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Abstract: Recently, a governing parameter for electromigration damage in passivated polycrystalline lines,
AFD;n, was formulated considering the effect of the atomic density gradient. In this study, a prediction
method for electromigration failure in a passivated polycrystalline line was proposed using AFDye,. The
characteristics of film used for prediction is established in advance using a method based on AFDgen. The
film characteristics of metal lines with different lengths were determined ex perimentally by AFDzen_based
method. From the film characteristics obtained, both lifetime and location of failure in the passivated poly-
crystalline lines were predicted through numerical simulation of failure process. Good agreement has been

shown betw een the predicted and the ex perimental results concerning both lifetime and location of failure.
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1 Introduction

The latest progress in packaged silicon inte
grated circuits (ICs) is noteworthy. With the ad
vance, however, some problems about the deteric
ration of the reliability have been raised. For irr
stance, the higher current density due to scaling
down causes electromigration in interconnect metal
line. Electromigration is the transportation of the
metallic atoms by electron wind. Voids are formed
as a result of depletion of atoms, and hillocks are
formed as a result of accumulation of atoms in the
metal line. The growth of voids ultimately leads to
metal line failure. To predict the electromigration
failure is of significance from the viewpoint of err

suring the reliability of interconnect metal lines.
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We have proposed an approach which makes
use of a so_called governing parameter for electro-
migration damage. A parameter governing electro-
migration damage in uncovered polycrystalline and
bamboo lines, AFDZen, has been identified ' and
a method for failure prediction in these lines has
been developed using AFDgenDA]. In these studies,
uncovered lines have been treated in order to build
up a foundation for the development of a practical
prediction method of electromigration failure.
However, the metal lines used in IC are covered
with passivation. In the covered metal lines, a
stress distribution, or an atomic density distribu-
tion is built up and plays an important role in the
mechanism of electromigration damage. Recently,
a governing parameter, AFD;m, for electromigra-

tion damage in a passivated polycrystalline line was
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formulated by adding the effect of atomic density
gradient to AFDgq !

In this study, a prediction method for electro
migration failure in a passivated poly crystalline line
is proposed using AF Dgen. In advance of the predic
tion, a method to determine film characteristics
used in the prediction is shown based on AFD;m.
The AFD,u_based method is applied to the passt
vated metal line with different line lengths and the
film characteristics of these lines are obtained ex-
perimentally. Based on the obtained film character
istics, both the lifetime 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
distribution, void initiation, void growth and ultr
mately_line failure. The usefulness of this method

is shown by comparison of predicted results with

experimental ones.

2 Governing parameter for electro-

migration damage

The parameter governing electromigration
damage, AFD;H, has been proposed for a passiv at

ed polycrystalline line. The parameter AFD;erl was

formulated as follow sm:
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and the constant CZ], denotes the product Do &/ k.
S the effective width of
N

atomic density, d the average grain size, T the ab-

Symbol D is a prefactor,
the grain boundary, % Boltzmann’ s constant,
solute temperature, (), the activation energy for
grain boundary diffusion, Kthe effective bulk mod-
ulus, Q the atomic volume, N7 the atomic density
under tensile thermal stress Oy, Vo the atomic den-
sity under stress free condition, A® a constant re-
lated to the relative angle between grain bound-
aries, Z the effective valence, e the electronic
charge and P temperature dependent resistivity.
The quantities j, and j, are components of the cur-

rent density vector in Cartesian coordinates, x and y.

4 Determination of film characteris

tics

4.1 Method

T he film characteristics included in the formu-
lae of AFD;n are d, AP, Qgb, A C;) and K
The average grain size d, can be measured using
focused ion beam ( FIB) equipment. As far as ®is
concerned, we use a value obtained from an uncov-
ered metal line made of the same Al film as the cov-
. An AF Dam_based method for de-

termination of remaining characteristics is derived,

ered metal line!®

treating void formation in the center region 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 stage of electromigration dam-
age, the atomic density gradient is assumed to be
linear within the center region of the straight line.
T he product XON / Ox is determined as a charac
teristic constant depending on the line length.

The film characteristics Q;}, [= Q;)_Or QJ,
z, C;}, and KON/ UOx are determined experr
mentally as follows. 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

Ts2 and Tss3.

