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1 Ú ó

pn (á�´éõ��Nì�Ú>´�Ø%,

�^5¢yõ«õU, 3ÊUA^¥�~2�. ä
k pn ((��ì�3��Ë��¸¥ò�)Ë�
�ú�¦ì�5Uòz, Ù���Ï´Ë�3 pn

(¥Ú\
"�. γ Ë�3 pn (á�¥Ì��)
>l�AÚ £�A, ü«�AéA�"�©O´
.¡"�ÚN"� [1]. ïÄL² [1], γ Ë�3é�
§ÝþE¤ì��L¡�ú, pn (á�9ì�²
L γ ��Ëì�.¡"�ÓÌ�/ . @Ï�©z
�@� pn ( γ Ë��úÌ�´>l�ú, �Ñ

 £�Aé pn (�K� [2]. �CÏ�þ�©z�
� [3,4], pn (²L γ ��Ë��,  £�A�)�
N"�é pn (�K��~­�, ´ØU�Ñ�.

�
)ûù�gñ, ïÄ pn (�4+ γ ��
Ëì�úÅn, �©�O
ØÓ(¡È� pn (�
4+ γ ��Ëì¢�, uyØÓ(¡ÈØÓJþe
$ªD(Ì�Oþ�Cz5ÆÑyØ��, ¥yk

O\2~��ª³, ù´IS	©z¥vk��L
�#y�. ÏLïá
 pn (�4+.¡"�ÚN
"�Úå�D(éÜL��., éÐ�)º
¢�
¥Ñy�#y�.
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2.1 ¢¢¢���^̂̂���

pn (�4+�¢��¬�ÜS>f�E�Æ
D(¢�¿�O� n+p .�4+, pn (� Si á�,

ì��(¡/G���/, ¡Èd���, é'Ø
Ó(¡È�4+Ëì��$ªD(A5. L 1 �Ñ

n«�4+���ëê.

L 1 n+p �4+ëêL

aO ?Ò ã/ (¡È �>�å n+ ål
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� g Ë ì ¢ � ´ 3 Ü � Ø E â ï Ä ¤ ?
1�, ¦^ Co60 γ ��Ëì����)
. ¢
� ¥ ¦ ^ � Ë ì � � J þ Ç � 50 rad(SiO2)/s

(1 rad = 10−2 Gy), Ëì¢��ª�© 2 gËì, z
g�ËìJþ� 100 krad(SiO2), 600 krad(SiO2), Ë
ì�ì�� �G��Ø\ �, Ëì§Ý�¿§.

2.2 ¢¢¢���(((JJJ

ã 1 w«
Ëìc pn (�4+3ØÓ�>6
 �e¤�)� 1/f D(, lã¥�±w�D(Ì
��X>6 ��O�
O�, ò3 3.2.1 ¥?1
äN©Û.

ã 1 1#ì�3ØÓ>6e�D(

ã 2 w«
 pn (�4+3ØÓ�ËìJþ
e� 1/f D(õÇÌ. lã¥�±wÑ 1/f D(
�XËìJþ�O\
O�, ù´duËì3 pn

(L¡ÚNS�)
.¡ NIT ÚN�² Ntrap ¤
Úå�.

ÏLÜS>f�E�ÆD(¢�¿gÌï
u�D(©Û^�òD(Ì�J�Ñ5XL 2

¤«.

ã 3 w«
n� pn (�4+3ØÓJþe
�D(Ì��Oþ. ì�(¡/Gþ���/, �
¡Èd���. lã¥�±wÑ, 100 krad(SiO2)

�D(Ì��Oþ�(¡È�O\
O\, ¿�
3Ëì��, ��ì��D(Ì�Ñk²w�O
�. 600 krad(SiO2) �D(Ì��,�X(¡È
ÚËìJþ�O\
O\, �d��±²ww�,

3#ì�D(Ì�O\��Ç��cvk²wCz,


 1#Ú 2#ì�D(Ì�O\��Çk²w�~�,

ùL² 1#Ú 2#ì��D(Oþk²w��Úy�
�), �L²ì�D(Ì�Oþ��ÇCz�(¡
È���¤�'.

