-1- FERROELECTRI C CERAM C MATERI AL W TH A LOW SI NTERI NG TEMPERATURE FI ELD
OF THE I NVENTION 5 The present invention relates to ferroelectric
materials. In particular, it relates to ferroelectric ceramc materials
with a [ow sintering tenperature. BACKGROUND OF THE | NVENTION i o
Ferroelectric ceramc materials are used in various industrial applications
as dielectric nedia to produce el ectronic conponents or devices such as

pi ezoel ectric sensors, actuators, transducers, capacitors and pyroelectric
~sensors. During the rranuf acturing process of these devices, ferroelectric
~‘ceram c materﬁE-IBOEsLEaI'ERIIDCElmuDM?A'FERIRLWQ'I-DACE@WSSNTERINGh
tenperature. For exanple, at a erature of about 1000C or higher.
However, sintering at a high ter‘rﬁg %B@Tuﬂl:gnificantly limts the
~appl i catlon of ferroelectric ceramic material and |l eads to high ,
manufacturing costs, and even cause device failures. 20 For exanple, in the
manuf act GHELLY Qfr PHESINVENTION i | ayer capacitors and actuators, dielectric
l'ayers nade of ferroelectric ceramic materials are co-fired wth the netal

el'ectrode |ayers | am nated between the dielectric layers. To wthstand the

hi gh sinteringhégsesedt iHventibh &Rt t1b Oderdefeelics nﬁ'i‘ét%né%qu'lrﬁ %rﬁ&llarp%sess
excel l ent chem cal inertness in oxygen anbient. Presently, the el ectrode 25

| ayers afedaigpieferieglectde csramiconstarialanih auow sisteriagltadiperatsrd.ver ( Pd- Ag)
or Platinum (Pt). The cost of the electrode | ayers made of these precious
materials is high, which can anbunts to up to 80% of the total material
costs of BAGKGROWNDYETHEWVEBTION stay conpetitive in the industry,
manuf acturers are
a0
Ferroelectric ceramic materials are used in various industrial applications
as dielectric media to produce electronic components or devices such as.
piezoelectric sensors, actuators, transducers, capacitors and pyroelectric sensors.
During the manufacturing process of these devices, ferroelectric ceramic materials
15 are to undergo a sintering process at.a high temperature. For example, at a
temperature of about 1000°C or higher. However, sintering at a high temperature
significantly limits the application of ferroelectric ceramic material and leads to

high manufacturing costs, and even cause device failures.

20 | For example, in the manufacturing process of multilayer capacitors and
| actuators, dielectric layers made of ferroelectric ceramic materials are co-fired
with the metal electrode layers laminated between the dielectric layers. To
withstand the high sintering temperature, the electrode layers are required to
possess excellent chemical inertness in oxygen ambient. Presently, the electrode

25 layers are often made of precious metals such as Palladium-Silver (Pd-Ag) or
Platinum (Pt). The cost of the electrode layers made of these precious materials

- is high, which can amounts to up to 80% of the total material costs of the

- muitilayer devices. To stay competitive in the industry, manufacturers are
continuously seeking every possibility to reduce the cost of the products they

30 make, one approach of which is to use high silver-content alloy with reduced Pd
amount to make the electrodes. However, this approach is difficult to implement

because the high silver-content alloy and base metal cannot sustain the sintering




continuously seeking every possibility to reduce the cost of the products

t hey 30 nake, one approach of which is to use high silver-content all oy
with reduced Pd anmount to rmake the el ectrodes. However, this approach is
difficult to inplenent because the high silver-content alloy and base

nmetal cannot sustain the sintering -2- tenperature required for the
conventional ferroelectric ceramc materials, when the sintering process
is carried out in oxygen anbient. In dnother exanple, piezoelectric devices
are fabricated with ferroelectric 5 ceramc thick filnms formed on a bottom

el ect rOdéﬂlﬁdﬁfurg%qﬁﬁgatfﬁ%ﬁe c%ﬁ%ﬁﬁ’or’igfq‘errt)égrciri@t:é@?nlerr‘ﬂgf‘e?@s Lot tom

el ectrode an strate are to sustain a sinterl terrperatureo about

1000 COC thve $intgiag. projloessisrqartidd suslmwgen@mlmap’erat ure will cause serious
inter-diffusion and oxidation of the netal electrode |ayer and -substrate,
which may result in failure in the integration of a ferroelectric ceramc
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sintering temperature is desirable to inprove the nmaterial and
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liquid phase sinterjng, ,chem cal dopi n&% f use of nano-sized cer am o
it
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camwpr omni ﬁ'&@k ﬂlm sunha fraetadizedc tsubstraty. afherefosd, erai meﬁuphmpamecbllhiyarmgese

approach not .Sa t.he requirepents f ting the el.ectronic
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provi de @ofr@hh@ﬁh@a@tfbf GnteQFfAIAG" a piezoelectric ceramic thick film, as well as to
reduce lead evaporation during the sintering process. '

15’  Several appfoaches have been proposed to reduce the sintering
temperature of ferroelectric ceramic materials. These approaches include liquid
phase sintering, chemical doping, and use of nano-sized ceramic powders. While
these approaches may reduce the sintering temperature, the properties of the
ferroelectric ceramic devices, in particular the piezoelectric properties of the

20 sintered material are seriously compromised. As such, ferroelectric ceramic

\‘ materials prepared by these approaches may not safisfy the requirements for
fabricating the electronic or electromechanical devices.

In view of the above, what is needed is to provide a ferroelectric ceramic

25 material that may be sintered at a lower temperature and in the meantime,

possesses the desired properties suitable for fabricating electronic or

electromechanical devices. However, an ideal this type of ferroelectric ceramic
material is currently unavailable.

