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The Microstructure and Conduction Mechanism of the Nonlinear
Zn0O Varistor with ALO3s Additions
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Abstract

The microstructure and electrical properties of the nonlinear ZnQ varistor with AlLO; additions is
investigated. The variation of nonlinear behavior with AlO; additions is indicated from J~E and C-V
measurement to be a result of the change of the interface defects density N; at the grain boundaries
and the donor concentration Ny in the ZnO grains. The optimum composition which has the
nonlinear coefficiente of —~57 was observed in the sample with 0.005wt% Al:Os additions. The
conduction mechanism at the pre-breakdown region is consistent with a Schottky thermal emission
process obeying a relation given by Jecexpl-(¢ - 8E')/KT] and the conduction process at the
breakdown region follows a Fowler-Nordheim tunneling mechanism of the form Jocexp(- y /E).
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Table 2. Density, weight loss ratio and
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Table 3. ZnO grain size with AlOs additions
Samples\Properties ZnQ grain size {im)
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Table 7. Activation energy ¢ from log(]J)-1/T
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Samples'Properties | activation energy ¢ (eV}
AbOs-None 031
ALO;-0.00bwt% 037
ALO3-002wt% 0.0
ALOs-0.5wt% 0.26

THZ A EHE AA 9 o] FE g
ol27le] FRIvW ZolFo HEE Fowler-
Nordheim ‘i%%‘ HA o wel o] oA g
dedolNe AR AFUE J& AG)E 2ol Ak

J = Jo exp(- 7 /E) 5)

o} 714 ¥ =4(2m)"*/3 h e=6.8 % 1o7¢3"’go1 th 1Ee
BaAelA J-(/E)she| #AE Yepd Hdow ¥
B QoM 187y R} BAde] A9 o
A #e D A 718y & e 98l 9
AG d7td= gresm @43t ~35%107V/em)
7b HH o] e 9y} 9o BANo 2RE
A gl ~1.0x107(V/emT A2 LA st
Aeolth,

H utgl~E 9 v dEAF R FBPGE v
7] & Al dFE HIH A6 Zold
o},

log(J2/T1) = alog(Ex/Ey) (6)

FE G Lo gte 712 1 E¥E2 ~19]
Heg 2(6)e

10!

102

103

104

J [A/em?)

10

10

A7) AR AR Vol. 9, No. 7, August 199,

L Ll L]
< a v g
[ [ra)v]
S om v 4
P v
Q%) ?&] a Vo9
< o]
< we] -
O 300K % EB)O
O 323K
A 373K i
v 423K
o 7K
il A L

3.00x10*  3.25x10% 3.50x10% 3.75x10% 4.00x10%

ad 11,

Fig. 11.

1/E [cm/V]
g E g4 e Fowler-Nordheim =4
(Bx4)
Fowler-Nordheim characteristics of B
sample in the breakdown rcgion

log(Jo/J1) = a(1-E/E») (7)

AEeIH PHRTIAR log/ g FekE @)
we Aoz Gepd & gtk

4
o_{N'J

[s]

o]
S

i .

m. I A A i -]
ol

log{J2/J1) = 7/E:(1-EVE») (8)

A3 H®)E RE MAGAFE a7y /E
A7 AR y o B 9W oF 479
ek el B @8 Qels) e gAY 2
vatme gtelq ol fuE Mgl A
b BRAY A% =10 452 A JE 5
N QoA o @el 57 wrbe ZA U

o A A AgE Yy gorng FR oo

o A 2]

\:410] /H s} o}u}_ﬂ
AR Ao 74]@ +ej o} o]f‘—’ﬁ%%@%i’%
HES 2ol = A4
=4 3lo] o] F 5_%2](.]—149] Foigt A

=
=
o

Hak s

OmEr
Ol

w A

L.
=

e g

S ]—7‘3% Fowler -Nordheim g4l =

chEl o),
Aad s A7h

BA 5 o A gL

(1/C-1/2C)"=2( g u+V)/e e Ng (9)

4714 C, o C £ 77 whelojx A o



j=}]
=5

Vivolts]& A7he o} @<lAle) &9 A4y 44

28 Uehio et AR, & Zn0 313l
FALE Na 200 9349 BUBE o 97
of FuEel, Vi YA A7bEE Aol

2912132 4(9) 02 HE
oA A 727 e

(1/C-1/2C)° ¢ v
7HA 2 ALOy H 7}

i}

24 W2 ZnO A9 2UsE Ny g 2
0] epE AN BlEE Aotk ¢, ALO,
Hrtgol F7bol wel ol A uhehy
] Bz**”}xlft ok g eV T dAA WZg ol
Al 2% EHoRRE FEAE ﬁ%’]%“ﬂ%i

