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1) Reduction model

Reduction modelo|A+= 7|2 02 AbA Hixlg] 43ke] H=o

M

s dAAF d3prh dojdriar B glty o] REle]X dAlEh=
AL ditdor  AAAHE  2ol= =Ho]  AMsHE (oxide) &
ZIRte 7 3 FZHol] wEel A4 o]2o] FE ol yEid

Zolm AL sk o]&e] o]FErt Fwd] Frhal 7Y s
olggt Ao Mo steiN = AF bk o] o] o] FdA HH,
o]Z& ¥ (anode) oA AbstElo] A(2.2)9F e Ak ES]
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AAdsHA "okl B =3oA A% %7 25 Kroger-Vink
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AfRA oz HAe st Ar] AEE7F SFFoAARH  F7heh]
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Fig.2. (a) Leakage current of BaTiO; at 300°C (I : 6000V/cm,
II : 4000V/cm, III: 2000V/cm, IV: 4000V/cm (single crystal),
300°C ), (b) Potential distribution of sample I : (1) 0 ; (2) 14 ;

(3) 52 (4) 79; (5) 117 ; (6) 135 ; (7) 195 min) [5]
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Fig.3. Schematic description of degradation process in Mn-—

BaTiO:g [21]
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2) Grain boundary model

!

Grain boundary modelold= Y AF(grain) Bt} At A o

£

Aol & §Al(grain boundary) el & HFo] <I7bE Il o]
17 skellA] 1Al &3 Poole—Frenkel W [54]¢ 23k Az}
S S7FE W ofyEt Al A9 AR wolxA o]
AEE ARzl HGA FHXFE = 7] dEel A2 ARV
S7tske AAAEY dst ddo] sty Ba Qlvk. Grain
boundary model& 7] el WA Poole—Frenkel &}te] tff sl

Fobra Yolrbe® st

a. Poole—Frenkel &3}
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=
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=
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[.4‘8{_,'
o3
o
3
0%,
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A7tE = AS, 94 3 A9 (trapping barrier)©] A 3}% 7]
A AA7F AE  uw(conduction band)ZE

2
olFd = QYA Ho] A AFIF F7 Al ®rh ©]E Poole—



Frenkel &¥}ehal 3th(54]. &€ A Wwad o e g2

1>

AAFELS] Poole—Frenkel W3 4 AF9le] #A
At HA Poole—Frenkel ¥ oAE 32 FA37F 1174 ¥ o
Eay

Askslh oFAst Aboldl AE xeh FH, SASE B

32
R
dlo
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flo

(2.3)

wAsE xfACdA FE Pol mA= W SAZHA woiuY)

2
W, = [ Fdx=[ " dx=-—" (2.4)
© © 4zex AreX

rlr
ke
i)

o ul, 9% 7t A/FE)e] s S} Frhw W

NI A=

W, = —eEx (2.5)
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of F X' oA o] FORFE oM ArFe] AVFHS

W x gAe Qe st Ead JuAE P 4 gtk

—eEx (2.6)

ol W o] x¥ld oUAE wlEstol 1 ol Hub He x#=

Alrs B,

2
‘Z—V):’=498X2 _eE=0 (2.7)
TT¢
e 1/2
X=X, =[4 E] (2.8)
e

ol X, SEFH ITHA oA Hugs e,

W =-p8,E" (2.9)
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_ 3 expf = &8 Jexp[ PE

J_Joexp( 2k_rjexp[ AT (2.10)
o L FHE yehdu(b4]. =, F AV A7
S7ters A dARe Al vldste] FrkskA Ak 95

A7 Q17 Al Aol wet AR w7)s TEA oyx A7 E

(Fig.4) ol Webfdth. o714 x=0° g Ad= 774 9
el AT otk W =7|e] xS dow A=
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Eo(the ground state of the trap)

Fig.4. Potential energy distribution of electron when electric

field applied
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Fig.5. (a) Leakage current with time, (b) applied voltage vs.

lifetime of insulator [6]
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Fig.6. Temperature dependence of lifetime for BaTiO5; [42]
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(a) T T T T
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EE acceptor ~doped
o
— 8 | \ 4
E donor-doped
7 L -
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log (t/h)
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t =0h

t=20h

Fig.7. (a) Degradation behavior according to dopant type (Al

and La—doped BaTiOs;, 300°C, E=2 V/pum), (b) electro—

coloration (Fe— SrTiO3, 180°C, E=0.125 V/um) [2]
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Reduction Grain boundary Demixing
model model model
Poole—Frenkel
cger | A2 WAE | mTel g% W4 e w49
TET AR e |wE 0 A9 g W
5k
(+) 1 A& =4
Hh-g-of 2] 3] oAl AR
Ak o] o] | @ QI7F AV WAk A =
A A g [ Qe A AL A ST FaelAE
=9 14 = A3k, Poole—Frenkel|{At4 ®Hlzte] A3
avE Add e N
(=) oAt 1 Axgel 44 o1% | wel npd
A A% e o A
= S
97 2717} w5
)= =
=T
L5 (270,570 ©ll
FF, &2 |wE D £= Aol
a | 3 BN [ A 2w g
= WMot A7) A27)7F v 5eE o
As Av X3 =ETE
5 (270,570 ©ll
UE Qs FE Aol
Ay xa
Td 9 [5],[21] [6],[42] [1—4]
Table.1. The representative models about degradation

mechanism
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Fig.8. Illustration of electrocoloration kinetics of BaTiO3 [67]
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intergranular

Fig.9. Intergranular voids at near cathode ( BF image TEM) [68]
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Fig.10. (a) Typical TSC spectra, (b) Model for explaining the

existence of the TSC peaks [64]
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Fig.11. TSC spectra in Fe(l m/o)—=SrTiO; (dashed arrows

indicate the maximum peak current position) [60]
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2) AS/FAA AE ALY FLA

AAAY A3 MAAY]E Adojeha X ATEe|T dwHow
FAAZ A7 golAsE AA ARl A HAA AW

Aol A wlFol A wEel, MLCCS A

WA G.Y. Yang $[32,33]& MLCCO A< G| ni A3},

A dA AR, AS/FAA AWM AZ A ARow
TR en, o] T AS/FAA AE AFge] 7B A7) wEel o]
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Fig.12. (a) A series of complex impedance spectroscopy plots of

MLCC, (b)resistance variation as a function of MLCC states [32]
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A A} AAE | A89H AHA 7
I. Burn Mn— o] k= 3h B97] &4 A]Hol
(1975)[7] | BTO;bulk | A+ H g3} oA
1.La 7} 4% <37}
=4,
2. Al A7} 3% &
R. Waser Al La— o]} ) ) .
A3t 5 HAIH AF
(1990) [2] | BTO;disk | A< .
i
3. YARA7 7}
2ol A = A3l A
243 E2717F N,
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Sl o710 g
Yamamatsu MLCC - Bosm Arz og
(1996) [70]
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La, Fe, 1.La #7} 4% 437t
W. Hof Mn= o] gz} =%
. Hotman X
STO;thin S 2. J7F & &
WD im0 | 2 F At = AP 17
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1.Mn A7} % Z7} A
Mn— g3t oA
M. BSTO; 2. A= 54 wjzt
ol ek}
Grossmann thin a3t Aso] ek, Pt
R |
(1998) [62] | film (200 Aol 71 43t oA,
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Mn-—

K. Morita BTO: o]k} Mn H7}F 55 =7 A
(2002) [58] MLCé Rk A3} oA
J.Jeong Mg, Mn— o] ekx} Mn #H7} A% <437}
(2006) [16] | BTO;bulk | A9 g
Mg— )
S. Takeoka BTO: o] ez} Mg #H7} &% S7HA
(2007) [64] MLC(’: A A 35 7}
1. La #7F 45 <3t
QIS
J. Kim o] =} i
MLCC 2. A7} TEe| wE
(2010) [66] AL ) ] .
A3} &£ AT A=
53
1. Mn #7} 4% <37t
=9,
S 1Ly Mg, Mn— ol ek 2. Mn H7} %7}
. YOoon il
BTO; S7HA d3t 9A, Mg
(2010) [39] I
MLCC Hic)
3. Ny #9171 33 A4
A3} oA

Table.2. Literature list of IR degradation observation
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- (a) initiat state M

———— [og [1/cm?

2
1 // _
]

0t ]
8 ] n-type |
d
b 2f 7
o [ P-type 1
2 -

-0 b _onic
12 % 16 18 20

—————= log [Vg)/cm®

Fig.13. (a) The calculated frozen—in defect structure, (b)

calculated conductivity at quenched state (acceptor(0.1 m/o)

doped SrTiO;, 227°C) [76]
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2) 17 AR LA AD F7F S

WA 2 A7 W Alel AbE A% s ARES
714st, thet 2ok

{Al, Al%;, VS, n, p} (3.1)
4714 AL L 38 4F (Al b)Y & oulaisl]. o] R

et
0=e'+h"  ; np.=K, (3.2)
A=At PP i (B} @
[AlX ], KT
Oy =70+ V542 [Vokni=Koad? (.0
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m=[Al’ 1. +[Al% 1. (3.5)

[AIL ] +n, = 2[VS ] +pe (3.6)

21 (3.2)2 A} ¥ ulF 33 ®ES (intrinsic electron hole

ok

generation equilibrium), (3.3)%] A-$ H7IE9Q o]3} = %

O:

nF=  HES-(jonization or hole release equilibrium of the

acceptors)= UERH, 2 (3.4)9 H

[e)
o
HF-$-(redox equilibrium), 7 ¥+ Zz A= BE 9 Hs =4

o,
ofh

Ha #9

313 dAE Aotk (o HA "E'R BAlE A AR 54

ekt K,, & pre—exponential factorel™, E, & X%

AEC AL DS Ay 23 uAE nEt o2 A¥

ATE[80,811ZFE  PolF  800°C~1100°C  Atele] Az

1o

H A F5F4H (least square estimation)S A}{3sle] 2%
e 45 F o o] MSAEERYH FE AT JY w4
4% w55 AtA 249 4= yEkd $(Table.3) 1 A%
T%%E Brouwer diagram®. =2 YEMJQITH(Fig.14). oA 54 Ata

Tekol FolA 2 AN A weE F AN gl
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b. A& T2 4H

As BAY. AL 4 AHAME M dFT BdE
RESA T 4 (3.2), (B.3)= A™Fel &eA uk[78,79]. shAnt
A ZIAIZE E]dske A B4 9 A, =57F oF 400°C olsk®
e w71 9] whgol dojubA ol A SdnH[2]. whebA

400°C olstz woAIIHH o ol Ata &9 wWheo] flerw

;O

AR W s ole FE: 1e AHddd wEe Fds

Bl A% FAAE ol AW EHelA
A 29 WHgol oy Atz ol BEAl uynsh W
glovl B AFAAE ool g% JFL AANI AN A
AR BE WL dAvkstel ALgSHALh 7)ol thAE 4ol

AAB] s sAEh. wEbd A2 sl AEelM o WA e

0=e'+h* ; np=K, (3.7)
x ' . . AI i 4 Ea
Aly, = Al +h* [[AIT ];) K=K, exp(— ij (3.8)
[Vo'l= Vol (3.9
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m=[Al,]+[Al%] (3.10)

[AIL]+n=2[VS]+p (3.11)

of W, K,K,+ & d94 A4 F4F ¢t= g =274
eistdle W dolAl=  #elw, KL, £ pre—exponential

factoro|t}. <

o
ki
o
<l
NS
>
=
o
)
©
Lo
N
K
:
o
o
E)
>
()
=
R

(3.9 Aololt}. o= ¢ oY AtA &9 "kl Qla, Ata

HHEA AR B9l dR yEkd 5 3low (Tabled), 1 A
2 yekd 5 A (Fig.15). oA,

azoA FRAZ AR EStelM e At RiAE] A9 FETL

T%E Brouwer diagram®

of W, w& FF e AT Fxee Aolge, AA U YFe

AT ol 53] o

rr

FE7 @A "eAE Ao

=

_

Ao HAA A7 HAEE(electronic  conductivity) 7} A
3 A]  o]l& A7) HAEE(jonic  conductivity) 7F =]
el ol WrEA/HEAA Ho] (semiconductor/insulator
transition, ©]s} S/I) A Fole} FET[77]. 53] Al H7F B¢ S/1

Aol n=[AF]+p (M=[AK]) &1 AGeA ezt (Fig.14,
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Fig.15), W= o] #@o] HAAx A¥|ZEAAH  (electronic

stoichiometric composition) ©| 3]g3stc}H[85]. &, A %

ke

£s A% 9 AR 3

of|

o wEe ol ol A Aotk

R

(e'= (Al h") +h").

