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Eftfect of Heat Treatments on: the PTCR of BaTiO; CEI’&IIIICS Doped by Nb*s
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This study is concerned with the mechanism of PTCR in BaTi0Oy ceramics doped by ‘-Ib"s Since the vacancy
compensalien layer at the grain boundary of n—type doped BaTi(); ceramics has heen known as a major {aclor
for surlace state to give PTCR phenomena, ihe dependence of PTCR on such vacancy compensation layer was
atlemped {o he confirmed experimentally in this study, For the experiment, quenching and annealing at various
temperalures afier sintering were adopred to induce diference in Lhe thickness of vacancy compensation layer
so as to exihibil dillerence of PTCR eflecl eachother. The Batt cocentration al the grain and grain houndary
was measured by EDAX to confirm the formaiion of ihe vacancy compensation layer. It was found thal i) either
decrease in the temperature for quenching, ii) or increase in the temperature for annecaling impreves the PTCR
effect clearly, iii) imcrease in Ba''" comcentration at the grain boundary results in the improvemen: of PTCR
efflect.

TL was concluded that all the experimental results gave the cvidence for the dependence of PTCR  eftect on

the vacancy compensation layer at the grain houndary which had been induced possibly by the Ba**t  diffusion

by the heat trealment conducicd,

M = & Fgaad,
. = 7] Be 7 el A n— doped BaTiOgA = w55 7

PTCR. (Positive Temperature Coefficient of Resist- o] L% w=} Abejgl At w4 HelE gtz B
ivity) & 4te] grain boundary of 4] Qefrle ol 2¥ o 5P
alp 7 & PTCR HalL 927+ surface state o] 2 T>>1500°C; Np=n eleclron compensalion (Z.C.)
g} w2 37} slolh, kahn FVeof &3] n-8 doped 1220°C<T<1500°C; Np=n--2[Vp.)
BaTiOg Al ] 4 grain ]34 boundary A 8] defect mixed compensation (M.C.}
A 7 Fae Aol )Q‘Gﬂ;q o2 BaE F  grain T<(1220°C; Np=2[Vp,] vacancy comnpensation
Loundary o) 2aAls= 2 3ol 5k 3= d77F = (V.C.)
e Gl Daniel 52 44171 ‘371 2 dsS wE apela] B ] Ag-gk Nb*S doped BaTiOm#A] 4] 4
grain bhoundary 2] defect 9]3)-& A& ozs Batt £ L. C. 9]— V C. 2 s on A39 &3} g
2ale] 24 grain boundary ¢f ¥ A= vacancy co- E.C.; Ba*?*(Ti* 1_N 5 O~ 2—>
mpensation =¢] PTCR #A& o7+ T8 174 Bat2{Ti*%_ 5/ 113, Nb™5,) 02

(5 4)



Nb'E Daped, BaTily Aol AR+, 5TCR 360 w35 93

V. C.: Bat?(Tity.,Nb, 052 ——n
Bﬂ"’gl,lzxﬁTl 1 N5, ) O 24 Ba‘3

o] A9 vacancy compensation <% :t]] =AE Y
Batz7)- Igraiﬂ bGuhdélry o g g o gy o] Fofx
22 Fg 1 (a)e] =A% #2343 grain boundary &
Holl A o] Foldt, afzlA grain W|FH bowndary A
ole] n-i A ghel ol F-olAa HUA ()t B
(Fig. 1 (b)) =3 vacancy cumpensatmn 23 Xz }
Ba*24] H4ld] °1Z—ﬁ']'“i AgE B ol ellAl
B SHRLES A48 GE L AN

B GFdAE BAW] el DAY BaTiOs)
NE:0s2 A 73t I sJ ] A€ BaTiOa Az L& o
o eEdA Y R ALAAL T T

sz dmed F4 9 ALAest o A
e w) A = %

ndary ‘—‘~—’.E'] vacancy

h

[

do nsh rJ_,
Eﬂ. "D o

1Mo
o
A

/D

5‘,

1
AAAEES
9] PICR 4
)

GELE IRHD T AL

grain bow-

compensation & 4

5] 4w - =] g

ol

.
#3
24
)

mi: .

i.