30




25 material that may be sintered at a |ower tenperature and in the
meantime, possesses the desired properties suitable for fabricating

el ectronic or electromechanical devices. However, an ideal this type of
ferroelectric ceramic material is currently unavailable. 30 -3- SUMVARY OF
THE | NVENTI ON The present invention provides new ferroelectric ceramc
materials which can be sintered at a fenperature |ower than that of the
conventional ferroelectric 5 ceranmic Taterials and upon sintering, devices
“formed of the new ferroelectric ceranic materials possesses the desired

pi.ezoel esiyMRi A PR THESINVENICNNE sSuitable for many industrial
applications. Exanples of these applications are, bulk ferroelectric

ceramcs, ferroelectric ceramc thick filnms and ferroelectric rmltilayer
n, acco ect
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xPb(Znl / 3Nb2/ 3) 03 - yPb(Myl/3Nb2j 3)03 - zPbZr03 - (1-wx-y-z)PbTi03, in
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-A2' 0. Ac ordin nbodi_nments of the p % i nvent.i on, m?g be PbO,
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ceramic devices.
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In accordance with a first aspect of the present invention, there is provided
a ferroelectric ceramic material which includes a composition with a general
formula of wPb(Ni1sNb2/3)O3 - XPb(Zny15Nb2ss)Oa - yPb(Mg1sNb2s)}Os - ZPbZrOs -
(1-w-x-y-z)PbTiO3, in which 0 <w< 1,0 <x<1,0< y<1,0<z <1, wixdy+z<1,

15 and 0.5 < w+x+y.

Preferably, w =0.10t0 0.45, x=0.10t0 0.35, y =010 0.15,and z=0.10 to
0.15.

20 The ferroelectric ceramic material may further include an oxide of valence 2

| metal element represented by a general formula of A**O. According to
embodiments of the present invention, A*O may be PbQ, Mg0, ZnO or NiO or
- combinations thereof.

25 In accordance with a second aspect of the present invention, there is
provided a method for preparing a ferroelectric ceramic material, which may be
used for fabricating electronic components or devices with a sintering temperature
lower than that of the conventional ferroelectric ceramic material. Upon sintering,
devices formed of the ferroelectric ceramic materials prepared according to

30 embodiment of the present invention possess excellent piezoelectric properties.
Devices fabricated thereof are suitable for many industrial applications including,

for examples, bulk ferroelectric ceramics, ferroelectric ceramic thick films and




25 In accordance with a second aspect of the present invention, there is
prOV|ded a nethod for preparing a ferroelectric ceramic material, which may
be used for fabricating electronic conponents or devices with a sintering
tenperature |lower than that of the conventional ferroelectric ceranic
material. Upon sintering, devices fornmed of the ferroelectric ceramc
- materials prepared according to 30 e %dlnent of the present invention
possess excel | ent piezoelectric properties. Devices fabricated thereof are
suitable for many industrial applications including, for exanples, bulk

ferroel e‘?é(réé]e&t‘?i&%ﬁ?l geF@éfaﬂ%%Wdeg ceramc thick filnms and -4-

ferroelectric r ceram c devices. According to one enbodi nent,
firstly, MyNb206, Zan206 and Ni Nb206 powder precursors are prepared.
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m Xture. The mxture are dri ed”and cal ci ned
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oxi des of aI eg@e 2 netal elenents helps pronpte the fornmation of

per ovski tt% Qﬁr@eﬁfﬁﬁ%ﬁ%@"}'ﬁg‘ﬂtﬁﬁ%tlon of pyrochlore phase in the
ferroel ectrl c ceramic material. Ferroelectric ceramic materials according
to ermbodi ments of the present invention may be used to fabricate
elBctroni ¢ deviasesding toeone iemshoadiment,agdpling atiximgsof THee MgNbgDd, nidnNb,Og
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of oxides of valence 2 metal elements, for example MgO of 1% in mole, may be-
added. Addition of the excess amount of oxides of valence 2 metal elements
helps promote the formation of perovskite phase and suppress the formation of

15 -pyrochlore phase in the ferroelectric ceramic material.

Ferroelectric ceramic materials according to embodiments of the preseht
invention may be used to fabricate electronic devices in many industry
applications. The sintering temperature is successfully reduced to a level suitable

20 for the low cost Ag-based electrodes. In the meantime, electronic devices

\ - fabricated from the ferroelectric ceramic matefials according to embodiments of
the present invention possess advantageous physical, electrical and chemical
propetrties.

25 Other aspects and advantages of the present invention will become
apparent from the followihg detailed. description, taken in conjunction with the
accompanying drawings, illustrating by way of example the inventive concept of
the 'present invention.
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fabricated fromthe ferroelectric ceramc materials according to

enbodi nents of the present invention possess advantageous physical,

el ectrical and chemi cal properties. 25 O her aspects and advant ages of the
present invention will becone apparent fromthe follow ng detail ed
description, taken in conjunction with the acconpanying draw ngs,
illustrating by way of exanple the invegntive concept of the present
invention. 30 BRI EF DESCRI PTI ON OF THE DRAW NGS These and ot her aspects and
“advant ages of the present invention w Il be described in detail with

ref er enc BRIER DESTHIPTIORYORTHE DRAGGNGS Which: 5 Fig. 1A is a flow chart
showi ng a nethod for preparing a ferroelectric ceramc material according

to one enbodi nent of the present invention; Fig. 1 Bis a flow chart

Shor o et agebing a8, Aud SRS R AL AR S B ©
 Fig. 2 islescdibed in ddtaibiwith refd?ehes ta td afcdrhgariying diwhgs Ciirwisicled a test

sanple formed of a ferroelectric ceramic nmaterial according to one
entfodi ment of the 15 present invention; Fig. 3 is a chart showing a

- Piezoel ectri Cgﬂ‘é’eﬁi\' B! §Miow! et 's'ﬂng hff‘étHBS fg?%r\é?gﬂﬁﬂaatfcgﬁ'% %E{FRJ c

formed of a f oelectric ceramc accor I'ment of-

t he “pr es @sramicveatariahac@frdifiggo ehd amhodinmmtcsfhbavpr@smwtmmrmmrl ¢ Const ant
‘and Dielectric loss - Tenperature curve of a test sanple forned of a
ferroelectric ceramc materi al

Fig. 1B is a flow chart showmg a method for fabncatlng a device formed of
‘10 -a ferroelectric ceramic material according to one embodiment of the present
' ‘invention;

Fig. 2 is a chart showing a Polarization-Electric Field curve of a test sample
formed of a ferroelectric ceramic material according to one embodiment of the
15 present invention;

Fig. 3 is a chant showing a Piezoelectric Coefficient-Sintering Temperature
curve of a test sample formed of a ferroelectric ceramic material according to one
embodiment of the present inve.ntion;

