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DENSIFICATION AND ELECTRICAL PROPERTIES
OF CONTROLLED STOICHIOMETRY PZT -

Kenneth Edﬁérd Crabtree
Inorganic Materials Research Division, Lawrence_Berkeley Laboratory
and Department of Materials Sc¢ience and Englneerlng,
' College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT |
.The inflﬁence of a controlled PbO‘atmospﬁere qur£ng ein;ering on’
_ the densifieatioﬁ and electrical propertiesbof‘uneeﬁed, niobium, and
tungsten doped samples of PbZr Ti 503 was studied. : Eiectrical proper—i
‘ties were found to be more strongly dependent upon”e;trinsic then:in;
’trihsic iefluenees within‘the singie phase regiOn. Substituﬁion’of.
W6+-occurs aﬁflevels sufficient to neutraiize'any eharged-bxygen_
vacancies Whieh may be present in the structure. ;Amoﬁnts in excess of

this substitute by a reduction mechanism.
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I. INTRODUCTION

Qutstanding ferroeiectriévand piezdelectfic'prOper;iesl have
created considerable interest in ceramics of the?péeudo-binary solid
solution serles PbZrO3-PbT10 (PZT) Three characteristic’ propertles of
ferroelectrlc materlals, d1e1ectr1c hyster651s, piezoelectricity, and
hlgh pcrnapt1v1tp provide many possible: electrical dev1ce applications
for these ma;erlals.z‘ Thé tolerance of this system for extensive ionic
subétitution}’ - _produciﬁg a wide -variation in physical and electricelp _3
' properties,-effords the'Oppqrtunity te manipulate:tﬁese properties for
specific device applicationu However, reproducibility of electrical
properties bf:pplycrystalline’PZT ceramics has beep &ifficult to
aehieve.loill' |

Electrical properties of'materialsvare known to be extremely
sensitive to=¢hanges‘in‘microstrucpufe and composi;iéﬁ.lz:vEffects'of
microstructure on electrical properties of PZT have been det:’erminedl3_17
and will nop‘be a subject of this investigation. Hewever, volatization
of_the Pbb eonsti.tuent_ls’l9 duringvhigh.tempefatqre pr6Cessing'detef-,
mines the deviation fpom stoichiometrp, making the finai composition
directly dependent upon high temperature proeessing parameters.' This
vaporizatioh has been suppressed by-hot pfeésinglsfzo epd-sintefing in
"the presence of a PbO atmosphere of various (and varylng) activities

nl 3 8 10 18 21 23 CAtkin et 81.8 found_ Co

determined by a packing powder
the diffusion rate of PbO in solid PZT to be éomparable to the evapora— .
tion rate from the surface in air. Tﬁds, carefui-use-of‘the "packing

powder" technique is necessary to assure that a constant PbO activity is

maintained by the atmosphere powder in close proximity to the specimen.
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” ‘Lééél.chéhgéémiﬁ.atmdSpheré can create unpfédictéﬁle,vnoﬁ-reﬁfdducible
changes‘in stoichiometry of the sample. bi |

It became feasible to manipulate the PbOvdefecﬁ-concentration by
employing'chglpécking povder technique wheh»the:fbo_vapor pressure
equiiibriazafgs
detefminedQ  Vépor_equi1ibration between a.sample.and a known cpnsﬁan;
" PbO aétivity created'by a ﬁgitiphasevpacking powde?'Qou1d pf@duce a .
sample of éoﬁtrolied, repfoducible sfoichiéméfry;-,The'purpose of this
'work is.tb-reia£e the éffécts of_microstfucture ?nd.co@positioﬁ on.the

_ electrical prbperties by employing this equilibration technique.

and nbn—stoichiometry25 in the PbZt03-—PbTiO3 system were
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I1. EXPERIMENTAL .. .

A. Sample Preparation - 3

The compositions chosen for this study were compounded allowing for

charge cbmpensation according to the formulas:

A%t (5% 0,

Pb [Zr Ti ] O,

P g9 L o (27 4ot 4oNPg2d 05

.

