- 1 - FERRCELECTRI C CERAM C MATERI AL W TH A LOW SI NTERI NG TEMPERATURE FI ELD
OF THE | NVENTI ON 5 The present invention relates to ferroelectric -
materials. In particular, it relates to ferroelectric ceramic materials
with a low sintering tenperature. BACKGROUND OF THE | NVENTI ON

Ferroelectric ceramc materials are used in various industrial applications
"as dielectric nmedia to produce el ectroni,c 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 ¢ mat er i BEERRCELBCTRIC i r |
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application of ferroelectric ceram-c material and | eads to high
~manufacturing costs, and even cause device failures. 20For exanple, in the
manuf act uFlkigD OB J¢HE INVENTIONI ayer capacitors and actuators, dielectric
Iaygrs made of ferroelectric ceramc materials are co-fired with the netal

- eleCtrode layers | am nated between the dielectric |layers. To withstand the
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or Platinum (Pt). The cost of the electrode | ayers made of these precious
materials is high, which can anounts to up to 80% of the total mat eri al
costs of BACKGROUNPOFIME RVENTION ay conpetitive in the industry,

manuf acturers are continuously seeking every possibility to reduce the cost
of The products they 30 nmake, one approach of which is to use high
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desirable to inprove the naterial and processing conpatibilities for
integrating a piezoelectric ceramic thick film as well as to reduce |ead

evapor ati on dRdrrgkdhigles i ttRe | MANBFREGHSy 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
multilayer 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 sinfering



" 15Several approaches have been proposed to reduce the sintering tenperature
of ferroelectric ceramc materials. These approaches include |iquid phase
sintering, chem cal doping, and use of nano-sized ceram c powders. Wile

t hese approaches may reduce the sintering tenperature, the properties of
the ferroelectric ceram c devices, in particular the piezoelectric
properties of the 20 sintered material_ are seriously conprom sed. As such,
ferroelectric ceramc materials preparéh“by t hese approaches may not
satisfy the requirenents for fabricating the electronic or
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material may further | nc val ence net a
represenf@ﬂudﬁ,/leadmpoamldmdmmwhdSIAﬂaﬂhg progcessli ng to enbodi ments of the
present invention, A2+0 may be Pb0O, MO, ZnO or N O or conbi nati ons

t hereof. 25In accordance with a second aspect of the present invention,

there is Several approaches 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 df the

ferroelectric ceramic devices, in particular the piezoelectric proberties of the

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

materials prepared by these approaches may not satisfy 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.
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provided a method for preparing a ferroelectric ceramic material, which may
be used for fabricating electronic conmponents or devices with a sintering
tenperature | ower than that of the conventional ferroelectric ceramc
material. Upon sintering, devices formed of the ferroelectric ceramc
materials prepared according to 30 enbodi nent of the present invention
possess excel |l ent piezoelectric propertjes. Devices fabricated thereof are
suitable for many industrial applicati'onhs including, for exanples, bulk
'ferroelectric ceramcs, ferroelectric ceramc thick filns and

= 4 - fer i am c devi ces. According to one
enbodi negmw‘f‘g\??%%%?@eﬁ%zoe and Ni Nb20e powder precursors are
prepared. MgNb206 nay be prepar ed by m xing MJO and 5 Nb2Cb. ZnNb206 may
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per ovsKi se and suppress e formation of 15pyrochlore phase in the

ferroel ecf?FB@ eclic Apanigs cierelectric Cefqi@icrﬂ.‘i&kefdmﬁ %ﬂ‘ééelﬁmlecmmult%sser
accor di nggly. e@Loents of the present invention nmay be used to fabricate

" electronic devices In many industry applications. The sintering tenperature

|swsuccessfully reduced to a level suitable 20 for the |ow cost Ag-based
el ectr odes. the n&a ect roni c devices fabricated fromthe

ferroel ectri c &E‘i’é‘i gshéﬁl?)‘?‘alq{dh?@@%dﬂm@ dherenis providen
t p
invention W@ﬁéél‘é‘étr@‘ééﬁrﬁ&eﬂiﬁemyﬁ)hﬁl mcﬁbofé r%] resencﬁhl nve%t general |

~properties. 25 her aspects and advant ages
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conj unction wth cco dr i Ll ust ratl ng by way of exanple
the i nver(?? v'e(%é}fgtgﬁpa Ywﬁg’%pd) ésg\éfﬁt"’vﬁﬁg?ﬁ 1ol =Y <1, O grih WERERFPTI.ON OF
THE DRAWdN%g@ éegd ot her aspects and advant ages of the present

i nvention wl cribed in detail with reference to the acconpanying
drawi ngs, in V\/m ch.

