upon firing, forms a lead-free and
cadmium-free dielectric material comprising: {3} 45-75 wi% Si0q2, (b} 15-35 wit% 3r G, (¢}
10-30 wi% CuO, {d) 8.1-5 wite Bo(s, (e) 0-4 wi% CaQ, (f} 0-4 wi% LizC, {g) 0-3 wi%
Zn0, {g) 04 wi% LiF, no tsad and no cadmium.

{00227 Still yat another embodiment of the invention is a lead-free and cadmium-free
compasition comprising a mixture of precursoers that, upon firing, forms a lead-free and
cadmium-res dislectric material comprising: (a) 45-75 wi% Si02. {b) 15-35 wi% Sr0, (¢}
10-30 with Cul, (d) 0.1-5 wit% Bz0a, {e) 3-8 wi% Cal, () 0-3 wi% LiC, {g) 0-8 wi%
Zn(, {g) 0-5 wi% LiF, no lead and no cadmium.

[D0231  In other embodiment of the invention, a lead-free and cadmium-fres
composition comprises a mixture of precursors that, upon firing, forms a lead-free and
cadmium-free dielectric material comprising: {8) 47-84 wi% TiQg, {b) 33-51 wi% In(,
{o} 0.5-10 wi% LiQ, (d) 0.91-1.8 wi% B20s, (e) 0.04-0.2 wit% SiOz, () 0-0.8 wit% BaC,
{g) 0-0.4 wt¥% Ca0, {(h) 0.1-4 wi% LiF, {1 0.1-3 wi% CuQ, no lead and no cadmium.
[0024] In yet other embodiment of the invention, a lead-fres and cadmium-free
composition comprises a mixture of precursors that, upon firing, forms a lead-free and
cadmiurm-free dielectric material comprising: (&) 50-58 wi% 5102, (b) 22-24 wt% ZnO,
{c} 17-18 wi% CuQ, {d) 0.4-2.2 wi% B2Ds, (e} 0-0.4 wi% Cal, (f} 0-6.5 wit% Zn0, (g}
0.1-3 wi% LizQ, () 0-5 wi% LiF, no lead and no cadmium.

(002587  in still yet other embodiment of the invention, a lsad-free and cadmium-fres
composition comprises a mixture of precursors that, upon firing, forms a lead-free and

cadmium-free dielectric material comprising: {a) 20~-31 wit% TiOg, {b) 16-25 wi% In(,
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{C) 815 wi% Sr0, {d) 22-34 wits 80z {&) 7.6-11.5 wi% Culd () 2.1-3.2 wi% LiQ, (g}
=11 wi% B:Qs, (h) 0.1-0.3 with Caly, () 0.5-0.9 wi% LiF, no lead and no cadmium.
{00281 Forany embodiment of the invention, a maledal range bounded by zemn is
considered o provide suppaort for a similar range bounded by 0.01% or 0.1% at the
lower end.

{0027} For each compositional range boundad by zerc weight percent, the range is
considerad o alse tpach a range with a lower bound of 0.01 wi% or 0.1 wit%. A
teaching such as 60-80 wi% Ag + Pd + Pt + Au means that any or all of the named
componeants can be present in the compasition in the stated range.

(00281  In another embodiment, the invention relales o a lead-fres and cadmium-fres
dislectric compaosition, comprising, prior to firing, any host material disclosed elsewhere
herain.hereh

[0028] In ancther embodiment, the present invention relates 1o an electric or
electronic component comprising, prior to firing, any diglactric paste disclosed herein,
tc»gé:thar with a conductive paste comprising: () 80-80 wi% Ag + Pd + Pt + Ay, {b) 1-10
wt% of an additive selected from the group consisting of sificides, carbides, nitrides, and
borides of transition metals, (¢} 0.5-10 wt¥% of at least one glass frit, and (d) 10-40 wi%
of an organic portion. The electric or electronic component may be high Q resonalors,
band pass filters, wireless packaging systems, and combingtions thereof.

{00301  In ancther embodiment, the present invention relates o a method of forming
an glectronic componeart comprising: applying any dielectiric paste disclosed hereinto a
substrate; and firing the subsirate at a temperature sufficient to sinter the dielectric
material.

00311  In another embodiment, the present invention relates fo a method of forming
an electronic component comprising applying particles of any dielectric material
disclosed hergin to a subsirate and firing the substrate at a temperature sufficient to
sinter the dislectric material.

10032] In another embodiment, a method of the invention includes forming an
glectronic component comprising:

{a1) applying any dislectric composition disclosed herein {o a substrate or
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{a2} applying a tape comprising any dislectric composition disclosead herein to &
substrate or

compacting 3 plurality of particles of any dislectnc composition disclused

/*-—.

hergin to fcrm a monoiithic composite substrate; and

{b} firing the subsirate at 8 temperature sufficient to sinter the dislectric material.
{0033] iz io be understond thal each numsrical value herein {percentage,
tamperature, elc.} is presumed o be preceded by "aboul.” In any embodiment herein
the dislactric material may comprise different phases, for example orystalline and
amorphous in any ratio, for example 1:88 o 99:1, {crystalineamorphous) expressad in

gither moi% or wi%. Cther ratios include 10:80, 20:80, 30:70, 40:80, 50:80, 80:40,

70030, 80:20 and 80:10 as wall as all values in betwesn. In one embodiment the
diclectric paste includes 10-30 wi% crystaliine dislectric matedal and 70-00 wi¥%
amorphous dielectric material,
{00341 The foregoing and other features of the invention are hereinafler more fully
described and particularly pointed out in the claims, the foliowing description setling
forth in delail certain Hustrative embodimants of the invention, thase being indicative,
however, of but a few of the various ways in which the principles of the present

invention may be employed.