P oo [ g, (20 495“.495“‘?811 03 B
(Qhere D denotés é vac;ancy)'

Impurity levels of_the rah.ﬁaﬁefiélsiu3§a haﬁe beerisﬁown26 to'Ge_
insufficiént to effeét physical and_electéical»properfies of finished
speciﬁéns. The'sources'of,réw materials énd'éveragevparticle size as
determined by -a Fisher Sub-Sieve Siéervare'listed‘in Tablellzbélow;

Table I. Raw materials

‘Material (Supplier) _ ' S vSizé, Hm
ReacporvGrade ZrO2 (Wah Chang Co;) ‘ S . - 9.5.-:
T.G.A. TiO2 (Titanium Corp. of.America) ‘7 ' .- -0.6

. .- Reagent Grade PbO (Baker Chemical)' . .v'ﬂ . 1.0
NbéOs‘(Alfa.Indrganics) -

w03'(Alfa Inorganics)
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To increase reactivity of the ZrO2 powder, it was milled in a

neopréne lined ball mill with ZrOzvballs»for three déys in én'isopfbpyl

alcohol ﬁedium. Average particle size was theréby.reduced to 2.1 um, and

thelinorganic'contamination was removed by oxidation at_450°C for .10
hours.
5 After wéighing, the raw materials were mixed for two hours uéing

- an iSOpfopyl alochol medium in a plas;ig jar with’AlZO3 balls to

facilitate miiing and partiéle size reduction. Aftef-drying overnight  :

~at 80°C, the powders‘wére isostaticaily pressed into a slug and air

calcined in covered alumina crucibles at 1000°C for five hours. After

milling undef_the same.conditions used for mixing, the average partiCIe\

size of the calcined powder was determined as listed in Table II.

' Table II. Particle size of calcined powders

Size (ym) | : - Size (um)

Composition - First Calcine. Second Calcine
Undoped ' ' 5.4 o S _4;2

v Nb-Doped o ' q 4.4 - B R  _> 2.8

v W;Doped:7; , 5.0 o o35

In order to produce more homogeneous starting méterial and.obtain‘_

higher firedﬂdensities,?7 the material.wés‘again'caICined uﬁde: identicél

conditipns. After four hours of milling‘under the same conditionS.pre—
viously used, the organic contamination was removed by oxidation and

the average particle'size_of the_double calcined poyder determined ~

(Table II). 5eray analysis showed completely react¢d constituents and
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sharper PZT'peeks'than in'theeinitial caicine,
From cheeevsterting powders, samples wece isdsteciceily pressed
into cylindere 7/16 in. diameteér by 1-1/2 in.'lengph and loaded into
99.7% alumina cfucibles. Packing powders (TebleriII)iWere nSed tc com-
pletely snrround the specimens and fill the cfucibies-which»were tightly
covered to minimize PbO loss. The\crucibles were:chen lcaded side by
side into a fnrnace which was subsequently evacuafed endlbackfilled with
pure oxygen to enhance final‘stage sintering.28 Ac the times'épeCified,
the cruciblesnwere cboled and specimens were cut fnqm che slugs ueingve
diamonc saw;"The'remaining nart-of tne slugs wasvthen returned to its
crucible witnbe fresh packing powder and 'sintering continued. “

7

Table iII. Packing powders ..

- 1200°C | |
_Ponder | | CLPbO 'XPbO c
_ PZ.ST;5v+ w/o P | . . _v.25 o 0
PZ + 5 w/o Z | .08 .020
PZ T .+ 5w/o Z,T <.035 - >.025

5.5

B. Measurement Techniques

Density and apparent porosity were determinedfby;the ASTM water
displacement technique.29 Microscructures were decermined‘nsingva
‘Leltz metallograph to examine pollshed specimens which had been etched
in a 35% solutlon of HCl with 5 drops of concentrated HF per 100 ml, of

solution. Grain size was determined using the 11ne 1ntercept technique.
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X-ray diffraction patterns of powdered éamples wéfélﬁaken on a Norelco
diffractometéf using CuKa radiation scanning at 1/4°‘per minuté;‘
Lattice péraﬁeters were determined f;om?the center of gravitf at half
peak gntensiﬁy.