_ Preferably, w = 0.10 t0 0.45, x = 0.10 10 0.35, y = 0 to 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*QO may be PbO, MgO, 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



Fig. 1Ais a flow chart showing a nethod for preparing a ferroelectric
ceram c material according to one enbodi nent of the present invention;

Fig. 1Bis a flow chart showing a nethod for fabricating a device fornmed of
10a ferroelectric ceramc material according to one enbodi nent of the
present invention; _ Fig. 2 is a chart showing a

Pol ari zation-Electric Field curve of a tfest sanple forned of a '
ferroelectric ceramc materi al accordrﬁb_to one enbodi ment of the 15present
i nvention; Fig. 3 is a chart showing a Piezoelectric

Coef fi ci %?foéiéﬁtﬁé Wﬁ“%ﬁ{%%ﬁ%f‘*%@%@ﬁ%%’-e of a test sanple formed of a

ferroelectric ceramc ng to one enbodi ment of the present
i nvention; 20 Fig. 4 is a chart showing a D electric Constant and
Dielectric loss - Tenperature curve of a test sanple fornmed of a

ferroel ectric RESUANS Hhose smbocipeat. distly MaNkefdso dnipaOn RNdhBiNbEent

i nvent i onsowW@s K ? | th O e formed
of o for readd hocarcots 8F Brofi¥olf, MEREIORME e PlsheReryisfiing MO B
present iNbgdd.i daNb:Os may be prgpgred bysmixirghZnO ahdwWillnga NN O 2A4Y @3 -

El ectric fFj el rve, of a.test sample forned of a ferroelectric ceramc
mat eri al %Hgﬁgfedfﬁg mg'%gl'énﬂ%mﬁ?ofh?ﬁ? F-e&?g?r—q(?‘ﬁ%?ﬁsi e, mixeds with

Fig. 7 i PROCTIDS afi8 ZHOI%0 Joith ZABUAR." The TRBEAreCAR hen @‘ié& 8htYhicined
Tenperature curve of a test sanple forned of a ferroelectric ceramc

nmat eri al ‘@dedrdhaiprieslecisc sermiomaterisl. t he present invention; 5Fig. 8 is
“an X-Ray Diffraction pattern of a test sanple forned of a ferroelectric
cerami c material derived froma conventional preparation nethod;

1o According to one embodiment, during mixing of the MgNbsOg, ZnNb,Og
" and NiNb2Ogs powder precursors with the PbO, TiO, and ZrOs, an excess amount
~ 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 métal elements
helps promote the formation of perovskite phase and suppress the formation of
15 pyrochlore phase in the ferroelectric ceramic material.

Ferroelectric ceramic {haterials 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 materials according to embodiments of
the present invention possess advantageous physical, electrical and chemical
_properties.

25 Other aspects and advantages of the present invention will become
apparent from the following 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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- 7 - DETAI LED DESCRI PTI ON OF THE PREFERED EMBCDI MENTS

bel ow shows conpositions of ferroelectric ceramc material sanples
illustrated in Exanples 1 to 5 according to enbodi ments of the present
5i nventi on. These conpositions have the general formula: WPNN - xPZN -

- zPZ -

Table 1

yPWN
(1-wx-y-z)PT where PNN is Lead N ckel N obate, Pb(N v3Nb2/3)03;

PZN is Lead Zinc N obate, Pb(Zni t3Nb2/?S)03; PMN i s Lead Magnesi um Ni obate "
Pb(Myv3Nb2, 3)03; PZ is Lead Zirconate ¥ PbZr03; and PT is Lead Titanate

PbTi O8.

In these conpositions, wis selected between 0.1 to 0.45, X is

sel ected @RIEPE’E&QIP‘FIO(N??TP}E %aqgﬁ\{é d between 0 to 0.15, and z is

sel ect ed bet ween

1 -wx-y-z

10

15

20

25

30

These and other aspects and advantages of the present invention will be

~ described in detail with reference to the accompanying drawings, in which:

Fig. 1A is a flow chart showing a method for preparing a ferroelectric

ceramic material according to one embodiment of the present invention:

Fig. 1B is a flow chart showing a method for fabricating a device formed of
a ferroelectric ceramic material according to one embodiment of the present

invéntion;

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

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

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;

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 — Electric Field curve of a test
sample formed of a ferroelectric ceramic material according to one embodiment of
the present invention;

nposition w PNN x PZN Y PW z PZ



PT O 0.45 0.10 0 0.13 0.32 C2 0.40 0.10 0.10 0.12 0.28 C3 0.30 0.10 0.10
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Fig. 7 is a chart showing a Piezoelectric Cosfficient — Sintering
Temperature curve of a test sample formed of a ferroelectric ceramic material
~according to one embodiment of the present invéention;

Fig. 8 is an X-Ray Diffraction pattern of a test sample formed of a -
ferroelectric ceramic material derived from a conventional preparation method,;



0.15 0.35 &4 0.20 0.20 0.10 0.15 0.35 C5 0.10 0.35 0.15 0.10 0.30 o
Tabl e 2 bel ow shows a summary of the properties of conpositions O to C5 of
Table 1, after these conpositions are sintered at different tenperatures.

