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�È† o% o² ÜR ��À �f �T +æù

( >f�E�Æ>f���8¤ì�I[:¢�¿, ¤Ñ 610054 )

( 2011 c 3 � 30 FÂ�; 2011 c 4 � 16 FÂ�?Uv )

3û^ 0.35 µm pÖ7á�zÔ��Nó²þ��
ü«»�z�þÝ (tox) �^/»!�/»Ú��/» N
��7á�zÔ��N (n-channel metal oxide semiconductor, {P� NMOS) ¬N+, ¿?1
 2000 Gy(Si) �oJ
þË��A¢�. ¢�(Jw«, »�þÝéK�>Ø¤£�K��u»�þÝ� 3 g�. éu tox � 11 nm �$
Ø NMOS ¬N+, ÏL�/»½��/»�\��ªUòÙ|oJþË�Uål 300 Gy(Si) Jp� 2000 Gy(Si) ±
þ; éu tox � 26 nm �pØ NMOS ¬N+, ÏL�»½��»�\��ª, K�U3$u 1000 Gy(Si) �oJþ
e, �½§Ý/³���¦>6�O\. ��ü«ØÓ��ã\��ª, �/»Ú��/»éÓ� tox � NMOS ì
�\��Jaq, �/»�\��JÑ`u��/». éuþã¢�(J, ?1
nØ©Û¿�º
�)ù
y�
��Ï.

'�c: �/», ��/», oJþ, Ë��A

PACS: 61.80.Ed, 73.40.Qv

1 Ú ó

pÖ7á�zÔ��N (complementary metal
oxide semiconductor, {P� CMOS) 8¤>´Ï�
äk$õÑ!p��5Úó²EâØä?Ú�
wÍA�, �2�A^3
�«�ÆÚó§+�,
Ù¥��)ÊU!�¯!pUÔn�Ë��¸.
� CMOS 8¤>´ó�3Ë��¸¥�, ¬�)
�«Ë��A, Ù¥ N ��7á�zÔ��N (n-
channel metal oxide semiconductor, {P� NMOS)
ì��oJþ (total ionizing dose, {P� TID) �
A´E¤ CMOS 8¤>´õÑO\$�õU��
���Ï [1−4]. 3y� CMOS ó²¥, �X»
�þÝ (tox) �Øä~�±9»��þ�ØäU?,
d»����K�>Ø¤£3�õêA^|Ü�
Ë�Jþe®²C��±�ÑØO, �l�z
Ô (|�) ����¦>6K¤�
 NMOS ¬N
+ TID �A�Ì��Ï [5−7]. �éù��Ï, ÏL
UC NMOS ¬N+»�/G (~X: ~^�µ4/
») �±Jp CMOS >´�| TID �AUå, ¤�
k���O\�Ãã [7−10].

ã 1 ØÓ/G�»� NMOS ¬N+«¿ã (a) ^/»;
(b) �/»; (c) ��/»

~^�µ4/»k�/» (ã 1(b)) Ú��/
» (ã 1(c)) ü«, ùü«\��ª3Ó�ó²�
þ�\��Jé'mk��. �éuØÓ»�
þÝÚØÓó²���� NMOS ¬N+, æ^�
Ó�\��ª¤���\��J��3é��
O [9−12]. Ïd, é�«y�ó²���Ú�«\
�/ª�O� NMOS ¬N+?1 TID �A�é'
ïÄé CMOS 8¤>´�|Ë�\��Oó�ä
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k�ë�d�. �©ÏL3û^ 0.35 µm CMOS
ó²þ��
 tox ©O� 11 nm (5 V ó�>Ø)
Ú 26 nm (�ó�3 15.5 V) �^/»!�/»Ú�
�/»� NMOS ¬N+�¬, ¿éù
�¬?1
oJþË��A¢�, é'ïÄ
ØÓ»�þÝ!
ØÓ»/G� NMOS ¬N+�oJþË��A. Ï
L©ÛËìc�� NMOS =£A5!K�>Ø¤
£!ª�¸�Ú��¦>6, ïÄ
»�þÝéo
Jþ�A�K�±9é'
ü«µ4/»�\�
�J, � CMOS 8¤>´�|Ë�\��OJø

¢��â.