20

Fig. 4 is a chart showing a Dielectric Constant and Dielectric loss -

Temperature curve of a test sample formed of a ferroelectric ceramic material

according to one embodiment of the present invention;

25 Fig.'5 is an X-Ray Diffraction pattern of a test sample formed of a
ferroelectric ceramic material according to one embodiment of the present
invention;

Fig. 6 is a chart showing a Polarization — Eleciric Field curve of a test
30 sample formed of a ferroelectric ceramic material according to one embodiment of-

the present invention;




according to one enbodi nent of the present invention; 25 Fig. 5 is an X-Ray
Diffraction pattern of a test sanple forned of a ferroelectric ceramc
materi al according to one enbodi nent of the present invention; Fig. 6 is a
chart showing a Polarization - Electric Field curve of a test 30 sanple
formed of a ferroelectric ceramc material according to one enbodi nent of
the present invention;, -6- Fig. 7 is ggchart showing a Piezoelectric
Coefficient Sintering Tenperature curve of a test sanple forned of a
ferroelectric ceramic material according to one enbodi ment of the present

invention; Fifig.87 sSsam Xty ﬂhdvfnh?Ctd opieRableeirit afoefficRet samhterihgr ned
of a ferroelectrlc ceramc material derived froma conventiona

pr epar at i SMARERIHERY .cuve ober Aestesampleciarmedonf erferigelqatiscrrunpvEEtenaENTS
Table 1 ﬁﬁg@ c ceramc material sanples
|Ilustra?§gﬂﬁh Wﬁuf@ﬂﬁ@ﬁrﬁégqgégé d%%gﬂﬁbggﬁ bdlnents of the present 5

|nvent|on These conp05|t|ons have the general formula: WPNN - XxPZN - yPMWN

- zPZ - y-z)PT } e PNN.is.Lead Nicke Nlobate Ph(Ni | / 3Nb2/ 3) 03;
PR (s Lead 2FI 81 Wgéééy 5%%%19@@@2 0@‘J apifeti samp ok SPhum

Ni obat e fé?hﬁé\@d:th@'ﬂb?érﬁmaté?él derikERftof é%@ﬁ@éﬁlona? faihtatighthdilod;s Lead
Titanate , PbTi (3. In these conpositions, wis selected between 0.1 to

0.45, x is selected between 0.1 to 0.35, y is selected between 0 to 0. 15,
and z is selected between 0. 1 to 0. 15. 15




Table 1 WX Y z--WX-Y-Z Conposition PNN PZN PWN PZ PT C 1 0.45 0.10 O
0.13 0.32 C2 0.40 0.10 0.10 0.12 0.28 (C3 0.30 0.10 0.10 0.15 0.35_ <
0.20 0.20 0.10 0.15 0.35 1 0.10 0.10 0.30 Table 2 bel ow shows a summary of
the properties of conpositions ClL to C5 of Table 1, after these
conpositions are sintered at different tenperatures. 20 The properties

I ncl ude density, dielectric constant, ‘§hr|e t enperature, remant

pol ari zation, and piezoelectric constant d33. Table 2 Remmant Curie
Sintering Bulk Dielectric Polarization Tenperatur Pi ezoel ectri Conposi

| Tenmer at BEREEDDESEHIPTIONTE ik EMeEpMERTS 20t tion e
(OO: (g/ CMB K-at 5: QC) 3 (p(bj %gug 9?1631 3.335 C1 800
- 7.87 2403 6. 707 151 850 7 81 2655 8. 652 160 900 7.72 2900 10.085 145 164
950 7.60 3181Tlél 56|7 1 800 7.42 2578 6. §0t8 ? t830 7.68 280¥ 7|893
123 850 7. 65 agle, %wlﬁlaows compos ions ~of ferroelectric ceramic materia
samples tllustrated inExamples 1 to 5 according to embodiments of the present

5 ihv__ention. These compositions have the general formula:
WPNN — xPZN — yPMN ~ zPZ — (1-w-x-y-z)PT

where PNN is Lead Nickel Niobate, Pb(NiisNbgs)Os; PZN is Lead Zinc
10 o | Niobate, Pb{ZnysNb23)03; PMN is- Lead Magnesium Niobate |,
| "~ Pb{MgisNby3)Og; PZ is Lead Zirconate , PbZrOs; and PT is Lead Titanate ,
PbTiOs. In these compositions, w is selected between 0.1 to 0.45, x is
selected between 0.1 to 0.35, y is selected between 0 to 0.15, and z is

selected between 0.1 to 0.15.

is5

Table 1
w X y b4 1-w-x-y-z

Composition PNN | PZN | PMN PZ PT

C1 045 | 0.10 0 .| 0.13 0.32

C2 040 | 010 | 010 | 0.12 0.28

C3 030 | 010 | 010 §{ 0.15 | 0.35

C4 0.20 { 020 | 010 | 0.15 0.35

C5 0.10 | 035 | 0.15 | 0.10 0.30
Table 2 below shows a summary of the properties of compositions C1 to
CS of Table 1, after these compositions are sintered at different temperatures.
20 The propetties include density, dielectric constant, Curie temperature, remnant

polarization, and piezoelectric constant dss.




900 7.63 2999 9.988 139 158 950 7.59 3126 11.670 126 800 6.46 1213 4.291
123 C3 830 7.55 1188 5.356 137 850 7.63 1693 7.285 138 900 7.52 2233
12.249 183 266 950 7.26 1955 13.581 376 C4 800 6.87 1344 6.583 158 830
7.52 1456 8.506 183 850 7.59 1585 9.893 220 900 7.58 1900 13.907 219 357
950 7.57 1771 15.290. 192 C5 800 6.76 597 1.050 54 830 7.31 1274 3.338 131
850 7.67 1507 5.620 184 900 7.63 1842g10.555 242 393 950 7.58 2238 15.730
315 -9- Table 3 bel ow shows a summary of the properties of a nodified
conmposition C5- M in which an excess MgO of 1 %in nole is introduced.
Table 3 Piezoelec Sintering RemantT4bleie tric Tenp- Bulk Dielectric

Pol ar i zatien-Tenperat.constant . _Conpa- _erature Density Constant, K at 25
kV/icmure at 1 d33 Remnant Curie '

