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Abstract: Recently, a governing parameter for elect rom igration damage in passivated polycrystalline lines,

AFD*
gen, w as formulated considering the ef fect of the atomic density gradient. In this study , a predict ion

method for elect rom igration failure in a passivated polycrystalline line w as proposed using AFD*
gen. The

characterist ics of f ilm used for prediction is established in advance using a method based on AFD
*
gen. The

film characterist ics of metal lines with dif ferent lengths were determined experimentally by AFD*
gen_based

method. From the film characteristics obtained, both lifet ime and locat ion of failure in the passivated poly�
crystalline lines w ere predicted through numerical simulation of failure process. Good agreement has been

shown betw een the predicted and the experimental results concerning both lifet ime and locat ion of failure.
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1 � Introduction

� � The latest prog ress in packaged silicon inte�
g rated circuits ( ICs) is notew orthy. With the ad�
vance, how ever, some problems about the deterio�
ration of the reliability have been raised. For in�
stance, the higher current density due to scaling

down causes electromigrat ion in interconnect metal

line. Elect rom igration is the t ransportat ion of the

metallic atoms by elect ron w ind. Voids are formed

as a result of depletion of atoms, and hillocks are

formed as a result of accumulat ion of atoms in the

metal line. The grow th of voids ult imately leads to

metal line failure. To predict the electromigrat ion

failure is of significance from the viewpoint of en�
suring the reliability of interconnect metal lines.

We have proposed an approach which makes

use of a so_called governing parameter for elect ro�
migration damage. A parameter governing elect ro�
migration damage in uncovered polycrystalline and

bamboo lines, AFD*
gen, has been identif ied[ 1_2] and

a method for failure prediction in these lines has

been developed using AFDgen
[ 3_4] . In these studies,

uncovered lines have been treated in order to build

up a foundation for the development of a pract ical

predict ion method of elect romig rat ion failure.

How ever, the metal lines used in IC are covered

with passivat ion. In the covered metal lines, a

stress dist ribut ion, or an atomic density dist ribu�
t ion is built up and plays an important role in the

mechanism of electromigrat ion damage. Recent ly,

a governing parameter, AFD*
gen, for elect rom igra�

t ion damage in a passivated polycrystalline line w as
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formulated by adding the effect of atom ic density

g radient to AFD*
gen

[ 5] .

In this study, a predict ion method for elect ro�
migration failure in a passivated poly crystalline line

is proposed using AFD
*
gen. In advance of the predic�

t ion, a method to determine film characterist ics

used in the predict ion is show n based on AFD
*
gen.

T he AFD*
gen_based method is applied to the passi�

vated metal line w ith dif ferent line lengths and the

film characteristics of these lines are obtained ex�
perimentally. Based on the obtained film character�
ist ics, both the lifet ime and the failure location in

the passivated polycrystalline lines are predicted by

means of numerical simulation of the failure pro�
cess, covering the building up of atomic density

dist ribut ion, void initiat ion, void g row th and ult i�
mately_line failure. The usefulness of this method

is shown by comparison of predicted results w ith

experimental ones.

2 � Governing parameter for electro�
migration damage

� � The parameter governing electromigrat ion

damage, AFD*
gen, has been proposed for a passiv at�

ed polycrystalline line. T he parameter AFD*
gen was

formulated as follow s
[ 3]
:
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gen =
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and the constant C
*
gb denotes the product D 0 %/ k.

Symbol D 0 is a prefactor, % the ef fect ive width of

the g rain boundary , k Boltzmann! s constant, N

atom ic density, d the average grain size, T the ab�
solute temperature, Q gb the act ivat ion energ y for

grain boundary dif fusion, &the ef fect ive bulk mod�
ulus,  the atom ic volume, N T the atom ic density

under tensile thermal stress !T , N 0 the atomic den�
sity under st ress_f ree condition, ∀#a constant re�
lated to the relat ive angle between grain bound�
aries, Z

* the effect ive valence, e the elect ronic

charge and ∃ temperature_dependent resistivity.

The quantit ies j x and j y are components of the cur�
rent density vector in Cartesian coordinates, x and y .

4 � Determination of film character is�
tics

4. 1 � Method

T he film characterist ics included in the formu�
lae of AFD*

gen are d , ∀#, Q gb, Z
*
, C

*
gb and &.