2 ¢ �

2.1 ¢¢¢������¬¬¬

À ^ û ^ 0.35 µm CMOS ó ² ¥ » � þ Ý
� 11 nm (NMOS-11) Ú 26 nm (NMOS-26) �ü«
ì�?1
^/»!�/»Ú��/»� NMOS
+��OÚ6¡. �O^�� 3 «ØÓ/G�
» X ã 1 ¤ «. � / » NMOS ¬ N + æ ^ ¥
�Cq��{J�¬N+���°Ý W , ��
/»æ^ (W1 + W2)/2 CqJ�¬N+���
° Ý W , Ù ¥ W1 Ú W2 X ã 1(c) ¤ «; � /
»Ú��/»¬N+Ñæ^«Ú¦«��C
ålCq����Ý L. æ^ù��Cq�{,
NMOS-11 Ú NMOS-26 ü « ì � � ° � ' © O
� 6.4 µm/0.5 µm Ú 40 µm/2.1 µm.

2.2 ËËËììì¢¢¢���

Ëì¢�3Ü�ØEâïÄ¤� -60 (60Co) γ

þ?1, JþÇ� 0.5 Gy(Si)/s, |^ UNIDOS J
þ¤?1JþÇ�I½, �âËì�m(½Ëì
oJþ. 3ËìcÚ�½�ËìoJþ!:, æ^
dO�Å!HP4156 ��NëêÿÁ¤!HP3488
Ý
m'�|¤�gÄzÿÁXÚé�ÿ�¡
ÿÁ¿P¹ NMOS ¬N+�ÑÑA5Ú=£A
5. ÿÁ�£ ÿÁ, 3zgËì� 30 min S�
¤. Ëì�¬N+� �^���� �, =»>
Ø VG = 5 V, ¦>Ø VD = 0 V, >Ø VS = 0 V
±9�.>Ø VSUB = 0 V.

¬N+�K�>ØÏLÿ� VD = 0.1 V �=
£A5, 2deª¦Ñ

VT = VG|gmax −
(ID|gmax

gmax

)
− 0.05, (1)

ª¥, VT �K�>Ø, VG|gmax ��ª�¸�éA
�»>Ø, ID|gmax ��ª�¸�éA�¦>6,
gmax �ª�¸�. ,	, duÿÁXÚ�>6ÿ
Á°Ý�� 10−9 A, Ïdéu 10−9 A ±e�¦
>6 ID ´ÏL¬N+�æK�A5 lg(ID) ∝ VG

?1���.

3 (J9?Ø

3.1 ===£££AAA555���ËËËìììoooJJJþþþ���'''XXX

ã 2—4 ©O�Ñ
^/»!�/»Ú��
/» NMOS ¬N+�=£A5��ËìoJ
þ�'X. ã¥¤«¬N+=£A5��¦>
Ø VD = 0.1 V �¤ÿ. lã 2(a) ¥�±wÑ,
éu�\��^/» NMOS-11, Ù|oJþUå
� 300 Gy(Si), ���\ÈoJþ¬��¬N+
��¦>6O\��S (µA) êþ?. (Üã 3(a)
Úã 4(a) �±wÑ, éuTó²e tox = 11 nm
� NMOS ¬N+, Ù���Ì��Ï´k«Ú
|«>���¦Ï�, ÏL�/»½ö��/»
�\��ªUòÙ| TID Uål 300 Gy(Si) Jp
� 2000 Gy(Si) ±þ.