SIS

1 3k sz

Bally - 5H0 £ TiCLH {COOH)E - 9HL0 Z 485
o] BaTiO(C0)); - 4H.0. 5 FH4 8 & 500°C o A 1
A7k Shadts] BaTiOeS A2 8]g o, Fig 2= A
AA ol BaTiO(CoOp)e - 4HO & o] 5 Ehzdle]
BaTi0e] XRD mE &4 BaTiO) 4= Y5S
ol 237 gln), BaTiOget NboOsZ 24 1:0.002

=

ne
Byl rje

fif

A ksbe]l aluming ball mill of 4 - ethomol =
1847} mixing ¥ 3 35 F A R AFoh Fig
Azd 239 ¥ WERZE UEE Ao
2} 0.6pm ¢ A 2= vl

F'“J 03 '||-|
s
(4] A

o,

Einl|

boundary

fa . o TS

. Schmetic diagram of (a) vacancy compansa-
tion laver in the grain boundary (b “junctmn
potential. Co :

A 22

Al 5 % (1985)

5,

Lol
fa I
. M«AMNMLJ_HWJ"“W}\ LJ-d ‘v‘“wJ n-‘».,u\- Tl

(21}

zan Am; o

Q)

e A

50 Aa :m

HMMW et s fos
T

20 fa agG

Fig.2. XRED pattern of {2) coprecipilated powder
{(BaTiO{C0)-2H0) and (b)) caleined
powder at 900°C {BaTiOg)

100 - »-.—:- _i:_::_‘\ —[

> s N

z N o

3 ™ .

8 ear AS -

g \ o

N \ ~
[ \\ \ S
. N \
“ . -
\ ~.
anp \A_ -
\“\.
——=—— gopretaptlere? oudar “ —
R SUSIL T
| == aalt e pocer O o : 1
st —
1 L _: il -
K0 10 5 ' as

BIAMETER (um ]

Fig. 5. [requency vs. pacticle size graphs of prepared
pawders

s
T
o

=N
Fr
i,

= N
Az 2akd PVA 1wi% S 3 7Mshe] 20mm g =
A9 sieel mold o)A 400kg/em®s) =2 Fhebe disk
gz 49adc A9% AR o A3 A%
o] ¥4 AYs 449 AAE qAgh
1 2 A% Es] B87lelA 1380°C 1 ATk =2
& [350°C, 1250°C, 1150°C, 1050°C & =z} &5
4 2°C{min 2 B4 3 A2olA 24
oy dHa A% AL &AL 1)::1} CUTE I Py
g & Aows F$3E ARE 907G, 1000°C,
1100°C, 1200°C, 1300°C, z &&= 147 2
#7 @ 3 2°C/min & @A
Fig. 4= F9% A9 F44& vl

54 &

= x|

3.
e 4 Zwie] )ste] Ni AFE PP 2°C/min
A &

2 £EE 2994 0¥ AR

{532



1 z a 4 5 ] 1 TIME (h}
(a)
TEMF |
©
1400
5200 -\
s
1008
a0 /’F\
e \
€00 /
;
400 .
/
i
200/
/
‘ li_4le PR R SE—
! a 2 K] 4 5 T TIME[hr!
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Effect of guenching temp. on the PTCR
apomaly in Nht® doped BaTiQy ceramic
material.

T
G1300°C
o200 "¢
» 100 C
| w1peoD’C
x 8007 o0 0%ag
DD gouen
=}
oa
oo
L @
=}
o |
o
o}
5]
B
....l
f .l. . L
* R
a?n"
s
L o " !
g M=
o0 M
geagcoc t
""-.' WK A X KX N K Kx
lx.(xgxxli""g
1 I, b 1
100 150 zo0 250 pepp og)

Fig. 6. Effect of reheating temp. on the PTCR
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Table 1. Data of PTCR Anomaly for Quenched
Specimens.
orl fmin pmax
(Q—cm) (Q-cm)  (kQ-cm) PTCR eff.
1050°C 20.0 15,7 371.6 2366
1150°C 251 16. 4 4.9 242
1250°C 31.6 24.8 0.2 9
‘5 1350°C 38.8  27.5 0.1 4
Table 2. Data of PTCE Anomaly for Reheated
Specimens.
prt pmin £max s
CQ“‘CIT]} (Q—cm) (\[Z—Cm) PTCR EEE.
apo°C 58.9 29.5 67.6 1713
1000°C 46. 8 .4 20.0 580
1100°C 33.9 24.1 Q.4 119
1200°C 20.5 18.3 0.3 16
1300°C 251 12.1 (.08 4

£ 22 depletion 6] vacancy compensation & KT+
ZHLez Fie 7 ()Fd 23 FHAA5 F4
o] A A 9A A
AEAL 9} depletion S0] A Erlgalwm FaEry
= (Fig. 7 (by—(@)®.