 66id electrodeébwere sputtered onto specimenéAfor eleégriéal.study.
Fgrfoelectfié data; reﬁn;nt polar#Zation (Pk) and cdgfcive fie1d (EC);'
was detefmiﬁed‘uSiﬁg'én "AC Looper;".a modified Saﬁyef;T0wer-circuit
- with an oscilloécope.display, Duriﬁg hightvoltagé'appiication,_séﬁples:‘»-
wefe sﬁbmergéd.in silicbﬁe oil to preventﬁsurfacé bﬁeakddﬁn. ‘Capacitanéé
and dissipatioh factor‘(D)‘were measured on a Genéfal'Radio:Type'1650-A
impedance'bridgé. Dieléctric constanﬁs‘(K)-were'caléulatedifrom

capacitancé data and sample dimensions using thevarmula:

electroded area’

x>
[

measured capacitance

(@}
f

sample thickness € permittivity of'free_space

0

o

- (8.85 x 1077 farads/meter)
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III. RESULTS AND DISCUSSION

A. Undoped PbZr.sTi.503

The physical and electrical behavior (Table IV) of‘the undoped con—
p031tlon dev1aLed 81gn1f1cantly from that of 1ntr1n51c PbZr T1 5 3
because of contamination introduced during:proeessing. Semiquantitative-
soectrographic analysis:of_powdered'samples.iﬁdicatedithat Significant,v'
amounts (0.7r;4a/o)bf‘A1203 had beed‘picked up.duriog milling. fForma?
tiod of a leadﬁaidminate liquid phase29 facilitateSlﬁhe rapid densrfi-
cation observed for thb cdmpoSitioh (fig 1). | |

Atkin‘z.3 prooosed oxygen vacancy compensatlon as.the charge balanc1ng
mechanism for substltut;on of Al3+ on the'[B ]‘81te in PZTf He also

" observed that';he presence of oxygen vacanciesrresrricts grain bbdndar§"
aod-domaid mobility. A typical photomicrograph of'aosundoped_compo_
sition is shown in Fig. 2-A. Microstructure study showsfﬁﬁat graiﬁ
groﬁth (Fig. 3) is effeotively codtroiled. However, discontinuousdgrain
growth is observed (Fig. 2-B) after loog times}ar a low PbO vapor
pressure. As'expecfed,'ferroelectricvactiVity'(Fig@VA—A):is'also sig- "
nificantly resrricted.' | | ”

' Properfres:of:materials fired in the'low PbO_activity packing
‘5T:5o+ 7 + T) are very sensitire to firing>time.7 Tﬁe“(ZOO)f

- lattice spac1ng (Flg. 5) of these compositions was observed to decrease

powder (PZ

31gn1f1cantly with tlme. A rhombohedral phase 1nd1cat1ng the low.
acrivitydside of tﬁe'single phase regl-on25 predomlnates in all,compo?
sitions fired 48 hours. Deterioration of‘dieleofrie proberties (Fig. 6);
commensurate_with increased porosity (Tabie:IV)‘is explaidedvby a series

capacit_:ance‘mode131 in which properties are essentially determined-by the



medium of lowest permittivity.

.By X—rey analysis, a small'amount.of e ZrOz.impurity,phase wes
detected in all specimens fired 30 hours or longer in the low PbO
activity atmosphere. The development of th1s phase 1nd1cates that the
localized PbO atmosphere surrounding the sample is not»that set at the
single phase houhdary The compOS1t10n of the packlng powder useo

5 3
boundary, but in the PZ/PT +.2 prlmary field. Equlllbrlum t1e lines

PbZr T1 +5 w/o (ZrOZ-TiO ), is actually not on the s1ngle phase

have not beenvdetermlned for‘thls region of the ternary phase diagram.
However, the phases actually-present in this paoking powder at'high
_ temperature are ZrO2 and a titania—enriched PZ T 5] phase whlch w1ll

determine the PbO activity of theﬁsystem. Since the_lead oxide

éctivity of'PZT‘deCreases:es the Zr/Ti ratio decreases,25 the equilibrium

PbO_activity oreated'by the packing powder is iowet'then;that*at>the .
single phase boohdary of PbZr;sTi.503 |

The samples fired ihihigher PbO activity atmosphetes eXhihit‘im.
proﬁed properties (Table 1IV).- The redUction of'poroSity (Table 1V) and
improved eleotricai properties obsefved-withvlonget firing“times
reinforce Webster'sl4 obserhatioh that pofosity”is the mos t sigﬁificént
factor'effeetihg,electricai properties.. The increased'ooncehttationZof
| highiy:polarizshle Pb2+ and 02- ions32 pay_aiso.egerthe secondary.in_

fluence in'thetchange of dielectric constantvwith_PhO defect concen-

tration. Dielectric'IOSses, indicated by the dissipation factor (Fig.,6)p

are lowest for ‘these compositions.




