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Table 1-1 Materials Exhibiting the Varistor Effect.

Category Materials[Reference] Main applications

Elemer

ntal semiconductor Si[49-59]. Ge[29] Soler cell. Polycrystalline device

V-

SiC[35] Heating elemen

-V compound

-V compound GaAs[32]. GaP[36] Light emitting and detecting device

11-VI compound ZnSe|.

Electro-Luminessence

Bali0O,[1-28]
Srli0,[38]
ZnO[42-48]

Sn0,[39. 40]

1O, [41] Catalyst

Metal oxide

Gas sensor

Underli

ne denotes the functions utilizing the active grain boundary

Eq. 1-1 ZRTHA0H LI, HiL N, 7
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, B A | JiE R Y 7 - oOEN R

HE ORI % L TR
I 23 Y A # (varistor) FF
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#(nonlinear coefficient)

dlogJ
dlogh
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Table 1-2  Proposed Origin of Grain Boundary Trap States in PTC Thermistor.

Authors [Reference]

Mechanism

Jonker (1967) [17]

P. Gerthsen and B. Hoffmann (1973) [1]

Diffused oxgen or halogen ions along grain
boundary

Acceptor states in a intergranular phase

J. Daniels and R. Wernicke (1976) [ 18] Ba-vacancy

H. lhrig (1981) [19]
M. Kuwabara (1984) [21]

H. Kondo e al. (1989) [23

S. B. Desu and D. A. Payne (1990) [25]

1 H. Lee et al. (1995) [26]

S. Jida and T. Miki (1996) [27]

I. Miki et al. (1998) [28]

A. Chiang and T. Takagi (1990) [24]

Acceptor states formed by 3d-elements

Adsorbed of oxigen on grain surface

G. V. Lewis and C. R. A. Catlow (1986) [22] Ti-vacancy

Spatial fluctuation of oxgen vacancy concentration
controlled by cation nonstoichiometry
Space charge segregation.
Space charge segregation.
Change of Mn valence state due to phase
_transition
Ba-O vacancy pairs.

Mn-associated defect pairs.
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Table 2-1 Research on Current-Voltage Characteristics of PTC Thermistors

Authors ([reference], year) Sample Proposed conduction mechanism

Mallick and Emtage ([2], 1968) Polycrystal Diffusion through Double Schottky Barrier (DSB)

Gerthsen and Hoffmann ([6].1973)  Single boundary DSB with intergranular phase

lhrig and Puschert ([3],1977) Polycrystal Diffusion through DSB

Nemoto and Oda ([7],1980) Single boundary Space Charge Limited Current (SCLC)

Mader et al. ([12].1987) Polycrystal Diffusion through acceptor-rich insulating layer

Al-Allak et al. ([5].1989) Polycrystal Diffusion through DSB

Kuwabara et al. ([10].1996) Single boundary Trap Filled Limited Current
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Table 2-2. Parameters Used for the Device Simulation
Width of Effective Total effective

a tv of Effective
Potenti o ng acceptor ensity ol
Poteotial d s g domor density
DarT node! st S, a S density acceptor states <
barrier model  sta ) P pluc
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Table 2-3 Temperatures for the Examinations of
J-V and C-V Characteristics (°C).
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Fig. 2-8 Measured capacitance-voltage characteristics for the same specimen in Fig
2-4 and 2-7.
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Table 4-2  Values of A and B Estimated from the Tilt and Twist Angle
Dependence of the Magnitude of PTCR Effect.

A
sin(¢/2) 0.86

sin(¢/2) vs. sin(#/2)

sin(0/2) vs. sin(¢/2) / sin(#/2) 0.85

Average 0.86
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Fig. 4-12  Misorientation dependence of grain boundary hardening in alpha iron-1.08

at.% tin alloy as a function of tilt (a) and twist (b) angles [8]

Suzuki et al. (1981)
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caluculated from the data of Ref. 9 using the Lange’s equation

Table 4-3  Values of A and B Estimated from the Potential Barrier Parameters.
1 B /B

Values for E, (¢V/orders) 0.13 0.02 6.5
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A (EBIC) <289> 40.0° Random

B (EBIC) <71517> 47.7° Random

Bicrystal (C-F) <912 13> 36.6° Random




—
Y
~

N
o

SAMPLE A
62°C
169°C

o

\
/

W e b,

/
\ /
\'f

o

B
o

o
o

CHARGE COLLECTION CURRENT / nA

-20 -10 0 10 20
DISTANCE FROM GRAIN BOUNDARY / pm

O
-~

N
o

T
SAMPLE B

60°C
— 162°C

-
o

(=)

'
=
o

Fig. 5-8 (a) An optical micrograph of the sample, and (b) a secondary electron

image of the area indicated as a square in (a),

'
N

CHARGE COLLECTION CURRENT / nA

.0 .
-20 -10 0 10 20
DISTANCE FROM GRAIN BOUNDARY / pym

Fig. 59 Charge collection current across grain boundaries measured at different

temperatures.




