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éõ� ZnOØ¯>b>{¡?1
õ� 14000 g��>6ÀÂPzÁ�, ÏLw�(�!>í5U90>A
5�ÿþéÙ"�(�?1
L�, ¿ïÄ
"�(���>6ÀÂPz�m�'X. Á�L²õg�>6ÀÂ
Pz��Á��>í5U²weü, uy ZnOØ¯>b�AÛ�AØ=É�u¬â��¬.���'. ,	, ÏL
0>Ì©Û*	� ZnOØ¯>b�3o«"�µþL§, $§ −60 ◦C e�ü�"�µþ¸-¹U�� 0.24 eV

Ú 0.35 eV, @�§�©OéAX��� WY"� L(Zn··
i ) Ú�� "� L(V ·

O) ¿�ØÉÀÂPz�K�. p
§ 80◦C ±þü�tµ¸�¹zU�� 0.71 eV Ú 0.84 eV, @�§�©OéAX����¬m�>f�² L(ingr) Ú
¬.?.¡��² L(gb). uy�>6ÀÂ�, =.¡��²-¹Ul 0.84 eV ü$� 0.76 eV, @�.¡��²Ì�
��X ZnOØ¯>b�>í5UÚ­½5.

'�c: ZnOØ¯>b, "�(�, ÀÂPz,Ø¯>Ø

PACS: 31.15.es, 72.20.−I, 73.40.Ty, 84.32.Ff

1 Ú ó

ZnOØ¯>b´�«õ¬��Nì�, §Åì
uÐ¤�>åXÚ^;Xì!>f�´^Ø¯>
{ìÚ¡ª ZnOØ¯>{ì!�X^LZ³�ì
�>å��Ú>f�ì��Ø%á� [1−3]. ZnO

Ø¯>b´�« n.��N, Ï~@�3�(L§
¥, kü«"�(�/¤, =du Zn Ú O ��z
ÆOþ'�����"�Ú�,�^/¤���
�"� [4−6]. 3¿§e, Levinson �< [7] ÏL0>
Ì3 105 Hz ?uy ZnO Ø¯>b���;.�
"�µþ�Ñ¸, Tµþ�Ñ¸éA�ªÇ ��
Ø¯>b�äN��Úó²L§Ã', Ï
Tµþ
�Ñ¸�¡�A��Ñ¸. ¤+�� [8,9] �3$
§ −100 ◦ uy
 ZnOØ¯>b¥�3ü«"�µ
þ¸, ÏLO�§�éA�-¹U?Ú9e->6
¢�y¢
§�� ZnOØ¯>b��� WYÚ
�� "�. Rohatgi � [10] uy ZnO Ø¯>b¥

����� "��ÙPzL§���', 
 Lee

�< [11] ÏL�U?]�Ì (DLTS) uy ZnOØ¯
>b¥�3Xn«"�µþ, ¿@��� "�
�ÙPzvk'X. 8c, é ZnOØ¯>b�"�
(��vk��@£, "�(��Pz5U�'
X��3é���Æ. Ïd,ïÄ ZnOØ¯>b�
"�(�9Ù��>6ÀÂPz�'Xäk­�
�¿Â.

�©3¿©ïÄ ZnO Ø¯>b>5U�Ä
:þ, éPzc� ZnO Ø¯>bÁ�3 −160—

200 ◦C, 0.1—106 Hz ��S?10>5U�ÿþ,

uy3p§«��3Xü«"�, @�§�©Oé
AX ZnOØ¯>b�����¬m�>f�²Ú
.¡�>f�². Ù¥, ¬m�>f�²U?ØÉ
ÀÂPzK�, 
.¡��²U?�ÀÂPzeü,

ÏL�6>�Ì?�Ú�y
.¡��²U?Ì
���X ZnO Ø¯>b�>í5UÚ­½5. �
©éØÓNX ZnOØ¯>b9Ù¦>b0�"�
(��ïÄÑk­��/�¿Â, ��?�Ú`
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z ZnOØ¯>b�>í5U!ïÄÚ�� ZnO �
"�(�äk­���Æd�Úy¢¿Â.