20The properties include density,

remmant

di el ectric constant,

-7 —

Curi e tenperature,

DETAILED DESCRIPTION OF THE PREFERED EMBODIMENTS

Table 1 below shows compositions of ferroelectric ceramic material

samples illustrated in Examples 1 to 5 according to embodiments of the present
5 invention. These compositions have the general formula:

WPNN — xPZN — yPMN — zPZ — (1-w-x-y-z)PT

where PNN is Lead Nickel Niobate, Pb(NiysNby3)Os; PZN is Lead Zinc

o | | Niobate, Pb(ZnaNbas3)03; PMN is - Lead Magnesium Niobate

Pb(Mg1/3Nb2/3)Os; PZ is Lead Zirconate , PbZrOs; and PT is Lead Titanate ,
PbTiOs. In these compositions, w is selected between 0.1 to 045, 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.

18
Table 1
w X Y z 1-w-x-y-z

Composition PNN | PZN | PMN PZ PT

C1 045 | 0.10 0 0.13 0.32

C2 040 | 0.10 | 0.10 | 0.12 0.28

C3 0.30 | 0.10 { 010 | 0.15 0.35

C4 0.20 | 0.20 | 0.10 | 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
C5 of Table 1, after these compositions are sintered at different temperatures.
20 The properties include density, dielectric constant, Curie temperature, remnant

polarization, and piezoelectric constant das.



pol ari zation, and piezoelectric constant d33. - 8 - Table 2 SinteringBulk
Di el ectric Conposi Tenperatu Density Constant tionre (t) (g/cnB) Kat 1 kH
Remmant Curi e Pol ari zati on TenperaturPi ezoel ectri ¢ constant, (pCN)

Cl 7507. 7516313. 335 8007.8724036. 707151 8507. 8126558. 652160

9007. 72290010. 085145164 9507. 60318111. 567106

-8—

Table 2

Remnant Curie
Sintering  Bulk Dielectric Polarization Temperatur  Piezoslectri
Composi Temperatu Density Constant, at25kV/cm e at 1 kHz c constant,

tion re (°C) (g/em® Kat1kHz (uC/cm?) (°C) das (pC/N)
o1 780 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 800 742 2578 6.808 122
830 7.68 2807 7.893 123
850  7.65 2954 8.608 140
900 763 2999 9.088 139 158
950 759 3126 11.670 126
c3 800 6.46 1213 4.291 123
830 755 1188 5.356 137
850 763 1693 7.285 138
900 752 2233 12.249 183 266
950 7.26 1955 13.581 376
ca 800 6.87 1344 6.583 158
830 752 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
5 800 6.76 597 1.050 54
830 7.31 1274 3.338 131
850 7.67 1507 5.620 184
900 7.63 1842 10.555 242 393

950 7.58 2238 15.730 315




- 9 - Table 3 bel ow shows a summary of the properties of a nodified
conposition O5M in which an excess MJO of 1% in nole is introduced. Table
3 Sintering Remmant Curi e Piezoelec tric Tenp- Bul k

Di el ectricPol ari zati on Tenperat constant, Conpo-
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. Table 3 below shows a summary of the properties of a modified composition C5-
M, in which an excess MgO of 1% in mole is introduced.

Table 3
Pieéoefec
Sintering Remnant Curie tric
Temp- Bulk  Dielectric Polarization Temperat  constant,
Compo- erature Density Constant, K at 25 kV/ecm  yre at 1 daa
sition (°C)  (glem®) at1kHz  (uClem® KkHz (°C) (pCIN)
- 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 illustrated 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) starts from the synthesis of

15 MgiNbz0Og (MNO), ZnNb2Og (ZNO}) and NiNbaOg (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 pm sieve. These



erature Density Constant, K at 25 kV/cnure at 1 d33 sition (C) (g/cnB) at 1
kHz (gCcm)kHz (C) (pCN C5-M 800 7.58 1938 6.489 209 830
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powders are compacted and calcined at a temperature of 950 °C to 1050 °C, for

example about 1000 °C, for 2 hours to form single columbite phase according to

the X-Ray Diffraction (XRD) result (not shown). The calcined powders are then

~ crushed and milled in ethanol for 8 hours using the same agate container and

5 milling balls. The powders are then dried ovemight at 70 °C, and collected
through a 90 p.m sieve. |

To prepare ZNO powder precursors, as shown in block 120, stoichiometric
amount of high purity starting oxides, ZnO (Kanto Chemical, 99.95%) and Nb,Os
L0 - (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 pm sieve. These
- 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 pm sieve.

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

20 amount of high purity starting oxides, NiO (Aldrich, 99.00%) and Nb;Os (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 powders 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 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 pm sieve.

30 For the phase synthesis of C5, stoichiometric amounts of various oxides
PbO (Kanto Chemical, 99.90%), TiO2 (Kanto Chemical, 99.90%) and ZrQO, (Kanto



7.69 2024 8.100 248 850 7.81 2199 10.442 266 900 7.93 2213 12. 833200 325
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Chemical, 99.90%), together with the pre-synthesized columbite powder
precursors MNO, ZNO and NNO and an excess of 1% of PbO by weight are

mixed through a ball ‘r-ni}-ling process for 24 hours, as shown in block 140. The bal

| milling process is conducted in ethanol using a planetary mill with an agate

s . container and agate balls as the grinding media. Upon completion of the milling
process, the powders are dried (block 150), compacted and calcined at 800 °C for

30 minutes in a covered crucible to form the calcined powders.