The average grain size d , can be measured using

focused ion beam ( FIB) equipment . As far as # is

concerned, w e use a value obtained from an uncov�
ered metal line made of the same Al f ilm as the cov�
ered metal line[ 3] . An AFD*

gen_based method for de�
term inat ion of remaining characterist ics is derived,

treat ing void format ion in the center reg ion of a

straight shaped line. In the region, current density

and temperature can be regarded as being constant,

and a handling of the parameter! s formula is easy.
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During the initial stag e of elect rom igration dam�
age, the atomic density gradient is assumed to be

linear w ithin the center reg ion of the straight line.

T he product & ∀ N / ∀ x is determined as a charac�
terist ic constant depending on the line leng th.

T he film characteristics Q
*
gb [ = Q

*
gb_!T  ] ,

Z
*
, C

*
gb and &∀ N / ∀ x are determined experi�

mentally as follow s. Accelerated tests are per�
formed for a certain period of time. T he line is sub�
jected to input current density, j , under three dif�
ferent subst rate temperatures, Ts1, T s2 and Ts3.

T hen, let the temperature in the center region of

the line be T 1, T 2 and T 3 in the cases when the

substrate temperature is Ts 1, T s 2 and Ts 3, respec�
t ively. Let us denote each experimental condit ion

as Condit ion_1: j 1 and T 1, Condit ion_2: j 1 and T 2,

and Condit ion_3: j 1 and T 3. And also, the acceler�
ation test is performed under a current density, j 4,

which is dif ferent f rom j 1. U nder this condit ion,

the subst rate temperature is cont rolled so that the

temperature in the center region of the line, T 4, is

approx imately equal to T 2. Let us call this experi�
mental condition Condit ion_4: j 4 and T 4(  T 2) .

In order to determine the subst rate temperature,

finite element method ( FEM ) analysis of the elec�
t rothermal problem is performed. The void volume

is measured within the center reg ion of the line af�
ter current stressing for a certain period of t ime.

On the other hand, considering the center re�
g ion of the st raight line, formula of AFD

*
gen is sim�

plified by neg lect ing the terms associated w ith the

g radients of temperature, current density and

atom ic density gradient in Eq. ( 2) . T he area of the

center region, the line thickness, the net current_

applying t ime and the atom ic volume are mult iplied

by the simplified formula of AFD
*
gen. This product

theoret ically represents the volume of void to be

formed. The net current_applying t ime is obtained

by subtract ing the incubation period f rom the cur�
rent_applying time, where the incubat ion period is

def ined as the period from start ing the elect ric cur�
rent flow t ill the beginning of increase of elect rical

resistance due to void format ion. The unknown

film characteristics in AFD*
gen can be obtained using

the least_squares method. Namely, the characteris�
t ic constants are determined so that the follow ing

sum, F, takes a minimum value:

F = #
j
#
i
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3 d2
 

C
*
gb

T j
ex p -

Q*
gb

KT j
Z

*
e∃j j j -

 
N 0

&�N� x  

3∀#
� 1- aj&

�N
�x

2

-

aj&
�N
�x cos- 1

aj&
�N
� x

2

, (3)

� � Where subscripts i and j represent the number

of data measured in the experimental condit ion and

the condit ion number respect ively. Symbol Vij is

the measured void volume, A the area of the center

region, tij the net current_applying time, thick the

line_thickness, ∃j the resist ivity of the line at T j and

aj =  d/ (4kT jN 0. . ) . T he first and second terms

in Eq. ( 3) represent void volume obtained experi�
mentally and theoret ical void volume, respect ively.

4. 2 � Experiment

T wo kinds of leng ths of covered line were pre�
pared. Al f ilm w as deposited by vacuum evapora�
t ion on the silicon with silicon ox ide. The speci�
mens w ere pat terned by w et_etching and annealed

at 673 K for 70 min. The density substrate cover

surface w as coated w ith polyimide and was an�
nealed in N2 to cure the polyimide layer. The di�
mensions of the specimen are show n in Fig . 1. The

line w hose length is 82 ∋m is called Sample L , and

the line w hose leng th is 32 ∋m is called Sample S.

Follow ing the AFD*
gen_based method to obtain

the film characterist ics, the accelerat ion tests w ere

performed. At each of three kinds of substrate

temperature, 458, 473 and 485 K, metal lines

were subjected to the input D. C. current , the den�
sity of w hich w as 5. 5 MA/ cm2 ( Condition_1, _2

and _3) . In addition, the acceleration test ( Condi�
t ion_4) w as performed under a current density of

8. 5 MA/ cm
2
in the case of Sample L , and 9. 0

MA/ cm
2
in the case of Sample S. In those cases,

the subst rate temperature was kept at 415 K so
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that the temperature in the center region of the line

w as approx imately equal to that of Condit ion_2.

