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JÑ
�«Äu�*¬âº�©Ù� Cu pë>[£��Æ·�.. (Üß�>fw�ºÚÚO��©ÛEâ,

ïÄ
 Cu pë>[£��º� �Ú�.�Ý�A9ÙÔnÅ�. ïÄL², �pë�°Ý~�, Ù²þ¬âº�
eü¿��pë>[£Æ·ü$. �u�.�Ý�pë�Ã{Jøv
�� ¦�Ô¬âÑ¦u)��. �pë
�Ý�uT�.�Ý�, 3��>[£ÿÁ�mS, Ü©NÈ���Ò4àÔ¬âÑyÑ¦�¹. �Xpë�Ý�
O\T��'~×�O�, >[£��Æ·~�. �pë�Ý��u*Ñ�Ý�, ���mÌ��ûuÔ¬â�º
�, ���Æ·Ú'~�¬âº�Cz¥y�Ú�ÅÄG�.

'�c: Cu pë, >[£,�*(�
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1 Ú ó

3y�8¤>´ó²¥, du Cu �>{Ç�
$, |>[£ÚAå[£�Uå�r, � Cu pëV
�i�Eó²�oN5Ð!¤�$, Cu pë®²
O� Al pë¤�Ì�pëEâ. >[£��´ Cu

pë��5��¯K�� [1]. 37á��¥, ÷
>|���$Ä�>f�7álf?1Äþ��,

l��7álf�)d*ÑÌ���þ$Ñ, ù
«y��¡�>[£. 3>[£L§¥, ���7
álflÒ4��4��£Ä, ¿3�f6Ïþu
)Cz?/¤�É½�£, ©OÚå7ápë��
m´½á´. ��/, Cu pë>[£���mÎÜ
éê��©Ù, � Ì�*Ñ´»� Cu/0�{	
�.¡ [2,3].

�*�A´K� Cu pë>[£Æ·��
Ï�, �)pëá�(�Ï� [4−7]!�.�Ý�
A [8]!>6P@�A [9]!OY³�A [10] ±9�
�\9�A [11] �. �X8¤>´ó²A�º�Ø
ä �, cÙ�Ô¬âº�ü$�pë°Ý±e
�, Cu pë�*(�éupë��5�K��\

wÍ, �é¬â�*(�ïÄ>[£�����
¿Øõ�. �©JÑ
�«Äu�*¬âº�©Ù
� Cu pë>[£��Æ·�., (Üß�>fw
�ºÚÚO��©ÛEâïÄ
 Cu pë>[£�
�y�, &?
 Cu pë>[£��º� �Ú�
.�Ý�A, �.�[(J�¢�(JÎÜûÐ.

2 ¢��{

ã 1 �Ñ
 Cu pë>[£���.«¿. é
u�ãdØÓ��¬â�¤��Ý� L � M1 p
ë, l��m�>fºåÚ7á�f?1Äþ��
¦�7á�f�m*Ñ, ¿�ª3 M1 Ò4àNC
���� Cu ¬âÑ¦, ?Úåpë>{:ìO
�. 3d�cKdu�3k��>6Ï�, pë
>{�Ñy²w�Cz. du7á{	���3¦
� Cu �f���3 M1 pë¥, Ïd3 M1 üà
du7á�f�Ý�Cz�)pëAå. 3>
[£���¬�O�, M2 °Ý���Ý��, Ï
d>[£��þu)3 M1 pë¥. Ó�, duæ
^ SiCN 0��� M1 ºÜ{	�, Ïd� *Ñ
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Ì�´»� Cu/SiCN .¡.