DETAILED DESCRIPTION OF THE INVENTION

{0035] LTOC (Low Temperature Co-fired Caramic), is a mudti-layer, glass ceramic
substrata technology which is co-fired with low resistance melal conductors, such as
Ag, Au, Pt or Pd, or combinations thereof, at relatively low firing temperatures (less than
1000°Ch Sometimes it is refarred to as "Glass Ceramics” because its main composition
may consist of glass and alumina or other ceramic fillers. Some LTCC formulations are
racrystallizing glasses. Glasses herain may be providad in the form of frils which may
be formed in situ or added o a composition. In some situations, bass melals such as
nicket and its alioys may be used, ideally in non-oxidizing atmospheres, such as oxygen
partial pressures of 1072 to 10 atmospheres. A “base metal” is any melal other than

goid, siivar, palladium, and platinum.  Alloying metals may include Mn, Cr, Co, and Al
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(0038] A taps cast from a slurry of dislectric malerial is cut, and holes known as vias
gre formed o enable electrical connection batween layers. The vias are fillad with a
conductive paste. Circuit patterns are then printed, along with cofirad resistors as
needed. Mulliple layers of printed substrates are stacked. Heat and prassure are
applied to the stack to bond layers togather. Low temperature (< 1000 °C) firing is then
undertaken, The firad stacks are sawn to final dimensions and post fire processing
completsd as nesded.

{80371 Multilayer strustires ussful in automotive applications may have about b
ceramic layars, for example 3-7 ceramic lavers or 4-8 ceramic lavers. n RF
applicalions, a structure may have 10-25 ceramic layers. As a wiring substrate, 5-8
caramic layers may be used.

00381 Raw Dislectric Materiagl

{08381  The ceramic matarial of the invention includes a host which is made by mixing
the appropriate amounts of Zn0, LikQ, and TiOz, or Si0e, S0, and Cu, milling these
materials together in an agusous medium 1o a particls size Dso ranging from about 0.2
to about 5.0 microns. This shurry is dried and calcined at about 800 to 1200 “C for abowt
1 {0 8 hours to form the host material including ZnO, Liz0, and Tz or SiC:, SO, and
CuG. The resultant host material s then mechanically pulverized and mixed with fluxing
agants and again milled in an agueous medium o a particle size Dse ranging from aboud
0.2 to about 5.0 microns. In another embodiment, the particle size Dso ranges from
gbout 0.5 to gbout 1.0 micron,

(00407 The resulfant host material is subject to the calcination, in part, to remove
volatile impurities in the host material to potentially promote a solid state reaclion in
subseguent process. The calcination at elevated temperature (at about 800 to 1200 °C)
may resull in an agglomeration betwaen particles. The milled ceramic powder is dried
and pulverized o produce a finaly divided powder.

[0041] The host materials, after calcination and pulverization, may bs mixed with
fluxing agents. The resuliant powder can be prassed info ovlindrical peliets and fired at
temperatures of about 775 to about 925 °C. In one example, the pellets may be fired at
temperatures of about 800 to about 910 °C. The firing is conductsd for a time of abouwt

1 to abouwt 200 minules.
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{00421  An ambodiment of the invention is a composition comprising a mixiure of
pracursor malerials that, upon firing, forms a zine-lithium-titanium oxide host maternial
that is lead-fres and cadmiumefrae and can, by itself, or in combination with other
oxides, form a dislectric material,

00431 An embodiment of the invention is a composition comprising a minturs of
pracursor materials that, upon firing, forms g silicor-strontium-copper oxide host
material that is lead-free and cadmiumeres and can, by iisall, or in combination with
wther oxides, form a dieleciric material,

[0044] In g preferred embodiment, the host material includes no lsad, In an altemale
prafarred embodiment, the host material includes no cadmium. In a mors prafered
embodiment, the host material includes no lead and no cadmium.

{00457 In a preferred embodiment, the host material comprises (i} 40-85 wit% TiQ:, {ii}
30-80 wi% Zn0, and (i 0.1-15 wi% LikO.

{60487  in ancther embodiment, the host malerial comprises (i} 40-685 wi% TiOg, i)
30-80 wiSe In, (GH) 0115 wit% LizQy, {iv) -8 wi%e MnGy, and (v} 0-5 wib NiG.
{00471 In ancother preferred embodiment, the host material comprises (1) 45-75 wi%
SHOg, (i) 15-35 wi% Sr0, and (i) 10-30 wi% Cul.

