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pØ�6���éà¯L>C�ïuJ:´�ØÙ¥��m>Ö�A. 8c, IS	ÆöÊHÏLV\B�â
f3à¯LNS/¤��²Ó¼>Ö�Ån5³�>ÖÈà, �d³�Ån��
>|�Ä�nØ. ±U�nØ�
¡�ãàÜÔ0�¥�m>Ö�/¤Ú³�Ån, l�?�²�.Ñu, A^>Ö\�Úø�Äå�§, í�
à
ÜÔ0�¥�m>Ö�/¤L§. 3àÜÔ0�¥Ú\��²�, 0� Fermi U? £, >4�0��m.¡�>
d Ohm �>=C�{l�>. �Ä�Ã½/�¥�þ��²�Ý, >ÖÑ¦«°Ý�u 100 Å, >4�0��m�
.¡é>fC�ß², /¤¥5�>, 3>Ø�^e, ù«à¯L0�¥Ø2�U/¤�m>Ö. ��, 3Xà¯L
ÚB�U5�¹k��²�à¯Lü«Á�þ, ©Oÿþ
>��>|rÝ�'XÚ�m>Ö©Ù­�, ¢�(J
ÎÜnØí�.

'�c: �6ý�, U�nØ, �m>Ö, ³�Ån

PACS: 71.20Ry, 71.10.−d, 72.80.Le, 73.20.At

1 Ú ó

�X#U
�mu, ºU!��Uu>NþF
ÃO\, °�æh��%ÇuÐ, �º���!h
³²��m�ål�õÇ>U�DÑ, ½�I�ï
upØ�6�éà¯L (XLPE) >C [1,2]. àÜÔ
/�(��A:´U�¥�3X�þ�Û�� (�
²), 3�6>|e�²Ó¼>Ö/¤�m>Ö [3,4],
ÆCý�¥�>|©Ù¦ÛÜ>|rÝ'²þ>
|rÝpê�, ��ü$
ý�|^Ç, Ïdïu
pØ�6>C�'�3u�Øý���m>Ö�
A.

®kïÄL²: $�Ýà¯L¥·\ 0.5 �
�zv (TiO2)!��z7 (SiO2)!n�¾ (Al2O3)
Úv�� (BaTiO3) � 4 «B�âfÑU�ÌÝü
$�m>Ö [5]. 0>ÌÿþL², B�âf/¤�
�²��, ³��m>Ö�J�Ð [6]. Takada 3)
ºB� MgO ³��m>Ö�^�¡, ?1
î�
>|O�, @�B� MgO 3 70 kV/mm �>|¥
�)
aAó4f, Ù ^²�� 1—5 eV, �^�

� 50—1000 Å[7]. y®�², �Ø�m>Ö�A�
k�å»´3à¯L (½�éà¯L) ¥V\45
Ô�. 3)ºV\45Ô�³��m>Ö�Ån�
¡, �8IS	©z��@�45Ô�3�45�
à¯L¥/¤
��², ��²¦>Ö3ý�¥Ã
{÷>|��£Ä, {�
>Ö�ÛÜÈà [7,8].

�\ív��, 8cù«)ºØ�U�Ø�m
>Ö, ��²�U{�>Ö�ÛÜÈà, ��m>
ÖE30�¥, =¦�m>Ö30�¥þ!©Ù,
d Poisson �§¦��>|©Ù´Øþ!�, ±�
�²Ó¼>Ö���Ø�m>Ö�)ºJ±¤á.
�©ÄuàÜÔý��U�nØ, &?àÜÔ¥�
m>Ö�/¤Ú³�Ån.

2 àÜÔ0��U�nØ

U�nØ´3?n¬N>f(��L§¥u
Ðå5�. ¬N(�Qk�§kS, �N±Ï5, q
ká§kS, �NC��f�(Ü; 
NõàÜÔ
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´ü���NX, ��
�§kS, vk±Ï5, �
E�3
á§kS. 3àÜÔ0�¥U�(�Øk
��Úd�	, �k�þ�Û��, Û���>f
ØU�gd>f@�$Ä, 
�UÏL���Al
��Û��=£�,��Û��, ½�9-u��
��. S.þrÛ�¡��², àÜÔ¬«��¬
«�.¡!©f�|ó!àÄ!ó�òU!ä�
Ú,�ÑU/¤�².