Sintering  Bulk Dielectric Polarization Temperatur  Piezoelectri
Composi Temperatu Density Constant, at25kV/em e at1kHz ¢ constant, -

- tion re (°C) (gicm® Kat1kHz (uClcm?) (°C) das (pC/N)

o1 750 7.75 1631 3.335 |
800 7.87 2403 6.707 151

850 7.81 . 2655 8.652 | 160

900 7.72 2900 10.085 145 164

| 950 7.60 3181 11.567 106
c2 800 7.42 2578 6.808 122
830  7.68 2807 7.893 | 123
850  7.65 2954 8.608 140

900  7.63 2099  9.988 139 158

950 759 3126 11.670 | 126

ca 800 6.46 1213 4.291 123
830 7.55 1188 5.356 137

850  7.63 1693 7.285 138

900 7.52 2233 12.249 183 266

950 . 7.26 1955 13.581 376

c4 800 6.87 1344 6.583 158
830  7.52 1456 8.506 183

850  7.59 1585 9.893 220

900 7.58 1900 13.907 219 357

950 757 1771 15.290 192

s 800 676 597 1,050 | 54
830 731 1274 3.338 131

850 767 1507 5.620 184

900 7.63 1842 10.555 242 393

850 7.58 2238 15.730 315




--,prepare

sition (IC (g/CVM8 (~,CCW at 1 kHz kHz (OC) (pCN C5-M 800 7.58 1938

6.489 209 830 7.69 2024 8.100 248 850 7.81 2199 10.442 266 900 7.93 2213

12.833 200 325 950 7.88 2295 17.192 360 Exanples 1 to 5 are descri bed

below to illustrate the preparation nethod of ferroelectric ceramc

mat eri al conpositions shown in Table 1, according to enbodinents of the

~ . present invention. 10 Exanple 1 As ill_gs_trated in Fig. 1A, a preparation

met hod 100 of the ferroelectric- ceramc material of conmposition C5 with

the conposition as specified in Table 1
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MyNb206 (MNO), . ZnNb206 (ZNO and N Nb206 (NNO) powder precursors. To

_ MMﬁﬂﬁ@@%MPfé%mﬁnnmmdllo, st oi chi ometric
-amount- of high purity starting oxides, MO (Kanto Chem cal, 99.99% and

- Nb205 - (Kanto- Chem cal, 99.95% are m xed in ethanol using a planetary ball
mlil for 24 20 hours, in an agate coWabBje®r With agate balls as the

i gr| nd|ng_¢¥gdl a—Tthemlled powders are then dried at 70 'C and collected

t hrough a 45 ~Lrn sieve. These - 10 powders are conpacted and Ciztemz at a
tenperature of 9 to 1050 *C, for exapp| out 1000 OC, far. 2 hours
to formsingle c?ﬂ%‘ﬂge phase accordi ng tgghﬁ?z]?x- Rg)"rﬁffracti%'ﬁ ( XRD)

. result (not shown)Teripe caBaknedpsivegics Rotarizhtion Tempbest andofistdrgd i n
~et hanol fFO;ré’ 8 hours usi.n\g/lat he same agate cogélg{/ner and 5 mlling balls. The

 powders af@MRfEn 8FAEER oVidensighConstans. Beat Q| ayeed 1 dag -
sition (°C)  (glem®) at1kHz  (uClem®) kHz (°C) (PC/N)

. C5-M 800 7.58 1938  6.489 209

830 7.69 2024 8.100 - 248

850 7.81 2199 10.442 . 266

900  7.93 2213 12.833 200 325

950 7.88 2295 17.192 360

Examples 1 to 5 are described below to illustrate the preparation method of
ferroelectric ceramic material compositions shown in Table 1, according to
embodiments of the present invention.

10 Example 1

As lillustrated in Fig. 1A, a preparation method 100 of the ferroelectric
ceramic material of composition C5 with the composition as specified in Table 1
(0.10PNN-0.35PZN-0.15PMN-0.10PZ-0.30PT) staris from the synthesis of

15 MgNb2Og (MNO), ZnNboOg (ZNO) and NiNb,Og (NNO) powder precursors.

To prepare MNO powder precursors, as shown in block 110, stoichiometric

~amount of high purity starting oxides, MgO (Kanto Chemical, 99.99%) and Nb,Os
(Kanto Chemical, 99.95%) are mixed in ethanol using a planetary ball mill for 24

20 hours, in an agate container with agate balls as the grinding media. The milled

powders are then dried at 70 °C and collected through a 45 um sieve. These




through a 90 gm si eve. To prepare ZNO powder precursors, as shown in bl ock
120, stoichionetric amount of high purity starting oxides, ZnO (Kanto

Chem cal, 99.95% and Nb205 10 (Kanto Chemical, 99.95% are mxed in

et hanol using a planetary ball mll for 24 hours, in an agate container
with agate balls as the grinding nedia. The mlled powlers are then dried
at 70 'C and collected through a 45 jiymsieve. These powders are conpacted
and cal cined at a tenperature of 750 to 950 'C, for exanple about 800
OC, for 2 hours to formsingle colunbite phase according to 15 the XRD

resul t (powdehowurd coripackal ahdedichtisr & temPefdtufd8£980¢C RENOHD kEethr N

ethanol for 8 hours using the same agate container and mlling bal [s. The

powder s EXREPighahRow 160 o(}efqn%hpuatw@rmml@ eyumbieephaser acaghdingdo gm
i T
St of chi et vy ey PR BIDPFER B oy’ PRGBS e e,

99. 0099 arushel2and (Hled dn «handiciak 8 aeun%%mgrthensamd agatetMnguheu%hﬂg a
pl anet ar an .,agate cont ainer with agate balls as

| |1
the gri n\é'f ﬁa n’%%ﬂs {ﬁ%‘éﬂﬁw eﬁ%%@&ﬁ@@ﬁ@ overgightiatef0 2. 7andsolifeted

col I ect e%rb[]gﬁlé%b finf'Slevé N sieve. These powders are conpacted and
cal ci ned at tenperature of 950 OC to 1050 OC, for exanple about 25 1000

"C, for 4 hours to formsingle colunbite phase according to the XRD result
(not ‘shown). e_cal Ci&@mo ers are crusheg and then nmlled. in ethanol

~for 8 hours uSiMgPRIfe O%Sf RreREUEnB? SRRWNN Rlosly 1881 sieichiemeliswder s

are thenarriHUr@Q)f(PlY Bhﬂmstﬁhm@oﬁﬁ‘eé%@ Kiapitd @‘F'\e'hlﬂ&é’lu %@?ahhrﬂllﬂ@ve 30

For the phaseegrg esi s C5,” stol chionetric anounts of various oXides
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powders are compacted and calcined at a temperature of 750 °C to 950 °C, for
example about 800 °C, for 2 hours to form single columbite phase according to
15 the XRD result (not shown). The calcined powders are crushed and then milled in
' ethanol for 8 hours using the same agate container and milling balls. The powders

are then dried overnight at 70 °C and collected through a 90 pum sieve.