i, charge collection
. T7b%H Balio; F

£y~ B

54.1. BiAE
At Clx, #HRe cDI=IZ, LLFOZRMEZ RV,
(a) eI FET A AT 25 L HEIROFKZ Ko
(b) DX+ ) T OIROEE L, £ ORI EP T -ETHD
(c) B TR XN D DN v ) T OREEAp IXTEREHEIR TAp << n, OFMZ i 1=
(d) 2T PR AR vo=0, BEHRARE v, =0l T 5.
it THV A ARSI 28 W 2 EFIREIC

por

3 )
DV©p.(r) +g(r)=0 (5-4)

= C, e A ) TR 6 OFERE, pn)iX v ) T OREE, D i
B v ) T OWHOES, A3RRREEM, e(niXD¥X Y T OAERBETHD.
VL A L) 5 DI,

o "I)J._J’/-p":_” dydz
o .

iR 2
i 7 A 2 i

SN SN

Fig. 5-10 (Z30F} A |iE X AL7 N F{#]¢) charge collection 7

#iPH T Eq. 5-

i FLE. ZOF—F13.0~451m

EHZ A H Tk | R (& L1 1.0m

N
(=)

T

---- EXPERIMENTAL
—— CALCULATED

L=1.0pm

o
&

o

CHARGE COLLECTION CURRENT / nA

10

o

DISTANCE FROM GRAIN BOUNDARY / pm

Fig. 5-10 Fitting of theoretical charge collection current to the experimental data
obtained in 0.1mol% Nb- and 0.01mol% Fe-doped BaTiO,. The point source is

assumed for the minority carrier generation in the theoretical calculation




C BaliO, 7
R

HE a(r
& T REZR
S, FeiTE OFESN

. BB &> 1= 0 /b 3%

\a

Y, Al Cu Tidp
% BaTiO, O F-¥#7, F-

INCIDENT
BEAM

Schematic representation of electron beam irradiation to the sample

orming the spherical generation region of hole-electron pairs

- Rt

VIL,

(V@F - Faup)

G A v

= C,erfc {14l Be %

2D %

fTbh T3

: ) G
V /r‘l/'l—r/r—yr‘f(f”r Le
D
1 2( ,p(r)) p.(r) G )
3 r ‘ o+ C\M, |=
L D \ a

"7 r) 2 . .
N A p-(u pe(r) G

roar\ o

a r a £ p™™

p(r) [(‘. a Gz \" a \[ rl” a r) r)
J - % -
sor " Pa)"\2z o) ex) L
4 & : a’Gr \" & ‘_| & . ‘ (r
< > cr! + eXP)
|7 "8nr o j 2t a) ™)
=T, BEREMN p0) = (EED), p() = 0 L0 BRI C,, Gy
e

' exp

N G a ‘

8D 417 )

s
a Gym

8D

.| a r r a r 1

x ‘ SR ———— = X
2L a L 22 a) L]
3 WIEDHTHH T Eq. 57 O CRENBAEEN G 2 5B A 08
fRIF T 5. B (x = ) TOFREREL v, = o, Rifii(z = 0)TOHFHE
Berz & Kuiken [3]7%7% L 7=
Fig. 5-12 (27 e

=0 & LA o )

9 oSk 4 v C
U T AR E & AR e v Y




) p(r)F

Ap(r) = p(r)+ p.(r')= p ()= p(r)

P

IMAGINARY
gmfwmv SOURCE

SURFACE

r

r

IMAGINARY

SINK Ap

GRAIN
BOUNDARY

Z

Fig. 5-12 Configuration of sources and sinks for the boundary condition: vs = 0

and v,

T

—— POINT SOURCE
—— a=05um
—----a=1.0

— 8=15

Jiba AL

Fig. 5-13 Calculated charge collection current J against the distance from the

grain boundary x. showing the dependence of diffusion length and radius of hole

generation sphere




542 BIEEROEHN

i }5is

- DA
Russell 5[14-17]i4 - [FERORIARIZ K 5 charge collection ff
fToTWa. LanLAad s, IKHEEESR Y o7 b T
0.1mol%Nb- 0.01mol%Fe @I BaTiO; D356 L RERIZZ 4 7 4 2
=, ZOfER4% Fig. 5-15 (0. SEMGERE D & ERCERR r Offi

o

DL & AR T S A7 BaTio, 1235 24087 v ) 7 OfLikkE

1=. BaTiOy\Z & 1F % IEFLOBEEE 4, 1%, Pietro 5 [28]iC L

CRRS Bz u/u, OFENE, BFOBBE y4(= 0.5em’V's" R7)DEBEE 15 fif s

L7=. & BaTiO, D7 440K, fOFF¥HL 300K & A L7-. BaTiO, TOfii4
7n0, Si L5 L, ERENEE A=Y —icdh b bOD,

W LN nDs. ZOEREECBHEORWNCL>TELET

Table 5-2  Parameters for Hole in Semiconducting Materials.
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BaTiO 0.6 1.4x107 0.7
Zn0 3.5 2.1x10

Si 40%* 3.4x107 1800*

23*

GaP 0.6* 1.9x10”" 75*%
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