ã 1 àÜÔ0��U��. (a) ÚÛ���Ý©
Ù (b)

àÜÔ0��U��.ÚÛ���Ý©Ù©
O«uã 1(a) Ú (b) ¥ [9]. ã¥ ts �f�²; td �
�f�; Ec ���; Ev �d�; EF � Fermi U?;
Eg �à¯L�B�°Ý, � 8—10 eV; E e �>f
�²; Eh ��Ç�².

3 �m>Ö�/¤

�²�à¯LÁ�¹küU?f�², Á�Y
3ü¬�Ó7á�>4¥, à¯LÁ��>4�U
�(�Xã 2 ¤«. ã 2 ¥>ff�² Ete ´ÉÌ
.�, �§´���ÿ�¥5, Ó¼>f�¥K>
5; �Çf�² Eth ´�Ì.�, §¹k��>f
��¥5, ����>f�¥�>5.

�>4�à¯LÁ��>�, >4Úý��
ý�!Fermi U?ªL.¡ëY, lã 2(b) ��,
ψi > ψm. >4¥�>fòÜ©W÷�>4NC�
�², >f�\È«��Ý λ, d>4Úà¯LU
��äNëêû½ [10]. �>4þ	��6>Ø, X
ã 2(c) ¤«à¯LÁ�¥�>|rÝ F , bXÁ
�¥vk,�, 3$>|�^e, >4¥�>fÏ
L Schottky �AaL ^�à¯L��5\>f,
du.¡NC���­ (�ã 2(b)), >fØU3�
�¥Ï1Ã{, 1réáål�K\�², /¤K
45�m>Ö. lã 2(c) ��, dud���­, �
4�Ç5\� ^'Ò4>f5\� ^p, Ïd
�kUYO\	�>|rÝ F , âm©�45\
�Ç, /¤�45�m>Ö. �Á�¥�²�Ýé
�!	��6>|rÝép�, >4¥�>Ö��
ÏL���A��5\à¯L��²¥, ¿ÏL�
²�m����ADÑ�SÜ�²¥.

ã 2 à¯LÁ��>4�U�ã (a) Á��>4�>�c; (b) Á��>4�>�; (c) Á�þ	�>|�; Ψm �7á>4�
õ¼ê; Ψi �à¯L�õ¼ê; χ �à¯L�>f�Úå; ϕ = Ψm − χ; EFi � Fermi U?; Eg �à¯L�B�°Ý; Ec, Ev

©O�à¯L���Úd�; Et ��²U?
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�â>Ö\�Úø�Äå�§ [11,12], �²l
��Ó¼>f��Ç�(∂nt

∂t

)
+

= νσnn(Nt − nt), (1)

ª¥ Nt ��²U?�Ý, nt ��²>f�Ý, σn

��²�Ó¼¡È, ν �>f�9$Ä�Ý, n ��
�¥gd>f�Ý.

Ï9$Ä, >f<ø�²��Ç�(∂nt

∂t

)
−

= ennt, (2)

Ù¥ en ��²9u�>f�Ç, k

en = υ exp
(Et − Ec

kT

)
, (3)

Ù¥ υ �>f��ªÇ, ��� 1011—1012/s; k

� Boltzmann ~ê; T �ýé§Ý.

d (1) ªÚ (2 ª), ¦��²Ó¼>f��Ç�

dnt

dt
= νσnn(Nt − nt) − ennt. (4)

3	�>|rÝ F �^e, �>f�>Ö q,
[£Ç� µn, K>fÏLÁ��>6�Ý�

jn = qµenF , (5)

l (5) ª� n, �\ (4) ª, )�©�§, �

nt =
AnNt

An + en
+ C0 e−(An+en)t, (6)

ª¥ An = (νσnjn)/(qµnF ); � t = 0, �²´��,
nt = 0, K C0 = (−AnNt)/(An + en), ��¦�

nt =
AnNt

An + en

[
1 − e−(An+en)t

]
. (7)

Ó��í�, �²ld�¥Ó¼�Ç�Ý�

pt =
ApNt

Ap + ep

[
1 − e−(Ap+ep)t

]
, (8)

ª ¥ � ² 9 u � � Ç � Ç ep = ν exp
[
(Ev −

Et)/kT
]
; Ap = (νσpjp)/(qµpF ), Ù¥ σp �3U

? Et þ�²Ó¼�Ç�1¡, jp ��Ç3Á�¥
Úå�>6, µp ��Ç�[£Ç.