To prepare NNO powder precursors, as shown in block 130, stoichiometric

.2'0 amount of high purity starting oxides, NiO (Aldrich, 99.00%) and NbyOs {Kanto
) Chemical, 99.95%) are mixed in ethanol using a planetary ball mill for 24 hours in
an agate container with agate balls as the grinding media. The milled powders are

~then dried at 70 °C and collected through a 45 um sieve. These powdets are
compacted and calcined at a temperature -of 950 °C to 1050 °C, for example about

25 1000 °C, for 4 hours to form single columbite phase according to the XRD result
(not shown). The calcined powders are crushed and then milled in ethano! for 8

hours using the same agate container and milling balls. The powders are then

dried overnight at 70 °C and collected through a 90 um sieve.

30 | For the phase synthesis of C5, stoichiometric amounts of various oxides
PbO (Kanto Chemical, 99.90%), TiO, (Kanto Chemical, 99.90%) and ZrQO. (Kanto




mlling process is conducted in ethanol using a planetary mll with an
‘agate 5 container and agate balls as the grinding nedia. Upon conpletion of
the mlling process, t he powders are dried (block 150), conpacted and
.calcined at 800 "Cfor 30 mnutes in a covered crucible to formthe
cal cined powders. Fig. 1B shows a process 170 for the fabrication of the
test sanples from 10 the ferroelectrlq ceramc material. The cal cined
~powders with C5 conposition are conpacted (block 172) into pellets in a
~noul d, together with another 1 % by weight excess PbO and 5 wt % PVA
_( pol yvi nghepticanobd.doadetoghber withe 1R 93tbSyhRtRdRied ScollifR¥ehotidef00 OC
- (bl ock 174), the pellets are sintered in air at a tenperature from 800 OC
- to 950 ogferqshrSQfﬁelaNQwal@ 6ok NG andsanfexsesshef $Ur ggé’éa@cw weighdiareer ed
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~formthentiiny peopbeds faondelckat in cmhah@istming aZPlahBearprpeiitheanobgatee test
sanples are | nvesthgat ed as illustrated bel gw.  The densities are eval uat ed

based onCPRENG ANtagale balls as ghe gf!ﬂé'm)m%aruém IieshRlptien of |ﬂ@%,5@l @ge
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dielectrlc properties are neasured using an tnp ance anal yzer rom 100 Hz
to 1 MHz3@tminatas inenpevered ceucible taddin rtinmcak:rrmdmnpmmture dependences 25

- of the dielectric .properties for the sanples sintered at 900 OC are

- at10125

exam ned from roomtenperature to 350 OC, at several frequencies from 100

Hz to 100 kHzfFig. B @hewshe pitassdr 78 Mér He ﬂitﬁ%‘aﬂbﬁ%frthé t@&PQ&hble%Sfrohhe
t-est Sa% es are pol ed wunder an electric field of 25 kV/cmfor 20 m nutes

i q fersqqie@ia@n@erﬂmlc matedial. Fhe qeilcined povders \Actbe% mnmussthne@ra s
- measured t. u of 110.
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: excess PbO and 5 wt% PVA (polyviny! alcohol) binder. After the organlc binder is
removed at 400 °C (block 174), the pellets are sintered in air at a temperature
from 800 °C to 950 °C for one hour (block 178).

15
After the surfaces of the sintered pellets at various temperatures are
polished, silver paste is applied on the two opposite surfaces, and fired at 520 °C

to form e!ectfode layers to form the test samples for electrical testing.

20 | The properties of the test samples are investigated as illustrated below.
The densities are evaluated based on the Archimedes principle. Ferroelectric
hysteresis loops are characterized with an applied electric field from 5 to 30
kV/cm. The dielectric properties are measured using an impedance analyzef from
100 Hz to 1 MHz at room temperature. In addition, the temperature dependences

25 of the dielectric propeities for the samples sintered at 900 °C are examined from
room temperature to 350 °C, at several frequencies from 100 Hz to 100 kHz.
Before the measurement of piezoelectric properties, the test samples are poled
under an electric field of 25 kV/cm for 20 minutes at 125 °C in silicone oil. Then,
the piezoelectric coefficients dgz is measured with a piezoelectric ds; meter at a

30 vibration frequency of 110 Hz.

XRD results exhibit single perovskite phase in C5, when the ‘sihtering




-12- tenperature is above 830 OC. Fromthe experinmental data for C5 as
summari zed g/CMB. in Table 2, this conposition is sintered to its maxi num
density 7.67 at 850- 900 OC. Hi gher sintering tenperature of 950 OC | eads
to a slight decline in density due to a slight |oss of |ead content.
Dielectric constant and remmant polarization 5 increase with the sintering
tenperature from800 OC - 950 I C, accompanied by the inproved
crystallinity and grain growh. Wth a Sintering tenperature of 900 *C,
the dielectric constant and remmant polarization are 1842 (1 kHz) and 10.6

RC/ CVR2 ( ssmpbaitird 8 dbio¥e 830 °C R theSiperifidhtdl @AAThF 05 4986mhdriald the
sanples is eneral ly below 4% around room tenperature. The piezoel ectric
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10 CS after sintering at 900 °C is 393 pC/N. Temperature dependence of the
dielectric constant indicates that this composition has a Curie temperature of 242

°C, as shown in Fig. 4.

