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ABSTRACT

BaTiO; ceramics doped with 0.1 to 4.0 mal% Nh,O; were prepared by conventional sohd siate sintering pro-
cess, 50 as 10 investigate the effect of the amount of NhOs an the dielectric properties and complex impedance
patterns of barium titanates. From the measurement of capacitance, we found that the dielectric constant of
BaTiQ, samples with 1mol% or more NbyO; remained approximately constant around room temperature with
values higher than 2500. In this paper, the effect of impurity content as well as temperature cn complex
impedance patterns was discussed in detail. In particular, the grain and pgrain boundary behavior of samples
which showed PTCR characteristics was discussed m terms of measuring temperature.
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Fig. 2. (a) Generic equivalent circuit representation of ceramic dielectric and corresponding complex impedance
pattern, and (b} high frequency equivalent circuit and corresponding complex impedance pattern showing
errors due to lead inductance.
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Fig. 3. Flow diagram of the experimental procedure.
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Table 1. Average Grain Diameters Determined hy
Line Intercept Method

Nb substitution Average grain diameter
0.1 mol% 13 ym
0.3 mol% 13 pum
0.5 mol% 1pm~2 pm
1.0 mol% 1 pm
2.0 mol% 1pm
4.0 mol% 1lum
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Fig. 5. X-ray diffraction patterns of Nb-doped BaTiO; ceramics.

-1016-

84%35A



Nbe]

1 (1000
L « 05 mol®
BOOD & A 10 mol%
f-/ v 12,0 mol%
6000 F o o 4.0 mol?

L.
4600 :::E_vfu-vk.,-%\
e e s B S,
S S Sy
u—a-g %_‘ &2 !\g_e:e:sz -

.}

12000 |-

g s i L 1 L
80 100 120 140 160 1

Temperature ( °C )

Relative Dielectric Constant

. 6. Temperature dependence of the relative dielec-
tric constant for Nb-doped insulating ceramics.

=
o

ofhE ZhrsE e 90° Boe] waye] <Age)
weh o]l WS W S8 ol ojdy
ARAAT} AP UG ez date] ofd) o}
g Feluolar} dopxe em A Qe 2
Q7 AHE olzld AAsHE Aew waTp,

35
28 |

de R:190 ki

88 °C  45.8 Hz

—7" (k0 )

200
—
! 160
— 120
-?/ 80
’1‘|" 4
o]
9] aa 160 240 320 400
70 (K0 )
16
—_ 450 °C dc R:31 kO
o 12
< 18 kHz 173 Hz
— B~ /r*—' e,

_z
(Y

0 8 16 24 32
AR @I

H7H) BaTiOy 421229

2 )3l Ay

4.4, B4 YEgA
Bl fdof A Apegk 24 %= 0.1 mol% 2 0.3 mol%
Nb:Ds7b 715 2] Heent PTC EAle] viepig
2 o] Erix] AlH F EA LR Fig 7ol 0.3 mol%
NhOp7} B7HE 2] B4 gdsds 235 4 2%
wa Jehfgvh 23l e ojstal 88T o M
whte] el Wlel vehde lEE o 7 itk
o] 3% udl—t‘é‘ﬁi e & uksle] Mgt
HHo] old HeA This ai— T qlom weld
Ay @Re ZAAFY FgE: e, A"
shule] Wkl AR s s 2 5 gk
o] Hale U A AFHARSE ddEEnEHZ
ZA3te] Fig. 7o viepd b= vlz2s] £ of SRk
o} LxoAe) B aduEas 5 HolE AT G 2%
ot viebda] gl ol 2 Al AHEd
‘4‘!‘7]' AT 2] EFo| e} 27 ez
Helch

[¢]

=
_0_

i‘r“‘”‘

1
NI de R'5B0 kD
— 120 | 105 He
[
=90 "
T oo}
™
| 0
B 1 ! ] |
0 50 120 180 240 300
7 (ki)
Suo 234 *C
—~ 450 ‘ dc R 12 MO
o 5.9 Hz
=230 0 4
7 200 s
N |
V0 s He
ol —L | 1 |
0 200 400 600 800 1000
Z" ( ko )
4
550 °C de RE6.¢ kD
P 3 |
[
- .l A1 kHez
- ~
B
1
D | [ 1
o 2 4 B 8
7 (k0 )

Fig. 7. Complex impedance patterns of 0.3 mol% Nb-doped BaTi(h ceramic at various temperatures (two-probe
dc resistance values are included at the upper-right corner of each diagram).