_ Fig. 1B shows a process 170 for the fabrication of the test samples from

.L_O the ferroelectric deramic material. The calcined powders with C5 composition are
compacted (block 172) into pellets in a mould, together with another 1% by weight
excess PbO and 5 wi% PVA (polyvinyl alcohol) binder. After the organic binder is
removed at 400 °C (blbck 174), the pellets are sintered in air at a temperature
from 800 °C to 950 °C for one hour (block 1786). |

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 electrode 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 analyzer from
100 Hz to 1 MHz at room temperature. In addition, the temperature dependences

25 of the dielectric properties 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 da; is measured with a piezoelectric dgs meter at a

30 vibration frequency of 110 Hz.

XRD results exhibit single perovskite phase in C5, when the sintering



950 7.88 2295 17.192 360 S Exanples 1 to 5 are described below to
i1Tlustrate the preparation nethod of ferroelectric ceramc nmateri al
conpositions shown in Table 1, according to enbodi ments of the present

i nvention. ioExanple 1 As illustrated in Fig. 1A, a preparation

‘met hod 100 of the ferroelectric ceramc material of conposition C5 with the
conposition as specified in Table 1 ((_).,I OPNN- 0. 35PZN- 0. 15PMN- 0. 10PZ- 0. 30PT)
starts fromthe synthesis of 15MgNb206 'CMNO), ZnNb206 (ZNO) and Ni Nb206
(NNO) powder precursors. To prepare MNO powder precursors, as shown

(Kanto. CremPerfs TG00T B30 Kb B the Sxprftidloab 304 EhA SRR,
et hanol deiTeple2p tfaﬂeoamosiiwcrii lsmlmﬂ93é® to ¢ nRaxiowns deg\%%?sﬁégrglecﬁ?ﬁgﬂag?fgé
i a
at 70" L% Rk sinite Bttt ea0 £ Tenasto BENGH Seflinmiin donsity
conpact ediuantb Qaélighﬂﬁfbsaéf ﬁaa‘iﬂ%}ﬂéﬁi Lﬂ)@!é?ﬂ‘tn@é@ngahf) ahg%nﬁarﬁ (Piéﬁfaiﬂi’in[ he

about 10Q0 C, for hours to form single colunbite phase accor
X- Ray Di fllﬁfﬁr&@ﬁeaﬁlﬂq Hreosintedng tenperatsrefiom 800e°C at 850, panm;mmee yhen

cr “ShEd 08 ifgrb Sl LR RAIRRARP nbCrath 5%'wﬁ1 YR % sm‘?enn‘cﬁem A SO Y
°C, the dielectric constant and remnant polarization are 1842 (1 kHz} and 10.6
uCf/em? (as shown in Fig. 2), respectively. The dielectric loss for alt the samples is
generally below 4% around room temperature, The piezoelectric coefficient das for

Lo CS5 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 from 6.87 to
7.59 g/cm®, 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 1900 (1kHz)

25 and 357 pC/N (Fig. 3), respectively. The remnant polarization increases with
sintering temperature until 950 °C, and is 13.9 pC/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-



S mlling balls. The powders are then dried overnight at 70 C, and
coll ected through a 90 gm si eve. To prepare ZNO powder precursors, as
“shown in block 120, stoichionmetric anount of high purity starting oxides,
ZnO (Kanto Chemical, 99.95% and Nb205 10 (Kanto Chem cal, 99.95% are
m xed in ethanol using a planetary ball m |l for 24 hours, in an agate
container with agate balls as the grinding nedia. The mlled powders are
then dried at 70 C and col | ected throuéﬁ‘a 45 gm si eve. These powders are
- conpacted and calcined at a tenperature of 750 C to 950 C, for exanple

The xeo RstOR e SoPRED IeP2 RNl ke D bichreluPad To@RER ok’ pame

mlled i pretdesing rduie a8 duneribet $h EXahipe 3aMe agate container and mlling
balls. The powders are then dried overnight at 70 C and collected through a
90 rimsieve. To prepare NNO powder precursors, as shown in block 130,

500009 and NCSETQ R Taght 2T a8l 5300 Bl FiEfagdls o £1R35,

pl @net ar 763 ¢/om’ | whéwr siateringu temperaorea frafreasssn frim eB0Mitbhssg e bpbhs as
through Srenfg A & ighSr RrmeSubRier bave 850 ondre ensiy dhes natdnerase
t enper at W@ shghtib@éclines] Pvever fBE MXAMUIMA HdBtlic constdGofcd i%{)ob‘%?ihghir s to

form single col unbite phase according to the XRD result (not shown he
cal ci ned afi6n@intsring at Fedwhiah ish2B3idtlleHzn Téeheemaharitopolaribatiors andi ng

