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�O¿��
�«»�î� PNP V4¬N+ÿÁ(�, 3~5î� PNP V4¬N+Ä«L¡�z�þ��

�»>4, |^»×£{, ÏL×£»4¤\>Ø, ¼�
Ä4>6�»4>Ø�CzA5. nØí�ÚêÆO�¼
�
�zÔ�²>ÖÚ.¡�²>Ö�½þCz, ©lÑ»�î� PNP V4¬N+3Ëì9Ù¿§ò»L§¥a
)�"�. é�O�¬N+ÿÁ(�Úæ^�ÿÁ�{�
äN0�.

'�c: »×£{, »�, î� PNP V4¬N+, >Ö©l

PACS: 61.80.–x, 61.80.Ed, 61.82.Fk

1 Ú ó

V4ì�9>´duäkûÐ��5A5Ú
>6°ÄUå, ±9pª!$D(�5U, �2
�A^u�m�EÚÊUì¥. ,
, g 1991 c
d Enlow �ÄguyV4ì�9>´�$JþÇ
Ëì�úOr�A (enhanced low dose rate sensitiv-

ity, ELDRS) ±5, V4ì�3�m�A^É�4
��]Ô. Ï��m�¸�;.JþÇ©Ù��
� 10−6—10−4 Gy (Si)/s, 
¢�¿¢S¦^�µ�
ËìJþÇ����� 0.50—3 Gy (Si)/s. $Jþ
ÇËì�úOr�A��3, ¿�X^¢�¿ÿ
Áµ��{���ì�|ËìY²�3¥(!�
mÕ��JþÇËì�¸e¦^�>f�ì��
¢S|Ë�Uåî­ØÎ, l
�¥(!�mÕ�
>fXÚ���5�54��Û�. �
é��V
4ì�Ú>´�) ELDRS �A��úÅn?1
©Û, IS	mÐ
�þ�ïÄó� [1,2]. �du
éa)>Ö"�½þz©l�{, $JþÇËì�

úOr�A"�k��Ôn�., ¦�ïÄ"�n
Ø|±, {N
�ïó���\mÐ. Cc5, IS
	�,éV4ì�9>´�>lË��Ak
�
��Ú�ïÄ, �ý�õêÑ´Äu¢�y��½
5©Û, éËìa)>Ö�½þO�ÚÅn�«�
�´(6ISÊU.���JK [3−6]. Kosier �
éV4ì�Ëìa)>Ö©l?1
ÐÚ&Ä, �
´, T�{�Ê33nØ�¡ [7−12]. Chen ��O

�«#.V4ÿÁ(�^±©l>lË�L§
¥V4¬N+¥a)�>Ö, ��´JÑ
äN�
©Û�{, ¿vk½þ©lÑËìa)��zÔ
�²>ÖÚ.¡�²>Ö, �"�ép!$JþÇ
Ëìea)>ÖCz�©Û, ïÄó�k�u?�
Ú�\ [13−18].

�¢�ÏL�O¿��Ñ�«»�î� PNP

V4¬N+(� (gate controlled lateral PNP bipolar

transistors, GCLPNP BJTs), |^»×£�{ (gate

sweep technique) ½þ©lÑV4¬N+Ëìa)
��zÔ�²>ÖÚ.¡�²>Ö. >Ö�½þ©
lØ=�ïÄp!$JþÇËìV4¬N+��
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ÅnJø
�«k�©ÛÃã, ��ïÄV4ì�
Ú>´�|Ë�\�EâC½
¢�Ä:.

2 ì�Ú¢�

2.1 ì��OÚ��

>lË�¬3��Ná�¥a)"�, ù
"
���EÜ¥%¬~���N¥�ê16fÆ·,

l
Jp
EÜ�Ç, ��V4¬N+L�Ä4>
6O�Ú>6OÃ~�, �¦¬N+5Ueü$�
��. >lËìL§¥, ��Ä«L¡EÜ>6O
\�Ì��Ï´�zÔ�²>Ö��)Ú u¥
�NC�.¡�²>ÖO\. �zÔ�²>Öd
uÙ>Ö5UCÄ«L¡³, .¡�²>ÖK��
L¡EÜ>6�O\, ùü«>ÖéÄ4>6�K
�´�p� [7]. 3>f�ì�Ëì¢�¥, ·�Ï
~ÿÁV4¬N+Ëìc�Ä4>6!8>4
>6Ú>6OÃ�Cz. �´éùnö�©Û¿
ØU��>lËì3V4¬N+¥a)��z
Ô�²>ÖÚ.¡�²>Ö�½þCz. Ï
,

�céV4¬N+Ë��AïÄõÛ�u½5

©Û.

