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ABSTRACT

Single grain-boundary varistors were fabricated using hydrothermal and vapor phase grown ZnO single crystals and their voltage-
current relation was studied. The single crystal bonded single junction varistor showed various voltage-current relationship and
different breakdown voltage of 0.24 — 3 V. The different types of non-linear current voltage behaviors was attributed to the variation
of electrical conductivity in ZnO single crystals.
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Fig. 1. (a) crystallographic orientation of ZnO crystal and (b)
the photograp of ZnO single crystal.
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Fig. 2. Photographs of bonded ZnO single-crystals with (a)
same direction and (b) same direction and tilt.
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Table 1. Breakdown Voltage and Nonlinear Coefficient of ZnO
Single-Crystal Varistors

10°A 152 231 307 3.16 37 42
10°A 074 046 164 236 28 26
Nonlinear coefficient (@) 3.2 14 3.7 79 83 48
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Fig. 3. Current-Voltage characteristics of various single-crystal bonded varistors showing (a) symmetrical varistor behavior, (b)
asymmetrical varistor behavior, (¢) ohmic and varistor behavior, (d) ohmic and ohmic + varistor behavior, and (€) ohmic
behavior (the plat region due to current detection limit of current source).
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(a) .
Fig. 4. SEM photographs of various bonding interfaces showing (a) direct contact between ZnO crystal, (b) direct contact and
partially contact with varistor additives, and (c) fully penetrated with varistor additives. ‘

FEAG 2 nFAA Sz AL ARAF vielEH
Mo A AHsE 7E ARVE 1073 107 Admle] Ay
tod ohe 4] o= log(I/L)Ylog(V/V,yS ©]43t]
CARAH =x2% B4 2d A= &8
HEesl AL, e 1400°ColM FAIA TS &
Ay @424 FHAe FEEF velay
] 9& Aoz oidse] FAF MA@l
22§ ARE Fig. 40 e AEA

i s A7k dol EASE
15 FA= 3% 5 2Ask=
& pm FA7HA] B2k A
A7 AgAY 714 542 HE
go] z;ggb 740] o]q,]—/ %1_5'_

2o 0
Sh
% o

W
i
o
i)

olN
i

I
9, EE % ol
T T
I Lop 2
yo i
To ox
2o
o o
lo

ot
o,
[od

<

o> . R o 4n &
) (L o r

e

)
=Y

o 1ot o po 2 Wi oox
(4o R

o
192w %o
=2 iy
)
g
s i g
2o
filo
a2 o
e
L ooX ol
iy
y
i-o i
oli _IE ‘Q' l’
4o
offe

fofor & 2 4o
ot s
ro
X
@2 do

e

FL}I i

o g 2 fo

e IF

2

-9

u

2
£ X
% K

L
-{j =
=z
=)
Sl
et T
2 i
oﬂ, o?L
ox O M
o

3
2 gl
2o &

i)

rZi ol
N
¥o i
Jm
A
o
2
N
[«
o
P
S
lo
jsd
=
)
X,
o
ol
)
o
e
flo

¥
m
i
2
1)
fe
ne
-z
2,
R
rr
2
ok
o
=)
==
2

ml
1 FN
> ool i

> rlo
WE RO o 2 fotl N XN R jo fo 2 opdkrlo 2 o 12

£
4
2,
R
o
v
o2
)
=)
S o
o,
o
AW
o
- )R N

b o9la w3 olge Ay AW A
ez A e 1xYs ¥
s the el A4 7 AR 99%
148 & 37 3 A veEs
2 s ARl gt wE H7
b 4 9tk o]y ek AW uHTRERE
A% AYAFE ol T 5 Ak F vt
7hg Zure] 283 AR ofriztel YA