54
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Gondt Ne~2AVo'le 2V ~ A,
Defects m = [AlyJe m=[AlL ] ~ 2Vl m = [Al7 ]
[Vo'le Vel
12 1/3
2K _
N 21/3KR,E1/3aO 16 S *RE a, ~1/4 m 2,
2 m 2 mK, ¢ 2
' mK, ¢
[AITi]E m m Ki’E nE
mK, ¢ -U3 e mK. . (2K, . -1/2 o
| T o) e | e .
1E Kl,E m 2
-1
Pe KieNg

Table.3. Piecewise solutions for defect of Al—doped BaTiO; in equilibrium state
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Fig. 14. Brouwer diagram of Al—doped BaTiOs5 in equilibrium state
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loga,,

v

Limting| n, ~ 2V, AVS . ~[AlL ] #m 2V ~[AlL ]
Cond.
ne>m | ng>[AILL ng = [Al';]e ne < [Al ] [AlLle>>p
Defects
[V&'] [VS'Ie
0 0 0 mK, mK;, Ki[AILTe
E E K, K, [AlIL]: mK,
[Al5] m m m m [AI% ]
mK, mK, mK;,
[Al%] Ko, K, K, [AlL]: m
K.
p D
n

Table. 4. Piecewise solutions for defect of Al—doped BaTiOs in quenched state
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Fig. 15. Brouwer diagram of Al—doped BaTiOs in quenched state
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c. A B2 el S/ "ol7t hehti ol

A A AHelA S/ Hdol7t yERYE= o] f sl Y
A Lot =% sHAt. oldlE w7l fEll S/T do]l A
Ast %= Brouwer diagram® % e ATH(Fig.16). T3 S/1

[¢)

Aol7h nafAl] ARelA Uehjrw Er A8 dde

d

4(3.3),38)° AFste 4T PE WL BB B A4 X9

W o o] LpERg

AL s

(3.12)

A7NA K, 9 AA 3 wee By A4 vehidh S/
Aol dlojupi AFe AL 22 Aol na[AX], 1 F
AT N [AK]L 7 B Adoln® o A& A (3.12)3

A7ste] A2laha ([AlL]~m)

ne = [AlL ] ~ (3.13)

L na[AX ]~

A,E

59



ol wl Al} 7} AAE EZEFst] Al 7 H¥ O kgAY Wi
NUAE WEstA Wi webs oflst HA ¥ whg W
W3- (exothermic  reaction) o] &gt IHEPE &7
ya 445 dx 23 g g g4dgs] Yo

R0]m (KY L <K,

ok A B Al E

=7 vl o 7

B Fo HMxpyl x¥"E Zow AZHET oAl n.~[Al% ]
AR w8 A Dol dS Adehd vz o] uW ditke
AAZE Al ol 22501 Al 7F Hoimgr] wZoel] dadow

A 9 AR 9 BTt 2 Eow 3

PA

25 # ok (Fig.16).

olA n>>[AIL] Ev n<<[AIF]<] G HaAAE 5 A A
A sk WA WaeA eluAth olul el F2a
AFe ZAAHA AL FF AHdA Ax R AT FEE
1 By e 2R Fdstth ol 4(3.6), (3.9), 3,11
Qs e e AL PE F Anh

(n=p)=[AF%,]= (. —p ) ~[AI% ] (3.14)
Atz ow Al H7F Agede 54 7besd 99 deld AEe
b e A% sxel wlE FA vted ARE

20 B 7 (Fig.15(b)) tAl ofefjol 2+
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n—[Al]~ n_—[Al% ] (3.15)
of e ;e Y Aulde Ax W T3 PF R Folrh

A 52 ¥x8 A4y v F
A-(n>>[AIL] =5 n<<[AlX]),

Ayx o7 n~ng
T At}H(Fig.16).

FE O T=
4y 5

oA e HIF

R

Ha, dAyiHow

dojutA H+= Aot

9

E= [AlL]=[AILL & #A

= n=[AIL]1d AHE AAR

n~[Al}]
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log|

Fig.16. Brouwer diagram of Al—doped BaTiO; at near S/I
transition (the dotted line represents defect concentration of

equilibrium state)
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3) Y= ARV ¥ (Mn) H7t 3%

O A @Rl Mnel H7bE A Ata Eetel Sl

i

e} Mne HAA7E7E +2,43,+4%2 Wo] ol A UvH[82].
e R Sl o A P L e [ I o B e P ] o

ZhRA g A Glel D ong#2VEL 2) [Vl =[Mnf ] ~m.
3) s 1 ' 1 4) o 1 ’ x /\oi
[VS]: zE[MnTi]E zEm, [V le zE[MnTi]E <m=[Mn};]; ==

v A fot webd o] o) Zbest AdtEs Viest v 2k

{MnZ., Mn’, MnZ, V2*, n, p} (3.16)

0=e'+h"  ; np.=K, (3.17)
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M, =M+ EMePe

[Mn5 e

Mn"-
anri:an-i-l_h. . [ TI]EpE =

M, .

og=%02+vg+2e' ;

V& lene’ = K.

R,EZO,

m =[MnT ] +[Mn} ] +[Mn} ]

2IMNnY 1. +[Mny T +ne = 2[VE ] +pe

2 BT Axket F¥o] iF Hd vks, A (3.18),

Ag 2ot} 94714 K. ., K

i,E? 1E?

r

BH 454 depy K, K, =

WS e, 4

K

L .
2,E’KR,ET: R

=K, =K, exp(—%) (3.18)

K, =K,, exp(—%) (3.19)

(3.20)

(3.21)

(3.22)

pre—exponential factor, E,,E,

43 xF oUAE
2RE Qojx ANE

ebdt,

H A

FYUE Agetel Aol & Utk o] WIHERRE A Fd

(Table.5), 1 A% FxE Brouwer diagram®= UYEYSITH

(Fig.17). oAl 574 Aba 24wt

FolxH (Table.5) 9]
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Iogaosz s
Lmiting | n o~ 2Vl | Vel =[Mny ], 2AVS T # M’ ] <<m
Defects m~[Mn7 ] me[MnTl =Vl | m~[Mny ] m=[Mn7;]e
[V3le [VS' ke
2K\ 2K )"
1/3 1/3 -1/6 -1/2 1/2 -1/4 RE ~1/4 R.E _1/6
Ne 27Kge o, M Ke e 2, [ m j o, (mK;,E] .
” ’ ’ ’ 2
[Mnf,]: m m MK ene mKl,EKz,EnE
[Mn% ] _m_ ngl ln; m mK n
K K 1E''E
2,E 2E
Mzl | M - _m - M o m
’ ’ E ' ’ E ' E
Kl,EKZ,E Kl,EKZ,E Kl,E
-1
pE Ki,EnE

Table.5. Piecewise solutions for defect of Mn—doped BaTiOs in equilibrium state
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Fig.17. Brouwer diagram of Mn—doped BaTiOs in equilibrium state



b. A& T2 4H

2 (32005 A oE WF NEAES BT A

%
NAe A% FEE ae 39 e gow wguc

A& B FHAA NSHES gt ol e £

O=¢e'+h* ;. np=K,

Mny, =Mn’. +h® Mn7, Jp =K, =K exp 5
[MnZ;] KT

Mn%,=MnZ+h* Mn, Jp =K, =K/ exp _E
[Mn};] KT

ol= Vo'l
m =[MnJ,]+[Mn’;]+[MnZ%.]

IMnL 1+ [MNL ]+n=2[V ' ]+p

AA KKK, & 12

o,
ot
0z,

BelM HA FA%

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)



A7t eakels W dolAl= #helw, Ki,,K,, & pre—
exponential factoro|t}. 3} mlx7iA| = 72} Ae w55 YA
A4 #eke 42 yEel) L (Table. 6) 71 A8 F+%E Brouwer
diagram .2 et (Fig. 18). A 12 HI Ao =7

A el ALk WA AT BEk FolAW AT BRES

AH(n=[Mn"1+p, [Mn%]=[Mn%]) (Fig.17, Fig.18). & A3
B Az AuizAdAed sidetAnt Ak S/1 dolrb dojue

(¢ =(Mn,h'y +h dolul, FAE n-p Aol ot

-
ARox  xF A 23 AFY] TRV el
H( (Mn,,,e")" =(Mn’,h*) Holtk. Mn #H7F A9 S/T Hol7t
WS ol 9Al Al H7F Aot sdsA olsld 4 Ut
714 FE3oF & FES Mn H7F F$ S/ o7k Al H7b
ARG o W& abh FYelA dojdris Zlojth o] HIME
A

3]
2|

—=

0E de 29 AEY 29 oA zelolA 7]dEH. E7of

ke

Hyg whe] wEw Al 22 34 ARl e AE
AU 7} 1.0eV[80,81,86] <F+1d Hla] Mn¥} e v A7}
WAE Y EE oUAIZF 1.5eV o]AF[83,84]0F LEHA
ATHA (3.24) 9] ¥ 23 oUA+= ¢F 1.5V, 4 (3.25) 9
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Limti . . " . , AV = M,
Icr:no:;? Ne ~2Vo'le [VO ]E ~ I:'\/InTi]E ~m 2[Vo ]E ~ [MnTi]E =M o
oot ne>m  [ng>[Mni ] ng =M} ] ne < [Mn% 1| IMNTl>[MnTl [IMnT ]~ Myl | IMnfle < M3l | [VE']e <m
efects
[V5'] [Vo'le
n n n mo|__m__| [Mng] L m AV I
) ] K, | KiMnGle|  Kim JKIK, L K Mng Kim
[Mn$] M ” K’Z K'2m2 4K'2[V8.]2E
i n-. m
" " " i Mk K Ki[Mn? ] Kim
' ; Ny e m m m 2V
K5ng K5ng K/, ' o e
' ’
[Mn* ] m m 1 K.IMR, 1.2 Kjm? 2m M
: et rt ' —— = VIV EE B n-. m
KKy | KiKong? K! K'm K'[Mn”,]. ' (M7, Je
p Ki
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Table.6. Piecewise solutions for defect of Mn—doped BaTiOs in equilibrium state