�
ïÄV4¬N+>lË��A, ¦�é
uV4ì�Ëìa)>Ö�½þ©lJK¼�
â», 3I	ïÄ�Ä:þ, ·�;��O¿��

�«�^u¢��»�î�V4¬N+ÿÁ(
�, Xã 1(a) ¤«. �~5î� PNP V4¬N+
ã 1(b) �', »�V4¬N+3u�4�8>4
�m�Ä«�z�þõ
�»>4. ¬N+ p .
u�«aqu MOS ¬N+
«, p .8>«aq
u MOS ¬N+¦«, u�4!»4Ú8>4�¤
aqu PMOS |�A¬N+�ÿÁ(�, Xã¥J
�Ü©¤«, ù��±ÏLUC»4¤\>Ø��
¬N+Ä«L¡16fßÝ. duL¡16fßÝ
�±��, 3�±��k
 ��^�e, ¬N+
Ò�±3È\!Ñ¦!�.�ªeó�, l
�±
4¬N+ÐyÑ MOS |�A¬N+ÚV4¬N+
�A5 [15], ¦�½þ©lÑËìa)��zÔ�
²>ÖÚ.¡�²>Ö¤��U. 3ì���L§
¥, |^ Silvaco ^�?1
O�Å�[�ý, ¼�

�A�ó²ëê, ±9ì�ÐÚ5Uýÿ, ¿
d�[8¤>´I[­:¢�¿\ó��
¢�
�¬.

ã 1 î� PNP V4¬N+îä¡«¿ã (a) »�; (b) ~5
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2.2 ì�ËìÚÿÁ

Ëì¢�´3¥I�Æ�#õnzEâïÄ
¤��!� 60Co-γ Ëì
þ?1�. ËìoJþ
� 1000 Gy (Si), ËìJþÇ^9º1¡?1I½,

ÀJ{�I5½���e�JþÇ 0.50 Gy (Si)/s

±9�¢S�m$JþÇY²��� 0.10 mGy

(Si)/s. ¢��¬��u�â{�I���Y¾¶-
ÝS±�Ø$UÑ��K�, ��JþOr�A�
u). ËìL§¥, é»�î� PNP V4¬N+\
±�� �, =Ä4� +2 V, u�4!8>4�/,

3dé»>4�æ��/?n.

¢�æ�£ ÿÁ��{, »�¬N+ëê
|^ HP4142 .��Nëê©Û¤?1æ8, ÿÁ
ëê�

1) V4¬N+~5A5: Ä-�(>Ø (VEB)!
Ä4>6 (IB)!8>4>6 (IC) ±9>6OÃ (β);

2) » � A 5: » 4 > Ø (VGate)! Ä 4 >
6 (IB).

Ëì¢�9Ùëê�ÿþÑ´3¿§e?1
�, zgëê�ÿÁÑ3Ëì½ò»� 20 min S

�¤. ~5¬N+ëêÿÁ3dØ�0�, »�A
5ÿÁ�{�: »�î� PNP V4¬N+ó�3
��k
�ªe, �±¬N+ �G�ØC, 3»
4þ\�×£>Ø, ,�ÿÁÄ4>6�»4>Ø
�Cz.

3 ¢�(J

3.1 »�î� PNP V4¬N+~5A5

�Ë��A5Æ

ã 2 ¤«�»�î� PNP V4¬N+Ä4>
6!8>4>6�Ëì\ÈoJþ�Cz (ã 2(a))

Ú>6OÃ�ËìoJþ�Cz'X (ã 2(b)). l
ã¥�±wÑ, �,3~5V4¬N+Ä«�z�
þõ
�»>4, �´éV4¬N+Ñ\ÑÑA5
±9��A5ÑvkK�. >lË�¬E¤¬N+
OÃP~, Ì�´du>lËì���Ä«>6O
\Úå�, Xã 2(a) ¤«, Ï�8>4>63Ëì
c�Ä�vku)Cz.