H31H M9 E(1994)

-1017-



A GwE - o]

— 10 o5
£ . c G
©oggt

]

— 5

o 10

=

B 4

o110

w

7]

v o1o°k

e 0 100 200 300 400 300 500

Temperature ( °C )

Fig. 8. Bulk, grain and grain boundary resistivity
values obtained from complex impedance patie-
s for (.3 mol% Nb-doped BaTiO; ceramics as
a function of temperature.

2zt FRlRE oy bl el sl4
Age Frhstel oF 234T oM HAld magrt
22 A ARE Fvhe FEAT ole gAHs
Agre] Frhgel vleld AHALR =A vepyict o
=g delAA =4 AP A MFe] HA3

spzslsid 5% QAwel Ade] AR ulsl 7
5] shasel 450C ol AHT Ago] g4
Asuct edle] ANE AN ¥ 5 ek ok £

Z7) el wia) glA AL yeolrle diew oq7|H
s L= S(charge carrier)s] =7} E713Hd] ~#]41§)F
7o BejAm o2 gl o] & o]4e] LE-ME
A o] A}ebA 2 ohmic FEe] =Heh ®led o

2, 50T ME sl Hgte] Adda] Azl
IJ ahta] al=lm s ukglar 4}
z}xj% DeEs mRTRE AR A, A
#le] 9| A5 Fig 8ol £x2] F5F vielujelc,

°l agellA PTC fdrt Yehtbe 2= wél«iads
2lEe wlA o] gl ] v el els AT of
400T  o]48] 2xelde 238 A9 vlxEd
ope} AL B 5 gk PTC dA4% A= da
He WG 2R digk] oeds B4 Yads
_3;2-1& E-a]] i}o]ﬁi} Eal ?\lgdr_].l‘l)

Fig. 9<) 0.3mol% vt 752 A% o= 4
HAzo 550C oA &% Hi FEs 2E2E o
Wiel 550C o149 0.5 mol%rt A7l A& AleE)
e B ] ofsula kel vepd g B o gl
Lee gl 2184 ZAgde] =771 F713bd gAH o
A w|dle] Lrlslm QA gkl =2etd 2 e)4)
Z7halA] g dAsAE Aes ¥aET gleps,
ZAYY Zr)e) Agee 23E s A4YE As
A 25 YA wiolky)A we] e3lgge] o
ooz ArAge] AA Hr AP APy
AAEH 7T A ol ZHAR L gfHwe TR
Al A At

B A" AE NbyOs7b 0.5 mol% o4 37y 3%
PTC E#s} vhehlz) ghateh o A% 1, 2, 4m01%7]—
Arbe Aldg sl ehbes ko] e kgl
A2 (charge carrier}®] ehdFFog <%t ‘%Jlﬂ

=]
+

=L

i}
550 °C de R.45 kD 5560 °C de R:19 kQ
- —~ B}
o 18 - A8 1 kHz
e 2.6 KHZ Z st //’_‘N\
— i -« —
H . YF Py
T sy 01 moal% Nb doped = 5| 05 molz Nb doped\%
a | 1 I 0 7< : ! L |
G 12 24 36 48 ¢} 4 3 12 16 20
Z { k) ARG
125 165
550 °C de R:i242 kD 6 50 oC de R:330 kO
TG0 - —~ 132 |-
=
=
=z 75| ./‘/‘ 1 5 kHe E ag |
T s0 i T oee |
0;1 25 7’ 10 mol% Nb doped bl‘] 33 2 0 mol% Nb doped .
0 L ’ ‘ { 0 ! r | Le
8 50 100 150 200 250 o 56 132 198 264 330
z (k) 2 (k0 )

Fig. 9. Complex impedance patterns of Nb-doped BaTiO,

~1018-

ceramics with various amourts of NbO; at 550T.

