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Abstract: In this study, we have investigated the effects of Co doping on I-V curves, bulk trap levels
and grain boundary characteristics of ZnO-Bi:O3 (ZB) varistor. From I-V characteristics the nonlinear
coefficient (a) and the grain boundary resistivity (pg) decreased as 32—22 and 18.4—0.6x10° Qcm with
sintering temperature (900~1,3007C), respectively. Admittance spectra and dielectric functions show two

bulk traps of zinc interstitial, Zn;

(0.16~0.18 eV) and oxygen vacancy, V,” (0.28~0.33 eV). The barrier

of grain boundaries in ZBCo (ZnO-Bi203-Co0304) could be electrochemically single type. However,

its

thermal stability was slightly disturbed by ambient oxygen because the apparent activation energy of
grain boundaries was changed from 093 eV at the 460~580 K to 1.13 eV at the 620~700 K. It is
revealed that Co dopant in ZB reduced the heterogeneity of the barrier in grain boundaries and stabilized

the barrier against the ambient temperature.
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BiAdl ZnO vl 2~H+e AHAEH AA7]1719 3|2
52 AHA7] (electro-static discharge, ESD)1} 33
ot 38 2% AA (surge)ZHEH HIEE AR E

A AFEEl= O] AR AlekE] BEFelt [1-5].

BiFl 7ZnO Hlg]2E:= Adtnt AAEA o] Hrlet=
(dopant)ell we} thFatAl Wakes Q82 1
09t Mn2 AlWAE] (interface states)S &4 3}
g_;ﬂ 7H/\io]_1: ];H_Lx4o]
Atk [1-4]. ddtyg o= BiAl ZnO
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2Zm)T AaFF(Veel dEHert [1-6]. o]t
A3E2 ZnO g =g vy Add gdS m
[1,36]. &3t A= A F F7F=2 Zn0/Zn0° =&
At AW ZnO/Bix0y/Zn0O2] o]F 4 Ado=w &

FHY, Ads AP AR-AY 542 vehy
FAE AF-AG FANA FH ARGER wA
WA FeA A (347101 o AA =
e SHES 1 2@l met 27 geAE
) B 2 maEe] Qg Y] we A7
g3 dt [1,39-12]. ZnO-Bix0s-CoOAl A Co
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F, 1.0 mol% ol Aol E ~40 AEZ ¥3l5E 7
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A, AS (admittance spectroscopy) %
(dielectric functions: Z', Y', M’, ¢,
tan8)E ol&3sto] At dA 54l A= Cod
d3S 100~700 K =% F7roll A 2A a9 ok,
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B ASs 2eE AoF (£ 999%, 14 % 3
5—],', %l‘_)g] Zl’lO, BizOg (1.0 mol%), CO:%O4 (1/3
mol%)& AFE3te] IHtAQl Mgt FHdo = E3s)
A2 ALgstsnh. ol E:Eele] 9 98
koo Ruvle 47 64, 1122 9k A
= 988 10 mme o 453 S8l gsist
A 25 MPa® 1% 718k A& $ 98 MPaz
T At Axzsdo AE AlE-> 900~1,30
0ColA 1AIZE &7] FollAl At on,
Z

Zt £+ 5C/minZ 1A ~F AAE2 ~1.0
mm FAE 3fe] o] Ag M= (ohmic contact-g)
S Aol 6 mmg 7t HA A 2adoew =it
2R ¥a 600ColA 107 EAgste] S48 A
How FH|et3]

[e]

A ZBCoAl el AF-HA4A-V) 542 high voltage
source meter (Keithley, 237, USA)S A}&slon,
] 28 nAd AF(a)e -V A g AlH e
A Gy FAE Q49 AFEE-H713(]-E)
FHAo2RE J=CE! a=log(Jo/J1)/log(E¥/Epel utet
Ttk 91714 Ji=1 [mA/em’], J=10 [mA/cm’]o]
W, B B 7247 AREE i, LelAe A A
71[V/em]elth. 4AE FEAG (V) 5 AV,
1 mA/em’ A2 Agh, Al FA(t), ZnO FA+2]
A BA(d)CRRE V=V, d/t2 T 74