ã 2 ^/» NMOS ¬N+�=£A5�ËìoJþ�C
z (a) NMOS-11; (b) NMOS-26
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ã 3 �/» NMOS ¬N+�=£A5�ËìoJþ
�Cz (a) NMOS-11; (b) NMOS-26

ã 4 ��/» NMOS ¬N+�=£A5�ËìoJþ�
Cz (a) NMOS-11; (b) NMOS-26

l ã 2(b), 3(b) Ú 4(b) ¥ � ± w Ñ, é
u NMOS-26, »�z�¥��²�>ÖÚå�¬
N+K�>Ø�¤£Ø��Ñ, �/»½��/
»�\��ª\��J$�, �U3ËìoJþ$
u 1000 Gy(Si) �, �½§ÝþUõË�Úå��
�¦>6O\��¹.

3.2 KKK���>>>ØØØ¤¤¤£££���ËËËìììoooJJJþþþ���'''XXX

ã 5 � Ñ 
 ü « tox � � / » Ú � � /
» NMOS ¬N+�K�>Ø¤£±9ü Ë�
Jþe�K�>Ø¤£�ËìoJþ�'X. ü 
JþeK�>Ø�¤£, q¡� MOS ì���ú
(¯Ý, ~^5ïþ MOS ì���ú§Ý [13]. d
u^/» NMOS 3Ëì^�ek«Ú|«>�
��¦Ï��Ï, ��¦>6O\��, ¬K�K
�>Ø�O�, ¤±�À�
�/»Ú��/»
� NMOS ��K�>Ø¤£�ïÄé�.

ã 5 �ÿ NMOS ¬N+�K�>Ø¤£�ËìoJþ�
Cz (a) K�>Ø¤£�oJþ�'X; (b) ü ËìJþ
e�K�>Ø¤£�oJþ�'X

lã 5(a) Ú (b) �±wÑ, éuÓ�«»�þ
Ý, Ë�Úå��/» NMOS �K�>Ø¤£�
u��/» NMOS �K�>Ø¤£. ��, �/
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»�\��J`u��/». ÄÙ�Ï, �±uy
�/» NMOS �(���;�
÷Xk«Ú
|«>��¦�m�¦>Ï�; éu��/
» NMOS, �»þ\k ØËì�, »e¡÷Xk
«>�¬/¤�.�. ïÄL², ù��.�¬
��Xã 6 ¥�Þ¤«�¦>Ï� [14], ¤±¬L
yÑK�>Ø�¤£��/»��. Ó���±w
Ñ, ��/»��/»�ã/ª�\��J�å'
åüö�\��J5`´'���, ¤±l\��
J��Ýþ5w, 3 CMOS >´�|Ë�\��O
¥, �¡È!õÑ�Ï���
�/»�¦^�,
��/»E,´�ã\��O���Ø��ÀJ.

Ød�	, ¢�(J�w«»�þÝ tox é
Ë�Úå�K�>Ø¤£ ∆VT �K�'ýÏ�
�. é tox = 11 nm � NMOS-11, ��ËìoJþ
� 2000 Gy(Si), Ù»�Úå�K�>Ø¤£�±�
Ñ, é tox = 26 nm � NMOS-26, »�Úå��
ú(¯Ýýé��u 0.6 mV/Gy(Si).

ïÄL², Ë�Úå�K�>Ø¤£�»�þ
Ý¥�ê'X, = |∆VT| ∝ tnox, n � 1—3[2], 3C
Ï�ïÄ(J¥�õê�ÿ� n = 3[9,15]. 3
�©ïÄ¥, l��À��Jþ:�K�>Ø¤
£²þ�5w, ��» NMOS-26 � |∆VT| ���
» NMOS-11 � |∆VT| � 19 �, �» NMOS-26
� |∆VT| ��» NMOS-11 � |∆VT| � 30 �, ��
uüö�»�þÝ�'� 3 g� ((26/11)3 ≈ 13).