A8t 8
| el I :



log|

«—— n =2V e 2[V,; ] = 2[Mny ] +[Mny, ]

(1) (1) (1) (V)

\

m = [Mny,]

- m~ [Mng]
|
|

|

|

]

I L 1]
| -1/6 [Vo'l
|

|

|

|
I
|
|
|
: [MnZ.]
|
I
|
|
|
|
|
|
|

loga,

Fig.18. Brouwer diagram of Al—doped BaTiO; in quenched state



4y EE oluAE oF 2.1 eVE HIE Qlth. 4 (3.8)°1A
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ARe AR FEh d geldt #d BI7Z olFshl Rk
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EE

Aojzl 800°C~1100°C Aleole] A= H

Aol Zolt},
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v, e~0044; v . ~0024 v, =
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2o dRbA o2 BaTiOs8} #2 perovskite AlGoA s 2ET]
A3 (schottky disorder)o] $A3te] Fo]2 4 Jo] R
Asto] Ayiddo] delx QUuh[87]. dhAIRE kol Wiz ] A4
2 olFETE AbA Wizt Agte] vls] vl A7) wjiEe] o=
ol FetA gerha HOTHB]. HEst v HUMEERE AEs
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Fig.19. (a) The calculated frozen—in defect structure, (b) the

calculated conductivity at quenched state (Al(1.8 m/o, 200°C)

74



(a)

(b) | | Iogl ao2
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o2

10!
BV TR Ty -
Iogao2

Fig.20. (a) The calculated frozen—in defect structure, (b) the

calculated conductivity at quenched state (Mn (1.0 m/o, 200°C)
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3.2 AAAT €3t As AL

D °o|&3 WA

g sl

HAAT d3ks oleAor AAtstux & AlR7E v T.

Baiatu & [4]2 Al 7lE = AgdS Axpe] A7)

32 g

- Y

A
=

(electrostatic potential,¢) *Fo]=2 R AbA HIxpE] Ao ot

A< WA 2] (continuity equation) = FX A o7 Fo] AAA|g

A3t Ase AAet O AdE Basielth xRk Ak daE
8

T2 A7A=[88-91]0] AVl TRAELS AR F4 7ted
Mdol olywn, HLde HAAte] #7]3tst EEIA (electrochemical

potential, n,) Zo|Z 7|&EdoF & AAHs e 7] witold),

Aol 7heiAE FEEe oln THAR Hiue] wep ARt

A7t oF A= Abele] Hate] 318 'l (chemical potential, w, )

3}

zfol 7 flvk= Zlo] FdstA S ddke HAY

Aoz . FuE,

(~

32 g

-

A
=

ke
i,
s



Azpe]  A7)Ee el xolx wlEA J)estglow  mgh
FEHOF Poisson A AMEEGATE AAS s gAEo)

25 odek AHE0|Q7] wjFEo] ¥7r  #HdlE(space charge
layer) 9] E£A2 Q& HAs TA FHo] AYHIIA fEria 2
Zolty,  oldst FIF AT el YHleE dHEE o= Debye

Aol ( A, )ell o8l AFeol¥Ett. Debye #Holi Debye—Hiickel

theory [95] o &J& ot o] vehjolxint.

1/2

Ap=| —2 — (3.30)

<7125 Debye doli= fasA "ok 2 A9 o AAE
B} 59 BaTiOy AlelM= a2 loga, =-067 FelA
HAAN A AA GEel nla] g o® At wiaky] A

F%7F A3(Fig.19(a), Fig.20(a), W/ H7FEES olEaHA
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EErty ®Herowvw AyA o7 Debye Zdol= AbA wiztg] A
o os HeEHA "ok 4 (3.28)& o]&3te] AAtd R

250°C, 0.1 m/o% ¥HE H7}3t 9% Debye Zdol= &3 4
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2) A Hl ®WA 2] (Master equation)

rfe

Aol el Auf WA ok ek 22 7 shel FE A

- AFE9 electrotransport® FAl TF7] S8 o]Fo] 144,

= AW o] wEogwt o]wsitiy pPetith. o] w AlA
Aol Debye Aolurt F#s] A7) wiel 4 Hat 4

de w5t & 5 AH(L>>A,).

- A= mEEkA Fa AES dAPow Mt AAl dst
Ase BEsk= AES vdd Aol AREEHSIARE dE Ad
oM duEs S A A FE Aol FA T

Ade At oAy

o
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ol
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rlo

wol  AA Al
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o
i
ih)
oX,
o
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b dud AAE ol W W HrbE2 olwEIt duFow
ZobrM wHelA Zeka, Hdsp “HEANR Thed ol Ata
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7} 400°C olst=

ze
5
y
f
22
o
I
ke,
X
e
|
<
N
o
o
e

W zke o At 29 HbSo]l dojuA eduel dEA Sl
A

o] igﬂ ,%?z_al:o] E?j—%

o

ol#dt 7HdE shelA Amj AN At NIzt A gt

-
a
Jo
bt
(i,
)

A< v A (continuity equation) &%

ovg]l_ 8d,
ot ox

(3.31)

01714 J,, (particle flux of oxygen vacancy, #/cm’s)i A

wzkg] A3 2S5 eldth o] A&wAALe g AsH

2~

U277 54 FeelM AVIAY floiA= wheol e W 2
AR ol W J, = vl v o] YERE 5 gl

o, On
J, = ——L 2 .
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AL, q, & Akx Wizt

o] #7]

ki3
=

Az WA 2

-
R

1714 o,

7]

Ze] A

(3.33)

o, =2ev,C,

e ol

#ke] 4

|

g

<!

A

A7 v, =

A7)

xgx

Axkel Adristel e Aol wet

]
=

Rizpe] Ao

(3.34)

(3.35)
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ol
<
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d ) ) o
oy =—py 2| —p, —— 3.36
oV = oM ( PV nn) (3.36)

2 AT TF= Ak Az A3 W Az A0 sk AA

T

Azpe] vl AHor w$ Z O = F (herian regime)

flk
[N
n=)

ZAF(Boltzmann approximation) & AFE3lA 1 3}st

bl
iz
i/

% 24 A% FE Bz 2AEe] el 4 Ao

6

— _kT In([V”]) (3.37)
6x

0 0

—u. =kT—In(n 3.38
o M o (n) (3.38)

ol4 2 (3.32)~(3.38)2 o]gsld A (3.31)= uS 7o)
veRd = ol

ot OX

a[vg]——i(—Dv a[;/x"]_ZD v ]aln(n)+2Dk[Tv“] aax"“J (3.39)
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2e
Axel BEE Ak WAY AT sEel o B39 AL
o)

i, =2eJ, —eJ +eJ, (3.40)

g —_Bnom, (3.41)
kT ox
Dpé
— P (3.42)
P KT ox
=R Dn(=V":T] , p[=v”:T] S A4 ax 4w



Foltk. A (3405 AAL Adrster xEwlde] i
el

| - o
iy (2eD, - (IVS')—4eD, VST In()

1om, _ (3.43)
e OX o
2 oo 2 e2D
o= 4Dy [Vo ]+e Dnn+ oP (3.44)
kT kT kT

o

14 A (3.43)F 4 (B.39c°l tidstd 7 Ak Wiy A

.
FEe B@ A0 uehd 5 o, 488 7] 243 3
z7lo] FolAW Ak WA AW FEE AN A9 FEE

[V&1x.0) =[V5'T (3.45)

oAZIM VST = =71 ZH A8 Ak Rixky] 49
Ueldith oo ® AAZRUL AE F EeA o] FZF9

A =2
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(3.46)
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3) 314 AAr 9 (Finite Difference Method) @ A4t A3}

2 AFolA = MATLAB (R2008b, USA) ZEI3E o] &3t

F.D.M (finite difference method)= ©o]&3te] Fx a4 AL

™

etk o wHe neksl MWsbd, WA WS U@

-

(A= 0o 2o wheth dela A(3.39)S ol g8kl

deje i-1, i, i+ 1A Ao ERYH A AE At Fo] WA

AxE Aap7r A el FARAY] s E Ax, At E H g

[

A dAGske Zlol Frh AN o] @es 4SS AT AR
Al e mlEst] Frkety] wiEel @ Ed e 1
et Ax, At & Adllof sttt 1 WYL o] #ES F9714EA
4

= olEAl s d wWe] Ax, At & AAskd An(E

)
o>
o

5 sk I At A3yt JA SEge R He)

AT A= n=250, Ax=~0.003cm, At=0.1s 9] ko] A& ).
olg} 2 A WHES ARl Aol AAE Aol o2
Al(0.1 m/o), Mn(0.1 m/o) H7} A% FAF =4 3 A=Y

T OME 9 AR Ay Axx WskE Akt

86



(Fig.22),(Fig.23) ol YEeHATE. o]g A Axtoz dojn HAxe
A3} Aye 5NN AA #BF Al vHluE FI HAAF

A3} £EES oldatt $E% th¥d Rl

t r
Cj+1
j+H1 ~
At / \
j e N\ M\
%j () j U/ j
i—1 Ci Ci+1
J-1
AX
i-1 i i+1 X

Fig.21. Mesh of points in the discretized domain (F.D.E)
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(a) 15.02 —
t/s
- —0
e — —
= 18.00° == ____
2 2
T 1.5x10
= —10®
18.88 -
E 3x10°
- | ——10*
18'?9 } t f ! 1
(b) 14 ¢ n 7 - i's
12} {—0
I 1] e -] —10?
£ 8 2
- 1.5x10
& OFf I 3
g 4 |—w
D , : 3x10
of : o —10®
o N P P
—4 T t T T t
(c) 4L
t/s
gL | ——1 .
_ — 10"
g -6r 1.5x10°
o)
% -l | —10’
E’ 3x10°
-8 —10*
_g- . 1 1 . 1 . 1 .
0.0 0.2 0.4 0.0 0.8 1.0
x'L
Fig.22. The numerical solutions : (a) oxygen vacancy

concentration, (b) electron and hole(---) concentration, (c)

conductivity with time (Mn (0.1 m/o), 250°C, i,=0.94 x A/cm?)
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(a)
_ﬁ t/s
= 18 —1
g8 —_—10’
T - “]5
e 5
E 16 | 41['“"'
—10°
“ 14 :
14 L
(b) 3 t/s
Rt — 0
o 1Ty 3
—10
E 10} 2
o .
& 8} 4x10°
=T
=] 6
- 6 — — 10
VA
4 : : : '
(c) =
- t/s
— )
E 1 —10°
£ s
—r 4x10°
=T1]
S gl % Vr —10°
0 - - - .
0.0 0.2 0.4 0.6 0.8 1.0
x/L
Fig.23. The numerical solutions (a) oxygen vacancy
concentration, (b) electron and hole(---) concentration, (c)

conductivity with time (Mn (0.1 m/o), 250°C, i,=0.94 sz A/cm?)
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4. AY U