*over i nPIAOSRAEE ARl Tiicrdase iR Rteriog i QR niT'oBe 2 ansl e

990909 , ak@UH.EUIC/ B r n ' c ! ?,35% IMNO,
ZN?) and ﬁm__and%gwg&i{%gg qt:@;/?%,’f *%E%btﬁ)‘gé'%’e?%hﬁ?@ﬁ@ méyetgrzf meo g rﬁgjr%al I

mlling gepeadencaof the Hialecric avnstenrindinatelsablat 18 cofipmoditidon hasld Coge
process | t i ho Lt hanpl usi a planetary mll with an agate 5
cont ai ne:’g@ﬁg@g%éﬂéﬁl & Sﬁﬂ@nd?i?:?%i%g medi a. Upon conpl etion of the
mlling process, the powders are dried (bl ock 150), conpacted and cal ci ned
at 800 C for 30 mnutes in a covered crucible to formthe cal ci ned powders.
Fig. 1B E¥@MP!84process 170 for the fabrication of the test sanples from 10

the ferroelectric ceramic material. The cal cined powders with C5
conposition are conpacted (block 172) into pellets in a nould, together

wi th anot her Uérasisvai@ghposiienss2Py apdchicdt M R\ébié ppl?c./imwde)%PZN-
bi nder. After the aorganic binder I1s renoved at 400 C (block 174), the

pel | ets SrEORMAQICEZ-0.28RT)atmay bemseduced throughtBecme pwscessing route hour

var L ous FESSEEPeddo ExdthREl 1 A8 S §E TaBle e dehSh 0%, Eireeaere

opposi t eirredseetn tranchakimenh w4lub2f 768 @/dra? WHIresihiair) leass@tre i @30 t he
t est sarrpbe for ,eil ectrical testing. 20The properties of the test sanples
ar8 inves ig%sfé&" _etfie|qanstantdiomerard torBd2a ds obtaineddna breadiptasessinged on

t he Archi | RC Ioeel et ki i har acteri zed
with an SORPRIANE BN Sf 500 18D 3C; TR, RUBRALS HefariaRRh, 8hd Feeaetic
propert i esefiicentrers ut®d J;(S(dm? &Fiﬁ! PPeRRNGSs PO TEih. B) orashRRtitily! forliniHz at
roomtenperature. In addition, the tenperature dependences
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



25 of the dielectric properties for the sanples sintered at 900 C are

exanm ned fromroomtenperature to 350 C, at several frequencies from 100 Hz -~ -

to 100 kHz. Before the neasurenent of piezoelectric properties, the test
sanpl es are poled under an electric field of 25 kW cmfor 20 m nutes at 125
Cin silicone oil. Then, the piezoelectric coefficients d33 is neasured
wWth a piezoelectric d33 neter at a 3p¥%grati on frequency of 110 Hz. - 12
- tenperature is above 830 C. Fromthe éexperinental data for 05 as -

sumari zed in Table 2, this conposition is sintered to its maxi numdensity

7.67 glceg, E!Llig&5@ieig&ﬂccéoﬂﬂt&'ﬂe?rozﬁ g%dhﬁgl %@g%a{)%ﬁ\eﬁ iﬁS%&H0g$§$gé0 a

slight decline in density due to conte tric
const ant temgerainreanangsolohiB0Pat 950 POcThasenwiart gdiarizdtioheand pi¢srdsstatur e

f 2. i b he | ' [1i ni d i
or owt he GPETCIE, afee F I e L gy 2L 89 Uob PE/N. (g aBE| @eppetvens or dne  and
remant gahlb Zahtefdd 3 DOEBAE. @%nﬁ@bttﬁ??d%g@eﬁ%cytﬁeaaie?m% c{o@ns@gﬁ' 2),

respectively. The dielectric loss 'for a sanpl es 1's general ow 4%
~ar und r éificalespbeahthis compuesititre hae| & Quriectaropéibtuiccott 14330 ars slvov@d iaf ter
sinteri n_g:igiallt4 900 Cis 393 pCN. Tenperature dependence of the dielectric
constant ifidi'cates that this conposition has a Curie tenperature of 242 C,
as shown in Fig. 4. Exanple 2 15 . Anot her conposition C4 as specified
in Table 1 (0.20PNN-0. 20PZNO. 10PMN- 0. 15PZ- 0. 35PT), may be produced through
the sane5¥@BWI8& ng route as described in Exanple 1. 20As shown in Table 2,
the density of 04 test sanple increases from®6.87 to 7.59 g/cns, when the
sintering tenperature increases from800 to 850 C. Upon sintering at a

~hixgher  t enper &ixgpes abiles @sealEnce PermdesisdlemeBes majObe iatRIcaABBHIoS Ithght | Y
decl i nes.. However, the n%%l mum.di el ectric constant and pi ezoel ectric

coef fi ci SIMCHRE PRICERSaBd HaTAatoR: 1 dhe frerpuskitey Phaseoacerding th aafusthes00
(1kHz) 2apmydi J H 25 pectd: g ) lari zation
i ncreas eg_ W t ﬁ'%sélﬁ%?gqgn%@sg%@gp g‘rgé ﬁq'ﬁyﬁéfopg,bﬁgnoégﬁ Z}B%gﬁrg %‘ﬁﬂ% Tafter
si nt er i n§imtadnoexcesTalfigd, Nkhdard ZnQ)carnT bepaddddifer tepeadrnparsset he

di el ectri onst.ant i ndj es.t.hat this_copposition has a Curie tenperature
of 219 6!59‘3@"’4% wﬁ"?"rPﬂ”é.ﬂ ﬂad@@%ﬁﬁﬁ%”%e o gxplain the procedure. |
01320PZN- 0. 10PMN\- 0. 15PZ- 0. 35PT), may be produced through the sane processing

route as described in Exanple 1. As shown in Table 2, the density of C3
test sanpl e i k&repRYEOR Mgichds 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 Exampie 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 resuits 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 pyrochiore 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