ã 1 Cu pë>[£���.«¿ã

d>[£�A�)�pëAå σ ��m t �
Cz�±^eª£ã [12]:

∂σ

∂t
=

∂

∂x

[
kc

(∂σ

∂x
+ γ

)]
, (1)

Ù ¥, kc = DBΩ/kBT �k � * Ñ X ê, kB

� Boltzmann ~ê, T �§Ý, >Aå^� γ �
� 5× 1013 Pa/m, *ÑXê D �� 7× 10−15 m2/h,

Cu/0�NXk��5�þ B �� 2 × 1010 Pa ($
0>~ê0�) ½ 7×1010 Pa (�z7), �fNÈ Ω

�� 1.1 × 10−29 m3.

ã 2 ;. Cu pë>[£��ß�>ºw�ì¡

ã 2 �Ñ
 Cu pë>[£���;.>fw
�ì¡. >[£���É�õ3Ò4àNC, �T
? Cu ¬â���Ñ¦. Ïd�©b½3Ò4 x = 0

� �lm©�Ï¬â)��)���É�d
u>[£�^���� [13]. Ó�, 3�4 x = L �
 �, du7á{	���3¦�� £ÄÛ�3
d?, l��eã>.^�:

σ(x = 0) = 0,

∇σ(x = L) = 0. (2)

3þã>.^�e, �Ñí{9Aå, ¦)�§ (1),

��Xe/ª�) [13]:

σ = −γ
[
x − 2L

∞∑
n=0

(−1)n

×exp(−m2
0kc/L2) sin(m0x/L)/m2

0

]
, (3)

Ù¥, m0 = (n + 1/2)π.

d>[£�^)���É�� V0 �±L«
�

V0(t) = (1/B)
∫ L

0

σ(x, t)dx. (4)

ò (3) ª�\ (4) ª, l��

V0(t) = γL2/2B
[
1 − 4

∞∑
n=0

(−1)n

×exp(−m2kct/L2)/m3
]
. (5)

æ^ Monte Carlo �{5�[¼�z�pë�
¬�>[£¥����m (½¡Æ·). é N0 ��
Ý� L �pë�, b½3 M1 Ò4à�,�Ô¬â
º�� Vi ( i = 1, 2, . . . N0 ), Ï>[£�^¦�T
¬â��Ñ¦¤I���m Ti�

Ti = t(V0(t) = Vi) (i = 1, 2, · · · , N0), (6)

Vi = lognrnd(µ, σ) (i = 1, 2, · · · , N0). (7)

dþã���m Ti, �\éê��©Ù[Ü�
±��¥����m [14]. Ù\È��Ç CDF O�
�{æ^eª [15]:

CDFi = (i − 0.3)/(N0 + 0.4)

(i = 1, 2, · · · , N0). (8)

éuØÓ�Ý�pë�¬, 3��>[£ÿÁ
�m T0 S, ��Ýpë�¬��'~ N �

N =
∑

Ci/N0, i = 1, 2, · · · , N0, (9)

Ci =

 1 (Ti > T0, i = 1, 2, · · · , N0),

0 (Ti < T0, i = 1, 2, · · · , N0).
(10)

¢�pë�¬æ^ 65 nm Cu/SiO2 (½$0>
~ê0� MSQ) ó²��. >[£¢�^��: >
6 1 MA/cm2, §Ý 250 ◦C. òpë>{��éC
z 15%�����â. ÚO��©Û¥æ^éê�
�©ÙO����m©Ùëê. (Üà�lfåÚ
ß�>fw�ºEâ©Ûpë¬âº�©ÙÚ>
[£���*©Û. �pë¥���ÚO¬âº�
����â, �3ÚO¥�«©Ì¬. ¼��þ¬
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âº�êâ�, æ^��©Ù�.O�¼�¬âº
�©Ùëê.

