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1 Ú ó

X8, D(®¤�L���N8¤>´9�ì
���5�­�óä [1−3]. dupd&Ò{ü�´
u?n, DÚ�ÄuõÇÌ©Û�D(©Û�{þ
b�D(&Ò´pd5� [4]. pd&Ò�nØÄ:
´¥%4�½n, ÙcJ´b�XÚ¤Pk��þ
�*gdÝÚÃõÏ�éuD(�K�´p�Õ
á�. ,
, duÚåÞá�Ï�¿Ø�½�pÕ
á, 3Nõ¢S�ÔnXÚ¥, >Æëþ�Þá¿
Øî�Ñlpd©Ù [5−7]. Ó�, 3é��N>´
9ì��D(ïÄ¥, <�®@£��pdD(�
�39D(�pd5©Û�¿Â [8]. >D(�5�
û½u�)D(�ÄåÆÅ�±9gdÝ�G�,

Ïd, ÏLD(��pd5©Û�J�XÚSÜÄ
åÆ&E. �´, dué�pdD(�©Û9ï�
þ��(J, �8c��, D(&Ò�pd5©Û
Ú�.ïÄþØ
ÊHÚ�\.

�©lnØÚ¢�ü�¡ïÄ
7ápë>
[£D(��pd5, ^±�N>[£L§¥XÚ
SÜ��Å��üC. ÄkÏL�¬��NÔn¥

gdNÈVg�Ú\ [9], (ÜÑ�nØïÄ
>[
£D(&Ò�pd5�)��Ï�ÄåÆÅ�; �
X, A^p�ÚOu�þ T 2 é7ápë>[£¢
ÿD(&Ò��pd5?1½þ©Û; ��, ÏL
¢�æ8D(��pd5©Û, �DÚ�>[£L
�ëþ?1
é', L²p�ÚOu�þ�±�(
¯/�N¬âm.3>[£L§¥�Cz. nØ�
¢����5L², �©JÑ�>[£D(�pd
5�.9ëþ���½þïÄ>[£D(�pd
5Å��nØÄ:�L�óä.

2 nØ�.

2.1 ���   ààà888���ãããDDD(((������pppddd555���...

�â>{�Ñ�nØ, ¬N¥>{å
u 
l¬��:²ï ��lf!"�!,��é>
f�Ñ��^. éuõ¬(��7ápë��á
�, ¬.´� *Ñ�k�´», ´>{�Ì�5

 [10]. d Drude úª, ¬.?>{Ç�L«� [10]

ρ =
m∗

ne2τ
, (1)

ª¥ ρ �¬.>{Ç, m∗ �>fk��þ, n �>
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fßÝ, e �>f>þ, τ �>f²þgdÞ��m.

¬.?�>{Ç´ü NÈá�¥¤kÑ�
�A�²þ(J. �
£ãù�A5, Ú\¬.?
Ñ�VÇ W , §� τ �'X�

W =
1
τ

= υSN, (2)

ª¥, υ �>f�²þ�Ý, S �Ñ��¡, N �Ñ
�¥%�ßÝ.

éá (1), (2) ª, ��>{Ç�Ñ�úª

ρ =
m∗υ

ne2
SN. (3)

>[£ÐÏ, 7á��¥�"�±� �Ì.

� ±���f��¬NSÜ�~�:?��
fk���gdÝ, Ñ��¡���. �
£ã
� ±��f�ù�A�, ·�/� Dannenberg

Ú King[11] 3ïÄ¬â>.>{Ç¯K�¤ïá�
� -lfEÜÑ�¥%�., ò�¬��NÔn
¥�gdNÈVgÚ\7á¾pë>[£>{C
z�©Û¥. b�7á��3�É�>[£�ú�
c, ¬â>.¥y�����¬�(�, æ^aq
u Maxwell-Boltzman ²ïÚO�{, ��Ñ�¥%
UgdNÈ�©Ù¼ê� [11]

p (νf) =
N0

Vf
exp

(
−N0

Vf
νf

)
, (4)

ª¥ N0 Ú Vf ©OL«¬â>.�lfoêÚo
�gdNÈ, νf �ü�Ñ�¥%�gdNÈ.