5 7.63 g/cnB when sintering tenperature increases from800 to 850 C. Upon
sintering at a higher tenperature of above 850 C, the density does not

i ncrease but slightly declines. However, the maxi mum di el ectric constant
for C3 is obtained after sintering at 900 C, which is 2233 at 1 kHz. The
remmant pol arization and piezoelectric coefficient increase with sintering
tenperature until 950 C, and they are_%%uﬁ p.cn2 and 376 pC N,
‘respectively, as listed in Table 2. Tenperature dependence of the
dielectric constant indicates that this conmposition has a Curie tenperature
of 183 Ctheseshmdinin theFitteridg téas hC conposition C2,
as specified in Table 1 (0.4 PNN?g&ggg?ﬁ%éfégé%nglz Z-0. 28PT), may be
produced t hrough the sane processing route as described in Exanple 1. As

h in Tabl 1S4 t l e i to th [
Vatue of 7 o8 oG BePIES, he ekl G o G507 H65reaSep doraiBRBot 1 o
const ant tor22925t81t kH312h iincrebkRignethté M@ tERpRIaDFOFRTA! 860 tt@”@ﬁ(? adgir
range of ;800-950, C. e.remmant polarization and pi ezoel ectric coefficient
ar € 10. o_CgQB‘BﬁF?P ?‘?i%’?h’ B)is hriieyed ther exeesy Mg, addiipeoesults yn drdarced
sanpl e Siigesi BondRie.C. THMEHBLHIE RERARIAS, O WIE GRISE! IdhcEoet ant

indicates that this conposition a Curie tenperat hown
i( n 25Fi gindicatesahpt thes Cosiedeinperatupe oif ﬂaalgl Gl 20%SngﬁéLrbhﬁtéﬁit rpﬁmtﬂa%oﬂa
0. 45PNN- 0. 10PZN- 0,.13P7-0. 32PT), .may. be produced through the sane
pr ocessi ﬁg (%%I}t% én%%g88§c"f"ﬁb&?‘r?ﬂs'ﬁﬁaﬁ’%ﬁe&'”ﬂ. temparRBig. ARdTthel alge ishk.2
density /&3t : i S LB ) | ug, of 7 q/cn8 when
D et ot gF 956°%7%as BnbR FF To Y L PIb A Wi Prsieodos

sintering tenperature is 800 ectric
t 003181 MgQlie &Hbl the remprat pelsiriagtiore ipienprovee corfigeedwihD5in B@niple The

remmant Rol-@gri zati and piezogl ectric coefficjent are 10.1 pC/cnR (Fig. 2)
and 164 C/-Ilé\fl{e( é?‘g."ggﬁe, 'ﬂcé%\;%‘a from) ?,09f‘8r ggﬂ@%%w@ EiCrRasieg the Wwleriog
Tenper at wrapeenandaoas 8ob tb pel agtdH i Y t i
conpositi anha's a Curie Perrpr%(gtﬁ’r g%oéﬁo%vigﬂ{éﬁ‘fagls&_gh% I e7|si__| é"%h.r&lﬁiﬂpl e 6
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sinteringRr. CERP ne formation of the perovskite phase, according to a
further g’ﬁgtg' n‘?é)(ﬂj the present invention. Addition of PbO is described

insExanmple 1. Simlarly, excess MJO, MO, and ZnO can be added for the sane
purpose. In Exanple 6, excess MJO addition is described to explain the

pr ocedur Example 7 (comparpihea)ti on C5-M which is sinilar to C5 illustrated in
Exanple 1 except for a small excess anount of MO doping of 1% in nole, may
be produced in a simlar preparation procedure as described in Exanple 1

and in conj un&xaaiples Thiskised tbAlludratadHb tdfRRR b MBRg(EAMBIERRELGabrs 89 99%

is added _in the stage of | _
promoting the 8erovskzte phase formation in C5.