o] o] 03~05 eV & vlmatd z1ogho] A e}

Wk ol AL AY Fo57 IMHzE QAo woh
2.0 x1018
A AlO;-None
1.8} B : ALO,0.005wt% | ]
— C 1 ALOL0.02wt%
9@ 16l E : ALO,-0.5w1% J
£ i
L,
Z‘U 141 - (] s b
1.2} J
1.0 I i L 1
A B C E
SAMPLES
a8 12, ALO; F7EF WE Zur T Ngo o
g}
Fig. 12. Plot of donor concentration N4 with
Al203 additions
25 L] v L] L}
; i A AlLO5-None
Q9 20t B ALO,-0.005wt% | |
— . a C: ALD,-0.02Wl%
-CC:D E: ALO,-0 5wi%
T 15} » 4
[
Q
= .
© 1.0F 4
m
0.5 ' - 1 i 4
A B [¢] E
SAMPLES
a3 13 AkOs H7bgel mE A Aoy A
pnd W3}
Fig. 13. Plot of barrier energy ¢p at the

interface with Al:Os additions

DALOE M F MR v dE

4§ Zn0 Hhel 289

Ao ute-S T3] g R oy
o o7l «l?& gAdslel A ¢
el Aoz yzeEg'®,

= HAdez oF14x10%enm He e 7R
203 A7l Fotel wrel AA FviskAl &
gek BzA A ~15%10%em HE 7
LYy e AddE JeEbiAY o7
F2e e ZnO el ~EHolA dyry
o] i ~10%em Hel gH¥n @B AR E=

=
[

e e o
\‘

. 2

b, Na

N, = 2(2e:iguNe/e)””

294 A
o]t ALO;
2 7‘31\_73H: €
0.005wt%<] BxA

St ol el e

7} 3ol %n@T oAl
lebe molAT ALO; H7beol
A mmaqmsﬂr4 Z7}
g4 AUA g7t B2y

o
J‘} -
A4 ol Qo AMe] 2ol FAH A

z=7H

A &=
HJA A e A M= Poisson TR ulet
2414{.]—'33° AE e AMej U 5o xl@ﬂo; SEL

E=4
Wy aaze ALel AN ABALES

daAd oZ e $E ICP BAGA dFd
upsh gol olde £ A9 glemz sd
2Ae Mmol AARE 23 Wyel Awoel 914

A Ao AdsAE o
of tha AEe gel obd ¥E: s

x10'?
[ 3
5} ™ p
& ..
£ 4t A ALO,-None . h
L2, B ALO,L 505WI% .
=z C ALOL0 02wi%
3+ £ ALO,-0 5wit% B
2 4 “ A A i "
A B C E
SAMPLES
O 14 ALO; 7l & AWZAILYE N9
ke
Fig. 14. Plot of interface defect density N; with

AlLQO; additions



weha wlAzse AN Ale] ¥avol 7
F 23 ol Folxt BRAIA EUSEL A
RMAFRES} B @S A0 w AAGHol
obA AR AFe A rANF Bao] v
& FAW, ALOs A7Hgol F7hsted Alo] ZnO 9l
A el 2gEE FAE dol 23 WAHZnALOY
o 4ol VYW HUBEY AWddUrs
A2 Bas 2214 54 Aajatt dow 4

7t}

e
3

4 A =
ZnO°l  Bix03-Sb203-C0:03-NiO-MnO»-Cr:04&
A7tA 2 st WA v Ay 24 27 FH
E4 g gart dvtn 48 ALOsE v %
H7bg Alge w2y Awr7E 75

s B A2AEE A
JV BEAdANgew  RE ALO;  H7beo]
0.005wt%<] Ba’goll A vl A F o gl 57,
FARFEE Jiol 200A/em9l THE gl

54¢ 99
2) ALO; B7hge] WE WA zA el W W7
of Lowt%old EFhshw Ame vy
(ZnALOpel Saio] @ysow, ou Aale]
£3e xsdgoz AFHel 4714 54
AapA 7l felew et

YAz se] Wekrh WA FHE wAT A
39 log(J)-logE) B4RAE vag A7,
AlOz 7 o] 0.002wt%e 7t A= A7FRAd

O

3)

Aol @9 PAT FEHYe] ~2065ve o
AatA vetdz gle], ol AAl log()-log(E)
543 Ao 22 Hor g5 9o des
Be FE QA GAHE FHF A
o] 2 oz v

4 JFEEAL 2= oEdeozfEH gE doAn
FEY 499 A= Az 49x Wi
g8 &£E7 #E H=  Ed Fowler-
Nordheim €13 A5 2de] 2 dxebgr}.
oldf B[P AT et FHRF BAel ¢7F
BxAgel 4% F5d d99 dolrldofe &