WUe oz A3t T3 pre-breakdown

d9e J-E =4 vlev|=RE d2 HAR(pg
[QemDs T8

XAl 98ke]  admittance
spectroscopy (zero d.c. bias)E A+&3ttt [6]. 2 2
g 99 1H HFIFATHT)S oI o] Fozl

o,

e t
=—— 5 €| = (1)
n 2gA TQJn p( kT)

i

A7 EnrEUHERY A= st oux A
[eV], 0,=¥8 @HH [cm’], g=EAFI ] ZFHE= 9
4(05), A= & Richardson A4 (~30 [A/(cm’K))),
T=Ag2% [K], e=#dx H3l% k=Boltzmanni
(862x10° [eV/KD)elt}. 1714 In(w/T?) vs. 1000/T
X 1 71€7] (-Ewk)Z%¥Y Exg Jsta, dH
In(2gA’oy/e) ZHE 0, T3ATE ol & $g FAo
= HPA194AE o] &3te] 100~350 K74 1.0 K/min
o] £x 8 FH23uHA 2 K Ao g 749 5 F
34-(10~100 kHz)E Aot 2429 conductance, G
& FAs90 [9,111

7ZBCo9 F3+ $9 EA4L 4F F3FTF
(dielectric functions)E& ©]&3to] el 4A SA4

gk ARs Aot [7-12]. 49 IS & MS
(impedance and modulus spectroscopy) 54 &
st AHEE 2, A O AY RS
st WH, FAAQ delE W 2 ALHS
7 2o [7-12].

AvkAlo R Awe Fug 9 SAS ofy 5 7HA

=
o §HFFE Aol AT,

Y'=7"1=jwCe =G+ jwC=Y +jY" (2)
Z'=Y '=ljwCel ' =2 —j2" (3)
M= '=jwCZ =M +jM" 4)
e =M"'= [ja)COZ*T1 = YT;'wa]fl =g’ —je” 5)
tand=¢" /e '=M" /M =2']Z"=Y']Y" (6)

W ghah spgelm 9o wE FHEC] tiate] B
& gugels wele] weixm, oleld wAEe rhe
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Davidson—Cole relaxation, Havriliak-Negami relaxation)
of Wb 1 e zad e et (14, 44
o7 B4 F48(e)e Debye R23} Cole-Cole 2d

e
3 e dus

(Debye relaxation, Cole-Cole relaxation,

ol A oh& gkt

Debye : & s o 7
COYe - & e Ty
% 8‘_8

Cole-Coleie =e_, + 0<a<l ()

14 (jor)t™®
A7)A e 0—0d W FHE HAFHE F el 000
d W fFHEeE A5 % v FAdEY @3t Az
(permittivity relaxation time), a: 33X 3}20]E

(distribution parameter)©]t}. Cole-Cole E-@olA a=0
o w Debye &3t} Al durx o=z 0.2~059]

Te THE AegE deA vt [14]. shvhe] sdE
=94 #A (¢ @3 AA)olvgtE o] HAL 7t
FrAsT7E 2 oy AR (16, Ty, Tans, Tz, TS
2 38" 4 9o 3 Debye ZEH Cole-Cole
Rdo| A Mz tE $43tAIZE Alele] #AlE A=}
zZte A E(r=e/ex) 9t aoll o AR [14]. &
FASTIE Zhes stAIRE Abolo] #AlE EHAQl #
AR fFETt [17]. olgg 7 4siA gt disk
T BANLE 2Ty T =i BAE FHI
i 9k [17]
=2 o

stue 9, £l 247k e] Al (time
constants)’} &3] & 7ted FAEE Xo|rt &
o AA #e 7 i

Aol et N@?% &) EAo 42 Ax
(localized conduction)t} 2% Fo] zt= A|AH S5 By
AEs ZA7] wd 54 X (o, Aol =4

F35 W97t F2
% 10 Hz ©]3hel 4] )
S, Sl S ek e 100 Kz ol elA e
A it (4l wek 3

g 4ug AL
A

FHEgs 54 B4S 95F9] impedance/gain phase
analyzer (Hewlett Packard, 4194A, Japan)E ©]-&3}¢]
Ty 100 Hz~15 MHz tigolA, 54 2%
100~700 K "9l A Gttt