20

In Example 7, all the single metal oxide powders including MgO, ZnO, NiO,
Nb2Os, 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 peliets, 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 they are sintered at 950 °C. Therefore, columbite approach

substantially aids in suppressing the pyrochlore phase while promoting the



20 mxing the precursors with Pb0O, Zr02, and Ti O2 powders, as indicated as
block 142 in Fig. 1 with a dashed |line. The other processing steps and
conditions are the sane as those in Exanple 1. The XRD results of C5-M
powders after calcine at 800 C and test sanples 25 nade of C5-M
conpositions after sintering at 800-950 C are presented in Fig. 5.
Perovskite phase significantly dom nates. over the m nor pyrochlore phase in
t he cal ci ned powders, and a single perovskite phase forms in the test
sanple after sintering at a tenperature of 850 C and above. The density of
the C5- M pesivskidaphesé Nt iRASHBpMIXidard bBsitisi i rature from
800- 900 C? as listed 30 in TaB|eu%?mgﬁég?ﬁgagggﬁgeﬁ?ﬁ%gg%ﬁgBﬁs g/cnB is
obtained at a sintering tenperature of 900 C. There is a slight drop in

density when si 50 C. npared tg C5, the
additi on of exégbgﬁ?}g%rﬁr orm é)en5| fﬁ%%?ﬁbtlf“@fn onq(i%ve heen g@ﬁHﬁfQﬁj it t he
si nt er i ngcorjnpetian with rtheg@ccﬁmlﬁé}@nﬁg) #alidgs and desCiiséd Ghhd ?0'%@@ 3,
the diele truc o stant of C5-Mincreases from 1938 to 2295 at

i nCT easi né taid %’hﬁe?r'"é%l{ﬁ eeRpeciated ihab e ipventiortiswat lindited the | t

i s beli eveghbblahespsC addhlyi d dielectric
constant. The tenper :?Iﬁ?lggg%pe% gngg 0 b?aédl % S{clpﬁ‘lg%%@onﬁaém NgeeRtst es
that the 'mﬂif@atleﬁ@,ealmwesfarEBSMstﬂuﬁ’rﬂfb Withdinedeprmiag frope kiag it bPihé)f

C5-M i ncr easi ng.sinter tenperature, and the value is 17.2
P, C/cmZ @8}? ?%\M?l%rsghpoé{h %t 9& W@%*?W‘”@a‘ﬂ@@% and Fig. 6. Wth excess
MO in C5- Nl the remant polarization is inproved conpared with C5 in
Exanpl e 1. The d33 value increases from209 to 360 pC N with increasing the
sintering tenperature from800 to 950 C, as shown in Table 3 and Fig. 7.
According to Fig. 7, increasing poling electric field from25 to 40 kV/cm
d33 is inproved from348 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 1n Exanmple 7,
all the single netal oxide powders including MJO, ZnO, N O, Nb205, PDbO,
"Ti02, and Zr02, are directly m xed together through the sane ball mlling
process w t hout going through the colunbite approach, followed by the sane
cal cining and nmould pressing to formpellets, and ceram c sintering
25procedures with what has been described in Exanple 1. Figure 8
presents the XRD results of the sanples in Exanple 7. After calcined at 800
C, dom nant pyrochl ore phase and nany unreacted oxi de phases are observed.
Al t hough the pyrochlore phase is significantly reduced by 30 increasing
the sintering tenperature subsequently, it cannot be conpletely renoved
even when they are sintered at 950 C. Therefore, colunbite approach
substantially aids in suppressing the pyrochl ore phase while pronoting the



- 16 - perovskite phase in the conplex ceram c conpositions in this

i nventi on. Al t hough enbodi nents of the present invention have been
illustrated in conjunction with the acconpanying draw ngs and described in
the foregoing detail ed description, i}lfpould be appreciated that the
invention is not limted to the enbodi nents di scl osed, and is capabl e of
numer ous rearrangenents, nodifications, alternatives and substitutions

Wi t hout depgriy fromthe spirit of the invention as set forth and recited
by the followng claims. - 17 - CLAIMS 1. A ferroelectric ceramic materi al
conprising a conposition represented by the fornula: wPb(N t/3Nb2/3)03 -
xPb( Zni mMb2, 3) 03 - yP 1/ 3Np2/ 3)03,- zPbZr03 - (1-wXx-y-z)PbTi O3, in

Wi ch < wel1.) 0 Adepbelgetry ceramematens! coganing arampddian bR U IE | sy
and said ferroelgglid.c ceramc material further conprises an oxide of

val ence 2 netal elenent represented by a general fornula of A2+0. 2. The
ferroelectric cerawaOﬁaﬂﬁnhHh-a@bﬂéuhNbﬂgph-de@%&BNBWﬂOWhZEHﬁ@kI y< 1. 3.
The ferroelectric eranicpﬁg; rial as recited in claiml1, in whichy =0,
and 0.5 < wx. 4. TAEHKIEA F@%tric ceramic material as recited in claim?2,
in which w= 0.10 #Gylci5, x = 0.10 to 0.35, y= 0.1 to 0.15, and z = 0.10

to 0.15. 5. The ferroelectric ceramc nmaterial as recited jn claim3, in
which w = 0.10 to << 1x0=<x%<ip tys. 138 <and, ¥ =yt L ehd. 15.

0.5 £ wtx+y;
and said ferroelectric ceramic material further comprises an oxide of

valence 2 metal element represented by a general formula of A*"O.

2. The ferroelectric ceramic material as recited in claim 1, in which
0.1<y<L
3. The ferroelectric ceramic material as recited in claim 1, in which

y=0, and 0.5 < w+x.

4, The ferroelectric ceramic material as recited in claim 2, in which
w=0.10t0 0.45, x =0.10t0 0.35, y=0.1 to 0.15, and z= 0.10 to 0.15.