Table IV. Measured properties of undoped PbZr (Ti 0,

o S : R R - TC . (200) (002)

Packing Time  -Apparent Apparent Grain ‘ . " { _kcoul. [ kV\ Lattice Lattice

‘Powder (hrs)  Demsity . Porosity - Size K __.D(%)'(” ST ),' Spacing - . Spacing
. . . ) [ o

@ (m)

(4)

(a)

PZT + P

15

30

48

-7.70
7.85.

- 7.90

0.6
0.2

0.2

15
17

19

723

802

1017

0.5

0.3

0.5

3.1

2.012

©2.015

2.019

2.073

~ 2.068

'2.075.

PZ+Z

15
30

48

7.99
. 8.03

7.98

0.4
0.2

0.5

14

19

826
983

1040

0.4

0.8

0.8

"9,5:

5.6

407

4.3

2.5

2.014
©2.016

2.013

- 2.069
2,069

2.070

PZT+Z+T

,15:‘_”

30 .

48

7.85°
7.73

7.62

1.4

- 4.9'

0.5

8.5

10

701 -

441

.- 181

0.7

1.0

2.2

3.8

1.6

1.8

5.5

6.0

2.014 - -

2.013

Rhomb
2.008

2,069

2.071

2.070

_6..

0600

[
Py
£

n 7

L =

Nt
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" B. Niobium Doped Pb.gg[Zr.ang 49Nb 02] 3

SuBstitution of NbS+ onto the,[B4+1.siteief PZT,is compensated by
charged lead‘vacancies whichvineteaée domein bou'nd'a'r_yvmobility.:i1
Presence of the'A13+:iﬁpurity4in cemparable COncenttations will eteate
a coﬁpensatiﬁg effect.23 HoweVer, epectrographic-eheIYSis.indicates
that the dopant concentration of Nb (1.0%.5 a/e)'is Sfoicient te'
exceed the~1evel of compensatlon for-Al3+. Iﬁeagfeement with previeus
studies 8, 23 25 26, 31 is observed to be an effectlve grain growth
‘iﬁhibitor (Fig. 3). o

Ptopertiee (Table V) of saﬁples fired 15 hodtebih atﬁoséheres'df'
different PbO ébtivity remaine& remarkably insensitiﬁe to this yariable.
. X-ray studies of samples fited.in tﬁetlow PbO éctivitﬁ paeking powder
.(expected7to fotﬁ e'tﬁe—phase ﬁatetiai at equiiibrium) indicates that
tHe proeese ef eduilibratieh'ie}oceurriﬂg at avmeeh slower raterthaﬁ
densification. The quaiitative.yafiation.in eleetrieal ptbperties of
discs trom different 1ocatipne_on*a'fired slug indicetee‘that a speci-
men of this pefticular.sample geometry essentiall§_cteatee its own
. equiliﬁrium etﬁosphe?e atbehort‘firing times. | |

At extepded fipiﬁg times in e 1oW‘Pb0vactivity atmoSphere, deteriora_
tion of electrieal prdperties (Fig. 6)_aecompanieélghe{formation of'e
'two—pﬁase matefial with increased ﬁbresity, The higher PbO activity
atﬁospheres ptedﬁced eonSistently exeellent-ppopertiee (Taﬁie V). While
other pfoperties wefe'comparatle; the high activity-eide'of tﬁe single
phase reglon (PZT + P) exh1b1ts hlgher dielectrlc constants, lower