3$>|rÝe, ÏLÁ��>6 jn Ú jp é
�, Øv±Úå²w��m>Ö. d�, XJ0�k
lf5,�, ,�>l¤�Klf©O�45��
�>4[£, 3�4ÚÒ4NC0�¥/¤É45
�m>Ö.

3p>|rÝe, Ò4Ú�4©O|u�>f

Ú�Ç�0�5\>Ö, k

jn = aF 2
c exp

(−bc

Fc

)
, (9)

jp = aF 2
a exp

(−ba

Fa

)
, (10)

ª¥ a ´~ê; bc Ú ba ´�>4õ¼ê!0�B
�°ÝÚ>f�Úå�'�~ê; Fc Ú Fa ©O´
Ò!�4�0�.¡þ�>|rÝ.

4 �m>Ö�³�

�0�¥vk?Û�², �â Fermi U?�½
Â, 3dU?�þgd>fê�u�Çê, ddk

Nc exp
(EFi − Ec

kT

)
= Nv exp

(Ev − EFi

kT

)
. (11)

du kT · ln(Nv/Nc) é�, ��Ñ, d (11) ª�

EFi =
Eg

2
+ Ev. (12)

d (12) ª��, 3ù��0�¥, Fermi U? uB
�¥
. �0�¥Ó�¹k>ff�² Ets Ú�Ç
��² Etd �, 0�� Fermi U? EFi úª� [13]

Nv exp
(Ev − EFi

kT

)
+ Ntd exp

(Etd − EFi

kT

)
= Nts exp

(EFi − Ets

kT

)
+Nc exp

(EFi − Ec

kT

)
. (13)

� Ñ (13) ª ¥ ê � � é � � � � � (Nc) Ú d
� (Nv) �, ��

EFi =
Ets + Etd

2
+

kT

2
ln

(Ntd

Nts

)
≈ Ets + Etd

2
. (14)

�à¯L�>4�>�, du ψm > ψi , 0�
�>f�>4[£, 3.¡NC0�¥/¤�>Ö
È\« (½¡Ñ¦«), �>ÖÈ\«��Ý� x0.
0�� Fermi U?eü, �� EFi � EF 3�^�
�þ, /¤XÚ� Fermi U? EFs [�ã 3(b)], du
>4¥>f7L�Ñ ^ (ψm − χ) âU?\0�,
é>4¥�>f
ó, à¯L�>4�m/¤
{
l.�>.

�f�²��Ý� Nt, à¯L�0>~ê� ε,
�éuXÚ Fermi U?��² U� ψt, @o Pois-
son �§�
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d2ψt

dx2
=

e2Nt

ε
(x < x0, x > L − x0), (15)

ψt = ψi (x < x0, x > L − x0). (16)

é (15) ªÈ©, �Ä� x = x0, dψt/dx = 0, ��

d2ψt

dx2
=

e2Nt

ε
(x − x0). (17)

é (17) ªÈ©, �Ä� x = 0 �, ψt = φ0−Et +Ec,
x = x0 � ψt = ψi �

ϕ1 = −e2Nt

2ε
x2

0 + ϕ0 − Et + Ec. (18)

d (18) ª)�

x0 =
[( 2ε

e2Nt

)(
ϕ0 − Et + Ec − ϕ1

)]1/2

. (19)

ã 3 à¯LÁ�¥Ó�¹kf�²Ú����U�ã
(a) à¯L�>4�>c; (b) à¯L�>4�>�; Ets

�f�², Etd ���²

b½ (Ec − Et) = 0.5 eV, ε = 2.3ε0 = 20.36 ×
10−12 F/m, e = 1.6 × 10−19 C, ϕ1 = 1 eV Ú φ0 =
2.5 eV, à¯L´(¬ÚÃ½/ü�Ô�, 3�Ã½
/�Àæ�¥�²�Ý [13] p� 1026 (meV)−1, ±
à¯L��²�Ý [11] 0.5×1025 (meV)−1 �\ (19)