5. The ferroelectric ceramic material as recited in claim 3, in which

w=10.10t0 0.45,x=0.10t0 0.35, and z = 0.10 to 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.

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

w=0.30,x=0.10,y=0.10, and z = 0.15.



6. The ferroelectric ceramc material as recited in claim4, in which w=
0.10, x = 0.35, y=0.15, and z = 0.10. 7. The ferroel ectric ceramc
material as recited in claim4, in which w=0.20, x = 0.20, y = 0.10, and
z = 0.15. 8. The ferroelectric ceramclgraterlal as remted in cIa|m4 in
which w = 0.30, x= 0.10, y= 0.10, and Z 0.15. - 18 - 9. The
ferroelectric ceramc material as recited in claim4, in which w= 0.40, x =

0. 10, 0 10 ‘ |
reci teé in el ai m gf&md%erérgm %—g}%&a% E&?‘%@H&hﬁﬂg%%%l TBi erllla Tﬁz

ferroel ectric ceranmi=0.40txer 04D, ps B pbdd=hlZXlaim 1, in which the A2+0 is
sel ected froma group consisting of Pb0O, MyO ZnO, N O or conbinations
thereof. 12. The ferroelectric ceramic material as recited in claiml, in

which the qyi deTgE fRERER &rﬁﬁfc%atahﬁrae?émte@ﬁl ARnASDHREhied about 1%in
nmol e. 13. The ferroelectric ceramc material as recited in claim 12, in

whi ch the oxide ofwwdléhee 0.10pamml z 20dident is MgO 14. An el ectronic device
fabricated froma ferroelectric ceramic material as recited in claim1. 15.
A nmet hod of preparing a ferroelectric ceramic material as recited in claim

1, conprisiing: Ahepatdenatrtddh20R maAeflZ2RGedtd ilcherd A5 Whkh 38y A7 OMisxi ng t he
precursors with PbO, TiQ2 and Zr02 to forma m xture; calcining the

m xture; and adé¢leejechFomx i geoupt copgisting ef BbReMaO, elré?réﬂ&mammbigatﬁﬁ% ng the
precursors with 3 Ti 2 and Zr02. 16. The nethod as recited in claiml15,
in which the Ng Wg precursor is prepared at a tenperature of 950C to 1050
C.

12. The ferroelectric ceramic material as recited in claim 1, in which the oxide of

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

13, The ferroelectric ceramic material as recited in ¢laim 12, in which the oxide

of valence 2 metal element is MgO.

14. An electronic device fabricated from a ferroelectric ceramic material as

recited in claim 1.

15. A method of preparing a ferroelectric ceramic material as recited in claim 1,
comprising:
preparing MgNb, O, ZuNb,Og and NiNb,Og precursors;
mixing the precursors with PbO, TiO; and ZrO; to form a mixture;
calcining the mixture; and
adding an oxide of valence 2 metal elements during mixing the

precursors with PbO, TiO; and ZrO,.

16. The method as recited in claim 15, in which the MgNb,Og precursor is
prepared at a temperature of 950 °C to 1050 °C.



- 19 - 17. The nethod as recited in claim15, in which the ZnNb206
precursor is prepared at a tenperature of 750C to 950 C. 18. The nethod as
recited in claim15, in which the Ni Nb206 precursor is prepared at a
tenperature of 950C to 1050 C. 19. The dret hod as recited in claiml15,
wherein the oxi de of val ence 2 netal eﬁ enents is selected froma group
consisting of PbO, MgO, N O and ZnO. 20 The nmethod as recited in claim 19,

wher ei n OXI gle ot[hg eﬁg@ Sge%ﬁﬁ‘e@ 71 ﬂ@i@@%ﬂ?}?@?‘.ﬂ‘tﬂ Ab @mount of 1%

in nole. Thé e as rec e OXIde of

val ence 2 et al pﬁpﬁl@ﬁﬁtﬁté@&ﬂuﬁdﬂﬁﬂ&ﬁ@@ﬁ@t@.on of perovskite phase in the
ferroelectric ceramc material. 22. A bulk ferroelectric ceram ¢ fabricated
froma ferroelectric ceramc material of claiml1l. 23. A ferroelectric

ceramc thig A;Hhrro 'a%%&fédfusemra1§%rv%&f:&w1m9@£ﬁ%&sémgerIal of

claim1. 2 ectric multilayer ceramc device fabricated froma
ferroel ectric c prepaied atrateanpeattuef of 5&1°Ghtd 1050 °C.

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

elements is selected from a group consisting of PbO, MgO, NiO and ZnO.

20.  The method as recited in claim 19, wherein oxide of valence 2 metal

elements is MgO and with an amount of 1% in mole.

21.  The method as recited in claim 15, wherein the oxide of valence 2 metal
elements is to promote formation of perovskite phase in the ferroelectric

ceramic material.

22. A bulk ferroelectrie ceramic fabricated from a ferroelectric ceramic material

of claim 1.

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

material of claim 1.

24. A ferroelectric multilayer ceramic device fabricated from a ferroelectric

ceramic material of claim 1.