{0048] An embaodiment of the Invention may include more than one host or a choies
of hosats disciozsed slsswhere hergin,

[0048] A dielaciric material of the invention may include 80-88.6 wi% of any of at
least oneg host material disclosed herein together with any or all of the fellowing fluxing
agents and dopants in an amount not {o exceed the indicated value in parentheses:
S0z {4 wi%e); Calls (4 wite);, BaCs (4 wite); LCOz {4 with); LiF (4 wit%); BaCOs (8
wi%); zino borate (8 wi%), and CuO (3 wi%).

[0050]  iIn another embodiment, the fliixing agents and dopants may include; 0.3-8
wi% zinc borate, 0.1-4 wi% B20s, -4 wit% Si0z, 0-4 wi% BaCOs, 0-4 wi% Cal0;, 04
wi% LiCOs, -4 wi% LiF, 0-3 wi% CuQ, or oxide equivalents of any of the forsgoing.
{60511  In still another embodiment, the fluxing agents and dopants may include: 0.2-8
wi% zinc borate, 0.1-4 witt B20z, 0-4 with Si0q, -4 with BaCO;, 0-4 with Calls, 04
wi% LipC0s, 0.1-4 with LiF, 0.1-3 wi% CuO, or oxide squivalents of any of the

foregoing.
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[0082]  In stilf another embodiment, the fluxing agents and dopants may include: 0.3-8
wi% zinc borate, 0.1-4 wid%h 8Os, 0-4 wi% Si0;z, 0-4 wit%h BalOs, 0-4 wi% Calls, 0-4
wits L2003, 0.3 S LiF, 0.2-2.5 wi% Culd, or axide equivalents of any of the
foreguing.
{00531  in yet another embodiment, the fixing agents and dopants may include: 0-8
wi% zine borate, 0.1-4 wi% BaDOs, G4 wi% Si0z, 0-4 with BaCOs, 0-4 wi% Calls, -4
wit%e LizCOs, O-4 wit% LiF, -3 wi%h Cul, or oxide equivaients of any of the foregoing.
100541 In vet another embodiment, the fluxing agents and dopants may include: 0-8
wi% zinc borate, (.1-4 with 820, (-4 wit Si0z, 0-4 wi% Calls, 0-4 wi% LiC0Oa, -4
wi% LiF, 0-3 wi% CuO, or oxide equivalents of any of the foregoing.
JO855]  in still vel another embodiment, the fitndng agents and dopants may include:
0.1-8 wi% zinc borate, 0.1-4 wi% B20s3, 0-4 wi% Si0z, 0-4 wi% BaCQs, 0-4 wi% CalQs,
O-4 wi% LizCOs, 0-4 wi% LiF, 0-3 wi% Cu, or oxide equivalents of any of the
foregoing.
{00581 In yet another embodiment, the fluxing agents and dopants may include: 0-8
wit% zinc borate, 0.1-4 wi% B20s, 0-4 witth S0z, (-4 wit% BaCQOs, 0-4 wi% CaCls, 0-4
wit% Li200s, 0-4 wi% LiF, 0.1-3 witts Cul, or oxide egquivalents of any of the foregoing.
{68571  in yet another embodiment, the fluxing agents and dopants may include: §-8
wi% zine borate, 0.1-4 Wit Bz0sz, (-4 with Sils, 0-4 wite Calls, 0-4 wi% LiCO;, 0-4
wi% LiF, 0.1-3 witt CuQ, or oxide equivalants of any of the foregoing.
{00581  In still another embodiment, the fluxing agents and dopants may inolude: §-8
wi% zinc borate, 0.1-4 wi% B:Os, 0-4 wi% S0z, 0-4 wit% BaCOs, 0-4 wi% Cal(s, -4
wi% LiCOz, 0-4 wi% LIF, 0.1-3 wid CuQ, or oxide equivalents of any of the foregoing.
{00581  in still vet ancther embodiment, the fluxing agents and dopants may includs:
0-8 wi% zinc borate, 0.2-3.5 wi% B20s, 0-4 wi% Si0z, 0-4 wit CaC0s, 0-4 wi% LiC0s,
0-4 wi%h LiF, 0.2-2.5 wi% CuQ, or oxide equivalenis of any of the foregoing.
[0080] The dielectric compaosition of the invention contain no lead in any form and no
cadmium in any form.
{00611 Another embodimeant of the invention is a lead-free and cadmium-frae
compoasiion comgrising a mixture of precursors that, upon firing, forms g lead-ree and