S48 FAe AL 2R g4 E = 9
=5 o7k 190 mm, 7ol 30 mm¢l AdH
(pyrex A1) Well AXstar, A ZrloA F4717
(HP4194A)7FA1 9] AZHE (1 m Aol
F5 W] A8t 55 AolER wEJoH, AEH

o

Well Axd FRY &8 7= (F4de] 21 mm, 2

rJ

Loz

u!

ey

il

o7} 54 mm%l ¢Fujy FH)o HEAQd YAEFA
2 Ao Zteld & dE Ax|FY] S FHAS
3t7] 913t AlA WEkI wk Al A WEgez 7 3
Aatd 7hol &2} (degaussing)”t 7Fs3HAIE &
o AlHe] R-X¢ G-B ¥ tans #HES AlHo| Az
H 2AE FAAE A A4 S ”01 HA AL =
Sk WE 3 o 1.0 K/mind £ =25} A
20 K t4o2 &g Fi ggddA HFeE=2 73
3t AT
A= AT R)F AHEF (Oo] A= HEx A4
H RC el AE=R 1/ olie] 9449 == AA
gt} [13]. olglgk RC A9 FJ=2dA Fdg87t F
ol i3] o] 4A <l Debye 9% 5A4S 7F¥tia 7
A3k, o] T2 gk Yo HEH A G
o7 2.
Z'=Y " '=(1/R+jwC)" ' =R/(1+jwRC) 9)
e e
1+ wrO?] \" 1+ (wrO)?
:Z/_jZ/I
M =¢"'=jwCZ = jwCy(1/R+ jwC) ™" (10)
_ jwGR  CW'RCHjwGR
T 1+jwRC T 1+(wRC)?
wRC

_Q.M) A(ﬂ._
C  1+(wRC)? C  1+(wRC)?

=M +jM"

RC 571829 §Hd&F9o F3+ 92 oRC=0t=1
oA Hge 7HAA 9 1 =02 7 = (RC) 'O

Ageith 7 §d g4 d2 S4E gES 54 F
W (complex plane plot) ¥ F34¢ $@ =
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(frequency explicit plot)® WetHe] Z+ mj=¢] A
ol M3 Jz 2% T,9 Jda FaF f.S 73
1, E3] d94d2~ (impedance)®t EE# 2 (modulus)
dlolg el A zF 5] HAZ Z'na®t Mmws 1L
Pz Fell A kel A (DS olg3ste YA A
Ren) ™ A L% (Cp) e FE31Y

Rgb " _ q)
max 20

gb

(1)

olg@A T Tpo T '=0max=2 7 fru, Z'max, M'max 3
ol Y -9-22(Arrehnius) 2} (7= 7, exp(E,/kT) ,p= pyexp(E,/kT),
=327, p=HAE [Qeml, E=1 &2 poll dig &
gt YA, k=E2T A5 T=% [KDS o] &3}
Z+Z} Int vs. 1,000/T % Inp vs. 1,000/T Z#HZE &
st 1 7|27 25E A2 oty gelAeE AT +
A (F2 o3} olyA|, Enst &2 oldolA= Ald
(FA) A3} oA UA(E)E T3t AE-3F T

T3k ZBCof Al M9l dHel ddAdH 2k
I 2 e == b ot o B ot B et R B e
T F(7)& Ab&stglown, ofd tigh A A3
Ha AL o3 2 (8l F, A= oldddAle o
EAdo gt £ 3yl E (distribution parameter,
) =, heterogeneity factor (a-factor)= =43 Z"-logf
P ZZRE Cole-Cole dS A &3to] 2 (12)2 A
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AR Ccos (a7r/2)

Z :T ) cosh[(1—a)(ln(T/Tp))}-i-sin(mr/Q)

(&, R, =Ry_.) Ry=R_q; AR=R,— R, (real))
o] a-factore= YAIS A =, 4Al HA o 2

A4 ol 9% 52 HNHE BT of
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__1 sin (o)
Flr) = 2T cosh[(lfa)(ln(T/Tp))]*cos (am) (13)
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Fig. 1. J-E characteristics of ZBCo sintered at various

temperature.

Table 1. Summary of J-E

characteristics of ZBCo.