Then, let the temperature in the center region of

ferent substrate temperatures, Tsi,

theline be T1, T and T 3 in the cases when the
substrate temperature is T's1, Ts2and Ts3, respec
tively. Let us denote each experimental condition
as Condition_1: j1and T, Condition_2: jjand T,
and Condition_3: j1and T3 And also, the acceler
ation test is performed under a current density, ja4,
which is different from ji. Under this condition,
the substrate temperature is controlled so that the
temperature in the center region of the line, T4, is
approx imately equal to T2. Let us call this experr
mental condition Condition_4: j4 and T4( = T2).
In order to determine the substrate temperature,
finite element method (FEM) analysis of the elec
trothermal problem is performed. The void volume
is measured within the center region of the line af
ter current stressing for a certain period of time.
On the other hand, considering the center re
gion of the straight line, formula of AFD;en is simr
plified by neglecting the terms associated with the
gradients of temperature, current density and
atomic density gradient in Eq. (2). T he area of the
center region, the line thickness, the net current_
applying time and the atomic volume are multiplied
by the simplified formula of AFDgen. This product
theoretically represents the volume of void to be
formed. The net current_applying time is obtained
by subtracting the incubation period from the cur
rent_applying time, where the incubation period is
defined as the period from starting the electric cur
rent flow till the beginning of increase of electrical

resistance due to void formation. The unknown

film characteristics in AFDgq can be obtained using
the least_squares method. Namely, the characteris
tic constants are determined so that the following

sum, F, takes a minimum value:
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Where subscripts ¢ and j represent the number
of data measured in the experimental condition and
the condition number respectively. Symbol Vj is
the measured void volume, A the area of the center
region, t;j the net current_applying time, thick the
line_thickness, @ the resistivity of the line at T'; and
a= Qd/(4kT;No.. ). The first and second terms
n Eq. (3) represent void volume obtained experi
mentally and theoretical void volume, respectively.
4.2 Experiment

T wo kinds of lengths of covered line were pre-
pared. Al film was deposited by vacuum evapora-
tion on the silicon with silicon oxide. The specr
mens were patterned by wet_etching and annealed
at 673 K for 70 min. The density substrate cover
surface was coated with polyimide and was an-
nealed in N3 to cure the polyimide layer. The dir
mensions of the specimen are shown in Fig. 1. The
line whose length is 82 Bm is called Sample L, and
the line w hose length is 32 Hm is called Sample S.

Following the AFDzen_based method to obtain
the film characteristics, the acceleration tests were
performed. At each of three kinds of substrate
temperature, 458, 473 and 485 K, metal lines
were subjected to the mput D. C. current, the den-
sity of which was 5. 5 MA/cmz( Condition 1, _2
and _3). In addition, the acceleration test ( Condi-
tion_ 4) was performed under a current density of
8.5 MA/cm’ in the case of Sample L, and 9.0
MA/cm’ in the case of Sample S. In those cases,

the substrate temperature was kept at 415 K so



2 Kazuhiko Sasagawa, et al : Prediction of electromigration failure in passivated polycrystalline line 117

that the temperature in the center region of the line
was approximately equal to that of Condition_2.
T he twenty_five specimens were used in each test
ing condition. After direct current was applied,
passivation film was removed by chemical etching,
and the metal line was observed by field emission_
scanning electron microscope (FE_SEM). The vot
ume of the voids formed within the observed region
was inferred by multiplying the film thickness to
total area of the voids obtained by processing the
FE_SEM image. By inputting the obtained void
volumes to Eq. (3), the film characteristics were

obtained as shown in Tab. 1.

Sample L:2=82 pm, Sample 5:L=32 um

W=8.5 pm, Thickness=0.65 pm
Testing line part

98 ym
!

——

140 pm

Current input/output’pad

Fig. 1 Dimensions of metal line

Tab. 1 Film characteristics obtained

by AFDge based method

QaleV] z°  CulKEmY K] K@N/3x ) [VHm2]
Sample . 0.505 - 8.7 1.15x 10* - 0. 366
Sample S 0.514 - 9.3 1.23x 10%* - 0. 484

5 Numerical simulation of failure

process

Lifetime and failure location in the passivated
polycrystalline line are predicted by means of mr
merical simulation of the process, covering the
building up of atomic density distribution, voidinr
tiation, void growth and line failure, using the
governing parameter. The changes in current derr
sity and temperature distributions due to void
growth are taken into account. In the simulation,
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 vat
ue of the governing parameter. The voids selective
ly grow along the grain boundary in polycrystalline
lines, and they result in slit like voids extending

toward the line width and linking themselves.
Considering this morphology of void growth, the
element thickness is decreased only at very slim ele-
ments which are located based on measurements of
the average grain size and the effective width of the
slit_like void. We observed that the hillocks in the
covered lines were collapsed by the passivation.
Based on this fact, the increase of element thick-
ness is conducted only at the elements neighboring
on the slit_elements.