ª, �:
x0 = 71.5 Å. (20)

l (20) ª��, >4�à¯L.¡�{l�>
�Ñ¦«°Ý�u 100 Å, �u>f���A�å
l, ÏdÑ¦«� ^é>f
ó´ß²�, ùÒ
´`>fl>4BL ^�à¯L�VÇ�u>
flà¯LBL ^�>4�VÇ, >4�à¯L
�.¡/¤¥5�>. 3ù«�¹e, �>4üà
	��6>Ø�, ã 3(b) ¥��¥����, Á�
¥>|©Ùþ!, >Ö[£ÇØC, j = qµnF >6
�l Ohm ½Æ, 3à¯Lvk>f�m>Ö. Ó�
��n, �vk�Ç�m>Ö [14].

�
?�Ú`²þãØ:, ùpA�rNü�
Vg: 1) àÜÔ0�¥a�>�, duàÜÔ��
Ä, Ø>f3��¥l��>4[£�,��>4
	, �Ü©>f´±3���f�²�m�Oa�
�>|���[£�; 2) �²UÄÓ¼>f (½�
Ç), ��û½>4�0��0¡5U, �Ò´�>
�a., �k´ Ohm �>�, >4âU5\16f
?\ý�, wÍ��m>Ö��>6âUÏLý�,
��, >6�±�ÑØO [15].

lã 3 ��, Ets < Ψm − χ, áu{l�>, �
² Ets ¥Ø�k>f, ��>��±�ÑØO (9
lf>�Ø3��>�¥), Ï
, àÜÔ0�a�
>�Úå>fÄ��², �±�ÑØO.

5 ¢��{

��>4�à¯L�.¡´ Ohm �>, �©
nØ�y��:´3à¯L¥Ú\��²�, >4
�0�m�.¡C¤¥5�>. .¡�>�5U�
a.�±ÏL0��>��|r­��'X5�
y [14]. �>é�m>Ö/¤�K��ÏLÿþà
¯L¥�m>Ö�©Ù5�y.

ã 4 >��|r'X�ÿþC�
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1) Á�: à¯L�¹k 1%B�V\J�à
¯Lü«Á�, à¯L�ýÒ� DJ200, Á�þ
Ý 0.17—0.3 mm.

2) p|r>�ÿþ: ÿþ>´Xã 4 ¤«.
3) �m>Ö©Ùÿþ: æ^>(óÀ{ÿþ,

>óÀÌ� 1 kV, °Ý 12 ns, ÿþC�ë� [16,17].

6 ¢�(J�?Ø

6.1 >>>������>>>|||rrrÝÝÝ���'''XXX

±þÝ 0.17 mm Xà¯LÚ¹k 1 B�âf
�à¯L�Á�, ©Oÿþ
>�>6�>|rÝ
�'XXã 5 ¤«.

ã 5 Á��>�>6�>|rÝ�'X

lã 5 ��, à¯LÁ��>�>6�>|
rÝ�'X´ò�, 3$>|rÝ��S>6�
X>|rÝ�O\¥�5O\. �>|rÝ�
u 30 kV/mm, >6×�O\, ��5`, 30 kV/mm
´�4m©u��Ç�>|rÝ, ù«>6Aáu
�m>Ö��>6 [13]. lã 5 �±wÑ, ¹ 1 B
�âfà¯L�>�>6�>|rÝ�'X, 3�
�>|rÝ��S´����, >6Ñl Ohm ½
Æ, ùÒy²
>4�0���>�¥5�>, �
y
 (11)—(20) ªí���(5, y²
��²3
à¯L¥³��m>Ö�Ån.

à¯L¥�²U?©Ù3 0.1—1.1 eV ��
S, l�²ßÝw, ý�õê�²Uþ3 0.7 eV ±
e [18], áuf�². LÞ7á�zÔ~X MgO ´
45©f, 3B��â¥¹k�þ MgO ©f, 3
vk>|��¹e, 3à¯L¥�±rB��âw
¤�K>Ö¥%­U��Ì.�Ç�², =¦3Ø

Ó>|rÝ (�p 200 kV/mm) ��¹e, B��
â4z, aAó4f/¤� ^²�Ý� 1—5 eV,
Ù 0.1 eV  ^²�^��� 5—1000 Å, 0.1 eV ´
�~f��². XJ± 5 eV � ^²O�, l©
z [7] �ã 7(b) ��, �k3>|rÝ 200 kV/mm
eB��â (�» 100 nm) L¡þâU��, Ïd
l���ål (~X 1 µm) w, E�rB��â�
>Ö�^¥%w¤­Ü��Ì.�Ç�².