Sintering JL Vb Peb
Temp.(C) § (A/cm® (V) (x10” Qcm)
900 32 2.1 3.1 18.4

1,000 28 12.2 3.7 5.0

1,100 26 17.9 2.9 1.6

1,300 22 12.8 3.3 0.6

A HEQ nAY A
o Aol AA vrolA &
& ¥dste AF, -V
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2 FAHY 7 PP 22 0 w2 A A
FE 2R3 $5% wEsEe e waks 32
202 adEE ok AALLI} molASE i
AAR] Aol A5 vhobAE Aga A @ 23]
FAAR(UE 2ALE/ Foldel we 21-128
p/em’2 EobAA T 1,000C o] ol Al A4

s MY =3 A & FEAY
VE AdeEd did AP glo] Holw, Uz
o= 4zl 2~4 V ®e el ATt [1,2].

T3 ~1 pA/em’ ©]3+9] pre-breakdown <<
WA (pg) e 2ALE7 EohAS4E  184-0.6x107
Qemz Ao AFAoR Fiste 43S HERSL
ot mebs ZBCoAle]l AF-Hg 54L& 2ZE2E
st AAHeZ dRkAQ BiAl ZnO uviE ~H7F
zk= A7 5A4E YERHAAINE pp] FATVE FE

A A

3.2 Admittance Spectroscopy (AS)

i)

a9 2(a)e 1,300TolA &FE$ AlEE 100~350
K 3t A 7719 Fakrel ek Ggks Uebd Ao
W, 2% 2b)e P2 ¥a9 2xet FiFE o] &3t
o In(w/7;) vs. 1,000/TE ek Zlelth,

ag 20@et ol Foxl Fugel 2% oA
conductance, G= P24 FE3 35 YeRfA vl
Pl 594 9322 Jervx a7 2(b) 9
a2 RE AxkE P2e] As #9E 028 eV, X
3 @iz 38107 em’® ZnO-Bix03-Mn304(ZBM)
#} ZnO-Bix03-Cr:05(ZBCr) Al 9] 242335 (v,)3 5¢
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Fig. 2. (a) admittance spectra at 10~100 kHz for ZBCo
sintered at 1,300C, (b) In(w/7}) vs. 1,000/T.

Table 2. Summary of defect levels of ZBCo.

Method P1 (eV)

P2 (eV) o (cm®)

AS -

M"-logf 0.18
tanS-logf 0.18
e”-logf 0.16

0.28 3.89x10°®
0.33 -
0.32 -
0.33 -

o

geel T gHE

M"-logf#} tanS-logfoll A Hglo] FEHW (H

L 2L o= e"-logfol A

A A 1™ 3(a)

2R 1| Mo Ob ox
rob
o B
[N}
9,
r
q
o
w
=2
>
o
i
ot
HT
juk

7} FAsko A EE = P13y P29 3
A2 (Dol digke] oF#l Y922 (Arrehnius)
&

T
. . 8
tans-logf, M"-logfoll A} W &t&}A et BE 3
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Fig. 3. Characteristics of each dielectric functions by
frequency and temperature for ZBCo sintered at 1,300°C.
(@) 220 K, (bh) M’"-logf-T (200~240 K),
1,000/T.

(c) Int vs.

>

55 o F ok me 7 {FAFgFAA YERY
R T %, T3
et A=A A= S =Sy <fons Tz = hap T
ol =AE 54 Agtel A dEG
A =™ [9,11,14,17], 28 3(a)e] P2l thste] A 3]
A49e B 5 vk 2¥ 3% 2ol 7 {Aga

olgk P1 A% #¢+ 0.18 eV (M"-logf, tan§-logf) <}t

)

TZu T‘IH

T
T = Ty~ >7—Lan§

il

887

016 eV (&"-loghZ ASoAM=
Zn, Agor & I

(

AlAk= 2] 2 kA RE
At [1,69-111. P12 e”-logfel
3 A3 F=97F 016 eVE o2 fATSGd Hl )
i A YEde ofE2Ee SHEF v dE
o2 AR HT P2 028 eV (AS), 033 eV (M"-logf),
0.32 eV (tand-logf), 0.33 eV (e"-logf) & ThA x}o]=
YERA T dubd o2 ZnO vig]AEo A BAE = v
2 &5 5 A4 [1,69-111.