ã 6 ��/» NMOS ¬N+¥Ë�Úå�¦>Ï�

�ânØÚ¢�²��, Ë�Úå� NMOS ¬
N+�K�>Ø�¤£�±L«� [15]

∆VT = ∆Vot + ∆Vit = −∆Qot

Cox
+

∆Qit

Cox
, (2)

∆Qot = eNtoxηFtD, (3)

∆Qit = KtoxD
2/3, (4)

Cox =
εOXε0

tox
, (5)

Ù¥, ∆Vot �Ë�Úå�»�z�¥��²�>
Ö���K�>Ø¤£, ∆Vit �Ë�Úå�.¡
�>Ö���K�>Ø¤£, ∆Qot �Ë�Úå�
»�z�¥��²�>Ö¡�Ý, ∆Qit �Ë�Ú
å�.¡�>Ö¡�Ý, Cox �ü ¡È»�z�
>N, e ´>f>Ö, N � SiO2 áÂü Jþ>l
Ë��)��Ç�Ý, tox �»�z�þÝ, η ��
Ç�)Ç, �>|ÚË�Uþk', Ft �²�ëê,
�ó²�', D �Ë�oJþ, K �'~Xê, εox

Ú ε0 ©O� SiO2 �é0>~êÚý�0>~ê.
éu�©ïÄ¥ tox é ∆VT �K�����

Ï, ·�@�Ì�´du�©ïÄ¥�ü«»�z
�, Ø
þÝkXwÍ��O, �þ=»��¥�
�²�Ý��3�O, lüö3 (3) ª¥� Ft �
k²w�O. �, η �»�z�¥�>|k', ¤
±�� tox �'. ¤±�,lª (2)—(5) ���'
Xw5 |∆VT| ∝ t2ox, �¢Sþ´3 tox, η Ú Ft �
�Ó�^e, LyÑ tox é ∆VT �K��u 3 g�.

ã 7 �ÿ NMOS ¬N+�ª�¸��ËìoJþ�Cz

ã 8 �ÿ NMOS ¬N+���¦>6�ËìoJþ�Cz

l (2) ª�±wÑ, K�>Ø�¤£´d»�
�¥��²�>ÖÚ SiO2-Si .¡?�.¡��
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Ó�^Úå. üö©O3ØÓ�oJþ��Så
Ì��^, .¡���^~ÏLª�¸��oJ
þ�m�'X�5?1ïÄ, Ï�Ë�¤��.
¡�¬��ª�¸�~� [15−17]. ã 7 ¤«�ª
�¸��oJþ�'Xw«, NMOS-26 ª�¸�
�XoJþ�O\k¤~�,  NMOS-11 Ø²
w. �ËìoJþ� 2000 Gy(Si) �, NMOS-26 �
ª�¸�~�� 4%—11%, .¡���^®k¤
Ny. ØL(Üã 5 ¥�5w, K�� ∆VT �Ë
ìoJþE��¥�5'X, ÏdK�>Ø�¤£
3 2000 Gy(Si) �Ë���SE±»�z�¥Ð¼
�Ç��^�Ì.

3.3 ������¦¦¦>>>666���ËËËìììoooJJJþþþ���'''XXX

ã 8 ¤«�»>Ø VG = 0 V, ¦>Ø VD =
0.1 V �¤ÿ� 6 «�ÿ NMOS ¬N+���¦
>6�ËìoJþ�m�'X. éu NMOS-11, �
/»Ú��/»�\��{é³�Ë�Úå��
�¦>6�JwÍ; éu NMOS-26, �/»Ú�
�/»�\��{, �3oJþ$u 1000 Gy(Si)
�, �½§Ýþ~�
Ë�Úå���¦>6, �
oJþpu 1000 Gy(Si) �, Ù��¦>6��\
��^/» NMOS-26 vk«O. ù´Ï���o
Jþ�� 2000 Gy(Si), NMOS-11 ���Ì��Ï
´k«Ú|«>���¦Ï�, Ïd�/»Ú
��/»�±k�\�;  NMOS-26 3oJþ
� 1000 Gy(Si) �, K�>Ø®²¤£��u 0 V,
d�� “��¦>6” ¢Sþ®´ NMOS ��Ï
¦>6. éuù«�¹, �/»Ú��/»ØU
å�\��^. Ó���±wÑ, �ËìoJþ�
u 500 Gy(Si) �, ��/» NMOS ���¦>6Ñ
�u�/» NMOS ���¦>6, �K�>Ø¤

£�¢�(J��, 2gy²
��/»¬N+Ë
�¤��¦>Ï���3.