4.1 Al @ Mn—doped BaTiOs; A%

Aglo] AR AlHEL Alo] 0.1, 0.3, 1.0, 1.8 m/o, Mn®] 0.1,
0.3, 1.0m/o Z7}8 BaTiO; AHo=zH Al 7l A¢
BaTiO;(Aldrich, 99.98%), Al,O3(Wako pure chemical, 99.98%),
BaCOs(Aldrich, 99.98%)& =% &A= 31 Mn H7F 4%
BaTiOs (Aldrich, 99.98%), MnO; (Aldrich, 99.99%),

BaCO3(Aldrich, 99.98%) 5 =% 4= 3o 1A (solid state

ol

reaction) = ©]&3sto] FAsFAUTH[52,64]. 53] Al(1.8 m/o)
A7rel A Edel Rad uE BE du52]e A7 dxreg
Hlwste] A% 725 o4tstr] 918 8z F7HE AT WA Alo
718 BaTiOso] A% =%8¥ %S plantery mille o] &3¢

10A17F For EHE ¥ 950°ColA  10A1ZF EoF 3F&3kith

aYa shAaE wES 160pum AE olgske] =Ekdl § Adsta,

96.0(x 0.5) %= FAHEAY. oS = Mno] H7F¥ BaTiOz9]
2 BaS Az3om  1380°Co A

LOAZE &¢F &dst] Az, duldEs 97.9(£03)% =



ZA4H9ck. dx =7]+= SEMUEOL 5600, Japan)< ©]&3to]

st Ax Al H7F A 26.2(x 4.4) pm, Mn H7F Af

olgdA AxH 2AAELS AL HA7](low speed saw)E
o] g-3lo] FHo] gold AVIE JHFHIATH B Ao AL
12 HY Aol 7] AEEE Fste] ue A Fx9}e)

AT WAE I T g AN FRAA AL HBHY

ALAAEL Al 7H A$ 12.61(£0.03)x2.10(£0.01)x3.00 (£

0.02) mm° Mn 7k A$ 1541 £ 0.02)x2.12( *
0.01)x2.84(£ 0.01) mm® & A7Z 7}FEHAT} oz AL
TR 2AAES 8l wel 374 AVE JheE AT AL

A7) AEEE 243 A% g0 LAAES Yvus 573

of
o

golatA st7] 913 gk A o ® Al HUEe A9 2.12(%
0.03)x 2.53(£0.02)x0.94(£0.01) mm®, Mn 37}9] 4$ 3.0(+
0.02)x 3.5(£0.02)x1.1(£0.01) mm’?] A71& 7}¥= . 43}
Ass BEs7] A9 §59 AdAES A vt AgS FHojsh
A k7] S8 vk FeE Al Z7Fe] A9 8.13(£0.03)x 2.93(%
0.02)x3.11(£0.01) mm®, Mn #7}F 3% 8.04(+0.02)x3.41 (%

0.01)x3.52(£0.01) mm®9 A7 E 7}& =Yk
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FhRom @l Ags AI/AW AW Aol ojdAy
AAAT A3t A dFo vX= FFS dotrr] 98 Al0.1
m/0) —BaTiOsZ 1.71(£0.03)x 1.24(£0.03)x1.11(£0.03) mm®
a71% 7hgatqnh ol /AW AW AT A A4 57
A8 AW AolE FolH, AW Adme] PAE F7E Fol

Aoz S4skel olwaby kel wlwd F ot Hidtol
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4.2 AL 3% 2 43t AT aF T

1000C=2 xAstglon kA 4ol 49 loga, = —19.1%H
t7le]  slgets loga, = —0.67¢1 ©l=717kx  WEA AT
loga, = —0.67°14 —4 Apol= Ny/O, 7k2E 7HAAL At 24HE

zZ4stl o, |Ogaoz= —9.5°14 —16.5 Afol= CO/CO, 7FAE

=9 Al No/CO 7hAEs 7K Aba 298 2FEsh

o715 nlels o) ®7] AxxE7F 1ol wel npF o] A

WE Aol Fol1l zelA

o
R
2

=
BE AHel =2divha ddsigity olFAl 2elN FY
L

AFE Ee e 2ok WA F947

nefo R AoEth(Fig.25). st At &871404,  (Fig.25) ¢

MaAe gmow of olwd Folgrl| A4 ofdlEe] A
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lJI—- Cras out

N

4 Specimen

Thermocouple
Furnace —/
Alumina tube —+
|

]
Brass tube—s L (ias in
Copper wool —_@ +t Dry ice + acetone

Fig.24. The schematic illustration of quenching equipment
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Pt wire { 0.3mm )

— Alumina tube

I

E} ('I
I (,I
q
ol
[; Ei hanger
DL 4Tprﬂbf: 1K Pt wire ( 0.2mm )
specimen ﬁ \_‘ '
Thermocouple —0 Specimen

|

Fig.25. The expanded image of inner part in quenching

equipment
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(a)
_3'0_
T‘A '3.5-
e
0]
® 40/ |
3
45 )
el : .
S0 0001 02 03 04
polished length(/mm)
(b) -2.5 T T T T T T T
30}
F”E -3.5¢
A
% 40} }
|
>0 01 02 04

00
polished length(/mm)

Fig.26. The conductivity measurement while polishing the

surface of specimen (a) Al(1.8 m/o), (b) Mn (0.1 m/o) (300°C)
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olsh e NBE AL WA AL A7 AEEE g 93
24°C~221°C AtolellA dodAE FHAs3h. 53] A 7]
AEEE FAsh7] f3 == Al(1.8 m/o), Mn (1.0 m/o) 7}t

AREC] ALY, 1 ol Y A7 FEAAe nE e

X,

|=50] olu] Haxo] Q7] w&F[80,82] o|ZHE A& Adt

FEE gy Soldy] WMol wHow AZH A

=Aollor =4 7Ax= dudxs BAV)(SI 1260, 1296
Solartron analytical, UK)& ©]&3%th. 0.5V  oscillation

b

i

N\
oL

level®} 0.1 HzelAl 1 MHz & T35 9GolA 54

O

AHNE  Zview(version 2.9c, Scribner Associates, Inc.)
Tra¥s sl AE Ak AY FEe Edeio(Fig.2?).
vEE dyda Ads B, @A 2] wek 27) o]

2 JEEE A5 Fig27@)E oew, oy Jie Aol
Ad=ol YHehs A9 (Fig27b))E S & 5 SUth
Adntxow  QI¥EA Ader  AHY A AEES LT

Ao AHE AlE wid, Al SIAl, A= AW A o=
vetdtha gl lew [97,98], webA  mFa J el A

AR Sashs due AlE vt Ado R ddsisit.
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(a)

—=—measured
— fitting results

y4)Y o)
N
— 2

(b)
40t
=30+
418
5y -20}
g o) —=—Mmeasured
F\] —fitting results
ol %020 @ 4 w0
Z kO
—.—Mmeasured
. — fitting results
0 2 4 6
Z'/MQY

Fig.27. The measured impedance data of Al(1.8 m/o), 300°C (a)

quenched at log ap, =—6.5, (b) quenched at log ap, =—9.5
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(Fig.28 (@) ¢k #< 9Hz 7k, 95401 mm<=

1.22(£0.04) mm FH0% Fro} F 6718 FelA Hdt A=

=

T & RS sgod, AR 9% AR Awas

r
R

AZ/AA AW 2990.39(+ 0.16) mm)e A3zE AAT

T Stk a8l AEE] & Eele AF02 ARge]

x2

F(Aw) S ¢F 300 nm FAZ A3 E Y (sputtering) 3+ T}

ju
I,
=
¢ d
1o
e
ol
A
offt
bt
i
-
R
El
ol
ol
2
)
&
q
DO
o0
S
i
r o
2
o
g
ot

#H2S §st M| E+E  high voltage source measure unit
(Keithley 237, USA) % high resistance meter (Keithley 6517B,
USA)7F AH&E 3t o] o ARE3E Keithley 6517Belli= #Hd
107 S BN e F Ae FAE F7t2 FFsto] o

Ao Ak AskE A9
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(a)
Pt-wire(0.1 mm)

Au sputtering

- -

-
0.39(40.16)mm  22E0-0Hmm
(b)
Pt-wire(0.1 mm)
Pt or /
Au sputtering
™ 1.030.04)mm
1.71(F0.03) mm

Fig.28. The schematic cell design for (a) measuring IR

degradation and (b) identifying the electrode interface effect
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5. 4% 2% g &9

—

o
Nd

R

o}

Fefoll A =4 " Al1(1.8 m/0), Mn(1.0 m/o)

yepe)

vEbleE aelar

Folo|A FHAIZ AI(1.8 m/0), Mn(1.0 m/o) AH2 A7) AE%

ﬁo

il

il

)
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™

(Fig.29), (Fig.30) °l
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Watals Aol EAsEd o ol wE 3%elN AR S/
Mol Agelth, H7HE FHel wEk S/ "ol AM] $1x oA
Ael7b ol Al(L.8 m/o) 9] % log(a,, )=—8 FellA 343
A7 AdERel W3 #EEglow, Mn(1.0 m/o)f A
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Fig.29. (a) The calculated defect structure in equilibrium state

and (b) the measured conductivity (Al(1.8 m/o) doped, 900°C)
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Fig.30. (a) The calculated defect structure in equilibrium state

and (b) the measured conductivity (Mn (1.0 m/o) doped, 1000°C)
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state (200°C) and (b) the measured conductivity of Mn (1.0 m/o)
doped case
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Fig.33. Conductivity activation energy in the quenched state vs.
quenching oxygen activity for Al(1.8 m/o) and Mn(1.0 m/o)

doped BaTiOs; (The line segments represent the average values)
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Fig. 34. Al-BaTiO; ((a): Al(0.1 m/o), (b): AI(1.0 m/0)) : (i)

the equilibrium defect structure (1000°C), (ii) the frozen—in
defect structure(250°C), (iii) conductivity at quenched

state (250°C)
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Fig. 35. Mn—BaTiOs ((a): Mn (0.1 m/o), (b): Mn(1.0 m/o)) : (i)
the equilibrium defect structure (1000°C), (ii) the frozen—in
defect structure(250°C), (iii) conductivity at quenched

state (250°C)
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Fig. 36. The leakage current of Al(0.1 m/o) doped BaTiO;

depending on electrode material (E=2 kV/cm, 250°C)

122



—e— Pt electrod
Au electrode |

@ 160} ..
140
120
100
80/
60/
40/
0

VIV

(b) 301 —e— Pt electrode

Au electrode |

log(t/s)

Fig. 37. (a) The voltage drop of Al(0.1 m/o) doped BaTiO;
depending on electrode material (i=0.94 g A/cm?, 250°C) and

(b) the voltage drop between inner—probe at same specimen
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Fig.38. Al(0.1 m/o) doped case : (a) The local voltage drop

distribution, (b) the mean resistivity (dotted lines and open

symbols are calculation results) (250°C, i,=0.94 pA/cm?)
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Fig.39. Al(0.1 m/o) doped case : (a) The local voltage drop

distribution, (b) the mean resistivity (dotted lines and open

symbols are calculation results) (250°C, i,=0.94 pA/cm?)
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Fig.40. The voltage variation of bulk part in Al(0.1 m/o) doped

case (dotted line is calculation result) (250°C, i,=0.94 pA/cm?)