6.2 ���mmm>>>ÖÖÖ©©©ÙÙÙÿÿÿþþþ

3ØÓ�6>|rÝe, à¯LÁ�¥��m
>Ö©Ù«uã 6 ¥. Ï� (9) Ú (10) ª¥ ba > bc,
ÏdÒ4m©u�>f�>|rÝ Fc '�4m©
u��Ç� Fa $. à¯LÁ� Fc �� 10 kV/mm.
lã 6 ���X>|rÝ�O\, Ò4u��>f
ÅìO\, Ò4u�²w. ã 6 ­�¥mÜ©²",
Ø´m>>fu�­��g,ò�, ù´Ï��4
u���Ç�Ò4u��>fÜ©¥Ú���, d
uÒ4u��>f'�4u���Çõ, ã¥®w
ØÑ�Ç5\
. ã 6 ��m>Ö©Ù`²
cã
��m>Ö/¤Ån.

ã 6 >|�^�m 30 min �à¯LÁ�¥�m>Ö©
Ù 1, 10 kV/mm; 2, 30 kV/mm; 3, 50 kV/mm; 4, 70 kV/mm

¹k 1%B�V\J�à¯LÁ�3�6>|
�^eÚ�K>|���m>Ö©Ù«uã 7 ¥.
lã 7(a) ��, Ø�4!Ò4þ©Ok.¡>Ö¸
	, Á�¥mvk�m>Ö. lã 7(b) ��, �K>
Ø�Á�¥½Ã�m>Ö, 10 s �>4.¡>Ö¸
��. B�ÃÅâf�4z ^p� 1—5 eV[7], 3
à¯L¥/¤��², Ïd�±�Ø½ü$�m>
Ö.
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ã 7 ¹ 1%B�V\J�à¯LÁ���m>ÖA5 (a) |r 30 kV/mm e 30 min; (b) ��>Øá´�

7 ( Ø

1) 3�?�²�.þ, ±>fÚ�Ç\�Úø
�ÄåÆ, `²>Ö5\/¤�m>Ö�L§.

2) 3�450�¥V\��²Ô�, Ur>
4 - 0�.¡� Ohm �>C¤{l�>.

3) 3Ã½/�´L�à¯L0�¥, {l�>
NC�Ñ¦«�u 100 Å, du>f����A, {

l�>qC¤¥5�>.
4) 3>4 - 0�.¡¥5�>e, .¡þ6\

Ú6Ñ�>fVÇ��, 0�¥Ø2�U/¤�m
>Ö, 0��ÏSA5Ñl Ohm ½Æ, ùÒ´��
²��m>Ö³�Ån.

5) ±à¯LÚ¹k��²�à¯Lü«Á�,
¢ÿ>�>6�>|rÝ�'XÚ�m>Ö©Ù,
y²
nØ��(5.
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Abstract
The key factor for developing cable plastic cross-linked polyethylene cable is to eliminate space charge in the bulk. Nowadays, it

is universally received that the suppression mechanism of charge accumulation in polyethylene/nano-particle composite is the formation
of deep traps for trapping charges, which, in fact, is contrary to the principles of electrical field. So in this paper, the formation and
the suppression mechanisms of space charge are elaborated by the energy band theory of polymeric dielectric. Then based on the first
order trap model, the formation of space charge in polymeric dielectric is deduced by dynamical equation of the trapped and detraped
charges. When the deep traps are introduced into polymeric dielectric, a displacement of Fermi energy level in dielectric occurs and
the electric contact of interface between electrode and dielectric changes from ohmic contact to blocking contact. The width of the
depletion region associated with blocking contact is less than 100 Å, due to huge density of traps existing in amorphous polyethylene
(PE). The tunnel effect of electron makes the electrical contact of interface a neutral contact. The space charges cannot be formed in
PE dielectric under electrical stress. Finally, the conductive current as a function of electrical stress and the space charge distribution
are measured respectively on both PE samples, one is pure PE and the other is the nano-particle modified PE filled with deep traps. The
test results are consistent with the theoretical results.
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