4 ( Ø

3û^ 0.35 µm CMOS ó²þ�O¿��

»�þÝ©O� 11 Ú 26 nm �^/»!�/»
Ú��/»� NMOS ¬N+, ¿?1
 60Co >l
Ë�oJþ�A¢�ïÄ. ¢�(Jw«, éu�
©¥ü«»�þÝ�¬N+, »�þÝéK�>
Ø¤£�K��u»�þÝ� 3 g�. éu»�
þÝ� 11 nm � NMOS ¬N+, ÙoJþË��
A�Ì��Ï´>lË���k«Ú|«>�
�¦�m��¦Ï�, ÏL�»Ú��»�\
��ª, òÙ|oJþË�Uål 300 Gy(Si) J
p� 2000 Gy(Si) ±þ. éu»�þÝ� 26 nm
� NMOS ¬N+, Ë�Úå�Ùg�»�z�¥
\È��²�>Ö´ÙoJþË��A�Ì�
�Ï, ÏL�»Ú��»�\��ª, �U3$
u 1000 Gy(Si) �oJþe�½§Ý/³���¦
>6�O\. Ïd, =¦´3y�Ì6� CMOS ó
²¥, Iæ^pØ NMOS ¬N+�|Ë�\�>´
�O�, 7L�ÄpØ NMOS 3Ëì^�e»��
��K�>Ø¤£. é'ïÄË�Úå��/»Ú
��/» NMOS �K�>Ø¤£Ú��¦>6u
y, �/»�\��JÑ`u��/»�\��J,
�ù«�É3�õêA^¥�±�Ñ. 3¢�¥,
»�þÝ� 26 nm � NMOS ¬N+�ª�¸��
XoJþO\, k�½§Ý/eü. ù¿�X.¡
���^m©wy, ���oJþ� 2000 Gy(Si),
oJþË��A�¤ÏE,±�zÔ¥��²�
>Ö�Ì. �¢��(JÚnØ©Û� CMOS 8¤
>´�|Ë�\��OJø
�â.
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Total ionizing dose effects on n-channel metal oxide
semiconductor transistors with annular-gate and

ring-gate layouts

Fan Xue† Li Wei Li Ping Zhang Bin Xie Xiao-Dong Wang Gang
Hu Bin Zhai Ya-Hong

( State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and Technology of China, Chengdu 610054,

China )

( Received 30 March 2011; revised manuscript received 16 April 2011 )

Abstract
Two-edged-gate, annular-gate and ring-gate N-channel metal oxide semiconductor (NMOS) transistors with two different values

of gate oxide thickness (tox) are fabricated in a commercial 0.35 µm complementary metal oxide semiconductor (CMOS) process. The
tests for the total ionizing dose (TID) effects of the transistors are carried out with a total dose up to 2000 Gy(Si). The results show
that the dependence of radiation-induced threshold voltage shift on tox is larger than the power-law t3ox. The TID tolerance of the low
voltage NMOS (tox = 11 nm) is improved from 300 Gy(Si) to over 2000 Gy(Si) by the annular-gate or ring-gate layout. For the high
voltage NMOS (tox = 26 nm), the annular-gate or ring-gate layout can only mitigate the growth of the off-state leakage current when
the total dose is less than 1000 Gy(Si). As radiation hardening techniques, the annular-gate and ring-gate layouts have similar effects,
but the annular-gate layout is slightly more effective in terms of the radiation-induced threshold voltage shift and off-state leakage
current increase. The test results are theoretically explained by examining and analyzing the experimental data.

Keywords: annular gate, ring gate , total ionizing dose, radiation effect
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