128



o[, ——————°
0 L
4["} T I T I T I T I T I T I
300 -
e .
S 200 - - - - - - -~
100 ~
¥
. — = Calc !
—— Obs
0 1 1 1 1 1 1

log (t/s)

Fig.41. The voltage variation of bulk part in Mn (0.1 m/o) doped

case (dotted line is calculation result) (250°C, i,=0.94 pA/cm?)
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(a) the ionic transference

Fig.46. Mn (0.1 m/o) doped case :

=0s,

number and (b) the oxygen vacancy flux with time (tg

0.94 uA/cm?)

3x10%) (250°C, i,=

7X1055 , I3

t;=4x10°s, ty
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0 /L L

Fig.46. The schematic description of IR degradation progress

due to electrotransport of oxygen vacancies
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mA Al H7F A5 BE, 51804 dAgst AAH S/ Hol=
FH A godo] [vg]z%[Ani]z%m ol FrejlA Aojukn, AWML
log(a,, ) =-0.67 1A FHA7NW, 271 A A 8 AF o]

[v;;]z%w;i]z%mca Fol %3hA ErhH(Fig.34, 02 log(a,, )2 ~10

o WlelM FHANE A 27 ARE A [V(;‘]z%[AI'Ti]z%m

i,
it
o2
12
-9
1B
ol
)
i,
=
=
L)
>
—r
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X
1o
>
[
[-‘U.‘.
2
A
i,
it

v
T E, WA S/ o] A MY Aba NixE] A9 sEe 4

(3.10), (3110 28] T3t 2o] el 4 o),

VT =%(m—[AI’}i]+n—p) (5.5)

o] wj, S/I Aoj= ntz2 AR w7t 3 Ay 4 A AF9
TR A ZeokA= AR (n=[AlL]+p) oA dojyr =
eeS/I1 1
[VO] =§m (5.6)
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VT z%(m—[Al’;i ) (5.7)

VT ~IVE T = SIAT;] (5.8)

= Fojuth. AF 9o [vg]z%w;i]z%m A [Al]E WA H7t

TR omBEOE wle ZE RAo® oty (Fig.34), 3 @4
A AstENE el ge FelRE m B oF 107 A
A wHAE & T A

144



olAl Mn M7} 455 Hd, JA 518N dwdt JAAHH S/
Aol A 7] AFol Mz ve AF dYol =Aet7] el
T AR 7 R Ael7E Al H7F Al BlEl ¥ F Aom g

=

Utk S/T Aol A F Al 4k Wzte] A L5 e

b

21 (3.27), (3,28) &2 4 -H

(0]

[Vep" =%(2m—[|\/ln'ﬁ]+n—p) (5.9)

o

1

2 e % 9k o] W, S/ Mol= n=[Mn.]+p 1A

b4

dojypr
Ve =m (5.10)
oz 27 AFMY Atk Nz A FEE FeRd

V1= ZIMnyI<cm @) g Selels [Mn]>> (M Lnp o

A AYFEE A (3.28) 0 o] ulglahd
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(5.11)
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the o7 Wbl Hrl FEo

Al H7F A 1 =Zel7t A (

| w2 (VST -[VST) & vwskd

5.8) 3 o] %7] A9 [AlL]

o FEZ FojAEd, o 27 AHS n<<[AL] £ e

ool (Fig.34), weha 2

@A A gk o

)

o]

ke

2l

il

=]
=

(3.15)°l uwet [AlL]=[AIL] ©

w, [Al}]. & (Table.3) 225 E b33}

o) 4L B [Al] = m”

[AlIL] oI m*2e] mastA |k a2z Al 37t B¢

2K -1/2
i,E [ R,EJ P021/4 (512)

of Wads & & sloew uwEhA

=

At 5T BABEE T AW Ak WA AT BE Folt

chest gol WAl A Sk,

(VST

Mn H7F A$E 2 G.1D¥

—[VST) e m™? (5.13)

2ol S/1 AR %7 XHY akx
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VST =IVET) cm (5.14)

olgAl Pobdl HIME FH, H7F =l wE (VST -IVST)
zo]Z E& Al Mn H7F A9 AR B g3 £55 oladld +

ATH Mn H7F A9 (VST =[VST) Z717F Al H7F %ol ns)

qejo] AR/ el A A o 10°W o =

Aoz oidEw #F Adxp A 23 43 R Als

$57p weld Ao ogdth Ax (VI -IVOT) 27e
2AAY dg $EF Heeks Fo 24 F9 shtetn B 5
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NEHow A dshs Aka WA AR wel o
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1) BAAT |3} A& AIZH(tY)

NAtg] dste] ojEo o (- AZI AW AA
x=L $AelA Az Wiztg] A% w57t Frbste]l Az [V
of el AIZFS AXMHEE 2 (3.31)9 A% g ok e

H¥ste] theat gol ek 5 gk,

[Vé'](Lt) v od,, (Lt
I[ dvgl=-f, —L—d ( it (5.15)

Vo I(L.0)

5, x=L fAM t'o =22 d7x] F7hek aka Wiz 49

=,

T 9A] tt o E2gd mi7zbx] x=L AE FUdHE AA
Hizkg] Ao s5(J,)9 FTFH 2o divstd o] Ad

dojold x=L $IAelA F2 wEH= J, = 7] WEolth
of wj FAA WS o]&ste] t'E Atsty] f& A (5.15)F

Al obelsh 2 FHE vhe] vekbd 4 9l

o (L —AX, t)
I AX

(5.16)

(VT ~[VsT) = lim

Ax—)O 2e 90
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AN [VEIL ) =IVET" |, [VeIL0) =V °I" Ax &
HdaAA 0oz B w e FHHPSERH t'E A4E T+
Atk (Fig. 47). 71 AA A35 By, Ax<0.0lcm ¢ 704 t°
b e & oo wEbd B ATl A AR
Ax=~0.003cm ¢ gtol  AREHAT. 2 (5.16) S 2FH
VST =Iver) 9 J, 271e et Wasks o948 5= Qo
%, (VoT' -IVST) 7 ARSE vk AR oz s I, 7
AQGE ' Hobd Aow dgdd. ok gHow A7)
olaig 4 Urt. S/I HAolo] Talr] flal sk A wiztg
Ast % A77F A-SFE S/ Aolddl sk Alke] AojA|=

Aoy, FlH = Ata WiAe dd % A7)77F 295 S/ Aol
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HEE B E
51 | -
E o Al(0.1 m/o)
Q i = Mn(0.1 m/o)
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o |
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oL ©0 O | |
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Figd7. The calculation results of t' with decreasing AX
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olA] WA H7HE FRel wEk AR t'E wlwsta 1 o)
AN & ot 7] <1l Al Mn A7t 3
X=L-Ax (Ax~0.003cm) xellA S/1 Hojel] =2at wj7bA] 2]
o] uUEF Wi ATE  AAEte]  (Fig.48),(Fig.49) ]
YERQlEh o] wf Z1Ej3oA S/ Hole] e S wo] AJgte]
t' otk Al H7F AeE S/ Aol AAH HY] AR Hawk
7o) FAsky] wWitel S/1 Mool =gty A7kA o] UErt
AEHA F7Fetthrt t, m1lo] Hi= A FeA S/T dol7F dojubA
"ok vk Mn #Z7F S5 S/ Aol NAT #Y] AERE HAH
ARo] 27 wFEe] S/1 Mol =g ojHe t  ~1lo =EFcrt
Al 1 ko] fHAashy] skl t ~0.05 7F He A-CA S/
Hol7b dojupAl "t o]A Axtd t' & wwsiEd Mn H7)
A7k AL 27F Aol vlal 7 gl oF 10 AR AtE Ag

o} 4= 9t} (AI(0.1 m/o):t'/s=130, Mn(0.1 m/o):t'/s=3.9x10°).

Mn H7F A9 (VST'=[VTP) & 2717F AL Z7bell mlsl oF

10°9) A% A= AL ojn] &y glormg t'e| Tukal7|7hA 9
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Aot BluwE g8 t=0 FE t= t' A o]l UYEFF9

gk Ark A3 Al0.1 m/o) HE7F A% t,,=0.63, Mn(0.1 m/o)

A7t AT t, =0.39 2 AxtEAe o3& Al0.1 m/o) H7}
A9 H J, A717F Mn(0.1 m/o) 7} Aol nlsh oF 1.54)

P Aves Zle ouldh

webd Al Mn 27 A4S, J7E ERC 2 (VO -IVeT) 9

iG
i

J, Aelg wmsl ww Augoz J, & wxad M,
VoP'=[VST) /b 2 Aol mee & & 9lx, 2AAT A3
AF AU el Al (VT VST Abeleh Ak
Ao wob whx (VoP'-[ViT)ol A7HE Ehel Be 2aqe

o}

Ash A2 A A= Fo QUL I 5 Itk

tlo
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S/l tr.

0 5 100 t' 150
t/s

Fig.48. The calculated ionic transference number variation of

A1(0.1 m/o) doped case at x=L—Ax (Ax~0.003cm) (t. =0.63)

on
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tion

S/l tr.;

0021 L :
4.4x10 4.6x10 4.8x10
t/s

S/l tr.