ã 2 1#ì�3 1 mA  �eËìc��D(õÇÌCz

ã 3 n�ì�ØÓJþe�D(Ì�Oþ

L 2 5 mA >6 �en«ì�ØÓJþËìe�D(Ì�

0 krad 100 krad 600 krad ∆B1(100 krad − 0 krad) ∆B2(600 krad − 0 krad)

1# 1.01 × 10−12 8.45 × 10−12 1.11 × 10−12 7.44 × 10−12 1.01 × 10−12

2# 4.55 × 10−13 4.17 × 10−13 7.97 × 10−13 3.71 × 10−13 7.52 × 10−13

3# 3.10 × 10−14 8.90 × 10−14 3.01 × 10−14 5.87 × 10−14 2.70 × 10−14
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3 ©Û�?Ø

3.1 nnnØØØ©©©ÛÛÛ

pn (�4+² γ ��Ë��, L¡�úÚN�
ú�öþ�3, L¡�úu)3 SiO2 L¡ðz�
S, AO´(«þ¡� SiO2 ðz�. γ Ë�q3�
4+Ä«S�)�þN"� [1]. .¡"��N"�
�ÓK� pn (�4+�$ªD(. 1/f D(´$ª
D(¥�­�|¤Ü©. 1/f D(Ï~dì�¥�
,�Ú"� (X�z�"�, ¬� �, .¡��)

¤Úå [5,6], 
ù
"�Q´Ë�3 pn (á�¥Ú
\�Ì�"�, �´K� pn (á�Ë��D(O
\�­�Ï�. ØÓ"�a.¤Úå�$ªD(�
A:k¤ØÓ, �â$ªD(�A5�±©EÑÓ
Ì�/ �"�a..

>lËìé�z�L¡�ü�[È�A�
) [7]: 1) �z�¥��>Ö; 2) Si-SiO2 .¡?�
¯.¡���L¡EÜ�Ç�O\. ù
�A�
6uJþÚJþÇ±9ËìL§¥Jø� �Ú
(�ëê. �z��²>ÖUC Si ¥�L¡³; .
¡�²¤�EÜ¥%, O\L¡EÜ�Ç s. >l
Ë�Úå�ü«�Aþ¬¦ pn (�4+��>6
O\.

du SiO2 0��´ pn (�4+é>lËì
�ú�¯a�Ü . 3>lËìL§¥, á��
fÉ�Ë��^��)>f - �Çé. SiO2 0�
�äký�A5, >f - �ÇéØ¬á=EÜ, 3
>|�^e, du>f�[£Ç���u�Ç�
[£Ç, >fòlm�z�, 
�Ç8¥3�z�
¥. >lË��)��ÇÑ$� Si-SiO2 .¡N
C, �8¥3l.¡� 10 nm «Ð¼, l
/¤�
z��²>Ö�È\. é�z�>Ö�z�õ�
´ E′ ¥%!mY��Ì¥% Oi Únd7�Ì
¥%. ù
Ð¼¥%Ð¼�Ç/¤�z��²>
Ö, �z��²>Ö�¤N"�. .¡�² (Pb %)

�/¤L§´>lË�¦,
7��ä�, �)
�f H, �f H �Ð¼Ë�a)��Ç/¤�l
f H+, �lf-¹��ðz�nd7]!� PbH,

-uÑ��f/¤�í H[8]
2 . .¡�²>Ö�¤

.¡"�. N"�Ú.¡"��)� 1/f D(A
:¿Ø�Ó. e¡©O?Øü«"��)� 1/f

D(.

3.1.1 .¡"�Úå� 1/f D(
1/f D(��)´duL¡EÜ�Ç�Þá,

>lË�3ý��Úå�²�Ý�O\, ù
�²
�¿�>�)L¡EÜ�ÇÞá. XJý���²
3U?Ú�m©Ù��, ù�Þáò¬¥y 1/f Ì.

pn (¥�>6´L¡EÜ�Ç�¼ê. ý��
�²ÓkÇ�Þá�)L¡³�Þá, ��N�L
¡EÜ�Ç, �ª�)>6D(.