ã 2 60Co-γ ËìÚå�»�V4¬N+A5Cz (a) Ä4!8>4>6; (b) >6OÃ

�
ïÄ»�î� PNP V4¬N+´Ää
k$JþÇËì�úOr�A, 3dÚ\L�Ä
4>6 (∆IB) ù�ëþ, L�Ä4>6½Â�Ë
ì �Ä 4 > 6 � Ë ì c Ä 4 > 6 � C z þ, =
� ∆IB = IB−Pre − IB−Irr. ã 3 ¤«�»�î�
PNP V4¬N+3ØÓJþÇËìe, ÙL�Ä4
>6�ËìoJþ9¿§ò»�m�Cz'X. l

ã¥�±wÑ, 0.10 mGy (Si)/s $JþÇËì^�
e»�î� PNP V4¬N+L�Ä4>6�Cz,

�²w�u 0.50 Gy (Si)/s pJþÇËì��¬. 3
pJþÇËì��� 110 {U�¿§ò»L§¥,

Ù ∆IB ÅÚ�Ëìc�Ð�¡E, �´¡E§Ýk
�, �²w�u$JþÇ�Ëì�, LyÑ²w�
$JþÇËì�úOr�A.
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ã 3 »�î� PNP V4¬N+L�Ä4>6�Ëì\ÈoJþ (a) Ú¿§ò»�m (b) Cz

3.2 »×£�{é»�î� PNP V4¬

N+Ë�a)"��©l

dþã~5¬N+�>lË��AA5��,

T¢��¬äk²w� ELDRS �A. �
©Û�
�p!$JÇËì�ú�m�É��Ï, ·�|^
»×£�{Ó�éù�#.ÿÁ(�?1
ÿÁ,

��ØÓoJþËìe»�î� PNP V4¬N+
Ä4>6�»4>Ø�Cz'X, Xã 4 ¤«. �
±uy, �X»4K>Ø�ØäO\, Ä4>6�
ØäO\, ���L§Ä4>6¿Ø´ü�4O
�, �O\��½þ�, Ä4>6m©~�, 3ã¥
Ly�Ä4>6­�Ñy�¸�. �XËìoJþ
�\\, Ä4>6¸�LyÑ±eü«ª³: 1) ¸
� ��»4K Ø����¤£; 2) Ä4>6
¸�þü�O�. e¡Ò¢�y�?1�[?ØÚ
©Û.

V4¬N+¥,  u Si-SiO2 .¡NC�Ä«
é>lËìLy��¯a [3,4,6]. >lËì¬3Ä
«�z�¥�)Ëìa)"�, ù
"���EÜ
¥%, ¬~��ê16fÆ·, ��Ä«EÜ>6
O\, �ª��Ä4>6O\, ÏL Shockley, Read,

Hall �§ (SRH �§) �Ñ [15]:

IB =
qpEhE

2τ
exp

(
qVEB

kT

)
·
[
n2

i xB

ND
+ nixd

]
, (1)

Ù¥ q �Ä�>Öþ, pE �¬N+u�4±�, hE

�u�4u�(�Ý, τ ��ê16fÆ·, VEB �
Ä-�(>Ø, ni ���16fßÝ, xB �k
Ä

«°Ý, ND �Ä«�,ßÝ, xd �Ä-�(Ñ¦«
°Ý. (1) ª¥�ªmýØ�ê16fÆ· τ 	Ñ
�~ê, ��Ä4>6��ê16fÆ·~�
×
�O\.

ã 4 ØÓoJþËìe»�î� PNP V4¬N+Ä4>6
�»4>ØCz

duÄ«L¡�¯a5, �3Ä«L¡�z�
þ�»4\±>Ø�, Ò�UUCÄ«L¡³, �
X»4>Ø�K��O\, Ä«L¡³Ò¬lÈ\
�Ñ¦, ,���.G�Cz. ù�L§¥, L¡³
¬ü$L¡16fßÝ�É, ¦�²L.¡�²E
Ü�VÇO\. 3ì�L¡³lÈ\��.�L§
¥, U?�­¦���¤�U?²LU�¥
=¥
�>Ø (the midgap voltage, Vmg) NC. »4>Ø¦
�L¡³ u16fO¤�U?�m�U�¥
,

L¡EÜ�Ç�����, d�>fÚ�ÇßÝ�

236103-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 236103

�, Ä4>6Ò¬Ñy��¸� [10,16].