Example 2
15 : _
Another composition C4 as specified in Table 1 (0.20PNN-0.20PZN-

0.10PMN-0.15PZ-0.35PT), may be produced through the same processing route
as described in Example 1. '

20 As shown in Table 2, the density of C4 test sample increases frbm 6.87 to
7.59 glcm?®, when the sintering temperature increases from 800 to 850 °C. Upon
sintering at a higher temperature above 850 °C, the density does not Increase‘ but

- slightly declines. However, the maximum dielectric constant and piezoelectric
coefficient for C4 are obtained after sintering at 900 °C, which are 1800 (1kHz)

25 and 357 pC/N (Fig. 3), respectively. The remnant polarization increases with
sintering temperature until 950 °C, and is 13.9 uC/cm?® after sintering at 900 °C
(Table 2 and Fig. 2). Temperature dependence of the dielectric constant indicates

that this composition has a Curie temperature of 219 °C, as shown in Fig. 4.

30 Example 3

Another ceramic composition C3 as specified in Table 1 (0.30PNN-




(Table 2 and Fig. 2). Tenperature dependence of the dielectric constant

I ndicates that this conposition has a Curie tenperature of 219 OC, as
shown in Fig. 4. 30 Exanple 3 Another ceram c conposition C3 as specified
in Table 1 (0.30PNN -13- 0.10PZN-0. 10PM\- 0. 15PZ- 0. 35PT), may be produced

t hrough the same processing route as described in Exanple 1. As shown in

" Table 2, the density of C3 test sanpl e1ﬂ ncr eases from6 46 to 5 7.63 g/ C\VB

_ _'vvhen sinteri-ng tenperature increases from3800 to 850 'C. Upon sintering at

a hi gher tenperature of above 850 OC, the density does not increase but

sl ght |y odesP 251 omwaqspztd?@smgjl MEydi 5 estrddu‘ceaor\ﬁ?%r_gzh Fife Cate

obtained after sinterin whi'ch 1s 2233 at e remmant
pol ari zaPresessing royt%zaéieécmmd::rtszeampla tnt increase with si nt ering
~tenperature until 950 OC, and they gC/ CM2 10 are 13.6 and 376 pC/ N,
respectively, as listed in Table 2. Tenperature dependence of the

diel ectric comstsidwn fiiTaBlee3, thbaderidity of CORRS ishhiple Mistedséd! frofh 6.46 to
tenperature of 183 OC,  as shown in Fig. 4. Exanple 4 15 Ceranic

cofposi t /et EFCMaWhgR SiNteEng| lempasalire ingrepspRNroM 68N0 850 °C. Upon
0. 10PM\- uged, h Jeoute
as descr:g %ﬁﬁgkégﬁg%%r %W%\%%gﬁ%\?ﬁ I'n a%d)hghth%hae}e c?é§ﬁ§ts®f&tga
sanpl e ibot skgtdlysdeclineseHoeevey the amhardmofn dieb:tdd caﬁsmhemrsﬁiﬁltseobtag}ed
t enperatutge is 830 20 ' C High diel [ric c nstant from 2578 10,3126 js
obt ot ned T TP 8 000k Mot e a1 oS B spmagnf oeization e
remant 2 'Eé’tﬁ*ﬁé @6 fHBRNP | f ° Fig.
pomar 1@3& ldctle pemgf ,nPrrgzgf%ﬁééef%tg sg?tef.ﬁg témgb?amr@ﬁﬁnﬂé%d) C Hd ey
10 are 13.6 uC/cm and 376 pC/N, respectively, as listed in Table 2. Temperature .
(__:Iependence of the dielectric constant indicates that this composition has a Curie

temperature of 183 °C, as shown in Fig. 4.

Example 4
15 '

- Ceramic composition C2, as specified in Table 1 (0.40PNN-0.10PZN-
0.10PMN-0.12PZ-0.28PT), may bé produced through the same processing route
as described in Example 1. As shown in Table 2, the density of C2 test sample
increases to the maximum value of 7.68 g/crh3 when sintering temperature is 830

20 °C. High dielectric constant from 2578 to 3126 is obtained in a broad processing
" temperatljre range of 800-950 °C. The remnant polarization and piezoelectric
coefficient are 10.0 uC/em?® (Fig. 2} and 158 pC/N (Fig. 3), respectively, for the
sample sintered at 900 °C. Temperature dependence of the dielectric constant

indicates that this composition has a Curie temperature of 139 °C, as shown in
25 Fig. 4.

Example 5

Ceramic composition C1, as specified in Table 1 (0.45PNN-0.10PZN-
30 0.13PZ-0.32PT), may be produced through the same processing route as
described in Example 1. As shown in Table 2, the density of C1 test sample

increases to the maximum value of 7.87 g/cm® when sintering temperature is 800




sanple sintered at 900 'C. Tenperature dependence of the dielectric
constant indicates that this conposition has a Curie tenperature of 139
OC, as shown in 25 Fig. 4. Exanple 5 Ceram c conposition Cl, as specified
in Table 1 (0.45PNN-0. 10PZN- 30 0. 13PZ-0. 32PT), may be produced through the
sanme processing route as described in Exanple 1. As shown in Table 2, the
density of Cl test sanple increases Jfﬁ t he maxi num val ue of 7.87 g/ C\VB
when sintering tenperature is 800 -14- "C. High dielectric constant from
2403 to 3181 is obtained in a processing tenperature range of 800 - 950
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phase, accordi ng{ a further enbodinment of the present invention. '
Addi t i oninsticaig® h@t H@%@Prrmﬂm s Carie. tempafaiuse 1of 145 Wasas BHOWNNNO, * and
ZnO can ded for the sane purpose. In Exanple 6, excess MO addition
is describEd’'to explain the procedure. is Conposition C5-M which is
simlar to C5 illustrated in Exanple 1 except for a small excess anount of
MyO dopi Eg( of 1% in nmole, may be produced in a simlar preparation
procedur EX89RREcribed in Exanple 1 and in conjunction with Fig. 1 A An
additional MyO (Kanto Chem cal, 99.99% is added in the stage of

10 Excess oxides of valence 2 metal elements may be added to promote the
sintering process and formation of the perovskite phase, according to a further
embodiment of the present invention. Addition of PbQ is described in Example 1.
Similarly, excess MgO, NiO, and ZnO can be added for the same purpose. In
Example 6, excess MgO addition is described to explain the procedure.