D AeAghe] Ws

A8 Tl FA 2 8-S oA grain  boundary
o Age

Ppocpypdt/ET o)
0%: boundary =] 3

%7t vacancy compensation

gvi grain W% A3
goi LAY grain 2} boundary 22 3
G5
24 AHASG dorp FAETE 2
A (1-D3 1-2)F 2F §9.&
7 257 2Z9E vacancy compensation
NEER
o] AAY A4 Fig.72 B & & a5 gl T
al2Z boundary o] A&e| Fstslel =EF boundary
9 G0 weiune JeARe B4R, e
A} A)= vacancy compensation &£] ¥ 3le] 235 A
S 4 sl
2) PTCR @421 wigh
@ PTCR eff. €] 3

Qe wEd Beld F9Ed A

=

LA

_|
&

AdE %
1+
_=E

m]o

-
-

l*ﬂ Bl
L I“]D

o

=
e
1

o] 5

== ¢l vacancy ecompensation =

ol -l}'

e

(57)



o
|
' a
X . ,
i ) !
: VAN i
! {ad |
| L
b o l
) q
I ' |
R S a _
/ \ AL
o]
N T
L] B ) T ' T
, ‘ i
RS o] ‘
. . A AL
I I ol
E \ : A >
E , J e 4 ks \
' A - 1 . 0
i o : ' !
i TR ' e,
AN
I N,
N l AN
L owl () l/ \l
‘ LT H .
__‘hwnd‘lr]rr—“ 2r E har‘nnry .o

. Variation of potential barrier and’space charge
layer with the difference of vacancy. compe-
nsation layer thickness. w: intrinsicregion.
r: depletmt\ layer. Q: space bhaﬁge density.

- 1 r

r= /QNDEU p

& F AT
Npeff; doping FE
Cops AG A
= FAET
.grain V] 53-8} boundary ¥ FAE houndary o

dncy canpensation’ Zo] /35 0] n-i-Fge] | o] Fe]
A Aoz AEpd o] W4 depletion %2 A= 9
el sk 5AR £ A o AE AR ¥
o3 8] spate charged] 7]o| #}E5L - Houndary &
s A2 Ve = gl DEbye length = giein

Tig. 7

vac-

B g GRS e PR e order = 3
A see ojH e T e wﬂ: oo
2€.6KT \1/2 . :
2(?}{—;rf) ...... (4T1)
_ [ 268K v T N u
() o) @)

Te; Curie Temperature.

0] 4] ok dopant ¥

EEVE:L:L
o4l £ F
25 e A

*1‘7/1]

A ke o4 B4
Deff_-:i —
mrekA] T
T
- vacancy compensalion 32
D A
oAl BR ”ﬂ?’;]’_i'r] i

o] o) A = T Z.0]

7 aarel,

I R
‘vacancy
Aelrl Hue B4 x5
vz 5 fe ® Frkek
NTC 574 & el e, "qﬂ—}"“] v A%z grain
39 boundary ) AYBA Q%] AR E A
AspAdel 6 A ‘
234 A 27 %4 1% electron compensalion 2]
o] %) 8h¢] boundary 7 ¢ n g WIEAE ,]-r,}q]
7| gt Batte] deate ] g 5}e] vacancy compensation &

!

compensation 8Tl 9FE
£l
I

A #0 Agare 4E

vacaney cmnpensation-

Aol Ha FA =

w354 71 5/] syek & Al T
o} flwl o] A= ferroelectric. S gqb R

e ¢ FelAnE Aad sl Aele 9 A A

o] 7+ =7 gk, wlelA vacancy compensation Z-o]
A S ZAATA FAE B PTCR e =
_%;],—Eﬂrﬁ{.