4zt A ¢ = 037eVE 71 =gkt

5) EUFE Neot ARdEUE N= ALOs M7t

ako] 0.005wt2%<l BRAANA 7zt ~15x 108
(em™®), ~527x10%m™®H2 714 & e U

ghuiglen, o= Ale] mgo] ¢t EHE Az
Ha dgs] #d=o] WG ASF, FAAFS
ZE A7H 54 g Zidss Ao A
s¥Eh

717

A7 AR A 2582 Vol. 9, No. 7, August 1196,

& 3 faul

=
o

—

B. Steele, "Electronic Ceramics”, Elsevier
Applied Science, New York, pp.1-27,(1991).

2. L. M. Levinson and H. R. Phillpp, "The
Physics of Metal Oxide Varistors.” J. Appl
Phys., 46(3), ppl332-1341, (1975).

P. R. Emtage, "The physics of zinc oxide
varistors.” J. Appl. Phys., 48(10), pp.4372-
4384, (1977).

K. Eda, "Conduction mechanism of non-chmic
zinc oxide ceramics,” J. Appl. Phys., 49(5),
pp.2964-2972, (1978).

W. G. Carlson, and T. K. Gupta, "Improved
varistor

w

>

o1

nonlinearity  via donor
doping”, J. Appl. Phys., 53(8),
(1982).

6. T. Takemura and M. Kobavashi, “Effects of
aluminum as dopant on the characteristics of

impurity
pp.5746-3753,

ZnO varistor”, In Advances in Ceram., Vol. 1,
pp.50-59, (1981).

7. H. Okuma, N. Amiji,
Tanno, “Dielectric

M. Suzuki, and Y.

properties al-doped
ZnQ varistors”, Advance in Ceramics, 7(7),
pp.41~50, (1983).

8. S. I Nunes and R. Bradt, "Grain growth of
Zn0  in ZnO-BixOs with  AlO;
additions”, J. Am. Ceram. Soc., 78(9), pp.
2469-2475, (1995).

9. D. R. Clarke, "The microstructural location of

of

ceramics

the intergranular metal oxide phase in a Zine
oxide varistor”, J. Appl. Phys., 49(4), 2407-
2411, (1978).

10. J. Wong, "Microstructure and phase trans-
formation in a highly non-ohmic metal oxide
varistor ceramic”, J. Appl. Phys., 46(4), pp.
1653-1659, (1975).

11. J. Han, "Study of the Fabrication of ZnO
varistors and Microstructural Analysis of
Sintered Ceramics”, Dr. Thesis, Kor., Seoul
Nat. Univ., pp.20-34, (1993).

12. G. D. Mahan, L. M. Levinson, and H. R.
Philipp, "Theory of  conduction in ZnO
varistors”, J. Appl. Phys., 50(4), 2799--3812,
(1979).

13. A. T. Santhanam, T. K. Gupta, and W. G.
Carlson, of

"Microstructural  evaluation



¥ AOH ulF Hobd uld g4 Zn0 el -

multicomponent ZnQO ceramics”, J. Appl
Phys., 50(2) 852-859, (1979).

14. M. Matsuoka, "Nonohmic properties of Zinc
oxide ceramics”, Jpn. J. Appl. Phys., 10(6),
pp.736-746, (1971).

15. S. N. Bai,
sintering temperature of electrical properties

Phys., 74(1), pp.

and T. Y. Tseng, "Influence of
of ZnO wvaristors”, J. Appl
695-703, (1993).

16. E. R. Leite, J. A. Varela, and E. Longo,

TAY, A8, 294

"Barrier voltage deformation of ZnQ varistors

by current pulse”, J. Appl. Phys., 72(1), pp
147-150, (1992).

17. T. Miyvosh, K. Maede, K. Takahashi, and T.

"Effects of the

of ZnO wvaristors” p.309 in

Yamazaki, dopants  on
characteristics
Advances In Ceramics, Vol.1,Grain Boundary
Phenomena in Electonics Ceramics Edited by
L. M. Levinson and D. Hill. American

Ceramic Society, Columbus, OH, (1981).

AR

w44

19613 14 1694, 1944 29 s
soht £ 1964 24
OiEel A g Es BHAh. @4
ehd HAbeg. 1986 39 1991d
A FnaziEts B grad o
T4 1914 98 #4 FANATA
AN agdrE AYdd+9.

517 z];

ot ol

(o &)

334
1952 1249 394, 19759 29 M &)
. T AEFEH £, 1983 Berlin
- 3 AsTHY 24, 1984
Berlinth 8 AE 283 ZU (4}, 1983
9 29-19%¢ 6¥ Berlintjdh 479,
219744~ 1978""1 BE&3 FA 19867
- dXH 61'},‘117]04?}\ A7) Hdod T,

718

9UY, 19624 Y 7Y
4 WreEn 2. 1969
doig gy "7eekn
a4 #ur) A7 gen w

B9, B2A7 9%