�âØÓËì\ÈoJþe»�î� PNP

V4¬N+»×£­�Cz, O�ÑËìa)�
�zÔ�²>ÖÚ.¡�²>Ö�Cz. Ë�
a)L�Ä4>6�L¡EÜ�Ç (srv) Xeª
¤« [10]:

∆IB = q

∫
S

∆UdS

= q∆srv
∫

S

(nsps − n2
i )

(ns + ps + 2ni)
dS, (2)

Ù¥ q �>fÄ�>þ, ∆U �Ë�Úå�EÜC
z, ∆srv �L¡EÜ�ÇCz, S �u)EÜ�^
�Ä«L¡È, σ �16fÐ¼.¡, νth �16f
9�Ç, ns Ú ps �L¡>fÚ�Ç�Ý.

q

∫
S

(nsps − n2
i )

(ns + ps + 2ni)
dS ≈

Sni exp
(

VEB

VT

)
2

, (3)

ª¥ VEB �Ä-�(>Ø, VT = kT/q, �$Y²5
\�¹e, L¡EÜ�ÇÚ.¡�²>Ö�ÝkX
eCq'X:

∆srv ∼= ∆Nitσvth, (4)

ò (3), (4) ª�\ (2) ª, Ò�±��.¡�²>Ö
�Ý ∆Nit �Ä4>6¸� ∆IB üö�m�Cz
'X, X (5) ª¤«

∆Nit =
2∆IB

qσvthSpeakni exp
(

qV EB

2kT

) , (5)

ª¥ ∆IB �Ä4>6¸���Czþ, Speak �L
¡EÜ�Ç���=Ä4>6¸�Ñy��Ä«
L¡È, 3dCq�k
Ä«¡È, (5) ª¥ØÄ4
>6 ∆IB 	Ù¦Ñ�~ê. Ï
��ÿÁËìc
�»�î� PNP V4¬N+Ä4>6¸�Cz, Ò
�±½þO�V4¬N+¥Ëìa)�.¡�²
>ÖCz.

Ï�Ëìa)�zÔ�²>Ö ∆Not ��Ä
4>6¸�¤£, ¸�¤£éA�»4>ØCzþ
�=�¥�>ØCzþ ∆Vmg, �âúª

∆Not =
Cox∆Vmg

q
, (6)

Ù ¥ Cox � ü   ¡ È � z � > N, � k Cox =

εox/tox, εox � SiO2 0>~ê, tox Ä«�z�þ
Ý. dËìc�Ä4>6¸�¤£¤éA�»4>
ØCzþ, Ò�¼�¥�>ØCzþ, l
½þO
�ÑËìc�a)��zÔ�²>ÖCz [15,17].

ã 4 �Ñ|^»×£{¼��ØÓ\ÈoJ
þ^�e»4î� PNP V4¬N+Ä4>6�C
z. �â (5) ªÚ (6) ª, Ò���Ëìc�»�î
� PNP V4¬N+Ëìa)�zÔ�²>ÖÚ.
¡�²>Ö�Cz, Xã 5 ¤«. ã¥ H L«pJ
þÇ 0.50 Gy (Si)/s Ëì, L L«$JþÇ 0.10 mGy

(Si)/s Ëì, ∆Not Ú ∆Nit K�Ëìa)��zÔ
�²>ÖÚ.¡�²>ÖCz.

lã 5 �±wÑ, $JþÇËì^�e, V4
¬N+¥a)��zÔ�²>ÖÚ.¡�²>Ö
�þ, ÑØÓupJþÇËì^�eËìa)�
>Öþ, �´Ï�p!$JþÇe�a)>Öþ

ã 5 »�î� PNP V4¬N+Ëìa)>Ö� (a) oJþÚ (b) ò»�mCz
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�É, â��V4¬N+$JþÇËì�úOr�
A��3.

4 ( Ø

�O¿��
�^uËì¢��»�î�
PNP V4¬N+, ÏL¢�¼�¬N+Ëìc�Ä
4>6�»4>Ø�5UCz, |^»�¬N+Ë
ìa)"�ÿÁ©l�{ —— »×£{, ²Ln

Øí�ÚCqO�, ½þ©lÑI�V4ì�Ëì
a)��zÔ�²>ÖÚ.¡�²>Ö. ¢�(J
L², $JþÇËì^�e��zÔ�²>ÖÚ.
¡�²>Öa)þþØÓupJþÇËì^�e
��öa)þ. a)>Ö�½þ©l�ïÄV4ì
�9>´$JþÇËì�úOr�AÚ��Ån
Jø
�«k�&¢Ãã. 'up!$JþÇËì
e, ØÓó²±9ØÓ(�»�V4¬N+�Ë�
�A�I�?�ÚïÄ.