T he tw enty_f ive specimens were used in each test�
ing condit ion. After direct current w as applied,

passivat ion f ilm w as removed by chem ical etching,

and the metal line w as observed by field emission_

scanning elect ron microscope ( FE_SEM) . The vol�
ume of the voids formed w ithin the observed region

w as inferred by mult iplying the f ilm thickness to

total area of the voids obtained by processing the

FE_SEM image. By inputt ing the obtained void

volumes to Eq. ( 3) , the f ilm characteristics w ere

obtained as show n in Tab. 1.

F ig. 1� Dimensions of metal line

Tab. 1� F ilm character istics obtained

by AFD*
gen_based method

Q *
gb [ eV ] Z* C*

gb[ K∋m
2/ Js] &(� N / �x ) [ J/∋m2]

Sample L 0. 505 - 8. 7 1. 15 1024 - 0. 366

Sample S 0. 514 - 9. 3 1. 23 1024 - 0. 484

5 � Numerical simulation of failure

process

� � Lifet ime and failure location in the passivated

polycrystalline line are predicted by means of nu�
merical simulat ion of the process, covering the

building up of atomic density distribution, voidini�
t iat ion, void grow th and line failure, using the

governing parameter. The changes in current den�
sity and temperature distributions due to void

g row th are taken into account. In the simulat ion,

the metal line to be predicted is divided into ele�
ments. The failure process is simulated by chang�
ing the thickness of each element based on the val�
ue of the governing parameter. The vo ids select ive�
ly grow along the g rain boundary in polycrystalline

lines, and they result in slit_like voids ex tending

tow ard the line w idth and linking themselves.

Considering this morpholog y of void g row th, the

element thickness is decreased only at very slim ele�
ments w hich are located based on measurements of

the average g rain size and the ef fective w idth of the

slit_like void. We observed that the hillocks in the

covered lines w ere collapsed by the passiv at ion.

Based on this fact, the increase of element thick�
ness is conducted only at the elements neighboring

on the slit_elements.

T he calculat ion consists of the simulat ion part

for an incubat ion period and that for a prog ress pe�
riod of elect romigration damage. In the simulat ion

for the incubat ion period, at f irst , the distribut ions

of current density and temperature in the line are

obtained by two_dimensional FEM analysis. The

parameter AFD
*
gb �is calculated based on the results

from this analysis and the film characterist ic con�
stants obtained in advance by the AFD*

gen_based

method. Since the angle �in Eq. ( 2) takes an ar�
bit rary value in pract ice, the parameter AFD*

gb �

should be calculated considering the w hole range of

�, i . e. f rom 0 to 2�. Then, the range of �is di�
vided by a suff icient ly larg e number, n, and the

values of AFD*
gb� are calculated at the respect ive

range; ( 2�/ n) ∃ ( m_1) < �< ( 2�/ n) ∃ m[ m

= 1, 2, ∃∃∃, n ] . It can be supposed that each ele�
ment has n pieces of segments and the respect ive

range regarding �is assigned to each segment. Let

us call a piece of the segment 1/ n_segment. The

atom ic density in each segment, N
*
, is calculated

based on the value of AFD*
gb�, and the N* values

for all segments are averaged w ithin each element

to obtain the atomic density, N, of the element.

The repet it ive calculat ion for the simulat ion of the

incubat ion period is carried out until the atomic

density N
* in any 1/ n_segment reaches a crit ical

atom ic density for vo id init iat ion, N*
min or that for

hillock init iat ion, N
*
max , and, in succession, the

simulation of the damage_progress period is started

with the atom ic density distribut ion built up in the

simulation of the incubation period.

In simulat ion of the progress period of the
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damage, the values of N * in all 1/ n segments are