2 ¢ �

æ ^ õ � � ZnO Ø¯ > b ¡ (Ù ¥ V \
J Sb2O3, Co2O3 þ � 1 mol%; Bi2O3, Cr2O3,

MnO2, Ni2O3 þ� 0.5 mol%; SiO2 1.5 mol%; B2O3

0.1 mol%; Al2O3 0.005 mol%), æ ^ D Ú � > b
� � ó ², 3 1150 ◦C � ( 2 h, , § � Ç Ú ü
§ � Ç © O � 150 ◦C/h Ú 120 ◦C/h, Á � � »
� φ = 11.4 mm, þÝ� d = 1.68 mm, �>6À
ÂPzc�Á�·¶�Á� A, ÀÂPz��Á
��Á� B. ÀÂc�©OÿþÁ�� E-J (©O
éAXÁ��> FÝÚ>6�Ý) A5Ú0>
5U; 3 ICT3 8/20µs ÀÂ>6ÿÁ¤�^e, é
Á�?1ÀÂ, ÀÂ>6�Ý� 600 A/cm2, ÀÂ
>Ø� 3 kV, ÀÂ�mm� t = 20 s. O�Á��
��5Xê� [12]: α = log(I1/I2)/log(U1/U2) (Ù
¥ I1 Ú I2 ©O� 1 mA Ú 0.1 mA; U1 Ú U2 ©O
� U1mA Ú U0.1mA), ¦>6�>Ø3 0.75 U1mA �
�>6. ,�¦^�I°ª0>ÌÿÁXÚ (Novo-

control) ÿþÁ�3§Ý� −160—200 ◦C, ªÇ
� 0.1—106 Hz ��SÁ��0>5U. �ïÄÀ
ÂéÁ�SÜ�*(��K�, æ^ Jsm-6390A.
�×£>fw�º (SEM) ?1*	.

3 (J�?Ø

3.1 ÀÀÀÂÂÂPPPzzzLLL§§§¥¥¥ÁÁÁ���>>>ííí555UUU���CCCzzz

ã 1 �Á� A, B 3¿§e� J-E ­�, Ly
Ñ
²w���5, L² ZnOØ¯>b�¬â¬.
(�®²/¤. Xeª¤«:

J = AT 2 exp[(βE1/2 − Φ)/kT ] (1)

3�>6«�, Ù�>Ån÷v>fB�¬.³^
�9-u�L§ [7]. (1) ª¥ A Ú β ©O�~ê, Φ

�³^pÝ, k �Å�[ù~ê, T �ÿþ§Ý.

�>6ÀÂPz��
 ZnO Ø¯>bÁ�
� J-E ­�3�>6«k²w�Cz. XL 1 ¤
«, Pz��Á��> FÝd 275 V/mm ü$
� 208 V/mm, ��5Xêd 47 eü� 5, Ó�, Á
��¦>6�Ýk²w�þ,, �±@�õg�>

6ÀÂ�Á�®²k
²w�Pz, ��5ü�é
$,Ø¯A5�C��.

ã 1 �Á�ÀÂPzc��>6«� E-J ­�

L 1 Á�ÀÂPzc���>65Uëê

Á� E1mA/V·mm−1 α J/A·cm−2

A 275 47 0.78

B 208 5 196

3.2 ÀÀÀÂÂÂéééÁÁÁ������***(((������KKK���

ã 2 �ÀÂPzc�Á�SÜ� SEM ã. �
±wÑ, ÀÂPzcÁ�SÜw�(���5�Ð,

��Ýp, ¬â���÷; ÀÂ�Á�¬âº��
��CzØ�, 
¬.?Ñy�þ��É, ��Ý
eü, 3¬.?�kÛÜLK�,�.