éu�����¬â>., NÈ��¤¡È,

� x �gdNÈ��Ý, a �²þgdNÈ��Ý,

KgdNÈ�©Ù¼ê�L«�

p(x) =
1
a2

exp
(
−x2

a2

)
. (5)

Ñ�¥%�ßÝ�L«�

N(x) = n0p(x) =
n0

a2
exp

(
−x2

a2

)
, (6)

ª¥ n0 �LÑ�¥%�oßÝ. Ñ��¡ S ��
±^gdNÈ��Ý x L«�

S = dx, (7)

ª¥ d �lf��». K¬.>{ÇUìgdNÈ
�Cz�L«�

ρ =
m∗υdn0

ne2a2
x exp

(
−x2

a2

)
. (8)

d (8) ª�, >{Ç´��ÅCþ x �'�EÜ¼
ê, Ïd�´���ÅCþ, �Ù©Ù¼ê� f(ρ).

�â�ÅCþ¼ê�©Ù½n�±¦Ñù�©Ù
¼ê [12].

ò (8) ªU x 3":�VÐm, �n?Cq�

ρ =
m∗υdn0

ne2a2
x

(
1 − x2

a2

)
, (9)

Ù¥ x Ú a ©OL«gdNÈ�º�Ú²þ�, þ
´�u 0 �. 3>[£� *Ñ�ã, >f�Ñ�
¥%±� �Ì, éu� Ñ�¥%k 0 < x ¿ a,

x2/a2 ¿ 1, K (9) ª)ÒS�1��´'1���
�, ¤±3ïÄ� Ñ��, =�Ä1��, 1��
��Ñ. 3�Ä±� Ñ��Ì��¹, K (9) ª�
CqL«�

ρ =
m∗υdn0

ne2a2
x, (10)

d (10) �wÑ ρ ´�ÅCþ x �a�5¼ê. A^
�ÅCþ¼ê�©Ù½n�y², XJ x Ñlpd
©Ù, K ρ �Ñlpd©Ù. d

x = h(ρ) =
ne2a2

m∗υdn0
ρ

Ú

h′(ρ) =
ne2a2

m∗υdn0
(11)

��>{Ç ρ �VÇ©Ù¼ê�

f(ρ) =
ne2a2

m∗υdn0
exp

−

(
ne2a2

m∗υdn0
ρ

)2

a2



=
ne2a2

m∗υdn0
exp

− ρ2(
m∗υdn0

ne2a

)2

 . (12)

òIOpd©Ù�VÇ�Ý¼ê

f(x) =
1√
2πσ

exp
(
− x2

2σ2

)
(13)

� (12) ª�é'��Cþ ρ �©Ù¼ê´±pd
¼ê�Ì�.

XJ�Ä (8) ª¥�p��, ÏL�ÅCþ¼
ê�©Ù½n�±y²>{Ç�©Ù¼êN�k
�pd¤©. e=�Ä (8) ª�1��, �±��C
þ ρ �VÇ©Ù¼ê:

x = h(ρ) =
(

ne2a4

m∗υdn0
ρ

)1/3

,

h′(ρ) =
(

ne2a4

m∗υdn0

)1/3 1
3
ρ−2/3, (14)
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f(ρ) =
(

ne2a4

m∗υdn0

)1/3 1
3a2

× exp

−

((
ne2a4

m∗υdn0

)1/3 1
3
ρ−2/3

)2

a2

 ,

(15)

l/ªþwù´�� lpd�©Ù, Ï� (15)

ª�gCþC� ρ−4/3, (15) ª´���f� p
d©Ù.

7ápë>[£L§¥�>D(Ì�5
u
>{ R �Þá, ¬âm.>{Ç�Þá δρ �±
L«� [13]

δρ ≡ ρ − ρ0, (16)

Ù¥ ρ0 �²þ>{Ç.

du a ´²þgdNÈ�Ý, ò x = a �\ (8)

ª��²þ>{Ç

ρa =
m∗υdn0

ne2a2

a

e
. (17)

� ρ0 �Cq^ ρa L«�, >{Ç�Þá δρ �L
«�

δρ =
m∗υdn0

ne2a2

[
x exp

(
−x2

a2

)
− a

e

]
, (18)

(18) ª=' (8) ªõ
�~ê�. UìÓ���{
Ðm�n?Cq��>{Ç�Þá δρ �

δρ =
m∗υdn0

ne2a2

[
x

(
1 − x2

a2

)
− a

e

]
, (19)

ò (19) ª?1Ó��?Ø�� δρ ´'u x ��5
¼ê, Ù©Ù¼ê�

f (δρ) =
ne2a2

m∗υdn0

× exp

−

(
ne2a2

m∗υdn0
δρ +

a

e

)2

a2

 , (20)

l (20) ª��wÑ, >{Ç�Þá δρ �©Ù¼ê
E´±pd�Ì�.

e6L>{ R �>6 I ð½, >{�3XÞ
á δR, Úå>{üà�>Ø V Þá, Kk

δV = IδR = cδρ, (21)

Ù¥ c ���¬¥ÏL�>69�¬AÛÏ�k
'�~ê, K>ØÞá�©Ù¼ê�L«�

f (δV ) =
ne2a2

m∗υdn0

× exp

−

(
ne2a2

m∗υdn0
δV +

a

e

)2

a2

 . (22)

¤±3>[£cÏ, �� *Ñ!à8�ã, d>
ØÞáÚå�D(´±pd5�Ì�, Ó���3
X�þ��pd¤©.