'coerc1ve fields and 1ower remnant polarlzatlon than sanples f1red in a

S



Table V. Méasured properties of niobium doped PZ

T

2.006

5°.5
e . | o ) PR Ec (2000 . (002)
_ Packing .~ Time . Apparent  Apparent, Grain ycoul. Ey_) Lattice Lattice
‘' Powder "~ (hrs) Density  Porosity Size K D(%) om? C - Spacing  Spacing
. : . "o 4 . o . °
o (%) v(um)_ 3 - (A) (A)
PZT + P 15 7.97 0.3 4 859 1.7 S22 7.2 2,013 - 2.066
30 8.04 0.3° . 7.7 983 1.7 20 6.9  2.013  2.068
. 48 805 0.2 . 1.1 1062 1.7 23 7.0 2.013 2.068
Ptz 15 7.9% 0.4 6.5 89 1.8 27 9.3 .2.013 . 2.070
730 8.00 . 0.3 8.3 791 1.4 25 10.4 = 2.015 2.070
48 8.01 ©1.0 8.5 904 1.7 25 10.5 2.013 2.069
PZTH4Z 4T 15 7.87 5.5 9.8 847 1.6 27 9.1 . 2.013  2.067
30 7.79 9.6 12.5 384 1.8 13 9.4  2.010 2.067
48 7.69 12,1 13.5 373 4 7  10.3  Rhomb - 2.065

-1T-

a00a

s,
W

it
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PZ + Z controlled atmosphere.

c. Tungsten Doped Pb’gg[ZrAgS'l‘iAg'S-W.Ol.]O3

Substitution ole6+ (;62‘Z)lis enpected to occur on the [Baf] site
in PZTiin conjunction;with a chargeiccmpensating_lead vacancy. This
has been‘substantiated by the:ohservaticn of decreased mechanical
'quallty factcr,33 »34 caused hy the presencevof_l_e'a.:d.yacancies6 formed
during W6 substitution., ln’agreement withnthe mcdel proposed by
Atkin;23 Takahashi observed33 3 tungsten tc‘be an effective grain
growth 1nh1b1tor.’ o |

| The results of this studyiare'in cppositicn tc‘this observation;

'fungsten was found ‘to be an ineffective ‘grain growth inhibltor (Fig 3).
.Thus, a mechanism of substitution of W6+ 1nto the PZT lattice must be
‘ proposed to account for the observatlons of this study.

The multivalence_(+2, +3, +4, +5,v+6) of the tungsten atom preSents
a likelyfexnlanatiqn fcr this'ohseryation; The natural tendency of atoms
tc reduce atlhigh'temperaturesysuggests-that such a ccmpensating mechanism
.'fOr’w6+‘éubsticution_may-cccur;”,The principal valénce:states for
tungsten\are i@ and'+6: -The equilibrium’Vapdr of.cxygen, calculated
from JANAF data.fordthe reaction R | |

| W02.72 iz_@ﬂ%.’wo’z“ + v.36vo2 |

' is‘26 3 atmcspheres.36 The rules of crystal chemistry ﬁould also favor
lsubstltutlon of W (. 70 A) rather than W ( 62 A), which is actually

at the limits of compatibility with the perovskite structure. Apparently

" the energy required to reduce tungsten is less than that necessary to

create charged vaCancies in the PZT_structure. Thus,'sufficient amounts
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of w6+ substitute in the structure to eompenSate fOr the presence-of
_A13+;'the-restdis rednced to. w4t which nouid,not be‘expected to in-
fluence grain houndary mobility. | |
Similarities between properties of pure PbZr;SIi.503 and‘the'tungs
sten doped ceramics of this’stnd& supbort the theory of valence reduc-

tion. Close agreement between lattice constarnts (Fig. 5) of tungsten

doped PbZr 5Ti 503 and those of intrinsic_meterial3?'imp1ies a com-
patibility between the lattice and a substituting tungsten ion which

. . - . v : )
would not be expected'for W6+ at .62 A.  Ferroelectric properties PR