[1] Enlow E W, Pease R L, Combs W, Schrimpf R D, Nowlin R N

1991 IEEE Trans. Nucl. Sci. 38 1342

[2] Fleetwood D M, Kosier S L, Nowlin R N, Schrimpf R D, Reber R

A, DeLaus M, Winokur P S, Wei A, Combs W E, Pease R L 1994

IEEE Trans. Nucl. Sci. 41 1871

[3] Barnaby H J, Cirba C, Schrimpf R D, Kosier S, Fouillat P, Mon-

tagner X 1999 IEEE Trans. Nucl. Sci. 46 1652

[4] Zheng Y Z, Lu W, Ren D Y, Wang Y Y, Guo Q, Yu X F, He C F

2009 Acta Phys. Sin. 58 5572 (in Chinese) [x�Ð, ºó, ?&
�, �Â�, Há, {Æ¹, Û«u 2009 ÔnÆ� 58 5572]

[5] Wang Y Y, Lu W, Ren D Y, Guo Q, Yu X F, He C F, Gao B 2011

Acta Phys. Sin. 60 096104 (in Chinese) [�Â�, ºó, ?&�,

Há, {Æ¹, Û«u, pÆ 2011 ÔnÆ� 60 096104]

[6] Rashkeev S N, Cirba C R, Fleetwood D M, Schrimpf R D, Witczak

S C, Michez A, Pantelides S T 2002 IEEE Trans. Nucl. Sci. 49
2650

[7] Kosier S L, Schrimpf R D, Nowlin R N, Fleetwood D M, DeLaus

M, Pease R L, Combs W E, Wei A, Chai F 1993 IEEE Trans. Nucl.

Sci. 40 1276

[8] Niu G F, Banerjee G, Cressler J D, Roldan J M, Clark S D, Ahlgren

D C 1998 IEEE Trans. Nucl. Sci. 45 2361

[9] Cazenave P, Fouillat P, Montagner X, Barnaby H, Schrimpf R D,

Bonora L, David J P, Touboul A, Calvet M C, Calvel P 1998 IEEE

Trans. Nucl. Sci. 45 2577

[10] Chen X J, Barnaby H J, Pease R L, Schrimpf R D, Platteter D G,

Dunham G 2004 IEEE Trans. Nucl. Sci. 51 3178

[11] Pease R L, Platteter D G, Dunham G W, Seiler J M, Barnaby H

J, Schrimpf R D, Shaneyfelt M R, Maher M C, Nowlin R N 2004

IEEE Trans. Nucl. Sci. 51 3773

[12] Nowlin R N, Pease R L, Platteter D G, Dunham G W, Seiler J E

2005 IEEE Trans. Nucl. Sci. 52 2609

[13] Chen X J, Barnaby H J, Schrimpf R D, Fleetwood D M, Pease R

L, Platteter D G, Dunham G W 2006 IEEE Trans. Nucl. Sci. 53
3649

[14] Hughart D R, Schrimpf R D, Fleetwood D M, Chen X J, Barnaby

H J, Holbert K E, Pease R L, Platteter D G, Tuttle B R, Pantelides

S T 2009 IEEE Trans. Nucl. Sci. 56 3361

[15] Ball D R, Schrimpf R D, Barnaby H J 2002 IEEE Trans. Nucl.

Sci. 49 3185

[16] Minson E, Sanchez I, Barnaby H J, Pease R L, Platteter D G, Dun-

ham G 2004 IEEE Trans. Nucl. Sci. 51 3723

[17] Chen X J, Barnaby H J, Pease R L, Schrimpf R D, Platteter D,

Shaneyfelt M, Vermeire B 2005 IEEE Trans. Nucl. Sci. 52 2245

[18] Adell P C, Pease R L, Barnaby H J, Rax B, Chen X J, McClure S

S 2009 IEEE Trans. Nucl. Sci. 56 3326

236103-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 236103

Quantitative separation of radiation induced charges
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Abstract

A new test structure of gate controlled lateral PNP bipolar transistors designed and fabricated. An independent gate terminal

is patterned on the oxide layer above the active base region of normal lateral PNP bipolar transistors. According to the gate sweep

technique, by sweeping the voltage applied to the gate terminal, one can obtain the characteristic of base current versus gate voltage.

The quantitative variations of oxide trapped charges and interface traps are analytically estimated and numerically calculated, and

the radiation induced defects in the gate controlled lateral PNP bipolar transistors during 60Co-γ irradiation and annealing at room

temperature are separated independently. The test structures and measurements of the bipolar transistors used in the experiment are

introduced in detail in this paper.

Keywords: gate sweep technique, gate control, lateral PNP bipolar transistor, charge separation
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