calculated in the same manner as the simulat ion for

the incubation period. Then, it is judged whether

the atomic density N
*
reaches N

*
min or N

*
max . when

N
*
is less than or equal to N

*
m in( N

* % N
*
min) , the

thickness of the slit_element is decreased based on

def iciency of N
* under N

*
min. Conversely, when

N
* is g reater than or equal to N

*
max ( N

* &N
*
max ) ,

the thickness of the elements neighboring on the

slit_element is increased according to the excess of

N
* over N

*
max . On the other hand, when N

* is

w ithin N
*
min and N

*
max ( N

*
min< N

* < N
*
max ) , then

N
*

is regarded as not having reached the crit ical

atom ic density yet . Next , N
* of all 1/ n_segments

is averaged to obtain the atomic density N in each

element , w here the value of N *
min is subst ituted for

N
* if N * is less than or equal to N

*
min, and the

value of N
*
max is subst ituted for N

*
, if N

* is

g reater than or equal to N
*
max . The atom ic density

g radient and its gradient are calculated based on the

dist ribut ion of the atomic density N . T he FEM

analysis of current density and temperature in the

line is carried out ag ain considering each element

thickness. T he simulation for the period of the

damage prog ress is carried out repeatedly unt il the

line fails, which is defined as the state w hen the

ent ire line w idth is occupied by elements w hose

temperature exceeds the melt ing point and/ or ele�
ments penet rat ing the thickness. Here, the ele�
ment thickness smaller than an infinitesimal

threshold value is considered to be penetrat ing .

6 � Verification of the prediction

method

6. 1 � Prediction

T wo passivated polycrystalline lines w ith dif�
ferent leng ths show n in Fig. 1 w ere t reated to pre�
dict the life t ime and failure locat ion. For both

samples, high current density ( 5. 5 MA/ cm2) and

high subst rate temperature ( 473 K ) , relat ive to

the general operating condit ion, were chosen as

test ing condit ions to reduce the t ime required for

the experiment of verif icat ion. T he f ilm character�
ist ic constants for calculating the parameter

AFD
*
gb �have been obtained by the AFD

*
gen_based

method as shown in Tab. 1.

� � By performing the numerical simulat ion using

the obtained characterist ics constants, the lifet ime

and the failure site w ere predicted for each sample.

Predict ion results are show n in Fig . 2 and Fig. 3.

In the case of Sample L , the metal line failure w as

predicted to occur af ter 12 542 s lifetime, w hich is

the sum of the incubat ion period( 1 040 s) and the

prog ress period of damage ( 11 502 s) . The failure

locat ion was predicted to be near the cathodes end.

On the other hand, in the case of Sample S, the

failure w as predicted to happen after 17 994 s lifet ime.

Which is the sum of the incubation period ( 1 440 s)

and the progress period of damage ( 16 554 s) . The

failure location was predicted to be at the cathode end.

Fig . 2� P redicted results obtained with sample L

F ig. 3� Predicted result obtained w ith sample S
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F ig. 4� Exper imental results obtained with sample L

Fig . 5� Experimental results obtained w ith sample S

6. 2 � Experiment

In order to verify the results of the predict ion, ex�
periments were performed concerning the same line

shape and under the same condit ions as those in the

prediction. The experiment was performed under the

line specimen failed. The specimens were used for both

Sample L and Sample S . After the lines became open,

the passivation was removed by chemical etching and

the specimens were observed by FE_SEM to detect the

failure posit ion.

F ig. 4 and Fig. 5 show the experimental results

w ith frequency distribut ion of the failure site in the line

and the mean t ime_to_failure. In the case of Sample L ,

the mean time_to_failure obtained from all the ten spec�
imens was 12 384 s and the most frequent failure site

w as near the cathode side end of the line. On the other

hand, the mean time_to_failure obtained from all the

ten specimens was 19 164 s and the cathode side end

w as the most frequent site for Sample S .

� � Good agreement betw een the prediction and the

experimental results was obtained concerning both life�
t ime and failure locat ion. Though the failure site in the

experiment was somewhat spread, the most frequent

site w as accurately predicted in both Sample L and

Sample S . From this it was show n that once the film

characteristics and operating condition were given, the

lifet ime and the failure locat ion of apassivated polycrys�
talline line with any shape under arbitrary condition

were able to be predicted.

7 � Conclusions

� � A prediction method for electromigrat ion failure in

a passivated polycrystalline line was proposed using

AFD*
gen. In advance of the prediction, a method to de�

termine film characteristics used in the predict ion was

shown based on AFD*
gen. The AFD*

gen_based method

was applied to the passivated metal line w ith different

line lengths and the film characteristics of these lines

were obtained experimentally. Based on the obtained

film characteristics, the lifetime and the failure site in

the passivated polycrystalline lines were predicted by

means of numerical simulat ion of the failure process.

The predicted lifetimes agreed well with the experi�
mental results for two metal lines with different line_

lengths. Concerning the locat ion of the failure, the

most frequent site in the experiment agreed with the

prediction result , though the experimentally obtained

sites were somewhat spread. Thus, it has been shown

that the present prediction method based on the gov�
erning parameter is able to predict accurately both the

lifet ime and the failure site of a passivated polycrystal�
line line.
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