Q

°

m
1o O got
it

)
o

r_‘lm
oX, fo ox

[ fo i & o T fo

5 2 ox

(s

o}
o

9
2o
|t "

ol
-
N

o

——

il
4t K
s
ek

>‘ N i
b3
I

o?f.i{é
LT

i

A

O

of F=3}A

¢

(c)

i
0,

P

gL

1714 Awo] wasks A% Fig. 3@-dsh 2L
el MHA B4e enb) e Aoz ol
QAT AY AT e 2

e ot
e o
0,
v
o
=
2
o
Y

2 o 1o 3@ S o a2 Lo o
o
>
2L
o
odk
£ ok
i)
i)
iy
()
bt
1
o
N
B
o,

—
A
o
i

I

o3
u
O}'L, O_Nu
)
ok
v
i,
o
ha)
N
or.
o
i
ey
i
ox
o2l
e
au)
il
oX
o o R

10* ohmS +CH M= 5
_]
o]

A o

3 10%) oo we AFE 2 g FAsY 7
dylo N7 BARe] 7%, o GFVe] Hal ks
o] 91xlo] M @A) WHEEY 2 Aot F
Z

= ATLE 1400°CHAM 6A7E FA St ke
slagch el AHE FA 2mme] 2 ©ARE 2

6

A7y EAE & AA e HH3] AER ol &
Astg ot b B% F ohmoe® &3 QxpfoA {4
3 AL JR e e stk wekA olEd Ax
£o] o2 ) @AA HEA wielxEo] AR/ A
AEo] thFaiA Uehte Aoz FHsAY. A &
T34 Olsson 7¢ tA74 wieladHo] g AF-AY
24 AFERY 7Zn0 AAH vEl2H 54¢ 34
e A9 uAAA AFE AR ZnO9t Bi,0,39 &
BeEgLe v o AF-AY AFS s Eg ZnO
AA Bi,Od ~@dgo] EXee A9 AF-AY
A5 A&} vle)aH ASS Wshe AoR Bis
gtk B Ao % Fig 40l Vel uiel 2ol ZnO
AAL FAo]l Y g FAY £ AU °]F FH

¢

o

fd

A 42 @ A 53(2005)



370 VAL

Fig. 39] 2 7FA Sold ntel&E AFE oldE + 2
o} ol @ A2

¢mmaﬂ4waﬁﬂﬁﬁﬂ¢4
BT BASOR WA Uehd
< °]5H5“:} 1400°CelA 6A17F X ]0}
AP 2Rl 540l Mskshe 2
AN A4 HA Y Aol vt
& ooglth = 7 onyy 439 2w
ZnO @27 A weol wEt & +C "W -CHA
2 x10° ohm @ % x 10° ohmo.2 £ 71" E4 9] z}o]
£ B3d. 2 dH2) ok A3 Welo) wet A
Ex9 Aolg YepA o 447 ohme 2 o] A3
AZaYc R e 71;@344 FgEgH oz XAE A4 &g
Aol 10%) o1 o7t e AL 3T o ojeidt &
A% A4 B4e] Wake ade F 27 ) ohdst 2
A o] W3l 9 ulg|AE B4 B HEY IE
of Qo] 9lE Ao 4% + AUt
=Ne FiAWM oz /\-121—)\] D}gzqzé)@- 31|
32VE 2R F-ge] B
AAE ZnO F2F FH Schottkyb‘ﬂ«] depletion 2]
Al el slske AoR dRsian. & a7 A%
FEAYE 024-3Ve] HY ol SAjste A Fdsi
oI A4 WAV F BY A 19l v
Ao EASHE He2H 54 B@ A7HEe
57 Ado] Sl ZoE AEEY.