45 #EA



Nbo} #7}s BaTiOs Alefa]~2] Ha gl M

— 10
3
L -1 o : 0 imolX
<~ 10 [ s 0.5mol%
-E} -1 /
o 10 =
=3
i -3
% 10 F=1.0ev{grain)
o
g 107° E=1.95eV
& gram boundary)
= 1070 : L
12 1.3 1.4 1.5

-3, -1
1/T {(x 10 K )

10

o e : 1.0mol% (E=1 8eV}
fﬂ, 102 v 2.0mol% (E=1.9eV)
e}

ERRL I 5

7

2 o107 b

3

@ 1078 L

E . . 40mol% (E=1.9eV)
&= ie? ‘ . ‘

10 11 12 1.3 14

T (x 10 K )

Fig. 19. Relaxational time constant versus inverse temperature for Nb-doped BaTiO; ceramics.

wef 24 Wk e g B glck 22 01 mol% H7HE
AlAe Wle] Ve sl el digle 2
el Helzel sh=d o] ¥hld 03mol% H7PE
Al e} whgrba| 2 Qe Adle) A1 qig Ajopd]
Al dAgEEE A g ywigdoer B o
oek ol®) FANH BE 05mel% FAHE A HeA
vepbs T AFEReddalt mayaeldqe] ¢l
Bl wrele 2bzh lAW S A 710% wisle]
gheF Er) w02 by GA] A7) 7)e13k she
uhnt el Aoz &kl o2} e AMYE Fig
106 ViR o) gbAAbre] Arrnenius EES T3] FF
Helg o 9k

AbE 8 R o)ghal A w3 32 Ao el

% qlepe.
=1 exp(R/KT) )

«7}4 Ei o] sb3ad & 7] olc).

sl2Al 44 BE RC Foll 83 Balul Aga
Wy B oAYI Re sAesgddde ad W
w7 7] wEe] 0)ghAldre] AA REeEAR
CHTIE Rl &%) Zez ¥ % ok wuhal w7y
kel gloj2] @Al 2} o)A He A=
ggaz As Frja 2 ¢ gk

Fig. 10¢ 2% 01mol% A7F A $e] 83 sheu]=]
7} L0eV A2 o}& AlHE wl&] of$ =2 s
Yepde B 5 gk 99 05mol% AR Awe o
AR SEolA vEht T8 WA AR o
He gy @A dAE TaEy 195eV ARR
A4zt o5 1, 2, 4mol% HrlE Alwe) #A
FolvlAle} vlas & & e]Ee] TF 18eV~19eV

A319W A 9EZ(1994)

e e ARNEE o|F AhelA et durs
e gAEd 798 e FHach

.4 B

&% BaTiDzed) Nh(OpE w9 {donon 2 A 7}ehed
13307 «4] 3047 da=ig AS 2 kel fAE
Az Bi PERe el vl G93s 973 Az
oh53 2o Hee gt

{I) NbOs7} LOmol% o} xR A% HA3
PAlge] A Hlen] ahddgare] o 130T 9] &
W 7tA] et Age] AT FAr] 2000
4000 =2 Fogdis dasid etk

@ =4 A=tE03 mol%)d] HE T Ee F
e ozl qkgo] vhelyron) 88T o} 50T o v}
el whAhe) Aol wle ) AR AR
Z1aidr Heg s A=gel a4 dHgs 2HE 5
PTC g4o] T Z7iZelz =el7} A9 AFR=
AR BTG R vepdg Heldech