3.3 ÀÀÀÂÂÂPPPzzzéééÁÁÁ���AAAÛÛÛ���AAA���KKK���

� ZnOØ¯>b�þÝ d > ds � (ds ¡��
.þÝ), > FÝ E1mA A�Ø�þÝCz; �´,

� d 6 ds �, > FÝ�þÝì�eü. ù«y�
�¡�AÛ�A, Ï~@�AÛ�AÌ�å
u¬
âº��Øþ!5Ú/G�Ø5�5 [13]. duÀ
ÂPzÌ��^uÁ��¬., �
ïÄÀÂPz
¤E¤�¬.Cz´Ä¬éAÛ�A�)K�, ·
�òÁ�©Olü¡��, z����«þÝ�,

^�(Å�W, ?1óZ!�7, ÿÁÙ�>6Ï
SA5, ,�O�> FÝ E1mA ��, ÙAÛ�A
�CzXã 3 ¤«, Á� A ��.$:� 0.36 mm,

Á� B ��.$:� 0.60 mm, ÀÂPz�¦Á�
��.$:O�.
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ã 2 Á��*(� (���ê 2000×) (a) ÀÂc; (b) À
Â 14000 g�

ã 3 ZnO Á�Pzc� E1mA AÛ�Aé'

�âã 2 (J, ÀÂ 14000 g� ZnO Á��
�*/mC�Øþ!, �*(�C�Õt, ¿�3
Ü©¬.?Ñy
éõ���É, �¬â�º��
�Ä�vku)��Cz. Ïd@�AÛ�AØ
=�¬âº�k', �Ú¬.ÂB>Ø�þ!5
k'.

3.4 ÀÀÀÂÂÂPPPzzzéééÁÁÁ���000>>>���ÑÑÑ���KKK���

ã 4(a) Ú (b) ©O�3ØÓ§ÝeÁ� A Ú B

�0>�Ñ� tanδ �ªÇ f �Czã, lã¥�
±wÑ, 3��ÿÁ��S, Ñy
²w�n��
Ñ¸, =¸ 1, ¸ 2 Ú¸ 3. Ù¥, ¸ 1 Ú¸ 2 Ñy
3$§, Ù-¹U� 0.24 eV Ú 0.35 eV, ©OéA
X ZnO Ø¯>b���� WY L(Zn··

i ) Ú��
 "� L(V ·

o)[8,9,14], ù3·�±c�ïÄ¥®²
��
y¢, �´�X§Ý,p� 80 ◦C, -¹U
� 0.70 eV �m�¸ 3 m©Ñy3ã¥. ¯¤±�,

0>�Ñ�>�kXe'X [15]:

g =
ε0(εs − ε∞)ω2τ

1 + ω2τ2
, (2)

tanδ =
γ + g

ωε0εr
, (3)

Ù¥, γ �0��6>�Ç, g �0�µþ4z��
>�Ç, τ �µþ�m, ω ��ªÇ, εs 0��·�
�é0>~ê, ε∞ 0��1ª�é0>~ê, ε0 ý
�0>~ê, εr �0��é0>~ê.

ã 4 Á�3ØÓ§Ýe�0>�ÑÌÚ-¹U (a) Á
� A; (b) Á� B (Ù¥�ã©O�-¹UO�)
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ÀÂPz�, Á��n��Ñ¸�¸�­��
Nk¤þ£, ùL²0>�Ñ�O�Ì�k>�Ú
å. Ù¥p§Ñy�¸ 3 30>�ÑÌ¥´Äg�
uy, ù�U´du±c�Á�3��L§¥vk
éÐ���p§>�, >�L���T�Ñ¸�ù
X
*	Ø�. �=X (3) ª¤£ã, XJ�6>�
Ç γ ' g �éõ�, ¸ 3 Ò¬�Ûõ. lã 4 �ã
�-¹UO��±uy, ÀÂPzéùn�¸�-
¹U���vk²w�K�.