XJ^ I L«�4+>6, s L«EÜ�Ç,

NIT L « . ¡ � ², K � ± � � D ( Ì � Ý �
L�ª [9]

SI1 =
(

∂I

∂s

)2(
∂s

∂NIT

)2

SNIT . (1)

þªL²���>6D(Ì�Ý SI1 �L�
ª, I�©O���4+>6�L¡EÜ�Ç�'
X, L¡EÜ�Ç��²�Ý�'X. �4+>6
ÚL¡EÜ�Ç�'X� [9]

I = qsn1 exp
(
qV1/(kT )

)
A. (2)

é s ¦�, ��eª:
∂I

∂s
= qn1A exp

(
qV1/(kT )

)
. (3)

�� �e, pn (>6'X� [10]

I = I0 exp
(
qV/(βkT )

)
, (4)

q �>f>þ, V ��4+�\>Ø, V1 ���\
>Ø� V ��L¡©þ. β �.¡EÜ>6n�
Ïf. Ù¥é¡(�L¡©þ [10] V1 = 0.5 V, .¡
EÜ>6n�Ïf β = 2, (Ü (3) ªÚ (4) ª, ¿
ò V1 � β ��\, ��eª:

∂I

∂s
= qn1A

I

I0
. (5)

L¡EÜ�ÇÚ.¡�²�Ý�'XXe [7]:

s = (πkT/2)Vth(σnσp)1/2NIT, (6)

NIT �.¡�²�Ý; k �Å�[ù~ê; Vth �1
6f9$Ä�Ý; σn, σp ©O�>fÚ�Ç�Ð¼
�¡. é NIT ¦�, ��eª:

∂s

∂NIT
= (πkT/2)Vth(σnσp)1/2. (7)

d16fêÞánØ�� [9]

SNIT =
kTNIT

ln(τ2/τ1)
1
f

. (8)
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nÜ±þ, �±�� pn (á�.¡�²Úå�D
(�

SI1 =
(

qn1AπkTVthI

2I0

)2

× σnσp
kTNIT

ln(τ2/τ1)
1
f

. (9)

dþª�±wÑ.¡�²Úå�D(Ì�Ý
�.¡�²�Ý¤�5'X, Ë�Úå.¡�²�
Ý�O\, ù�´ÚåËì� pn (á�D(O�
�Ì��Ï.

3.1.2 N"�Úå� 1/f D(
éõ©z3�Ä pn (� γ Ëì´==�Ä.

¡�A, 
�ÑÙN�A. kïÄ�� [2,4], �Jþ
�L�½§Ý�, N"�éu pn (�K�m©�
5�²w. γ ��Úå�N"���´:"�, 

Ø´"�+. Ëì"�Ú\
#�U?, å16f
EÜ¥%, Ð¼¥%�^, l
¦ pn (�D(O�.

©z [11] ®²ïá
N"�ÚåD(��.

SI =
(

I

nVt

)2(
qxj

Aε0εs

)2

SδNt . (10)

d16fêÞánØ��

SδNt =
kTNtrap

ln(τ2/τ1)
1
f

, (11)

ÏdN"�Úå�D(�L«�

SI2 =
(

I

nVt

)2(
qxj

Aε0εs

)2

× kTNtrap

ln(τ2/τ1)
1
f

. (12)

3.1.3 oD(
γ ��3 pn (¥¬ÚåL¡"�ÚN"�, ü

«"��ÓK� pn (�D(, Ïd, duËì"�
Úå�oD(��ªL�ª�

SI =
(

qn1AπkTVthI

2I0

)2

× σnσp
kTNIT

ln(τ2/τ1)
1
f

+
(

I

nVt

)2(
qxj

Aε0εs

)2

× kTNtrap

ln(τ2/τ1)
1
f

. (13)

- (
qn1πkTVth

2I0

)2

σnσp
kT

ln(τ2/τ1
= c1,

(
1

nVt

)2(
qxj

ε0εs

)2
kT

ln(τ2/τ1)
= c2,

K (13) ª�z{�

SI =
(

c1NITA2 + c2Ntrap
1

A2

)
1
f

I2. (14)

dþª�±wÑ, ü«"�Úå�D(Ñ�>
6�²�¤�''X, ØÓ�´L¡"�Úå�>
6D(� pn ((¡È�²�¤�', 
N"�Ú
å�D(Ú pn ((¡È�²�¤�'.