Weld A% #91¢ BAY W Agss 7 g
el FAd AeldeE 2 299 ArE 27
# ael7h i AL FAT 5 Qom, dd f4
FFE WA AHgstel BASHE Aol AREA 24
St WMAS o & ATk ER [V FHe) mge
Zn0 whel s 243 B4l wE Agel FHS o
o wheh wha = Qidl olo] diE AAE A
@ ®Ao] ool Wast e Ao welth (6]

3.4 €A §Y 24 (IS & MS)

1,300Coll A 243 ZBCo Al el
st (a) Z"-, M"-logf (600 K), (b) M"-logf (360
~700 K), (¢) Inp vs. 1,000/T plot, (d) A A3
Rpt B8 CpsE WERA Zlojtt

a7 4(a)9k Zo] ZBCo® YAE Td YJA= g
A=, 600 Kol A9 Cop®t Rep= #4714 nF¥ 3.1
kQo 2 AAEAT (28 4d) FH3). 2183 Cpe
34 227t Eobyel we ~18-13 nFoE A%
vol A= AdFS BHAOW, Ry 618016 kQO=
AFAow AasAth(d 4(d). 53] Cpst &
@t ZF 2o wE Aols A¥EW, 4
ZnO-Bi;0s-MnsOsAl &= ~1.3~1.8 nF (420~780 K)
[11], ZnO-Bi203-Cr:037= ~2.4~3.2 nF (400~780
K) "HedA S24s JeElH [9], ZnO-Bix03-ShoOs
A= Sh/Bi Hlol| wa} 0.2~0.8 nF (440~780 K) ¥
_ﬂoﬂ /"1 ‘E"‘;é}fﬂ [8], ZHO—Bizog—SbQOS—Ml’L%O47:”*‘E 0.9
~1.2 nF(400~560 K) [15], ZnO-Bix03-Sh03-NiO7|
i+ 05~11 nF oA S5 vepdlia v [12]

U}E}j\i Zl’lO‘BigOgZﬂx—t‘ tﬁé}: 0.2~3 nF @EQ] ?:}
A BALFE HolH of7]e] &% HrtH e =HE
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Fig. 4. IS and MS for ZBCo sintered at 1,300C. (a) Z"-,
M"-logf (600 K), (b) M"-logf (360~700 K), (c) Inp, Int
vs. 1,000/T plot,
(Cgp) of grain boundaries.

(d) resistance (Rg) and capacitance
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)

KolA 093 eV, X =2 259 620~700 KellA
1.13 eVE 49] ZnO vt 2Hol A F9] 4t 52
zhe] o3 w3 o) THE ATE YA EAs
AUA7F ®skes A4 FASHA dERS T (8] o] ¢
2o AL Cre H7ES ZBAVY 2 067 eVeF 1.2
eV [9], MnS 7Ie ZBAZF 2= 079 eVl 1.08
eV [11], ZnO-Bix0s-ShoOsAlo A Sb/Bi H]ol| wha} thef
3k A3} o UX(Sh/Bi=2.0, 0.84~0.87 eV; Sh/bi=1.0,
119 eV; Sb/Bi=05, 1.02 eV & 15 eV) [8], ZBSA
Mn<g #7138 ZBSM(Sh/Bi=05)741¢] 04 eVel 0.75~
0.87 eV [15], ZBSAlYl Ni& #7138 ZBSN(Sb/Bi=0.5)
Ale] Ao A 1.3 eVe 294 095 eVel 1.3
eVE 7 M= EEEe @4 12195 AolE zte
Aolth, webA ZnO-Bi:OsAll Z4F =HE
A7re S o QA g4 duyA = gYstAl
ghth= AP S FR1E 4 9l

st 29 5(a)= 1,300ColA] 2223 ZBCo Al# <]
600 KelA ol Al &3t AlzH(v)el gt Fx3g+E
o] &3sto] Z'-logf T ZZHE Cole-Cole Ed& #
£3te] YAl BE Fetu|E] F| heterogeneity factor
(a—factor 0<a<l)E& T3l =2 TA|3 Aol
HE 208 Az A7 o)Al Ass &
A5 YEeEl+= Debye 22 (a=0, FWHM=1.14)%=
A A A ST a—factors= 600 KellA 0112 vf-$-
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