cadmium-fres dislectric matsrial comprising: {a) 35-65 wi% TiQg, (b} 25-55 with n(,
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{o) G118 wie LQ, {d) 0.1-0 wi% BaOs, {8) G-7 wi% Si0q, (I} 0-8 wi% BaC, (g) 0-8 wt%
{ad, (hy 0-5 wib LIF, (1Y -5 wi% Cu, no lead and no cadmium,
[G082] Sl ancther embodiment of the invention is a lead-fres and cadmium-fres
composition comprising g mixiure of precursors that, upon ‘?iring, forms a lead-freg and
cadmium-free dielectric malerial comprising: (&) 45-75 wi% Si0g {b) 158-35 wi% S0, {¢)
1030 wi% CuQ, {d) 0.1-8 wi%h B, {a) 0-4 with CaQ, () 04 wi% L0, {g) -8 wi%
ZnQ, {g) 0-4 wi% LiF, no lead and no cadmium.
{00831 Gl vet another embodiment of the invention is a lsad-free and cadmium-free
composition comprising a mbiture of precursors that, upon firing, forms a lead-free and
cadmium-free diglectric material comprising: (a) 45-75 wi% S0, {b) 15-35 wi% Sr0, (o)
1030 wit% CuQ, {d) 0.1-5 wi% BaOs, {e) 0-8 wi% Ca0, {f) 0-3 with L0, {g) -8 wi%
ZnQ, (g) 0-5 wi% LiF, no isad and no cadmium.
{00647  In another embodiment of the invention, a lead-free and cadmium-fres
compasiticn comprisas a mixture of pracursors that, upon firing, forms a lead-free and
cadmium-frae dieleclric material comprising: (8} 47-54 wi% TiOq, {b) 33-51 wi% ZnQ,
{¢} 0.5-10 wi% LD, {d) 0.91-1.8 with 2203, {e) 0.04-0.2 wi% SiQg, () 0-0.6 wi% Bal,
{q} 0-0.4 wi% CaQ, {h} 0.1-4 wi% LiF, (i) 0.1-3 wi% CuD, no lead and no cadmium.
{0065] In still yet another embodiment of the invention, a lsad-free and cadmium-fres
compaosition comprises a mixture of grecursors that, upon firing, forms a lead-free and
cadmium-rae dielectric material comprising: (8} 47-54 wi% TiOg, {(b) 33-51 wi% Zn(,
{0} 0.5-10 wi¥ Li20, {d) 0.1-3 wi% B:0s3, (&) 0-0.3 with Si02, {f) 0-0.6 wi% BaQ, {g) -
0.4 wi% Caly, (h) 0.1-4 wi% LiF, (1) 0.1-3 wi% CuC, nolead and no cadmium.
{00681  In yel ancther embodiment of the invention, a lsad-free and cadmium-free
composition comprises a mixture of precursors that, upon firing, forms a lead-free and
cadmium-free dielectric matenial comprising: {(8) 50-58 wit% Si0:, (b) 22-24 wi% Zn(Q,
{¢} 17-19 wit% Cu(, {d) 0.4-2.2 wi% BaQs, (8) 0-0.4 wi% Cal, {f) 0-6.5 wi™% Zn(0, (g}
0.2-3 wi% Liz0, (h) 0-5 wit¥% LiF, no lead and no cadmiun
{00677  In still yet other embodiment of the invention, a lead-free and cadmium-free
composition comprises a mixture of precursors that, upon firing, forms a lead-free and
cadmium-free dislectric material comprising: (a) 20-31 wits TiOz, {b) 16-25 wt% Zn(,

10
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{o} 9-15 wi% SrQ, {d) 22-34 with &il (e} 812 wi% CuQ, ) 2-4 wi% LizQO, {g) 0.7-2
wi% B20s, (hy 0.1-0.5 wit% Cald, (1) 0.2-1 wi% LiF, no lead and no cadmium,

[0068] Dielectric Pastes. A paste for forming the dielectric lavers can be obtained
by mixing an organic vehicle with a raw dielectric material, as disclosed herein, Also
usetul are precursor compounds {carbonates, nilrates, sulfates, phosphates) that
convart o such oxides and composite oxides upon firing, as stated hereinabove. The
dilectric material is oblained by sslacting compaounds containing thase oxides, or
precursors of these oxides, and mixing them in the appropriate proportions. The
proportion of such compounds in the raw dislectric material is determined such that
after firing, the desired disleciric layer composition may be obtained. The raw disleciric
material {(as disclosed elsewhere herein) is generally usad in powder form having a
mean particle size of about 0.1 {o about 3 microns, and more preferably about 1 micron
o less.

{0088] Organic Vehicle. The pastes herain include an organics portion. The
organics portion is or includes an organic vehicle, which is a binder in an organic
solvent or a binder in water. The choice of binder used hersin is not critical;
conventional binders such as sthyl ceilfulose, polyviny butanol, ethyl celiulose, and
hydroxypropyl cellulose, and combinalions thareof are appropriate together with a
solvent. The organic solvent is also not critical and may be selectad in accordance with
a particular application method (e, printing or shesting), from conventional organic
solvents such as butyl carbifol, acetone, toluene, sthanol, disthylens glycol butyl ether;
2,2 4-trimethy! pentanediol moncisobutyrate {Texano!®); alpha-terpineo!; beta-terpinest;
gamma terpineo!; tridecy! alcohol; disthylene glyeal athvl ether {Carbitol®), disthylene
glycol butyl ather (Butyl Carbitol®) and propylene glveol; and blends thereof, Products
sold under the Texanol® trademark are available from Eastman Chemical Company,
Kingsport, TN; those sold under the Dowanol® and Carbitol® trademarks are available
from Dow Chemical Co., Midland, ML

(00781 No paddicular imit is imposed on the organics portion of the dislectric pastes of
the invention. In one embodiment the dislectric pastes of the invandion include from
about 10 wi% to about 40 wi% of the organic vehicle; in another, from about 10 wi% to

about 30 wi%. Offen the paste contains about 1 o 5 wt % of the binder and about 10 {0

-y
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50 wt % of the organic solvent, with the balance being the diglsctric component (that is,
the dielectric material as a solids portion). In one embodiment, the dielectrio paste of
the invention includes from about 80 to about B0 wit% of solids portion elsewherg
disclosed, and from about 10 wit% 1o about 40 with of the organics portion desaribed in
this and the preceding paragraph. If dasired, the pastes of the invention may contain
up to about 10 wi % of other additives such as dispersants, plasticizers, dislectiic
compounds, and insulating compounds.