�â>6D(�>ØD('X��

Sν = R2
dSI, (15)

Ïd>ØD(�ØÓa."��m�'X�>6
D(�Ó.

3.2 ¢¢¢������yyy

3.2.1 D(� ��'X
d (14) ª�±wÑ, .¡"��N"��Ó

Úå�oD(�>6�²�¤�', ù)º
ã 1

¥ pn (¥ËìÚå�D(�X �>6�O�

O��y�. ¿��âd'X, �±ÏLÿþØÓ
>6 �e�D(5(½ pn (¥"��êþ, �
äì���ú§Ý, l
éì����5?1L�.

3.2.2 D(�Jþ�'X
d (14) ª�±wÑ, D(�.¡�²ÚN�²

þ¤�'. ©z¥�Ñ
>lË�p�.¡�²>
Ö�Ý� [12]

NIT =NSiH

[
1 − exp

(
− 1

2
σDHσit

× NDHκgfyt2oxD

)]
, (16)

κg �ü Ë�Jþ3�z�¥�)�>f - �Ç
éê, fy ��>|�'�>f - �Çé<øEÜ�
VÇ, NDH ��z�NS¹�"�ßÝ, σDH ��
z�NS¹�"�é�Ç�Ð¼�¡, σit �.¡
?��ðz�7]!�é�f�Ð¼�¡, tox �
�z�þÝ, D �ËìJþ. 3Ë�Jþ�$�, é
Ù?1 Taylor Ðm¿Cq, ��� [12]

NIT =
1
2
NSiHNDHσDH

× σitκgfyt2oxD. (17)
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�±wÑË��)�.¡�²´�Ë�Jþ
¤�'�. Ó�k©z�ÑË�Úå�N"� [13]

Ntrap = σNatD, (18)

Nat �q�f�Ý. Ë��)�N�²Ó��Ëì
Jþ¤�5'X. ò (17), (18) ª�\ (14), (15) ª
��

Sν =R2
d

(
1
2
c1NSiHNDHσDHσitκgfyt2oxA

2

+ c2σNat
1

A2

)
1
f

I2D. (19)

d (19) ª�±wÑ, >ØD(õÇÌ�Ý�Ë
ìJþ¤�''X, éÐ/)º
ã 2 ¥D(�X
ËìJþ�O\
O\�y�.

3.2.3 D(� pn ((¡È�'X

ã 3 w«
n�ØÓ¡È� pn (�4+3
ØÓJþe�D(Ì��Oþ. lã¥�±wÑ,

3Jþ����¹e, D(Ì��Oþ�X pn (
(¡È�O�
O�, ù´du3�Jþ�¹e,

.¡�²Úå�D(OþÓÌ�/ , d (9) ª
�±wÑ.¡�²Úå�D(� pn (�4+(
¡È²�¤�''X, Ïd, (¡È��, D(O
þ��. �du�3ò»y�, ¤± 600 krad �
�D(Ì�Oþ��Ç�u 100 krad ��D(
Ì�Oþ��Ç. 1#ì�3 100 krad �, D(Ì
�Oþ��Ç� 7.437 × 10−15, 600 krad ��Ç
~�� 1.678 × 10−15, �Ç~�
 77%; 2#ì�
3 100 krad �, D(Ì�Oþ��Ç� 3.712 ×
10−15, 3 600 krad ��Ç~�� 1.253 × 10−15, �
Ç~�
 66%; 3#ì�3 100 krad �, D(Ì�O
þ��Ç� 5.807 × 10−16, 3 600 krad ´�Ç~�
� 4.967 × 10−16, �Ç~�
 14.5%. �±wÑ, pn

((¡È��, D(Ì�Oþ��ÇCz��, ù
´Ï��XËìJþ�O\, ËìÚå�N"�m
©éì��D(A5�)K�, Ö�
ò»�A�
���Ç~�. d (12) ª�±wÑ, pn ((¡È�
�, N"�Úå�D(��. 1, 2, 3 Òì�(¡ÈÅ
ì~�, N"��)�D(KÅìO�, Ïd, éò
»�A�Ö��^��5�²w, ¤±D(Ì�O
þ��ÇCzÅì~�.