2.2 ���ÉÉÉ¤¤¤ØØØ���ãããDDD(((������pppddd555���...

��Ém©¤Ø�, �Éº� x > a; ��É/
¤±�, � ~�, Ñ�±�É�Ì. d�¬.±�
�Ñ�¥%�gdNÈm©O\, Ñ�¥%Ugd
NÈ�©Ù¼êòu)Cz. ò (8) ªU x 3":
Ðm, �n?Cq, ��>{Ç�

ρ =
m∗υdn0

ne2a2

(
1 − 1

a2
x2

)
x. (23)

XJ=�Ä (23) ª)ÒS1��, K��>{Ç�
©Ù¼ê�

f (ρ) =
1
a2

(
1 − 1

a2

(
ne2a

m∗υdn0
ρ

)2
)

=
1
a2

(
1 −

(
ne2a2

m∗υdn0
ρ

)2
)

, (24)

(24) ª� (13) ª�'®²é²w/ l
pd©
Ù.

éu>{Ç�Þá δρ �L«�

δρ =
m∗υdn0

ne2a2
(x − a), (25)

K>{Þá δρ �©Ù¼ê�

f (δρ) =
1
a2

(
1 −

(
ne2a

m∗υdn0
δρ + a

)2
)

. (26)

Ón��>ØÞá δV �©Ù¼ê�

f(δV ) =
1
a2

(
1 −

(
ne2a

m∗υdn0
δV + a

)2
)

, (27)

d (27) ª��, 3�É¤Ø�ã, d�É¤ØÚå
�D(´±�pd�Ì�.

�´3�É¤Ø�ã, �k�þ�� 3*Ñ
à8, � *Ñ!à8�ãÚ\�D(E,�)p
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dD(, �ØÓÌ�, Ï� (22) ª¤á�^�´�
 º��'²þº��, � (27) ª�', pdD(
�)�K�'�pdD(�)�K���, ¤±�
É¤Ø�ã>ØÞá�©Ù¼ê�

f (δV ) =
1
a2

(
1 −

(
ne2a

m∗υdn0
δV + a

)2
)

+
ne2a2

m∗υdn0
exp

−

(
ne2a2

m∗υdn0
δV +

a

e

)2

a2

 ,

(28)

d (28) ª, �É¤Ø�ãQkpdD(qk�pd
D(, �´±�pdD(ÓÌ�.

3 ¢��(J?Ø

3.1 ¢¢¢������YYY

�
�y"�º�9/�Cz�¬.>D(
��pd5Cz, æ^\���¢�5UC7á�
�¥Ñ�¥%�©ÙÚßÝCz, Ó�3�*	>
{�Cz, ¿ÿþ>D(. 3�Eó²�õ�õ¬
��¥, �±@�¬â>.´��n���¬�(
�, Ù¥�,�3�þ�� ½lf?u�î�¬
��:� �, �´� �lf?u9²ïG�,

¤±Ñ�¥%UgdNÈ�©Ù�Åaq²ï©
Ù. �âþ¡��., 3>[£cÏ�>D(©Ù
Ì�±pd½öCpd©Ù�Ì; �Aå\�, >
[£�A\r�, ��7á��(��Cz, \�
� �*Ñ!à8$�/¤�É, 
���Ém©
¤Ø, Ñ�¥%UgdNÈ�©Ùò¬²w/ l
²ï©Ù, �A�D(>Ø�Ì�©Ù²w lp
d±�pdÓÌ�.

¢��¬ X Ú W �IOoàÚÑ Al Ä7áp
ë�ÿÁ(�, æ^&E��Ü>f 58 ¤� 1 µm

IO CMOS ó²�E, ��V���µC, �¬�
Ú°©O� 2 Ú 1325 µm. \����¢�^�´:

>Aå� J = 3 MA/cm2, 9Aå T = 140 ◦C.