[0071]  Filler. In order {o minimize expansion mismatch between tape layers of
differing dielectric compositions, fillers such as cordiante, aluming, zircon, fused silica,
aluminosilicates and combinations thereof may be added to one or mora disleatric
pastes herein in an amount of 1-30 wi%, preferably 2-20 wi% and more preferably 2-15
wi%s.

{0072] Firing. The dislectric stack (two or more layers) is then fired in an
atmosphers, which is determined according o the type of conductor in the intemal
alactrode layer-forming paste. Where the inlernal slecirode layers are formed of a base
metal conductor such as nickel and nickel alloys, the firing atmosphere may have an
oxygen partial pressure of about 1072 fo about 10® atm.  Firing at a partia! pressure
iower than about 107 aim shouid be avolded, since at such low pressures the
conductor can be abnormally firad and may become disconnectad from the dislectiic
layars. Al oxygen partial pressures above about 10 atm, the intermnal electrode layers
may be oxidized. Oxygen partial pressures of shout 107 to about 10 atm are most
praferred. s also possible o fire the dislectric compositions disclosed herein in
ambiant air. Mowever, reducing atmospheres (Ha, N2 or Ho/Ne) can undesirably raduce
BizQs from a diglectric paste to metallic bismuth.

[0073] Applications for the LTCC compositions and devices disclosed herein include
band pass filters, {(high pass or low pass), wireless transmitters and receivers for
telecommunications including cellular applications, power amplifier modules (PAM), RF
front end modules (FEM), WIMAXZ modules, LTE-advanced modules, transmission
control units (TCU, electronic power steering (EPS3), engine management systems
(EMS), various sensor modules, radar modules, prassure sensors, camera modules,

small outiine tuner modules, thin profile modules for devices and components, and {C
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sster boards,  Band-pass filters contain two major parts, one a capacitor and the other
an inductor. Low K matetial s good for designing the inducior, but not suitable for
designing a capacitor due the requiremant for more active area o generate sufficient
capacitance. High Kmaterial will result in the opposite. The inventors have discoverad
that Low K {4-8) /Mid K {(10-100) LTCC material can be co-fired and put into a single
componant low K materials can be used fo design inductor area and high K material

can be used to design capacitor area to have optimized parformancs,

EXAMPLES

{0074]  The following examples are provided o Hlustrate preferrad aspects of the
invention and are not intended to fimit the scope of the invention.

{D075]  Appropriate amounts of ZnQ, L00s;, and Ti0s, or S0z, SrCOs, and Cul ars
mixad and then milled together in an agusous medium {o a particle size Dso ranging
frorm about 0.2 to 5.0 micron. This slurry is dried and calcined at about 800 to 1250°C
for about 1 1o 10 hours 1o form the host material. After calcination, the resultant host
material is then mechanically pulverized and mixad with fluxing agenis and dopanis
according o the formulations described herein and again milled in an aqueous medium
to a particle size Dso ranging from about 0.2 1o about 5.0 microns. Allermnalsly, the
particle size Dso ranges from about 0.5 o about 1.0 micron. The milled particles are
dried and pulverized o produce a finely divided powder. This resulfant powder is then
prassed into oylindrical pellets and fired at a temperature of about 800-810 °C, For
example, the pellets may be fired at a temperature of about 850-800 °C for about 15-80

minutes. The as-fired (sintered) peliets have the compaositions listad in Table 1.

[00768] Table 1. Compositions in weight % of the fired pellets.

Farmutation H 2 3 4 8 [ 7 8 3 10
TiQ: 47.268 58.885 53.437 4R47% G.9G0 8.508 5.000 20,358 25.447 36.837
n0 58,354 41168 40,340 43430 §.006 8.051 3.223 15,444 26.558 24.88%
igal 3.800 0.000 0.008 0.000 23810 22.029 23.077 34.348 11.8588 Q.584
SO, B.008 Q000 8123 $.052 83,584 51.098 53.52% 33.35% 27.792 22.234

sy
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sty 0.654 0.552 $.248 2.508 18.574 17.476 TE.36E 11,4587 Sg1d 7.822
L8O 4.367 4786 4024 5146 iR ] Q.000 ey 2278 2640 3484
B0 1.26% 1186 3.843 1773 5.322 L3 ¢417 1.033 1.860 1038
2a0 8.98¢ G.006 3.898 B.543 L.000 4.000 4.500 L.008 8.00¢ 0.000
Cald §.008 2.00¢ $.38% 2.008 8.388 §.800 4.080 §.228 8.180 a.488

LIF $3.008 1.383 f.000 2.000 $.088 1.233 1.388 §.387 8.597 0.338

00771 The following table prasents properties and performance data of the

formulations set forth in Table 1.