3.2.4 ¢�(J�nØ©Û
pn (á�3;É γ Ë���¬�)>l�A

Ú £�A, ü«�AéA�"�©O´.¡"�
ÚN"� [1].

kck�õØ©é pn (� γ ËìD(kLï
Ä, �õê©zÑòN�²Úå�D(�Ñ, ��
Ä.¡�²Úå�D( [1,2]. ,
� γ 1fBßì
��, ¬�)1>fÚxÊî>f. � γ 1fòÙ
�ÜUþD��f¥�>f�, ¬�)1>f, l

¦�f>l. � γ 1f=r�Ü©UþD��f
¥�>f�, B�)xÊîÑ�>f, 
1f��
C¤$U1f. xÊîÑ�>f, �6u\�1f
Uþ, Ï~¬¼�v
�Uþ, ÷ù���?�Ú
�) “�g” >l�A, $�¦�f�) £, �)
6Õ��"� [6]. ÏdïÄ pn ( γ ËìÚå�N
"�´�~7��.

k©z��, éuü(¬N+� γ Ëì¢�,

uyü(¬N+Ä«>{{�Ñykþ,�eü
�ª³, �Ï´Ï� £�ú��)¢�u>l�
ú [4], �Ë�Jþ�u�½§Ý�,  £�A�)
�N"�âm©éì��5Uk²w�K�. ¢�
Ó��y
ù�ª³.

�©�¢�(J�ÎÜþãnØ. �â�©�
¢�(J, XJUì�knØ, =�Ñ £�A¤
�)�N"�, ��Ä>l�A¤���.¡"�,

K�â 3.1.1 !¥í�Ñ� (9) ª�±wÑ, D(Ì
�AT�(¡È��¤�'~'X. Ïd, �kn
ØÃ{)ºã 1 ¥ 1#Ú 2#ì�D(Ì�Oþ�e
üª³, 
ù�ª³�±^ £�A¤�)�N"
�5)º. 3$Jþ�¹e, >l�A¤���.
¡"�ÓÌ�/ , ù¦� pn (�D(Ì��X
�¡È�O\
O�. 3pJþ�¹e,  £�A
¤�)�N"�®²éì�k
²w�K�, 
N
"�¤���D(Ì��(¡È���¤�', Ï
d�)
ã 1 ¥ 1#Ú 2#ì�D(Ì�Oþ�eü
ª³.

4 ( Ø

�©�O
 pn (�4+ γ ��Ëì¢�, u
yØÓ(¡È pn (3ØÓJþeD(Oþ�C
z5ÆØ��, 3�Jþ�¹e, D(Oþ�X¡
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È�O\
O\, �XJþ�O\, D(Oþ��
Çm©~�, ¿� pn ((¡È��, D(Oþ��
ÇCz���, ±þy�Ù¦©z¥vk��L.

�édy�?1 pn (á�Ë��úÅnïÄ, u
y pn (á�² γ ��Ëì�, D(Oþd.¡"

�ÚN"�d�Óû½, ¿ïá
 pn (á�D(
éÜL��.. �.w«, 3�JþËì^�e, .
¡"�Úå�D(OþÓÌ�/ , ��XJþ�
O\,  £�úÅ��K�ÅìO�, N"�éD
(��z�O�, l
��
D(Oþ�Ç�Cz.
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Abstract

Based on the relationship between ionizing damage effect and displacement damage effect under radiation degradation mechanism

of pn-junction diode, and combined with the noise theory of radiation degradation of pn-junction diode, a change law of low frequency

noise of pn-junction diode under radiation is found. The inconsistency between the change laws of of two kinds of effects is found.

Based on the experimental result, the relationship between two kinds of effects is judged. This relationship can explain the experimental

result. This is very important for the device hardening research.
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