3 (J�?Ø

ã 3 �Ñ
ØÓ°Ý Cu pë��*(��ß
�>ºw�ì¡. duó²^��ØÓ, æ^V�
ê¬�ó²3�ø¥/¤� Cu pë����Ä
.þ)�Ô����*(��ÉwÍ. ��/, �
¡È)��Ô��¬âº����õ¬(�. 
lã¥��, Cu pë�¥K�¹¬âº����
Æ!GÚõ¬ü«(�, ��Xpë�°Ý�O
�, ¬âº��O�. Cu pë�>Ûó²��¬
�È�	�L1� (overburden layer), Ù¬â)�
Ì��6u¬.[£. ����°�pë��, L
1�¥��¬â�N´ò���ø¥¦�pë�
äk���¬âº�. éu�Ä�pë�, duÉ
��ø.Ü,�¹S (pinning) �A����\w
Í, Ïd��äk���¬âº�. �Ù¦¢�a
q [14], �©*	��¬âº�©Ù��éê��
©ÙûÐÎÜ. �¢�O�¼��¬â²þº��
� 0.26—0.31 µm, þ�upë�°Ý. Ó�, ¢�*
	���É���¬âº��~�C, ��y
�
©�.b��Ün5.

ã 4 � Ñ 
 Cu p ë > [ £ Æ · � ¬ â º
� (�°) �Cz'X. 3 100 nm 9±eEâ!
:, Cu pëÆ·�¬âº� (�°) ~�wÍe
ü, ��º�e*	��>[£Æ·épë�°�
6Ã²w'Xù�y�w,ØÓ [14,16]. ù�U´
du�Xpë°Ý�?�Úü$ (< 100 nm �), 3
�ø¥æ^zÆ>Û�{W¿)�7áë��¬
âº�\�~�E¤�. �pë�°Ý~�, 3 Cu

pë�Ò4àNC�¬âº�~�, Ñ¦T?¬â
���)Óâ
��pë��¡��É¤I�m
~�, l��pë>[£Æ·ü$. I��Ñ�
´, ¦+nØþ Cu pëÆ·�¬âº� (�°) ~
�wÍeü, �ù�(Ø´3����^�e¼
�� (> 100). 3¢S>[£Æ·ÚO©Û¥, �
�êþ  Ø�L 24 �. ù��U´¢SÿÁ¥
J±*	�ù�5Æ��Ï��. Ïd, �XEâ
!:�?�ÚuÐ, 3ü$�°�Ó��±½~�
pë�¥¬â��ü$��Ý, éuJpì�>´

�|>[£Uåòäk���^.

ã 3 Ø Ó ° Ý Cu p ë ¬ â © Ù ß � > º w�ì ¡
(a) 90 nm; (b) 120 nm; (c) 180 nm

ã 5 �Ñ
 Cu pë>[£\È��Ç���
�m�[©Ù(J. lã¥��, pë>[£��

018501-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 018501

�ê�pë��Ý�O\þ,, ��pë��Ý
�u,��Ý�>[£��y�Ø2u). du>
[£��þÑ$�^��3��pë�þ�)A
åFÝ, �TAåFÝ����>fºå����
�, ���pë��Ý¤�'. �pë�Ý�u,
��.�Ý, Ñ¦pë�Ò4àNC��¬â¤�
)�£6AåFÝ�u>fºårÝ, ÏdJ±u
)>[£��. �pë��ÝO���.�Ý, 3
>fºå�^e�)�*Ñ6�Ý�����þ
£6AåFÝ�^e�*Ñ6�Ý��²ï. �p
ë��Ý?�ÚO�, £6AåFÝ��^~f,

o*Ñ6�ÝO�, �3Ó���ÿÁ�mSë�
�É¤Ø�� Oõ, l��>[£Æ·�£,

pë>[£���ê×�Oõ. �pë�Ý��u
�.�ÝÚ*Ñ�Ý�, �Xpë�Ý�O�, é
>[£�^k�pë�ÝØ2Cz, Ïdpë>[
£Æ·Ú���êªu½¿�¬âº�©Ùþ
e��ÅÄ. �éu8c®k�ü«>[£�.�
Ý�.þ�pë�Ý¥Cq�5�Cz'XÃ
{éÐ/)ºù��ÚÅÄy� [17,18], �©�
�.Ú¢�(JÎÜûÐ.