15
Composition C5-M, which is similar to C5 illustrated in Example 1 except
for a small excess amount of MgO doping of 1% in mole, may be produced in a
similar preparation procedure as described in-Example 1 and in conjunction with
Fig. 1A. An additional MgO (Kanto Chemical, 99.99%) is added in the stage of
.20 mixing the precursors with PbO, ZrO,, and TiO, powders, as indicated as block

142 in Fig. 1 with a dashed line. The other processing steps and conditions are
the same as those in Example 1.

~ The XRD results of C5-M powders after calcine at 800 °C and test samples

25 made of C5-M compositions after sintering at 800-950 °C are presented in Fig‘ 5.
Perovskite phase significantly dominates over the minor pyrochlore phase in the
calcined powders, and a single perovskite phase forms in the test sample after
sintering at a temperature of 850 °C and above. The density of the C5-M test

sample increases with increasing sintering temperature from 800-900 °C, as listed

30 in Table 3, and the peak value of 7.93 g/cm?® is obtained at a sintering temperature
of 900 °C. There is a slight drop in density when sintering temperature is above

950 °C. Compared to C5, the addition of excess MgO promotes densification of




20 mi xing the precursors with PbO Zr02, and Ti 02 powders, as indicated as
block 142 in Fig. 1 with a dashed |line. The other processing steps and
conditions are the sanme as those in Exanple 1. The XRD results of C5-M
powders after calcine at 800 OC and test sanples 25 nade of C5-M
conposi tions after sintering at 800-950 OC are presented in Fig. 5 .
Perovskite phase significantly dom natygs over the m nor pyrochlore phase in
the cal cined powders, and a single perovskite phase forns in the test.
"sanple after sintering at a tenperature of 850 OC and above. The density
of the CheMtdrantic 'irﬁﬂ@éiﬂteiriﬁgft@m@éﬁatwré Farigecafest to®m5v a.ering t errper ature
from 800-900 OC, as listed 30 in Table 3, and the peak value of 7.93 g/cnB
.is obtained at a sintering tenperature of 900 OC. There is a sllght drop

~in density wh th
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Exanple 1. The d33 value i ncreases from 209 to wth ncrea5| ng
- the sint MdGip Cﬁéwpﬁweatannr@ammmmmuonos ¥Bpraved mnmirednw:tm%abl%(a’mmed Fig.
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temperature from 800 to 950 °C, as shown in Table 3 and Fig. 7. According to
Fig. 7, increasing poling electric field from 25 to 40 kV/em, das is'improved from
348 to 370 pC/N;
15

Example 7 (comparative)

Examplés 7 is used to illustrate the effect of using columbite precursors on
promoting the perovskite phase formation in C5.

20 : :
' in 'Exampie 7, all the single metal oxide powders including MgO, ZnO, NiO,
Nb;Os, PbO, TiO», and ZrO,, are directly mixed together through the same ball
milling process without going through the columbite approach, followed by the
same calcining and mould pressing to form. pellets, and ceramic sintering
25 procedures with what has been described in Example 1.

Figure 8 presents the XRD results of the samples in Example 7. After
calcined at 800 °C, dominant pyrochlore phase and many unreacted oxide phases
are observed. Although the pyrochlore phase is significantly reduced by

30 'increasing the sintering temperature subsequently, it cannot be completely
removed even when théy are sintered at 950 °C. Therefore, columbite approach

substantially aids in suppressing the pyrochlore phase while promoting the




348 to 370 pC N. 15 Exanple 7 (conparative) Exanples 7 is used to
illustrate the effect of using colunbite precursors on pronoting the
perovskite phase formation in C5. 20 In Exanple 7, all the single netal
~oxi de powders including MJO, ZnO N O, Nb205, PbQ Ti02, and Zr02, are
directly mxed together through the sane ball nmilling process w thout
goi ng through the -col unbite approach, {followed by the sane calcining and
nmoul d pressing to forn1pe||ets and ceram c sintering 25 procedures with
what has been described in Exanple 1. Figure 8 presents the XRD results of
t he sanplpesovskitexphapé én the Afrhplex cerdid@smpbsiiidis AGhisiavbRgsH. pPyrochl ore
phase and many unreacted oxi de phases are observed. Al though the

pyrochl ore phase is significantly reduced by 30 increasing the sintering
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CLAIMS 1. A ferroelectric ceranic material conprising a conposition
represented by the fornmula: wPb(Ni|/3Nop/3)03 - xPb(Zni/3Nb2/3)03 -

yPb( Mgl / 3Nb2/ 3) 03 - zPbZr03 - (1 -wx-y-z)PbTi03, in which 0 < w 1, 0 < x<
1, 00~y <1 0<2z <1 wx+ty+z<l, and 0.5 wx+y. )10 2. The
ferroelectric ceramc material as recited in claim1, in which y < 3. The
- ferroelectric ceramc material as rqugqg inclaimlinwiich 15y 0, and
'0.5:~ wx. 4. The ferroelectric ceram ¢ material as recited in claim2, in
““which w=0.10 to 0.45, x =0.10to0 0.35, y =0.1to0 0.15, and z = 0.10 to
0..15. - 2@LamMEhe ferroelectric ceramc material as recited in claim3, in
‘which w=0.10 to 0.45, x = 0.10 to 0.35, and z = 0.10 to 0.15. 6. The
ferroelectric ceramc material as recited in claim4, in which w= 0.10, x

= 0. 35, = 0,1 S 22 7. The ferroelectric ceram c naterial as
Teciton M o B TarRetiic st rEvter JoRprAsiH FoShhbsfofgeRimerite By 55
8. The ferroekmeforimulateramic material ‘as recited in claim4, in which 30 w

= 0:30, x = 0.10, é = 0.10, and z = 0.15. 9. The ferroelectric ceramc
material as reci¥@ (Nigalib2a)Qs 2, XPB(ZinelRe)P8-- YPO(Mg13Nboa)Os - ZPbZrOy -