0.0 3.0x10° t' 6.0x10°
t/s

Fig.49. The calculated ionic transference number variation of

Mn (0.1 m/o) doped case at x=L —Ax (Ax=0.003cm) (the inset

graph shows t,,, variation at near S/I transition) ( g =0.39)
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theo® Wl J7b wwel wet Attt zkelE mlwata 1
zZkele] - gele oty fE oA A W7 = o9
x=L—-Ax (Ax=0.003cm) SIA|elA S/I Heole]l m=gd 7] o]
o] usF Wik Ase A (Fig.50),(Fig.51)el
dEhigeh =R 7 A v o AE v g, & Fesk
(Table.7) el YebdGlth. 7 A¥E ®d, Al A7 A 2 7t
FEZF 10W S7FE W, v o 40M) AR UM & 5 glen
ol wj H J, A7 = 1.2¥ A% SIS ¢ 5 Atk Mn
A7F A oA o A7F sE7E 10w SUbE ), th e of 10
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VST =[VeTP) 32715 moell vads G ok d7F F5e
o (VST =[VSTP) 271 WEh a2t ws xe 54

o 5 gk,

w2k Al Mn H7F 35, H7F sxo b J, 275 AdEem
Hl2at7] wiitel A7t wEe mE dAAY dst Al AIZE(tY) o]
AA (VST -IVST) o g8 #sHEoe e & £ QT
Aeskabd, Mn d7F A9 Al F7F AR (VT -[VeT) ol
A7) witel AR At A wrix delis Azbe] A

T At A B A s FAREE (VT -IVET) 27
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Z7}9

s AAAY d3rh AEE w7kA

A9E= AHE

AA A Pk o)t
Al—doped Mn—doped
Doping
level 0.1 0.3 1.0 0.1 0.3 1.0
(/m/o)
t'/s 130 800 | 5300 | 3.9%10° | 1.4%x10°| 4.2x10°
; 0.63 0.72 | 0.80 0.39 0.44 0.47

Table.7. The calculated t' and g according to doping level

and acceptor type (t-_ is temporal average from t=0 to t")

on
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1.0

0.8 H —— AJ(0.1 m/o0) 1
—— A1(0.3 m/o)
—— AI(1.0 m/0)
0.6 .
5
-
0.4} :
l]z | / t' |
0.0 // . l )
0 2000 4000 6000
t/s

Fig.50. The -calculated ionic transference number variation

according Al doping level at x=L —Ax (Ax=0.003cm)
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1.0

Mn(0.1 m/0)
—— Mmn(0.3 m/0)
—— Mmn(1.0 m/o)

0.5§

ti on

0.0 \’

0.00 2.50x10° 5.00x10°
t/s

Fig.51. The -calculated ionic transference number variation

according Mn doping level at x=L—Ax (Ax=0.003cm)
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g2 x' oA BANG £7 o HrE thedt go] el

dx’ _ 3y,
dt (Vo1 -[VsT)

(5.17)

=, S/1 Aol AAAY oF HEi n® WAl o] vz 49
FAA QN fAdHE As wAE A 5B(J] )
CVEP =[VoT) ol o8 Fsdoh (Vo' -[Vor) 7t Ads=
S/ Aol BAN o £Esh neEA g AAAF As)

A Hw ogA =g etk J [, 7 ALFF S/1 Aol
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AANY 0% &mrt wehdy) Wil AAAT A% WY H=

A b Zloj

Al, Mn 37 A% A7 % ¥ S/1 Aol BAAY olF HEE
Aatatel 1% Blwd| Btk (Fig.52). Al H7F A9 L3 H7t
FEO Mn ASel Hl& 1 ol% HE7F ¢ 10'] wE Zow
Ao QAo AFaglel
A AT, = AL Mn H7 A EF 2 H7E &)
S/HETFE S/ Aol AL ols SR e Aowm
Lepkth ow] oA E AL AFWE AAE Al H7F AE
(VST =IVST) 271 m*2ell nlEeix S7ketar, Mo H7F 85
VST =IVST) 271 Al A7F ARk o 10° ¥l 29, m el

ulelsl SR 9w gl o) W I [ & SA =Y A o

UE4 Ir7|2HE AARS tr.  (Fig.50) 9%  (Fi.ghl)<

il
+

arstd, Al A7 A A7F SRl daglel SN ' Ad

t,, ®0.05 & @& Aduh olFA Al AEQlel Iy |, 7t
A7) Wl AL ol s £k Al fAo AJu]lel A7

Aotk a1 o Avk: Ao Al A7 A% I,

><-

Mn g7F Aol wal ok 20w AtH: AL ousth oF
Tt S/1 Aol AAAY olF &Hxel [, AolE FFE F1
AR, 2R (VT =[VST)  Ael7h ols &E Aels
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FH 299 & 5 ok 53 Al B34 A9 A%t

Fiol wek m¥? el whmlElsA S/1 "ol AAANY ol &b
b A5 A7 wEel wet m ool whlesiA S/

Aol BAAL elF &=rb Fastmd ol A7 wEel wE
VST =IVeT) S7F vt Sodsich webd S/1 xle] AA e
°ole SR Adshs e (VT -[VeT) Aelge e +

AT,
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(+) q n—type |(»

0 x' L
'1 T T T T
0.1mo
2| Al-doped = = = = ®m
—=—0.1mbo
—o-03mo o o o 0.3'm/0 °
~ 3L 4 10mbo
g i A—A—AL'OA@A—A—
<L |
5 7T T
; _ 0.1 |jm/o
S -6 Mn-doped - 03mo k
8 | —o-01mb o2 Ino |
[ —0—0.3m/o 1.0m/o |
7L—2—-1.0mbo A

05 06 07 08 09 10

Fig.52. The calculated moving velocity of S/I transition
boundary from x=L according to doping level at each doped

cases (250°C, i,=0.94 g A/cm?)
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5.4.3 24X 93 &5 A 8 A A F94

o]x¥ Al, Mn #7} A$E g st HA7tE EFH, A7}
Fro wE HAAe g3t A9 dAAY dst A F At T
S/ Aol AAAL olF %wel BN Hwstd Az %
atolo] @ zrolrottt, 1 AFE FuslRd, Mn B/ A%
VST =[VeT) ol 271 miiel Al H7F A¢xTh t' 7 A4 w
ofUel AAAY olF £E oA =zl ol T #etd
AAAY Ayt o =gA ANAEEA 0¥ wEA g 4%
A @t Zolmw Mn H7b A9 ds £x7 Al #)
Aol mE = olfE MW Fth wd T HU A BE

W7h wE7F 7

+
o

FEE (VST =IVST) o AA7] mEel e

vl A t' 7F AR, AAAY] olF HR7F =#Alth o] 94

i

A7k sk FUhEel wE A &r mEAE ol
M),

U AAAT dF Fxo AW edoz (VI -[VIT) &
3,9 % M g SR AW, B AT gow Fe
Al, Mn 7} AfelMeE H7tE &5, H7F sxe wE J, 9
A7y & Aelg: welx k) wiEe (VT -[VT) #Helel
g3 AAAF Pak Hmsk AHQG ), A7E wgd

olfr B dATeld dew Fe AL Mn @7 4§ 27 A4
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wiolth. web ole UEST Az A Aol v AHEES
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s, ), 37 Al dA HAAY A% HuE

P (VEP' -IVET) Aok ohdeke Aotk olme ®
AFA dgom e Aol Faw duelw, the el s
2 wels (VI -[VeT) 2 3, 9 F M eae ny

e A3t = kol o] Yl ol ot & Zlojth
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HRARIL, Mn(0.1 m/o) H7F AlHel dheiM = A4 o &

ro,

917191 log(a,, ) =-5.31 A 3elA FAIZTh

olFA W Ade ZdEld Aol diel dEE Al wiio] At
Aok W3k AeS vlaste] (Fig.53) o Yebliv 1 A3 ®H,
Al, Mn @7} 4 BF 9 & L9071 S8/ de A3}

S57h WA e o G olF (VI -[VoT) ¢ J,
o wAelM was) ®w, WA 71E log(a, )=-0.67 =31
HAAZ Ao wlaE g EYVE o1FTFE (VI -[IVET)
7= AE FasA "ok 123 A7) AR HA APo=
a7 wEe] ol ugs A7e SRSl Ha, weEbA
v i o7FekAl "tk (Fig.54,65). 1822 2
(5.16) o= e AAAT Az} Al At ) e ZE2]7]edA
HHAANZD A7 9 AR Aoz oadEw, 4 (5.17)ZHE /1

"ol AAMY olF &Et BY BAVIA o webd now
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(a) 1200 v T T T v T T T ¥ T

loga,=-3.32 | 1083, | Obs. | Calc.
332 | — | = -
067 | — | = -

1000

800

600

VIV

P ==

400 log ao‘=-0.67

200 -

1200 T T T T T T T
log a5 | Obs. |Cale.

831 | — |- -
-0.67

(b)

1000 - - - - - -

800

VIV

600

400
log a;, =-0.67
200F === =TT o -

log (t/s)

Fig.53. The voltage variation of bulk part according to initial

condition at (a) Al(0.1 m/o) doped case and (b) Mn(0.1 m/o)

doped case (250°C, i,=0.94 yA/cm?)
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(a) T T T T T T T T

4 - |

/transition ]

log(c/ Scm?
>
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(b) 1.0
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tIOI’]
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|
0.0 !
109 8-7-6-5-4-3-2-10
Ioga02

Fig.54. (a) Conductivity at quenched state and (b) t. _(250°C)

on

of Al(0.1 m/o) doped case at different initial condition
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log(o/ Scm?

(b)

tion

20 15  -10 5 0
logag,

Fig.55. (a) Conductivity at quenched state and (b) t. (250°C)

on

of Mn (0.1 m/o) doped case at different initial condition
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5.5.2 Fe 37} 3%

BaTiOzel H7leH & =%
delxl Fes H7Hsh 49
AAAT 43t Ass ST T 2E At d3et waske
wEE At by sdd HAAT 43 SrEor AU EHEA

o2 sHala) mairh.

1) &2Z8A Ax 2 AY 9y

Ado] AFE3s AAE Fert 0.1, 0.3, 1.0 m/o F7}E BaTiO;

Al e 24 BaTiO;(Aldrich, 99.995%), Fe,03(Aldrich, 99.99%),

BaCO3(Aldrich, 99.98%) % &% 4= 3t 14 (solid state
reaction) = ©o]g3ste] AT, WA =gH FZS plantery
mill& ©o]&3te] 10A17F FoF #a3 & 900TCeA 4413 &<t

T d3¥stal, 1330TCelA 10A1%F &t AAste]  AlxskSITh
BUEEE 95.2(£0.40) %% SHEUAG. dA A7]1= SEMUEOL
5600, Japan)< o]&3ste] ##sk Ax, 21.8( £ 3.5) um=E
SAER o olapde HEHA koprh(Fe A9 Ti Al 10

m/o 7HA &= A& 7hs o] &eA AT[100]).
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0.03)x2.24( £ 0.02)x2.76 (£ 0.02) mm® =Z7|E 7}&5Hg o,

AL A7

W
ofo
bt
1o
>,
Hs)
iy
rlo
o,
o
)
[
|y
o
o
oo
o
_0|L
X
_O|L
N

&l 3.22(£0.02)x 3.36(£0.03)x1.25(£0.04) mm® F7A1 2] k>
AP ow JteEAY. dAA A3t Aes wEE] s 829
AEES Al vt AFgS FHdls A4 7] 98l 7.85(£0.03)x
3.04(£0.03)x2.77(£ 0.03) =719 ut JElZ 7F& =t o<}
ol 7tad 2AANELS 94 Al Mn 3¢ 44 (Fig.21) <

HA AAE Tl 4 e 54 A BobelA FAIZT

2) AL 54 A9 A7) A5 9 HAAF 43 £5 vl

Fe?l 7% BaTiO; WlolA 1 AA7}7F +2,+3,+42 nvpd 5
ATk A QOoH[101], Fe’'ollA] Fe? & niy=d HQ3k
AJYA 7 Wl AA(~2.4eV)  LREHO Feo A=

o=
+3,+4v7o] 1 E 3 gth[63,102]. @k 2 AFCIAE Fel

AA7HE 43,4495 nelaqlch. 282 J3 23 AlEQl Fel, 9
4y 23 YA F 0.8~1eV[101,102]2 <A Ql=dl, ol
°F 1 eVE &#%l Al[80,81,86]HttE ZAY e Lo zH S/
Mol A Fol Al H7bETt vl=apAY o Akst 2917] Feol AT