[0078] Table 2. K, Q & Qf data for formulations 1410 after firing.

Formudation 1 2 3 4 B & 7 8 & Ky
Fraguency {GHz! 018 8.67 10.48 10.23 15,52 18.62 15.41 1343 12.53 12.22
¥ 23.28 18.04 18.8% 18.584 5.23 3148 544 2.03 18.31 3213

Q Factor 2,038 2,708 2,148 1,983 1,078 340 1,169 a47 352 a7z
Qf 28,736 24,541 22,483 20,38¢ 16,724 14,688 18,012 11,778 13,836 10,067

{60791 Dielectric constant (&) of the formulations 1-10 after firing were found o range
about from 5.15 to about 23.28. Dielectric constant (K} and 4 factor ara measurad
using the resonant cavity technigue. Q factor measured for formulations 1-10 after firing
ranges from aboul 873 1o about 2706 when measured al about 8 GHz or above.
{60801 Additional advantages and modifications will readily occur {o those skilled in
the art. Therefore, the invention in its broader aspects is not limited {0 the specific
details and illustrative examples shown and described herein. Accordingly, various
modifications may be made without departing from the spirit or scope of the general
inventive concept ag defined by the appended claims and their equivaients.
00811 The invention is further defined by the following items,
60821 lem 1. A lead-free and cadmium-fres compaosition comprising
{a) B0-89.6 wit% of a calcined host material comprising:
iy 40-85 witth TiDs:,
iy 30-60 witth In0,

14
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iy 01418 wi¥% L0,
w08 wi% MnQe,
v} 0-5 wi% NiQ,

\4

} nolead, and
vit} no cadmium,
tagether with
{b) 0.3-8 wit% zinc borate,
{cy 0. 1-4 wi?t B2Os,
{d} 0-4 wi% SiQg,
{a} 0-4 wi% BaCOs,
{fy 0-4 wit%; CaCOs,
{g) 0-4 with LizCOs,
{h} 0-4 wi% LiF and
{fy -3 wi% CuQ,
or oxide equivalents of any of the foregoing, no lead and no cadmium.
[0083] Hem 2. The lead-fres and cadmium-free composition of item 1, wherein LiF is
inciuded at 0.1-4 wi%, and CuO is included at 0.1-3 wi%.
[0084] ltem 3. The lead-free and cadmium-free composition of item 1, wherein LiF is
included al 0.2-3.5 wt%, and Cu0 is included at 0.2-2.5 wi%.
[DOBS]  Hem 4. A lead-free and cadmium-free composition comprising:
{a} 80-99.9 wi% of a calcined host material comprising:
i} 45-75 with Si0e,
i) 15-35 wi% Sr(,
iy 10-30 wi% CuQ,
v} nolead, and
v} no cadmium,
together with
{b) -8 wt% zinc horate,
{c} 0.%-4 wi¥s 8203,
{d} 0-4 wi% Si0x,
(e} 0-4 wi% Calls,
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{f) 04 wi% LizCOs,

{g) -4 witl LiF and

{h) -3 wit% Cul,

or oxide eguivalents of any of the foregoing, no lead and no cadmium.
{0086] Hem 3. The lead-free and cadmium-free composition of tam 4, wherein Cu0
is included at 0.1-3 wi%.
{00871 Hem 8. The lead-fres and cadmium-ree composition of flem 4, wherain B20s
fs ncluded at 8.2-3.5 wi% B:Og, and CuQ is included at 0.2-2.5 wi¥.
0088] Hem 7. A lead-free and cadmium-fres compaosition comprising:

{a) 80-88 8 wi% of any combination of host materials of any of tems 1 and 4,

together with

{by 01-8 wit% zine borate,

{c} 0.1-4 wiSt B20s,

{d} 0-4 wt% SiOn,

{e) 0-4 wi% Calls,

{f) 0-4 wi% BaCQOs,

{g) 0-4 wit% LiCOs,

{h) 0-4 wi% LiF, and

(iy -3 wi% Cul,

or oxide squivalents of any of the foregoing, no tead and no cadmium,
{00887  Hem 8. A lead-free and cadmium-frae composition comprising a mixiure of
precursors that, upon firing, forms a lead-free and cadmium-free dislectric material
comprising:

{a} 35-65 wi% TiOg,

{b) 25-55 wit% Zn0,

{c} 0.1-18 wit% Li20,

{d) 0.1-5 wit¥% B2Ds,

{e) 0-7 wi% SiQ;,

{fy 0-8 wi% Ba(,

{g) 0-6 wi% Cal,

{hy O-5 wi% LiF, and
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{iy 0-5 wit% Cuy,

roisad and no cadmium.
{6090] Rem 8. The lead-free and cadmium-free composition of flem §, wharein:

TiOz is nciuded al 47-54 wi%,

ZnCl s included at 33-51 wis,

Liz( is included at 0.5-10 wi%,

8203 is included at 0.4-3 wi%,

Si0z2 s included at 6-0.3 wi%,

Bal is included at ¢-0.8 wi¥,

Cal is included at 0-0.4 wi%,

LiF is included at 0.1-4 wi%, and

Culd is included at 0.1-3 wile.
[6081] Hem 10, Alsad-free and cadmium-free composition comprising a mixiure of
precursors that, upon firing, forms a lead-free and cadmium-free dislectric material
comprising:

{a) 45-75 wi% 3i0q,

{b) 158-35 wi% 3rQ,

{C) 10-30 wit%h Cu,

{d) 0.1-5 witt, B: (s,

{e) 0-6 wt% Cal,

{f} -8 wit% Zn0,

(@) 03 wt% Liz0, and

{h) 0-5 wi% LiF,

no lead and no cadmium.
(00821 Hem 11, The lead-free and cadmium-fres composition of item 10, wherein:

Si0: is included at 50-56 wi%,

510 is included at 22-24 wi%,

CuQ is includead at 17-18 wib,

B:0s is included at 0.4-2.2 wi%,

Cal is included at 0-0.4 wi%,

ZnC is included at 0-8.5 wib%,

17
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LizC Is included at 0.2-3 wi%, and

LiF is included at 0-5 wi%.
{0083]  Hem 12, Alsad-free and cadmium-free composition comprising a mixture of
precursors that, upon fiting, forms a lsad-free and cadmium-free dislectric matsarial
comprising:

{8) 20-31 wit% TiQq,

{b) 18-25 wi% ZnQ,

{c) 815 wi% Sr,

{d) 22-34 wt¥% Si0g,

{8} 8~12 wi% CuQ,

{fy 2-4 wit% LizQ,

{3 0.7-2 wi%h BaOs,

{h} 0.1-0.5 wit% Ca0, and

(i} 0.2-1 wi% LiF,

no lead and no cadrmium,
{0084] Hem 13. Alead-free and cadmium-free composition comprising a mixture of
precursors that, upon firing, forms a lead-free and cadmium-free dislectric material
comprising any combination of iems 8-12.
{0085} Hem 14. The lead-fres and cadmium-free compaosition of any of items 1-11,
wherein, after firing, the diclectric material exhibits a Q value of at least 800 when
measured af greater than 5GHz.
(00987 item 15, The lead-free and cadmium-free composition of any of items 1-13,
whearein, after firing, the dislactric material exhibits a dielectric constant K of 5-50.
{00871 Hem 16. The lead-free and cadmium-free composition of any of items 1, 4 and
7, wherein the calcined host material has particle size Dse ranges from 0.2 10 5.0
THCIoNS.
[0088] Hem 17. An eleclric or electronic component comprising, prior {o firing, the
fead-free and cadmium-free composition of any of items 1-16, fogether with a
conductive paste compyising:

a. 80-80 wi% Ag + Pd + Pt + Ay,
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Lo 1-10 wi% of an additive selectaed from the group consisting of siticides,
carbides, nitrides, and borides of fransition metals,

¢. 8.5-10 wi% of at least one glass frif, and

d. 10-40 wiSh of an organic portion.
[6088] itermn 18, The electric or electronic componsent of tem 17, wherein the elactric
or electronic componant is selected from the group consisting of high Q resanatuors,
slactro-magnetic interferance filter, band pass filters, wireless packaging systems, and
combinations thereof
801081 Hem 18, A method of forming an electronic component comprising:

{a1) appiying the compaosition of any of lems 1-13 1o a substrate, or

{aZ2) applying a tape comprising the composition of any of tems 1-13 0 8
substrate, or

{a3) compacting a plurality of particles of the compaosition of any of items 113 to
form a monolithic composite substrate; and

{b) firing the substrate at a temperature sufficient {0 sinter the composition,
301011 Hem 20, The method of item 18, wherein the firing is conducted at a

temperature of from about 800 °C to about 810 °C.
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WHAT IS CLAIMED IS

Z.
at 0.1-4 with, and Cu is included at 8.1-3 witt.

N

3.
at 0.2-3.5 wi%, and Cu0 is includad at 0.2-2.5 wib.

4,

A lead-fres and cadmium-frag composition comprising:

{a; 80-89.6 wi% of 3 caltined host material comprising:

}40-85 witdh TiO:,

E

iy 30-80 wi¥ ZnQQ,

i) 0.1-18 wi% LhO,

v} 0-5 wi% MnOo,
vy O-5 with NiQ,
vi} nolead, and
vil) no cadmium,
together with

{b} 0.2-8 wit% zinc borate,

{c} 0.1-4 wi% BaQs,

{d} 0-4 wi% Si02,

{2} O-4 wi% BalQ;,

{f} O~4 wi% CalOs,

{q) 0-4 wi% Li00s,

{h) 0-4 wit% LiF and

{iy 0-3wi% Cu;

PCT/US2020/019832

or oxide equivalents of any of the foregoing, no lead and no cadmium.