(1-w-x-y-z)PbTiO3,
in which

O<w<1,0<x<1,0_$y<1,0<z<1,w+x+y+z<1,and

0.5 < wx+y.
2.. . The ferroelectric ceramic material as recited in claim 1, in which
0.1y < 1.
3. The ferroelectric ceramic materia! as recited in claim 1 in which
15 y =0, and 0.5 < w+x. |
4, The ferroe!ectri_c ceramic material as recited in claim 2, in which
w=0.10100.45, x=0.10t0 0.35, y = 0.1 t0 0.15, and z = 0.10 to0 0.15,
.20 5. The ferroelectric ceramic material as recited in claim 3, in which
’ w=0.10 to 0.45, x = 0.10 to 0.35, and z = 0.10 t0 0.15.
6. The ferroelectric ceramic material as recited in claim 4, in which
w=0.10, x=0.35,y = 0.15, and z = 0.10.
25
7. The ferroelectric ceramic material as recited in claim 4, in which
w=0.20,x=0.20,y=0.10, and z=0.15.
8. The ferroelectric ceramic material as recited in claim 4, in which
30 w=0.30, x=0.10, y = 0.10, and z = 0.15.

9, The ferroelectric ceramic material as recited in claim 4, in which




w=0, 40, x 0.10, y=0.10, and z= 0.12. 10. The ferroelectric ceramc material.
as recited in claim5, in which w®O0.45, x 0.10, and z 0.13.- 5 11. The
ferroelectric ceramic material as recited in claim1, further including an
oxi de of valence 2 netal elenent represented by a general forrmula of A
2+0. 2+0 10 12. The. ferroelectric ceramc material as recited in claim11,
In which the Ais selected froma gr ouy %{consisting of PbO MO ZnO, NO or
conbi nations thereof. 13. The ferroelectric ceramic material as recited in
claim11l, in which the oxide 15 of valence 2 netal el enent has an anount

of about 1 %in wal@40l4=0he, {ero9el aedzicoaeramc material as recited in
claim13, in which the oxide of valence 2 netal elenent is MjO 20 15. An
el ectronic device fabricated froma ferroelectric ceramc material as

recited i cl Wh@férroﬁe%ﬁ%&ggamlc R{eﬁggélie@r %{1&3 ﬁe%ﬁ%&ﬁl am ¢ mat eri al

as recited in clal m°T conpri sing pre b206 and

Ni Nb206 precurscms;OJﬂthu&gOﬁl@eapdec:uOﬂ@s wi th PbQ TiO02 and Zr02 to forma
m xture; and calcining the mxture. 17. The nethod as recited in claim16,
i n *which the MgNb206 precursor is 30 prepared at a tenperature of 950 OC

to 1050 4. 1&"{193@%0@?&0'&@0@:%%@%5@9&%??%@ig@&%la:@%%@ér%ﬁu&ﬁb‘%p6

precursor Is prepared at a tenperature
oxide of valence 2 metal element represented by a general formula of

AZO.

- 10, 12, . The ferroelectric ceramic material as recited in claim 11, in which the A>*Q’

is selected from a group consisting of PbHO, MgO ZnO NiO or
combinations thereof.

13.  The ferroelectric ceramic material as recited in claim 11, in which the oxide

15 of valence 2 metal element has an amount of about 1% in mole

14.  The ferroelectric ceramic material as recited in claim 13, in which the oxide
of valence 2 metal element is MgO.

20 15. An electronic device fabricated from a ferroelectric ceramic material as
recited in claim 1.

16. A method of preparing a ferroelectric ceramic material as recited in claim 1,
comprising: _
25 preparing MgNb,QOg, ZnNb>Og and NiNb.Og precursors;
mixing the precursors with PbO, TiO, and ZrO, to form a mixture; and
calcining the mixture. | |

17. The method as recited in claim 16, in which the MgNby,Og precursor is
30 prepared at a temperature of 950 °C to 1050 °C.

18. The method as recited in claim 16, in which the ZnNbsQg precursor is




19. The method as recited in claim 16, in which the N Nb206 precursor is
prepared at a tenperature of 950 OC to 1050 OC. 5 20. The nethod as recited
in claim116, further conprising addi ng an oxide of valence 2 netal

el ements during mxing the precursors with PbQ Ti02 and Zr02. 21. The

met hod as recited in claim?20, wherein the oxide of valence 2 netal 10
elenents is selected froma group consjigsting of PbGQ MO N O and ZnO 22.

. The method as recited in claim21, wherein oxide of valence 2 netal

- elenents is MJO and with an anount of 1 %in nole. 15 23. The nethod as

reci ted prepeiretiat adempeestatenof 150 epitggsoi-cyal ence 2 metal el ements is to
pronote formation of perovskite phase in the ferroelectric ceranmc

material. 24. A bulk ferroelectric ceramic fabricated froma ferroelectric

ceramic Hgteri ¥ epa y: t he: od. 112G N | aj 6. 25. A
ferr oel_'eclzgt§ ri crrg%r gr%ﬁ%?:&q %%Cf(é%ﬁﬁprﬁnf g%r"ﬂgﬁ’eﬂl f%‘?h c')%gh%glﬁ'rhioﬂé%c?ﬁgysco ramc -
mat er i al ppeprad ed alignipeeatord bDESGSCredi0BOEC,. N claim 16. 25 26. A
ferroelectric multilayer ceram c device fabricated froma ferroelectric

ceranic material prepar ed by the nethod as recited in claim16.
20.  The method as recited in claim 16, further comprising adding an oxide of

valence 2 metal elements during mixing the precursors with PbO, TiO; and ZrO,.

21.  The method as recited in claim 20, wherein the oxide of valence 2 metal
110 E _elements is selected from a group consisting of PbO, MgO, NiQO and ZnO.

22, The method as recited in claim 21, wherein oxide of valence 2 metal
elements is MgO and with an amount of 1% in mole.

15 23. The method as recited in claim 20, wherein the oxide of valence 2 metal

elements is to promote formation of perovskite phase in the ferroelectric ceramic
material.

24. A bulk ferroelectric ceramic fabricated from a ferroelectric ceramic material
20 prepared by the method as recited in claim 16.

25. A ferroelectric ceramic thick film fabricated from a ferroelectric ceramic

material prepared by the method as recited in claim 16.

25 26. A ferroelectric multilayer ceramic device fabricated from a ferroelectric
.ceramic material prepared by the method as recited in claim 16,