174



Row o=t

A AN w4 A% 725 424 (Fig.56),(Fig.57) o YeERfelt.
I A¥dE BHE, o FdeA Al AP AFE S/ Aol
AA (Fig.3h) ®ok= o Abst 2907]elA S/T dol7b dAsh=
AoF A7t AI0.1 m/o) H7F A5, S/ Aol AH o]

loga, ~ -4 ALEE /== Fe(0.1 m/o) H7F 25 S/T Aol

A2 loga, =~ —3 d=o|th

Fe A7} 2% A7 ol et 249 A vle A5 Zah2
A Asksk B (Figs8)el ek WA A dush =4
Aate A%S 94 T mebln 98e 2 & gor

A7F % (Fig. 41) 9k vlwskd S/I o] x7e] A 2HE o3
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23 Zol Al b Agru A3k £x7t o wE Zow
BRI o] S/1 HMo] A Aol Ab3} #9)7] £HOR olFTFH
VST =[VST) A717F ZekA7] wiitel dsh £27b wekA] =
Roz oleld & otk A AREFE Ao (VST -[VST)

e vuwdlEd Fe A7 A-$7F Al A7) A-$x} ok 3w 7}

~

T O 2=
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Fig.56. The measured conductivity of Fe—doped BaTiOs; at

quenched state (250°C)
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Fig.57. The calculated frozen—in defect structure in Fe—doped

BaTiO; (a) 1.0 m/o, (b) 0.3 m/o), (c¢) 0.1 m/o (250°C)
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Fig.58. The voltage variation of bulk part according to Fe

doping level (dotted lines are calculation results) (250°C,

i,=0.94 pA/cm?)
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5.5.3 Vanadium (V) 37} 3%

Vanadium (V)< Mn¥ ©Eo] MLCC FdAe =2 H7teE+=
th= A vl JAUMEEXA ddAEd G oA

&
Ao w dHA QItH103,104]. sHAIRE, Mn H7F Aol thaiA =

N

a2 FE A 7z 9 vs Al i A wel 1

W [82-84], V. A7} A9 olgst AdIEA AFEo)
%

1) &2Z8A Ax 9D AY 9

Ado] AFL3E AJHES V o] 0.1, 0.3, 1.0 m/o F7+¥ BaTiO,
AlHO ZH  BaTiOs(Aldrich, 99.995%), V,05(Wako pure
chemical, 99.99%), BaCO;(Aldrich, 99.98%) & 24t A7 3o

A (solid state reaction) S ©]€3Fo] AR TH[105]. WA
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s
)
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1100CelA 4 AN+ ZFo+ st&xsgc. a8 dtad EdS

160pm AE o]&sto] =ebd & AFPskar, 1350TCNA 10 Algk

EF Adsto] Azt At EE 94.6(20.6) %% S =AU

Ax A7]= SEMUEOL 5600, Japan)< ©]&3te] w23t Ay}
V(0.1 m/o), V(0.3 m/o) F7} A%+ 156.1(£2.3) pm, 14.9(%
2.8) pm o A= vlgt 7|2 #EE Ze HlE V(1.0 m/o)
A7y A% 38.1(x7.1) pm A AUFez 2 vl A= Yt
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0.04)x 2.77(£0.03)x2.64(£0.02) =712 v} = 7}¥ = 3loh
%3

o]9} o] 7IdE AAAELS LA

9} FdsA (Fig.21) 9

Vel A% Mn¥% FUstA BaTiO; Wlelx ths Axp7E #i=

Ag3ha Abk Bl wel Vel @Asb} +3,44,452 wklol

A7) AEZ(Fig.5h9-61)S ®w Ak 2l w39
A7 = —1/49] 71712 Fasiorr Ak #4ke]l Srhetd
1/69 71712 S7tgS SAd & ok A7) dRRsb -1/49)
&8 Hele 99> ¥ 4

AgHEd 1 olft o W AR wEs -142 Fad)

ot (Vacancy s WeERUHE V'8t &
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L

1/69 N7 Hol= VA= 1 Aol

Vel #[Val ] <<ma[Vai]l 07 olAE=e 1 olfE o] o

o

dy FE7F 1/62 U] wWielw. ue WY e A7
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Fig.59. (a) The conductivity and (b) thermoelectric power of V

doped BaTiO5 as a function of oxygen activity at 1100°C
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Fig.60. (a) The conductivity and (b) thermoelectric power of V

doped BaTiO5 as a function of oxygen activity at 1000°C
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Fig.61. (a) The conductivity and (b) thermoelectric power of V
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doped BaTiO5 as a function of oxygen activity at 900°C
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3) AL T2 Y A7) AEE

Usor u2o 54 Aa BdelAd a3/ AEEe] 7]
AEEE JYdAE olgstol SA8%a, 1 d3E (Fig.62)
ettt d7F s= H S/T Aol AR AX7E " EsH

A= 2ARE Mn (1.0 m/o), 216°C A9} HlwstH S/T o]

A 4ol Mn(1.0m/o) %% fAbstthe As & o Stk oA V
A7F A At BE AEH uUs AleEol EHA A el
el A2 4 AHe A F2E AdSshe A2 ofHARE S/

del AR gHzRE (VI -[VST) 2717k Al #7te)
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Fig.62. The conductivity at quenched state (250°C) in V doped

BaTiO(g
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4) ZAAY 43 AF

(Fig.63(a)) ol eI Hlw
m/o0), Mn (0.1 m/o) H7} A%< o] el ek (Fig.63(b)). S/I
Aol Aol YAZFE Ags H Zo] Al H7F ASRUE

A3} &£x7F =g BFEJOoY MnEtE daAxe 931 S0

= 98 V(0.1 m/o)E Al.1

wE Zow #|EHGL o2 Ve Ay xF U7t @A
G A A= A AN A5 F vu AHEFE
Al(1.0 eV)¥} Mn(1.5 eV) Atolel] X3t Ro = o ggr}. msh
V #7F A% Mn H7F 99 sdsA g3t x27]ddle Ald A
Aol Axk Frbstthzl 4 Algte] Ak Feflof HlE A Fad]
AZes AsS BolFuh ol Mn H7be LA S/ Ao
A A7) Ak i AFo] AR vEr (-)F gl 9/I

dolo =] A, A7 AER H2us AWr] M Aes

Hl Wl Bgth(Fig. 64). V(0.1 m/o), V(0.3 m/o) EF %7
Aol Y HUE olEd¥FE A3yt wEA dojy=
AL RHFL o= AL, Mn FH7F A%} EdsHA
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Fig.63. (a) The voltage variation of bulk part according to

vanadium doping level (250°C, i,=0.94 pA/cm?®, (b) the

comparison among V, Al, and Mn doped case
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Fig. 64. The voltage variation of bulk part according to initial

condition at (a) V(0.1 m/o) and (b) V(0.3 m/o) doped case

(250°C, 1,=0.94 yA/cm?)
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Aol dal e HY A A3 Fx 49 54 48 +x
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Fig.65. The calculated defect structure of Mn/Y codoped

BaTiO3(Y=0.18 m/o, Mn=0.1 m/o) (a) at 1000°C and (b) 250°C,

(c) the calculated conductivity at quenched state (250°C)
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Fig.66. The calculated ion transference number of Mn/Y

codoped BaTiO3(Y=0.18 m/o, Mn=0.1 m/o) at 250°C
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Fig.67. The calculated and observed voltage variation of bulk

part in Mn/Y codoped BaTiO3; (Y=0.18 m/o, Mn=0.1 m/o)

(250°C, i,=0.94 pA/cm?)
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Fig.68. The comparison of conductivities in the equilibrium
state (1000°C) of undoped—BaTiO; and Al(1.8 m/o) doped

BaTiO3[113]
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6.2 Undoped—BaTiOs8 AL A% +%

o9} & =g 93] undoped—BaTiO;o E4d Ag Fx=
W EeE(ADo] H7tE A9 dd AowE ool sttt

kA TF K. D. Becker 51[114]-% undoped—BaTiO3%] #-2 A3t

T27F A g=2A Al H7F ASRvE 238 Mn H7F A9-9
H]=3ke H 13 tH(Fig.69). Hu¥d Ao w2 undoped-—

BaTiO39 S/I Ao] X #Ao] Mn(l.0 m/o) F7} ALRT ¢ ¢

BI7IR olFd g ¢ 4 ULk olv ekelA AFE AHY

A7l el [87]  f]FelM  EeEol H7FHA &S A¢

FAA dFel E=A Jted A¥ x2F AEHe Fol NIAE

A (VE, Vi) otk whef ofo] & wixte] Adso] Hy EE

Az Zgstga dopbd Ba/Ti HE Z2E3I] o] Hixlg

AT F5E t2A ¥ A MR O 4 4% 727
=

Aoz AFE T wEbd 2 ATrelM = ol
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L Equilibrium_state cond.
0 " @ This work, undoped BT (1000°C)
[ ¢ Mn(1 m/o) doped BT (1000°C)
4k % Al(1.8 m/o) doped BT (900°C)
oA I
S
= 4l
|
e S
8
0]
S Tt
=8 k=
9 Quenched state cond.
7 = This work, undoped BT (300°C)
.10 L © This work, undoped BT (250°C)
| A& This work, undoped BT ( 200°C)
-11 F ¢ Mn(l m/o) doped BT (216°C)[3]
L & Al(1.8 m/o) doped BT (221°C)[5]
G o J AR TP NPV [P SN NP PR (PR RO SR IR S
-24 -22 20 -18 -l6 -14 -12 -10 8 -6 -4 -2 0 2

loga,
2

Fig.69. The comparison of conductivities in the quenched state
of undoped—BaTiO;, Al(1.8 m/o) doped and Mn (1.0 m/o) doped

BaTiO3[114]
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Agle] Alg® BHE F 37HA £7F9 undoped—BaTiO;2H
Az M Ba/Ti ¥17F 0.9880, 0.9998, 1.00827} H&& 1A A2
Aot} o]% o] Ba/Ti Hl&= XRF(X-ray Fluorescence
spectrometer) 717]& ol&sto] vl st Af&Qlstglth(Table.8).
O Ay Az PGl mHAIZ Ba/Ti vIgk 1% 23k 9] gkellA

o]9} e HEIES 1330°CeolA 10417 2dste] AAAE

7]+ Ba/Ti ¥] A= 4.9(+1.1), 6.1£1.2), 45(£1.1) xm

Atk oA Az 2dAES AL AAVIE olgste 40

7FEE T ol e AIEES B A zotdE F¥
A=) (Fig.21) & AFg3ste] 112 #H3 A (1000°0) ¢ 54 Aka

wetell A w A
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Powder XRF results