D(ÿþæ^�·^u${pë�¬�V�
�ìGé�6XÚ, Ù¥c���æ^�$D(c
� NF-SA200F3 ���2x\$D(c� EG&G

PARC113, ªÌ©Ûæ^ HP3582A .VÏ�ªÌ
©Û¤. 3¢�cÚ¢�L§¥, é¢��¬�>

{ÚD(?1iÿ, z� 5 h ÿþ�g, ÿþ§Ý
� 25 ◦C.

>[£D(©ÛÌ�æ^D(>ØÚO��
ã�½5©Û, ^#��pdD(iÿ�{ ——

p�ÚOu�þ [14] éD(�mS��½þ©Û.

3.2 ¢¢¢���(((JJJ999???ØØØ

>{��éCz´~^�>[£L�ëþ. >
[£L§�©�n��ã: @Ï>{Cz�ã, d
�>[£?u� *ÑÚà8, �Éÿ�¤Ø, >
{��éCz3 1%—2%�m; �É¤Ø�ã, ù
�Ø�_=�>[£pu(�u)Czm©Ñy,

d�ã�>{�éCzØ�L 5%; �É¤Øm©
��>{u)âC, >{��éCz�� 30%.

ã 1 �¬ W Ú X �>{�éCz�Pz�m�Cz (a) �
¬ W; (b) �¬ X

lã 1 �±wÑ, 3>[£ÐÏ, >{��é
Cz��, 3�É¤Ø�c>{vk�ÌÝCz,

�é>{Cz3 –0.06%—0.37%��SþeÅÄ.

éu�¬ W Ú�¬ X ��É¤Ø��©O´
1 54 h Ú1 65 h. �©�¢�(J� Doan � [15]

�\�Æ·¢�(J��. ã 2 ¤«� Doan ïÄ

206601-4
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�|3 T = 212 ◦C ±9 J = 3 MA/cm2 �Aå^
�e, iÿ�¬�>{Cz, /Ïp>Ø×£>f
w�Eâ (HVSEM) éá���É/¤L§?1*
	. ¢�uy3�É¤Ø�c, >{CzÌÝé�,

��3 –1%—1.5%.

ã 2 Doan �|¢��É¤Ø�c�>{Cz, Úg©z [15]

D(ªÇ�ê´¯a�D(L�ëþ. l©
z [7] ��.��, (����õ¬7á���)
�>D(� 1/f D(, �7á��É�>[£�ú

/¤�É�Ò¬Ú\ 1/f2 D(�¤©, 
3>
[£Aå¢�¥, *	�7á�� 1/fr D(3�
É¤ØcD(ªÇ�ê$u 1.5 (1/f D(), ��u
)�É¤Ø, O\� 1.5 ±þ (1/f2 D(). ¤±D
(ªÇ�ê´µd>[£�ú§Ý9u)�É¤
Ø�Ì�I�.

�¬ W Ú�¬ X �D(ªÇ�ê�X>[£
Pz�m�CzXã 3 ¤«. dã 3 �±wÑ, ü
��¬�ªÇ�ê γ �Pz�m�Cz´k5Æ
�Ì�, �¬ X �ªÇ�ê31 65 h âC� 1.5 ±
þ, 
�¬ W 3 54 h �u)Ó��Cz, `²1 65

Ú 54 h ©O´�A�¬�É¤Ø�Ï, ù�Ð��
¬��é>{Cz(J��.

&Ò©ÙA5��*��N´ÚO©Ù��
ã, l��ãþ�±é&Ò�ÚO©ÙA5�Ñ½
5��ä. ¤±3&Ò��pd5ïÄ¥, ���
´Äkl��ãþ�±*	.

ã 4 �Ñ
�¬ X Ú�¬ W 3ØÓPz�m
�D(ÚO��ã9Ùpd[Ü­�. �¬ X �D
(ÚO��ã, l 0—20 h þÃ²wCz, �ã 3 é
'�@�´pd 1/f D(; l1 25—55 h, Ù©Ù
Ä��pd©Ù, �´pd�ä�	k�
fe,

/¤�pdD(¤©, 1 60 h �D(ÚO��ã
�pd�ä�	�feOõ, �pdD(¤©Oõ,

1 65 h ®² l
pd©Ù, �;.��pdD
(, =�É¤Ø�ãD(>Ø©Ùu)�pd l.

��¬ X aq, �¬ W 3Pz�m� 54 h ��, =
�É¤Ø��, D(>ØÚO��ãu)²w��
pd l. ùy²
nØ�.¥�D(>Ø3�É
¤Ø�ã lpd©Ù=
±�pd©Ù�Ì�.