The lead-free and cadmium-ree composition of claim 1, wherein LiF is included

The Isad-free and cadmium-free composition of claim 1, wherein LiF is includead

A lead-free and cadmium-free compaosition comprising:

{a) 80-89.9 wi% of a calcined host matsrial comprising:

) 45-75 wi% SiOs,
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HY 15-35 wi%h 3,
§) 10-30 wi% Cul,
Y nolead, and
v} no cadmium,
fogether with
{b} 0-8 wt% zinc borate,
{c} 0.1-4 Wi BaOs,
{d} 0-4 wi% SiQsz,
{e) (-4 wi% CalQs,
{fy 0-4 wi% L0,
{q) 0-4 wi% LiF and
{h) -3 wi% CuQ,

or oxide equivalents of any of the foregoing, no lead and no cadmium.

5. The lead-free and cadmium-free composition of claim 4, wherain Cu is includad

at 0.1-3 wi%.

8. The lead-free and cadmium-free composition of claim 4, wherein B:0: is included
at 0.2-3.5 wi% B203, and CuQ is included at 0.2-2.5 wi%.

7. The lead-free and cadmium-fres composition of claim 4, wherein the host

material is included at 80-858.8 wi% and zinc borate is included at 0.1-8 wi.

8. A lead-free and cadmium-fres composition comprising a mixiure that, upon firing,
forms a lead-free and cadmium-free diglectric material comprising:

{(a) 3565 wi% TiO:,

(b} 25-55 wi% ZInQ,

{c} 0.1-15 wt% Lix(,

{d} 0.1-5 wit% B2,

{e) 0-7 wi% Si0:,

{fy 0-6 wi% Bal,
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{9} 6-6 wi% Cal,
{h} G-5 wi% LiF,
iy 0-5 wib% Culd, and

no lead and no cadmium.

9. The lead-free and cadmium-free dislectric material of claim §, whersin:

TiGz is innluded at 47-54 wi%,

Zn(l is ncluded at 33-81 wids,

Li20 is included at 0.5-10 wi%,

H20s is included at 0.1-3 wiY%,

Sz is included at 0-0.3 wi%,

Bal is included at 0-0.6 wib%,

Cald is included at 0-0.4 wit¥,

LiF Is included at 0.1-4 wi%, and

CuQ is included 3t §.1-3 wi%.

10, Alead-fres and cadmium-free composition comprising a mixture that, upon firing,
forms a lead-free and cadmium-free distactric material comprising:

{a) 45-78 wi% SiOq,

{h) 15-35 wt% Sr(,

{c) 10-30 wi% CuQ,

{d} G.1-5 wi% B20s,

{e) 0-8 wi% Cal,

{f) 0-8wi% Zn0O,

{g) -3 wit¥% L,

{h) 0-5 wt¥% LiF, and

r fead and no cadmium.

11, The lead-free and cadmium-free composition of claim 10, wherein:
S0z is included at 50-56 wi%,
&rO is included at 22-24 wi%,
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Cul s included at 17418 widh,
820 is includead at 0.4-2.2 wi%,
Cal is included st 0-0.4 wi%,
ZnCl s includad at §-8.5 wih,
Li20 s includsed at 0.2-3 wi%s, and
LiF is included at -5 wi%.

12, Alead-fres and cadmiumn-free compuosition comprising a mixiure that, upon firing,

forms a lead-free and cadmium-frae dielectric material comprising:

{a) 20-31 wi% TiG;,

{b) 16-25 wi% ZnQ,

(o} 915 wi%e Br(,

{d} 22-34 wi% SiOq,

{e}86-12 wi% CuO,

{f} 2-4 wit% Lz,

(g} 0.7-2 wi% B20s,

{h) 0.1-0.5 wit% Cal, and

{1 0.2-1 wi% LiF,

no lead and no cadmium.
13, The lead-free and cadmium-~free composition of claim 12, wherein, after firing,
the dialactric material exhibits a Q value of at least 800 when measured at greater than

5GHz.

14, The lead-free and cadmium-free composition of claim 12, wherein, after firing,

the dielactric material exhibils a dislectric constant K of 5-50.

15, The lead-fres and cadmium-free composition of claim 1, wherein the calcined

host material has a particie size Dso ranging from 0.2 to 5.0 microns.
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16, Aneleclric or elgchonic component comprising, pricr o firing, the lead-rae and
cadmium-frse composition of claim 1, logsther with a conductive pasie comprising
a. 80-90 withe Ag + Pd + Pt + Ay,
b, 1-10 wi% of an addilive selecled from the group cansisting of silicide
carbides, nilrides, and borides of transition melals,
o 0.5-10 wi% of at least one glass fri,

d. 10-40 wit%e of an organic portion.

17, The electric or slectronic component of olaim 18, wherein the electric o
electronic component is selacted from the group consisting of high Q resonators,
slectro-magnetic interference filter, band pass fillers, wireless packaging systems, and

combinations thareof.

18. A method of forming an electronic component comprising:
{a1} applying the composition of claim 1 1o & substrale, or
{a2) applying a taps comprising the composition of claim 1 o a substrate, or
{23} compacting a plurality of particies of the composition of claim 1 to form a
monolithic composite substrate; and

{b) firing the substrale at a temperature sufficient o sinter the composition.

19, The method of claim 18, wherain the firing is conducted at a temperature of from
about 800 °C fo about 910 °C.
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