5 338 are strikingly siniler to those of the
tungsten doped samples of this study (Table VI). The nresence of lead

and E of undoped PbZr T1

vacancies produced by substitution of W6+ would fac111tate switching,
producing a"Square iooped.meterial.23 However, the intrinsic shape of
'the'ferroelectrie~loops (Fig; 4-C) observed for_tungsten doped materials
.in this stddyvfurther substantiates a self—compensating substitution
‘mechanism.’ |
While'evidence is strong for valence compensation,,the diffusivity

of the solute in relation to the velocity of graln boundary motion w1ll
determinevits degree of 1nf1uence on den51f1cat10n. If the velocity of
the grain boundary is low relatlve to- the diffu51vity of the solute’ 1on,v
the drag effect would be negliglble.39 The‘dlffu81v1ty of a W6 ion
w1th its assoc1ated 1ead vacancy could easily be greater than that of a
complex of two Nb5 10ns and their assoclated lead vaeancy.t:Increased
-mobility may,thus render tungsten an ineffective grein growth inhibitor;

however, this mechanism does not explain electrical behavior.
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Table VI. W doped
o | o | | PR Eco (2000 - (002)
- Packing Time . Apparent ‘Apparent - Grain . [ Mcoul.\ [kV ) Ldttice Lattice
Powder = (hrs) Density " Porosity  Size. K D(%) ( cm? cm /- Spacing  Spacing’
o @ Gm) ' (4 (A)
PZT + P 15 7.94 0.4 - 26 45 2.2 . 85 1.0,  2.015 2.074
30 7.89 0.2 32 520 2.1 8.5 8.3  2.016 2.073
48 7.88 0.3 . 38 926 1.5 14.0 5.1  2.015 12.072
PZ +Z 15 7.97 - 0.5 - 24 440 2.0 9.0 9.3 2.016  2.074
30 7.97 0.6 32 439 1.5 8.5 . 9.3 2,019 - 2.074
48 7.88 0.4 38 734 1.3 9 9.1 2.015  2.072
PZT + 2+ T 15 7.85 10.9 25 -305 . 1.5 - 4 9.5 2,011 . 2.070
30 7.746 0 20.5 40 169 3.6 4 9.5  2.009  2.070
48  7.65  31.7 - 23 5.4 3.5 9.7 Rhomb - 2.068
- . B L 2.008 _




o F 4% P T 4 3 Py g & - .
000042087609 O

. =15~
o Densities of tungstén ddped specimehs were;obseréd té"decfeasé _:
kwith extendéd'firingviﬁ all aﬁmgsphéreé. Theséffééults areugfeatly
accentuated in the’ 1ow act1v1ty powder (PZ 5 + Z + T) VPOOr' 
mééhanlcal strength of spe01mens ‘fired 48 hours Ain thls atmosphere made
"mlcrostructuré determlnatlons 1mp0551b1e. Lattlce spacings (Flg.VS) ‘

- and dlelectrlc propertles (Flg. 6) also deterlorated rapldly. .‘._,
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IV. CONCLUSIONS
(1) 'Substitution of W6+ occurs at levels éufficient to neutralize
any charged oxygen vacancies whichlmay be present in the structure.

Sl - : . o
Awounts in excess of this substitute as W by a reduction mechanism.

(2)  Electrical properties were found to be more strongly dependent

upon extrinsic than intrinsic influences within the single phase region.

‘(3) For the partiéulaf'sample geo&etry.studied, the effect of a

1200°C

low PbHO atmoéphere (lebO <;034) on electrical properties after

short éintering times. is negligible.
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FIGURE CAPTIONS
/2 ¢ 1200°c.
Typieel-ﬁicrostructureé of undoped:PbZr:SIi'SO3

(4). Undoped fired 15 hrs in PZT + Z + T atm.

(B) ‘Undoped, fired 48 hrs in PZT + Z + T atm.

. Grain size vs log time.
.~ Typical ferroelectrie loops.

. Lattice spacings vs PbO defect coneentration.

(A) Undoped.

(B) Nb doped.

(C) W doped.

Dlelectrlc properties vs PbO defect concentration.-

‘(A): Undoped.

(B) 'Nb doped.

(C) W doped.

Typ1cal mlcrostructures of doped PbZr Ti 503

(A) Pb(Zr 2)0 fired 48 hrs- in PZ + Z atm.

49 .49

(B) Pb(Zr )0 fired 30 hrs in PZT + P atm.

;49 495 .01
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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