3.5 ÀÀÀÂÂÂPPPzzzéééÁÁÁ���>>>���þþþÌÌÌ���KKK���

>�þ�E0>~ê��ê, �~~�^5ï
Äõ¬>b0��µþy�, Xeª¤«µ

M∗ =1/ε∗ = 1/(ε′ − iε′′) = ε′/((ε′)2 + (ε′′)2)

+ iε′′/((ε′)2 + (ε′′)2) = M ′ + iM ′′, (4)

Ù¥, ε∗ �E0>~ê, ε′ Ú ε′′ ©O�0>~ê�
¢ÜÚJÜ. ¦^�þ5£ã0>µþA5�`³
3u�$ª?0>~êÚ>�ÇC�é���ÿ,


�þ�K¬¦Cz����z, �é{`, ^>
�þ©Û0��µþy��±�Ñ�£Ä>Öé
µþL§�K� [16,17].

3�þÌ¥�±*	�Á� A Ú B Ñ�3X
o�µþ¸. $§*	��ü�µþ¸ 1, ¸ 2 ©O
éA-¹U�� 0.25 eV Ú 0.36 eV, Ù(J��Ñ
Ì¥¤�A��Ó, @�§�éA ZnOØ¯>b�
�� WYÚ�� "�, ùü����"�U?
Ø���Ú��ó²�ØÓ
u)Cz, ù�*:
8c®��ÊH�@�.

3p§ 80 ◦C ±þ�þÌ¥m©*	�µþ
¸ 3, Ù-¹U�� 0.72 eV ��ÑÌ¥#*	�
�¸ 3 �éA. ¸ 4 ´3�p§Ýe (�u 150—

200 ◦C) *	��, Ù-¹U�� 0.84 eV. p§ü�
µþ¸�-¹UØ´½�, Hong � [18] ÏLéo
� ZnOØ¯>b?1{|Ì©Û��ùü�¸�
-¹U?©O� 0.40 eV Ú 0.75—0.87 eV, Andres-

Verges[19] ïÄû^ ZnO Ø¯>buyp§ü�
¸©OéA�-¹U?� 0.54—0.64 eV Ú 0.94—

1.0 eV. Ïd, p§ü�µþL§ÉV\JÚ��ó
²�K���, éAX ZnOØ¯>b����"�
µþ. 3 ZnO Ø¯>bSÜ, ��X ZnO-ZnO ¬
.Ú ZnO-Bi2O3-ZnO ¬m� [19], Tao �< [20] @
� ZnO Ø¯>b ZnO-ZnO ¬.U� ZnO Ø¯>

bJø�p�³^, 
 ZnO-Bi2O3-ZnO ¬m�K
é ZnOØ¯>b³^�zØ�. Ïd, @� 0.84 eV

éAX ZnOØ¯>b¬.¡�²�-¹U L(gb),


 0.72 eV éAX¬m�?�²�-¹U L(ingr).

ã 5 Á�3ØÓ§Ýe��þãÚ-¹U (a) Á� A; (b)

Á� B (Ù¥�ã©O�-¹UO�)

é��µþ¸ 1 Ú¸ 2 
ó, Ù-¹U��3
ÀÂPz�A�vkCz, ùL²ÀÂPzé ZnO

Ø¯>b��"��K�Ø�. �é����µþ
¸ 3 Ú¸ 4 
ó, �kµþ¸ 4 �-¹UlÀÂ
Pzc� 0.84 eV, eü�Pz�� 0.76 eV. ù�?
�Ú�y
 Tao �`{, ZnO-Bi2O3-ZnO ¬m�?
�²é³^��zé�, Ù-¹U?�U��V\
Jk', 
 ZnO-ZnO ¬.�²Ì�éÁ��³^
Ú��5å�^. ù��·��>6ÿÁ¥Á�
�Ø¯>ØÚ��5Xê���. ¬.¡�²Ì�
��XÁ��­½5, 3�>6ÀÂPz�L§Ð
¼>f«úXáÂUþ��^, õgÀÂ�, Ü©
U?��K>�>ÖÓâ, ���²U?ÆC [21],

Ly3>�þÌþ��²-¹U?l 0.84 eV ü
� 0.76 eV.
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3.6 ÀÀÀÂÂÂPPPzzzéééÁÁÁ���>>>���ÇÇÇ���KKK���

ã 6 ¤«�ØÓ§Ýe ZnOØ¯>bÁ��
�6>�Ç�ªÇ�'X­�, �±wÑ, 3ªÇ
�p�, >��ªÇ�3ér��6'X, �ªÇ
�O�
O�. >��ªÇ�ù«'X�^ Jon-

scher �Ê·nØ (universal power law, UPL) 5L
«, = σ′ = σdc + Bωs, (0 < s < 1), Ù¥ σdc �
�6>�, B ��§Ý!16fßÝk'�~ê, s

� 0—1 �m�?¿ê, ω ��ªÇ [22]. ,
, 3 �

ã 6 Á�3ØÓ§Ýe�>�ÇÌÚ-¹U (a) Á� A;

(b) Á� B (Ù¥�ã©O�-¹UO�)

$ªÇ (6 1 Hz) Pz�Á��>�Ç'Pzcp
C��êþ?, ¿�Á��>�Ç3d«�Cq�
�~ê, �ªÇ'XØ�, ù«y�¡�>�Ç�
a�6A5, 3TªÇ«� σdc �ÅCÔZ¿d{
K (Arrhenius law)[16],

σdc =
Adc

T
exp

(
Udc

kT

)
, (5)

Ù¥, Udc �>�-¹U, Adc �§ÝÃ'��cÏ
f, k �Å�[ù~ê, T �ýé§Ý. ã 6(a) Ú (b)

��ã¥O�Ñ
Á� A, B �>�-¹U©O
� 0.84 eV, 0.77 eV.

>�-¹U´ïþá���>Uå���­
�ëê, �á��>�Çk���'X, ��5¿
�´3�Ó�ÿÁ§Ý (150—200 ◦C) e, T�6
>�-¹U����>�þÌ¥1o�"�µþ
¸�-¹U L(gb) éÐ��éA, Ï
?�Úy¢

�þÌ¥�1o�"�µþ¸� ZnOØ¯>b
�>5U���'.

4 ( Ø

ïÄ
�>6ÀÂPzé ZnOØ¯>b�>
5U!w�(�Ú0>5UK�. ÀÂPz�, Á
��>5U²weü, 3Á��¬.?*	��
þ��É, E¤
¬.©Ù�Øþ!, y¢
 ZnO

Ø¯>b�AÛ�AØ=�¬âº��©Ùk',

Ó��É�u¬.�©Ù. >�þÌU
��¡
�L� ZnO Ø¯>b�"�(�, uyÀÂPz
�ü$
 ZnOØ¯>b����.¡�"�-¹
U L(gb), 
éÙ¦"��-¹UvkK�. �6
>�-¹Uo´éAX ZnOØ¯>b����.
¡�"�-¹U L(gb), ?�Ú�y
 ZnOØ¯>
b�>5UÚ­½5Ì�É�u����"�U
? L(gb).
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Characterization of defects and research on impulse
aging in ZnO varistor ceramics∗
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Abstract

The electrical and dielectric properties and the microstructures of a polynary ZnO-based varistor ceramics with 14000 times

impulse current aging test are measured. The relationship between defect structure and impulse current aging is mainly investigated.

It is found that the electrical properties decrease rapidly with impulse aging and the dimensional effect of ZnO varistor ceramics is

dominated not only by grain but also by grain boundary. Additionally, four defect relaxations are found at different temperatures by

using dielectric spectra. Two defect relaxations appearing below −60 ◦C with activation energies about 0.24 eV and 0.35 eV are

identified to be intrinsic defects originating from interstitial Zn L(Zn··
i ) and vacancy oxygen L(V·

o), which are not affected by impulse

current aging. Other two relaxations appearing above 80 ◦C are suggested to be extrinsic defects originating from trap levels L(ingr)

at intergranular phase and trap levels L(gb) at grain-boundary interfaces, respectively. Only L(gb) decreases from 0.84 eV to 0.76 eV

due to impulse current aging while other trap levels keep unchanged. It is further proposed that L(gb) is responsible mainly for the

electrical property and stability of ZnO ceramics.

Keywords: ZnO varistor ceramics, defect structures, impulse degradation, varistor voltage
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