ã 3 �¬ W Ú X �D(ªÇ�ê�Pz�m�Cz (a) �
¬ W; (b) �¬ X

4 D(�pd5�½þL�

V�ZXê�{~�^5?1�pd5u�.

Ï�§ò&Ò��pd58(�^��ëþ T 2 L
�, ´u¦^, ´uþz.

b�*ÿ&Ò y(t) � y(t) = s(t) + n(t), Ù
¥ s(t) �lÑ�m�"þ��pd, �U���5
�, ²­�ÅL§, 
 n(t) L«lÑ�m�"þ�
pdD(S�, � s(t) Ú n(t) ´ÚOÕá�. V�
'Xê½Â� [14]
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ã 4 �¬ X Ú W �Pz�mCz�D(>ØÚO��ã (a1)—(a4) �¬ X 3Pz�m� 0, 20, 60 ±9 65 h �D(ªÌ
ÚO��ã; (b1)—(b4) �¬ W 3Pz�m� 0, 40, 50 ±9 54 h �D(ªÌÚD(ÚO��ã
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βx(w1, w2) , B̂x(w1, w2)[
N

KL
Px(ω1)Px(ω2)Px(ω1 + ω2)

] ,

(29)

ÚOu�þ T 2 ½Â�

T 2 =

∑
p 2|B̂x(w1, w2)|2

N

KL
P (w1)P (w2)P (w1 + w2)

, (30)

Ù¥, B̂x(w1, w2) �&Ò� x(t) �VÌ, Px �&
Ò x(t) �õÇÌ, P ��OVÌ�Ì��, N �&
Ò��Ý, K �ò&Ò©¤�ãê, L �²wI�
�Ý. Ï~&Ò�VÌ�Oäkp���, ��V
Ì�O���'UþÌ�O���, �k¦^��
�*ÿP¹, ±9�½�²wI¼êâU~��O
��.

�©æ^ÚOu�þ T 2 5uÿ>[£L§¥

��pd�mS�. �¬ W, X �ÚOu�þ T 2 �
Pz�mCzXã 5 «.

dã 5 ��, �¬ X �ÚOu�þ T 2 3l
1 0—60 h þ � C 0, � � 1 65 h u ) a C �
C 10−27, ù`²31 65 h ±c�¬ X �D(
´±pdD(ÓÌ��, 
31 65 h �É¤Ø��
D(aC�±�pdD(ÓÌ�; 
�¬ W ��
¬ X aq, ÚOu�þ T 2 31 54 h u)aC, `
²�¬ W 3�É¤Ø��D(d±pdD(ÓÌ
�aC�±�pdÓÌ�. lùü��¬�ÚOu
�þ T 2 5w, ��>[£L§, D(¤©¥Ñ¹k
�pd¤©, �´3ØÓ����pd¤©�õ�
Ø��. �pd¤©ÓÌ����, ÚOu�þ T 2

ªCu 0 �Ø�u 0, d��pd¤©é�, ��p
d¤©Oõ
ÅìÓÌ��, ÚOu�þ T 2 u)
êþ?�aC.

ã 5 �¬ X � W �ÚOu�þ T 2 �Pz�m�Cz (a) �¬ X; (b) �¬ W

5 ( Ø

�©ÏLÚ\gdNÈ£ã� *Ñà8�
ã� ßÝ�CzÚ�É¤Ø�ãÑ��¡�C
z, æ^>fÑ�nØ, ��
>[£D(�pd
5�.. dT�.��, 3� *Ñà8�ã, 3(
�����7á���¬â>.þ¤�)�D(
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Abstract

Based on scattering theory, the resistance of polycrystalline interconnection originates mainly from vacancies and voids scattering

at grain boundary. Through using the free volume concept, the scattering process at grain boundary is simulated, and a non-Gaussian

model of noise is establised. The model shows the earlier electromigration noise is gaussian, through electromigration process, noise

turns non-Gaussian, which reflects the change of dynamic mechanism. Bicoherence coefficient is used to characterize the non-Gaussian

noise. Finally, experimental result validates the model.

Keywords: electromigration, noise, non-Gaussian

PACS: 66.30.Qa, 73.50.Td, 02.50.Ng

* Project supported by the National Natural Science Foundation of China (Grant No. 61106062) and the Fundamental Research Fund for the

Central Universities, China (Grant No. K50511050007).

† E-mail: xidianhic@163.com

206601-9