21 %) 744 (AT (B, (O)), PICR efl. 7| F7)5 A3

- boundary o} 4] 2] vacancy compensation %

2] 4 /8- 4 AA4 49 W] o# et AR
A4¢ + A
@ 71714 W3
FQEe Lxd & T 9iE A 4-DE L8
o dshe] v
(e 1 26k 3V Tc
ar 2(qN el ) JTiT—To: 7 5
o .
weba s EE of wiE S dSHEE Nt

Z dopant o] @& Ba vacancy
AgAE 575

Wzt vers, 44 =ETE
=
(=]

e ol

Lxs £&F=E A L7
t A3 ?ﬂJM 2 @A gk el 200°Ce]
@754 AMe1 4= PICR dae] A9 vk
A sk (Zﬂ 7 C) olA" A A HA=NT

4+ PTCR :‘53\)‘(1'01 .L ElabA, e A Ba++3, 1 Bt
G} Dpa=6. 83 10 %exp{ —2. 7eV/KT) 24 Ba*tz]

Aol A e Fale] vacancy campensation

g

(s8) L aduEA



75 Doped BaTiOs 7] o141 9 A

crain b} houniary
Fig. §& TFDAX analysis for quenched specimens.
(2) al 1050°C (b} al 1250°C

o 944 ZHgA WEe @ F gk ol
2aE B Batre] skl 9]ske] grain boundary of
9 A 5] 2= vacancy compensation Fo] PTCR #4=
1pedls Fa surface stale QEE Pokm g )
=

9. EDAX 24 43
Fig. 851 Fig. 9 44 #4% 9492
Y 22} houndary & Ba oA ¥

=3ela, Tield 1849 Xy

b A= & grain
125 {requencyenargy
2 energy level ©] 2
A7 = Bad) Lg peak o] W2 A5 grain
Y 3= gEhs} g et boundary 3 1050°C )4 3d
T RS 185070 A T /é*r"ﬂﬂ ¥] & peak el 7}
i ‘3“31(]5‘15: g AR
o)k adles ¥ F ,,],\J-(Fw 9y, o} 2L grain
boundary off vacancy corpensation %94 347 A=k
o) opE A SR S A T o5 g

2

¥ 2mrt oA E peak ¥

LJU

V. & =

Myts doped BaTiOg Ale]AH 2 =3
Agt T 9 54 2 LA
1 %]&t grain boundary ] Ba 5= S Az dga

Ae A2E 29h

=3

\

A2osd A5 (1985)

{(s592)

') 7 PTCR # 4ol m e o3

Lraln

Loundary

Fig. 9. EDAX enalysis [or reheated specimens.
a) at 90G°C  b) at 1100°C ) at 1300°C

1. B9 #@ oA 2 A g 2E5 Es 4

2, dHfz 57} FE£&4F vacancy compensation
24 gdom gl PTCR eff. 2 #L77F &
71 Feet,

2. 900°C e ghe] ] @2 §- A5 PTCR ell. 7 7

8 ek @igken 1200°C @ 1200°C oA 2
A & A PTCR efl. 7 2 o) 7k glyleh, ol

¥ vacancy compensation So]
Cod AAEE SR,

3, EDAX & Z3l 548 A5 PTCR eff. 7/} =4
)= AH 9 grain houndary ] A BaTrE  FE
7} e Aow pdydh o)E vacancy campen-
sation, 20] PTCR AL Vel 4 swiace
stuse <22 gL ofu] e}

= =

@ 900°C~12007

Reference

1. M. Kahn, Am. Ceram. Buil., 50 676(1971)



F-AEL - S

2. J. Daniels, et. al.,, Philips Tech. Rev., 38 (3) 5. F. Pearlsecin, Metal Finishing, 8 59~61 {1955)
73~82 (1978/79) 6. 0. Madelung, “Grundlagen der Halbleiterphysik”,
2. J. Daniels, et al., Philips Res. Bep., 31 544~ pp. 160~~169, Springer Verlag, (1970)
559 (1976) 7. L.M. TLevinson, “Grain Boundary Phenomena in
4. W.S. Clabangh, et al, J Res. Nagl. Bur. Electronic Ceramics”, Advances in Ceramies. 1,
Std., 56(5) 289~~201 {1956) p. 162 (1981)

{50) 591549