2
= o

x J e

N
= =

Nt &2
e}

X,
Lt
(e oE _‘iL rr
g 10
HU Flf

\I

Schwing &
289 FuAYL

=) 3

it
2

ox
8

% R

48 E

o];(]_E. /L],
o gol &

H
o] 9] gz%%]-%o] Hr9l9} ddo] 918 AoZ
pHoz 747t Az

o o]& &As}r] A3l I # 714

d dAAL FPste] dUAE e vElsHE Axs)
Ark. 24 AAE thFsA HsAA JEe AlEsie
U A7 AAe] g9 ol s A 3 Y
M HEgol shatdtt. BY ©AAolA Z2ls J
Aol 224 A et Axwrt 2 AAE YER
AL 0|2 A&l el HF AIATE #2T 5 U
th &2 AAo] ¥5F AVNHREE 2 FEYLE A
A7l AR AL w2 ARE Zde ez A
A2l ZnO A7 JEA 25 Adeed wet BgFs
F AYASS stdlen, dF A4 vFA AsE o
SYA vk 2E %‘%ﬁ?}% 024 -3 Vel HejellA

fr (2L o ol -

=R BB

o A1 v

I

v 2N A4E 8 olste S 7= AL el

ot.

10.

11.

12.
13.

14.

15.

16.

REFERENCES

. M. Matsuoka, T. Masuyama, and Y. Ida, “Voltage Non-

linearity of Zinc Oxide Ceramics Doped with Alkali Earth
Metal Oxide,” Jpn. J. Appl. Phys., 8 1275-76 (1969).

. J. T. C. van Kemenade and R. K. Eijnthoven, “Direct Deter-

mination of Barrier Voltage in ZnQ Varistors,” J. A4ppl.
Phys., 50 [2] 938-41 (1979).

. J. Bernasconi, H. P. Klein, B. Knecht, and S. Strassler,

“Investigation of Various Models for Metal Oxide Varis-
tors,” J. Electron. Mater., 5 [5] 473-95 (1976).

. . Wong, “Barrier Voltage Measurement in Metal Oxide

Varistors,” J. Appl. Phys., 47 [11] 4971-74 (1976).

. W. Morris, “Physical Properties of the Electrical Barriers in

Varistors,” J. Vac. Sci. Tech., 13 [4] 926-31 (1976).

. R. Einzinger, “Microcontact Measurement at ZnO Varis-

tors,” Ber. Dtsch. Keram. Ges., 52 244-46 (1975).

. U. Schwing and B. Hoffman, “Model Experiments Describ-

ing the Microcontact of ZnQ Varistors,” J. Appl. Phys., 57
[12] 5372-79 (1985).

. E. Olsson and G L. Dunlop, “Characterization of Individual

Interfacial Barriers in a ZnO Varistor Material,” J. Appl.
Phys., 66 [8] 3666-75 (1989).

. E. Olsson and G. L. Dunlop, “The Effect of Bi,O; Content

on the Microstructure and Electrical Properties of ZnO
Varistor Materials,” J. Appl. Phys., 66 [9] 4317-24 (1989).
E. Olsson, G. L. Dunlop, and R. Osterlund, “Development
of Interfacial Microstructure During Cooling of a ZnO
Varistor Material,” JAppl. Phys., 66 [10] 5072-77 (1989).
F. A. Selim, T. K. Gupta, P. L. Hoewr, and W. G. Carlson,
“Low Voltage ZnO Varistor : Device Process and Defect
Model,” J. Appl. Phys., 51 [1] 765-68 (1980).

L. F. Lou, “Current-Voltage Characteristics of ZnO-Bi,O5
Heterojunction,” J. Appl. Phys., 50 [1] 555-58 (1979).
L. M. Levinson and H. R. Phillipp, “The Physics of Metal
Oxide Varistors,” J. Appl. Phys., 46 [3] 1332-42 (1975).
G. Y. Sung, “A Study on the Effects of Grain Size Dis-
tribution on the Non-Linear 1-V Characteristics of ZnO
Varistors,” Ph.D. Thesis, KAIST, Daejon, 1987.

Y. K. Lee, “Growth of Oxide Single Crystals by Hydro-
thermal Method and Defect Observation,” Ph.D. Thesis,
Seoul National University, Seoul, 1997.

U. Schwing and B. Hoffman, “ZnO Single Crystals with an
Intermediate Layer of Metal Oxides : A Macroscopic Varis-
tor Model,” J. Appl. Phys., 51 [8] 4558-60 (1980).