ã 4 Cu pë>[£¥����m�¬âº��Cz'X�

ã 6 �Ñ
 Cu pë>[£��'~����
Cz'X. lã¥�±wÑ, Cu pë>[£�A�
3���.�Ý. �pë��Ý�uT�.�Ý�,

dupë�Ã{Jøv
õ�� , ¦�>[£
p)�ÉNÈ�u Cu pë¬âº�, pë�¥�
��3k��>6Ï�, Ïd3��>[£ÿÁ�
mS*	Ø�²w�pë>{Cz, =@�>[£
���u). �pë�Ý�uT�.�Ý�, 3�
�>[£ÿÁ�mS, Ü©NÈ���Ò4àÔ¬
âÑyÑ¦�¹, ��Xpë�Ý�O\T��'

~×�O�. 3�¢�¥, T�.�Ý� 18 µm(�
u 18 µm ����ê�", ã¥�äN«Ñ). �p
ë�Ý��u*Ñ�Ý (

√
kT0) �, d���K�

Ä��±�Ñ, ¦��Ô¬âÑ¦¤I��mÌ�
�ûuÔ¬â�º�, lÑy��'~���C
z¥y�Ú�ÅÄG�, �TÅÄÌÝ�¬âº�
�����'. éu$0>~êá�pë, du$
0>~êá�� Cu pë�ºÜ�ÊN5��, Ï
d÷TºÜ.¡� �k�*ÑXê�p, l3
�Ó>6Aå�mSpë���'~�p. Ó�$
0>~êá��¼�þ��, Cu/0�XÚ�N
�k��5�þ B ��. l (5) ª���É)��
ÇÌ�dXê γL2/2B û½. Ïdéu$0>~ê
á�pë, Ù>[£���.�Ý��.

ã 5 Cu pë>[£\È��Ç����m�[©Ùã

ã 6 Cu pë>[£��'~ N ��� L �Cz'Xã

4 ( Ø

(Ü�*©ÛÚÚO��©ÛEâ, ïÄ
 Cu
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pë>[£��y�, ÄuÔ¬â�*(�&?

 Cu pë>[£��º� �Ú�.�Ý�A,

¿�A/JÑ
�«>[£¬âº���Æ·�
.. ïÄ(JL², Cu pë>[£��Æ·�¬â
º��~�ü$. �pë�°ÝO�, Ù²þ¬
âº�þ,¿��pë>[£Æ·Jp. �u�.
�Ý�pë�Ã{Jøv
�� ¦�Ô¬âÑ
¦u)��. �pë�Ý�uT�.�Ý�, 3
��>[£ÿÁ�mÜ©NÈ���Ò4àÔ¬

âÑyÑ¦�¹, ��Xpë�Ý�O\T��'
~×�O�, >[£��Æ·~�. �pë�Ý�
�u*Ñ�Ý�, ���mÌ��ûuÔ¬â�º
�, ¿Ñy��Æ·Ú'~���Cz¥y�Ú�
ÅÄG�, �TÅÄÌÝ�¬âº������'.

�æ^�5�þ���$0>~êá����z
7�, duk�*ÑXêO�Úå>[£��\
ì.
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Abstract

A microstructure-based electromigration model of Cu interconnects is proposed. Mechanisms of scaling and critical length effects

of Cu electromigration are studied by transmission electron microscopy and statistical failure analysis. The results show that the lifetime

of electromigration is reduced with Cu grain size decreasing when the width of interconnect is scaled down. Electromigration failure

is not observed when the interconnect length is smaller than the critical length due to insufficient vacancies for voiding the whole Cu

grains. Some small grains are vacated at the cathode end when the interconnect length is larger than the critical length during the testing.

The proportion of failures increases and the lifetime decreases with interconnect length increasing. The failure time is dependent mainly

on Cu grain size, and the failure lifetime and failure proportion fluctuate with grain size varying when the interconnect length is beyond

the diffusion length.
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