T he calculation consists of the simulation part
for an incubation period and that for a progress pe-
riod of electromigration damage. In the simulation
for the incubation period, at first, the distributions
of current density and temperature in the line are
obtained by two_dimensional FEM analysis. The
paramet er AFDg 0'is calculated based on the results
from this analysis and the film characteristic con-
stants obtained in advance by the AFD,., based
method. Since the angle 8in Eq. (2) takes an ar
bitrary value in practice, the parameter AFDy, 0
should be calculated considering the whole range of
0, i. e from O to 2T Then, the range of 0 is di-
vided by a sufficiently large number, n, and the
values of AFD g0 are calculated at the respective
range; (27 n) *(m_1) < 0< (27 n) * m/m
= 1,2, ***, n/. It can be supposed that each ele-
ment has n pieces of segments and the respective
range regarding 0is assigned to each segment. Let
us call a piece of the segment 1/ nsegment. The
atomic density in each segment, N, is calculated
based on the value of AFD;,0, and the N* values
for all segments are averaged within each element
to obtain the atomic density, N, of the element.
The repetitive calculation for the simulation of the
mcubation period is carried out until the atomic
density N* in any 1/n_segment reaches a critical
atom ic density for void initiation, N or that for
hillock initiation, N:lax, and, in succession, the
simulation of the damage_progress period is started
with the atomic density distribution built up in the
simulation of the ncubation period.

In simulation 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 simulation for
the incubation period. Then, it is judged whether
the atomic density N " reaches Nminor Nma. when
N is less than or equal to N:;lin( N < N:ﬁn) , the
thickness of the slit_element is decreased based on
deficiency of N* under Nmin. Conversely, when
N is greater than or equal to N max (N~ 2N ) »
the thickness of the elements neighboring on the
slit_element is increased according to the excess of
N" over Nma. On the other hand, when N s
within N min and N ( Nuin< N < Npax ). then
N i regarded as not having reached the critical
atomic density yet. Next, N~ of all 1/n_segments
is averaged to obtain the atomic density N in each
element, where the value of N min is substituted for
N™ if N* is less than or equal to N min, and the
value of N ma is substituted for N°, if N* is
greater than or equal to N me. The atomic density
gradient and its gradient are calculated based on the
distribution of the atomic density N. The FEM
analysis of current density and temperature in the
line is carried out again considering each element
thickness. The simulation for the period of the
damage progress is carried out repeatedly until the
line fails, which is defined as the state when the
entire line width is occupied by elements whose
temperature exceeds the melting point and/ or ele
ments penetrating the thickness. Here, the ele
than an infinitesimal

ment thickness smaller

threshold value is considered to be penetrating.

6 Verification of the prediction
method

6.1 Prediction

T wo passivated polycrystalline lines with dif
ferent lengths shown in Fig. 1 were treated to pre
dict the life time and failure location. For both
samples, high current density (5.5 MA/em?) and
high substrate temperature (473 K), relative to

the general operating condition, were chosen as

testing conditions to reduce the time required for
the experiment of verification. T he film character
istic constants for

calculating the parameter

AFD;})G have been obtained by the AFD;en_baSCd
method as shown in Tab. 1.

By performing the numerical simulation using
the obtained characteristics constants, the lifetime
and the failure site were predicted for each sample.
Prediction results are shown in Fig. 2 and Fig. 3.
In the case of Sample L, the metal line failure was
predicted to occur after 12 542 s lifetime, which is
the sum of the incubation period(1 040 s) and the
progress period of damage (11 502 s). The failure
location was predicted to be near the cathodes end.
On the other hand, in the case of Sample S, the
faillure w as predicted to happen after 17 994 s lifetime.
Which is the sum of the incubation period (1 440 s)
and the progress period of damage (16 554 s). The
failure location was predided to be at the cathode end.

Lifetime: 12 542 s

pLALITATENT

il

LI

Contour line of
thickness [pum]

0.2—
0.01—

Fig.2 Predicted results obtained with sample L

Life time: 17 994 s

"-\-

Contour line of
thickness [um]

02—
0.01—

Fig. 3 Predicted result obtained with sample §
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Mean time to failure: 12 384 &

Fig. 4 Experimental results obtained with sample L

Mean time to fallure: 19 164 s

Fig.5 Experimental results obtained with sample §

6.2 Experiment

In order to verify the results of the prediction, ex-
periments were performed concerning the same line
shape and under the same conditions 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 chemicl etching and
the specimens were observed by FE_SEM to deted the
failure position.

Fig. 4 and Fig. 5 show the experimental results
with frequency distribution of the failure site in the line
and the mean time 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

was the most frequent site for Sample S.
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