(%) NbkOs?h I mel% )4F 715 8= 400T ~600
Tl 2xsldlA dse] shTyges shis sl
Ha gt velger] ole sialds 2R ojgha]
g B Ay SdsleluRE Ay siekels
24528} v)ma] 2 o) 7 ol Am F of LoeV
dx 2] zhg Jehfez dAed 2]g wslsle &
k)

(4) NbQ:7} 03 mol% 512 F71% whea Ajap=
28] 78 PTC Z#7} vhehtz 7ol A
2ol e A]H A3le] BA=]s{7 v 400T o)de AL
2ol dAHRTs AT Al 2ld AH A

)

=]

-1019-



27T HEY - o)3]9

sho] Azl e, NbOs7} 1 mol% o144 #7Hd #3414
A e Ape 28 2ol AW A
gAR ] A &S S |lHEEs £AE £
o g Aglch

#ALe 2

B odFe 1914% BEY AEARel 27
gete] o) FoiRom, Ut VEATAY $RATA
B AGQTH A5 $RAYLDE o)) A
v,

REFERENCES

1. LM. Levinson {ed.}, “Grain Boundary Phenomena in
Electronic Ceramics,” Advances in Ceramics, VYol 1,
Am, Ceram. Spc. (1983).

9. M.F. Yan and A.H. Heuer (eds), “Character of Grain
Boundaries,” Advances in Ceramics, Vol. 6, Am. Ce-
ram, Sec. (1983).

3. MF. Yan and A.H. Heuer (eds.), “Additives and Inter-
faces in Electronic Ceramucs,” Advances in Ceramics,
Vol. 7, Am. Ceram, Soc. (1984).

4. JB. Blum and W.R. Cannon (eds.), “Multilayer Cera-
mic Devices,” Advances in Ceramics, Vol. 19, Am. Ce-
ram. Soc. (1986).

5, “Intrinsic Mechanisms of Multilayer Ceramic Capaci-
tor Failure,” Annual Report, ONR Contract No. N
00014-83-K-0168 (1986).

10.

11.

12,

13.

14.

15.

16.

-1020-

. D. Hennings, “Barium Titanate Based Ceramic Mate-
rials for Dielectric Use,” Int. J. High Technology Ce-
ramics, Yol 3, 91-111 (1987).

. R.C. Buchanan (ed.), Ceramic Materials for Electro-
nics, p. 36, Marcel Delker (1936),

. HM. Chan and DM. Smyth, “Compensating Defects
in Highly Donor-Doped BaTiOs,” [ Am. Ceram. Soc,
69(6), H07-510 (1986}

. G.H. Jonker, “Some Aspects of semiconducting Ba-

rium Titanate,” Solid-st. Electran., Vol. 7, 895-903

(1964).

FA. Kroger and V.. Vink, “Relations between the

Concentrations of Imperfections in Crystalline Salids,”

Sokid State Physics, Vol, 3, 307-435 (1556).

M. Kahn, “Influence aof Grain Growth on Dielectric

Properties of Nb-Doped BaTiOs,” [ Am. Ceram. Sac,

84(9), 455-457 (1571).

G. Azlt, D. Hennings and . de With, “Dielectric Pro-

perties of Fine-Grained Barium Titanate Ceramics,”

J Appl. Phys, 58(4), 1619-25 {1985).

H.T. Martirena and J.C. Burfoot, “Gram-Size Effects

on Properiies of Some Ferroelectric Ceramics,” ).

Phys, C: Solid Phys. Vol. 7, 3182-92 (1974).

AF 4, H=u “PTC BaTiy % A5 A7 2 25

B e srE ), 28(2), 101-108 (1991).

H.¥. Lee, S.5. Villamil and L.C: Burton, “Grain Boun-

dary Impedance in Ferroeleciric Ceramic,” Proc.

IEEE International Symposium on Applications of Fe-

rroelectrics, 361-366 (1986).

W.D. Kingery, HK. Bowen and D.R. Ubhlmann, Intro-

duction to Ceramics, 2nd ed., 937-945, Wiley (1975).

2453A