Ti rich 0.9879
1.0028
Ba rich 1.0108

Table.8. The confirm of Ba/Ti ratio by XRF

6.4 Ba/Ti Hl]d W& A2 2 4HY 7] JA=: H

AAAT €3 AT vl

Ba/Ti W& 23 AH5 A" A= 4 FHY 27

AEEE (Fig.70) o YeErgAT. & E5& 9ol ©4 Ba/Ti

T Qomn Ba/TiK1Ql AHE S/I 7ol #xA oAl Al(1.8 m/o)
A7F ASHT= ¢ sk BEYU|E olFd U & & UL
Ao ofole wixtg] Ag FHol uwegl S/1 o] AFo AV}

depdivs Zlolw o= <ol Wixe] ATELE Al Mnd Z2
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1ol

log(c/ Scm'l)
CID. n | IN | o | R
%’/

250°C
—s—r<]
—eo—r>1
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—v— Mn(L0 mo), 216°C
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Fig.70. The comparison of conductivities in the quenched state

of undoped—BaTiO3

made of different Ba/Ti ratio(250°C)

(r=Ba/Ti), Al(1.8 m/o) and Mn (1.0 m/o) doped BaTiO4
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10 ———————
- —— Mn(0.1 m/o)
- Al(0.1 /o) r>1
- ——r <1(Tirich)
10t ——r>1(Barich)

F —o—r=]1
i Mn(0.1 m/o):
mo Il |
X 1 oo r<l i
Al(0.1 m/o) |
0.1t 3
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001 . 1 1 1 L L * : ’ . l :

log (t/s)

Fig.71. The comparison of degradation behavior of undoped—

BaTiO; made of different Ba/Ti ratio, Al(0.1 m/o), and Mn (0.1

m/o) doped BaTiO; (250°C, i,=0.94 yA/cm?)
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Appendix — Raw data

A. Equilibrium electrical conductivity and thermoelectric power

of V—doped BaTiO3

A.1 V(0.1 m/o) doped

1100°C
loga,, log(o /Scm™) STD 0/mVK™ STD
—0.68 —1.53 0.03 —-0.75 0.04
—2.09 —-1.69 0.03 =0.77 0.05
—-3.69 —1.83 0.03 —-0.41 0.03
=7.73 —-1.74 0.03 0.52 0.04
—10.20 —1.36 0.03 0.68 0.03
-11.21 —-1.13 0.04 0.66 0.04
—12.47 —-0.81 0.04 0.60 0.03
—-13.49 —0.58 0.04 0.55 0.04
—14.09 —-0.42 0.04 0.50 0.03
—14.78 —-0.24 0.05 0.46 0.02
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1000°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—0.68 —-1.74 0.03 —0.65 0.04
—-1.69 -1.91 0.05 -0.67 0.05
—2.05 —1.95 0.03 - -

—4.42 —2.26 0.03 -0.41 0.03
—4.98 —-2.32 0.03 - -

—-8.13 —2.33 0.03 0.43 0.04
—9.46 —2.17 0.03 0.62 0.04
—11.65 —-1.78 0.03 0.60 0.03
—-12.78 —1.58 0.04 0.55 0.03
—14.04 —-1.22 0.03 0.50 0.03
—14.52 —-1.11 0.04 0.48 0.01
—15.21 —0.93 0.04 0.46 0.02
—15.95 —-0.78 0.08 0.40 0.05
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900°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—0.68 —-1.94 0.03 —0.68 0.01
—1.68 —2.07 0.03 -0.72 0.02
—2.30 —2.15 0.03 —0.76 0.04
—-3.37 —2.31 0.03 -0.70 0.01
—5.38 —2.60 0.04 - -

—7.09 —2.86 0.04 - -

—9.08 —2.90 0.03 0.26 0.01
—10.04 —2.82 0.03 0.40 0.01
—-12.49 —2.49 0.03 0.58 0.02
—13.32 —2.29 0.03 0.60 0.02
—14.28 —2.08 0.03 0.61 0.01
—15.37 —1.83 0.02 0.58 0.02
—-16.13 —-1.67 0.03 0.55 0.01
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A.2 V(0.3 m/o) doped

1100°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—0.67 —-1.79 0.03 —0.51 0.01
—2.32 —-1.97 0.03 —0.50 0.01
—4.21 —-2.14 0.03 —-0.21 0.02
—7.09 —1.90 0.03 - -

—9.55 —1.53 0.04 0.76 0.02
—10.63 —-1.26 0.04 0.81 0.03
—-12.69 —-0.78 0.04 0.74 0.01
—13.82 —0.48 0.04 0.65 0.01
—-14.9 —0.24 0.05 0.55 0.01
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1000°C

loga,, log(o / Scm™) STD 0/mvK™ STD
—0.68 —2.09 0.03 —0.45 0.04
—-1.72 —2.21 0.03 —-0.47 0.05
—2.34 —-2.31 0.03 —0.40 0.03
—4.12 —2.53 0.03 —0.26 0.01
—6.30 —2.55 0.05 - -

-9.13 —2.25 0.03 0.70 0.01
—10.16 —2.07 0.03 0.78 0.01
—11.55 —-1.79 0.03 0.76 0.03
—12.58 —1.59 0.03 0.66 0.04
—14.04 —1.23 0.03 0.60 0.03
—14.32 —-1.15 0.04 0.59 0.04
—15.11 —0.98 0.04 0.54 0.03
—16.01 —-0.76 0.03 0.46 0.02
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900°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—0.68 —2.47 0.03 —0.44 0.01
—2.32 —2.64 0.03 —-0.51 0.01
—4.22 —2.89 0.03 —0.35 0.02
—7.09 —-3.11 0.03 - -

—9.54 —-3.07 0.02 0.53 0.01
—10.63 —2.95 0.03 0.65 0.02
—-12.69 —2.44 0.03 0.77 0.01
—13.82 —-2.20 0.03 0.76 0.01
—15.38 —1.82 0.03 0.66 0.01
—16.02 —1.69 0.03 0.61 0.01
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A.3 V(1.0 m/o) doped

1100°C
loga,, log(a / Scm™) STD 0/mVK™ STD
—0.68 —-2.11 0.03 —-0.30 0.01
—2.09 —2.31 0.04 —-0.32 0.05
—3.57 —-2.39 0.04 —-0.15 0.01
=7.76 —1.89 0.04 0.82 0.03
—10.12 —1.42 0.04 0.92 0.01
—11.12 —-1.21 0.04 0.96 0.05
—12.55 —0.86 0.04 0.96 0.04
—13.54 —0.60 0.04 0.85 0.04
—14.12 —0.45 0.04 0.78 0.04
—14.80 —-0.24 0.04 0.62 0.03
228



1000°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—0.68 —2.44 0.04 —0.28 0.04
—1.68 —2.58 0.03 —-0.24 0.05
—2.05 —2.64 0.04 —0.23 0.03
—4.36 —2.81 0.04 -0.15 0.03
—4.99 —2.85 0.04 - -

—8.16 —2.50 0.04 0.82 0.01
—9.42 —-2.21 0.04 0.96 0.05
—-11.59 —1.75 0.04 0.95 0.04
—12.80 —1.50 0.04 0.85 0.04
—14.04 —-1.20 0.04 0.78 0.04
—14.52 —-1.12 0.04 0.69 0.01
—15.28 —-0.94 0.04 0.62 0.03
—15.93 —-0.78 0.04 0.52 0.01
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900°C

loga,, log(a / Scm™) STD 0/mVK™ STD
—-0.67 —2.88 0.03 —-0.22 0.02
—1.68 —2.97 0.03 —-0.23 0.02
—-2.31 —3.07 0.03 —-0.24 0.04
—-3.33 —-3.18 0.03 —-0.22 0.03
—4.20 —-3.25 0.03 —-0.20 0.03
—-6.07 —-3.42 0.02 - -

—6.92 —-3.42 0.02 0.26 0.03
—8.86 —-3.28 0.02 0.40 0.04
—-9.72 —-3.12 0.02 0.68 0.02
—10.53 —2.97 0.01 0.80 0.02
—12.24 —2.53 0.01 0.97 0.01
—13.66 —2.30 0.01 0.95 0.01
—14.35 —-2.10 0.01 0.93 0.01
—15.41 —-1.91 0.01 0.78 0.01
—16.02 —1.63 0.01 0.68 0.01
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Abstract

Barium titanate (BaTiOj3), because of its exceptionally high
dielectric constant, has been used extensively as the ceramic
layer material in Multi—layer ceramic capacitors (MLCCs).
MLCCs are essential passive components in the circuitry of
electronic products because of their properties of high
capacitance, small size, high reliability and excellent high—
frequency characteristics. However, with miniaturization and
demand toward high capacity of MLCCs the decreasing
reliability of MLCC due to the insulation resistance (IR)
degradation of BaTiO;31s becoming a major problem. Basically,
IR degradation is understood as a phenomenon that is caused by
electromigration of oxygen vacancies which are generated at
high temperature through processes such as sintering or re—
oxidation. Although several models for explaining the
mechanism of IR degradation have been proposed, it is still
difficult to explain the origin of the different IR degradation
behavior according to the dopant type or doping level.
Therefore, in this study IR degradation process will be
understood and quantitatively predicted in viewpoint of defect
chemistry. Finally, a method to prevent IR degradation will be

suggested.
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First, it is necessary to calculate the frozen—in defect structure
in quenched state and confirm experimentally, because the
frozen—in defects in quenched state are one of the important
origins of IR degradation. By many researchers, methods to
calculate the frozen—in defect structure in quenched state have
been proposed. However, the frozen—in defect structure has
not yet been experimentally confirmed. In this study, a new
quenching equipment 1s invented and the conductivities of
quenched specimens (Al (1.8 m/o), Mn (1.0 m/o)) were
measured by using impedance spectroscopy in the quenched

oxygen activity range of —18<|OgaOZSO and temperature

range of 24~221°C. By comparing the calculated and measured
results, the frozen—in defect structure was confirmed. Based on
the frozen—in defect structure, a numerical calculation method
to predict IR degradation behavior was proposed. The IR
degradation behavior of bulk part was observed by using inner—
probes, to remove the electrode interface effect. The
observation of IR degradation was performed under
galvanostatic condition (250°C, i,=0.94 ¢ A/cm?) in Al (0.1, 0.3,
1.0 m/o) and Mn (0.1, 0.3, 1.0 m/o) doped cases. By comparing
the observed and calculated results, the degradation process
with respect to position and time was investigated. The oxygen

vacancy concentration at semiconductor—to—insulator (S/I)
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transition point was found to be the governing factor of
degradation kinetics. IR degradation progressed when the initial
oxygen vacancy concentration reached the concentration
corresponding to the S/I transition point. Therefore, the
degradation kinetics was slower with higher oxygen vacancy
concentration at the S/I transition point compared to the initial
concentration. This is believed to be the origin of different

degradation kinetics according to acceptor type or doping level.

As a result, we can propose the best way to suppress IR

degradation if the frozen—in defect structure is given. By
controlling ([VST"=[VST) and J,, IR degradation can be

suppressed effectively.

Keywords : BaTiOs dielectric, IR degradation, the frozen—in
defect structure, electromigration of oxygen vacancy,

semiconductor—to—insulator transition
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