View metadata, citation and similar papers at core.ac.uk

-

P
brought to you by .. CORE

REAFEEBUKNSFY

Tohoku University Repository

Governing Parameter for Electromigration
Damage in the Polycrystalline Line Covered
with a Passivation Layer

00O O 00

journal or Journal of applied physics
publication title

volume 91

number 4

page range 1882-1890

year 2002

URL http://hdl.handle.net/10097/35468

doi: 10.1063/1.1432120


https://core.ac.uk/display/235796172?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 4 15 FEBRUARY 2002

Governing parameter for electromigration damage in the polycrystalline
line covered with a passivation layer

Kazuhiko Sasagawa
Department of Intelligent Machines and System Engineering, Hirosaki University, 3 Bunkyo-cho,
Hirosaki 036-8561, Japan

Masataka Hasegawa and Masumi Saka
Department of Mechanical Engineering, Tohoku University, 01 Aoba, Aramaki, Aoba-ku,
Sendai 980-8579, Japan

Hiroyuki Abé
Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan

(Received 1 May 2001; accepted for publication 8 November 001

A governing parameter, called AI'—SQ, which reflects electromigration damage in a polycrystalline
line covered with a passivation layer is proposed. The formulation is based on the paramejgr AFD
previously introduced in our studies. With the help of Afgbwe can calculate the atomic flux
divergence due to electromigration by considering two-dimensional distributions of current density
and temperature and also by simply considering the microstructure of polycrystalline lines and
bamboo lines. AFR.,has been identified as a governing parameter for electromigration damage in
unpassivated polycrystalline lines and bamboo lines through experimental verification. As the first
step in the development of a practical and universal prediction method for electromigration damage,
we treated metal lines not covered with a passivation layer. On the other hand, metal lines used in
packaged silicon integrated circuits are covered with passivation. Electromigration induces a
mechanical stres@tomic density gradient in such lines. This gradient plays an important role in
the mechanism of electromigration damage. The new parameter proposed heggm,A'ﬁﬂudes

the effect of the atomic density gradient. We develop also an ggﬂmsed method for
determination of film characteristics. This method is applied to both covered and uncovered metal
lines made of the same Al film. The film characteristics of both line types are obtained
experimentally. Based on a discussion about the validity of the obtained characteristic constants, we
were finally able to conclude that the A&Qparameter and the proposed method for deriving film
characteristics are useful. ®002 American Institute of Physic§DOI: 10.1063/1.1432120

I. INTRODUCTION model applicable for lifetime prediction. Until now, Black’s
) . ) empirical equationhas widely been used for electromigra-
There is remarkable progress in scaling down of packyjon fajlure prediction, though there are several problems as-
aged silicon integrated circuits. The scaling-down processyyciated with the application of this equatRecently, we
however, implies higher current density and higher tempera{)roposed a different approach which makes use of a so-

tulretr |rr1ni rrmf[,-itarl1 ||nnes, f\g]mclrg, lrn turr1n,f :n;ﬂhtf i?afsefcalled governing parameter for electromigration damage, and
electromigration—one of the key reasons for e Talure ol .., ,csaq the usefulness of this parameter in relation to fail-
metal lines in integrated circuits. Consequently, studies to

predict the lifetime of metal lines in integrated circuits be- ¢ pred|Ct|on.- Thls parameter, we bellgve, is applicable un-
come essential for increasing their reliability. der any condition and corresponds directly to the actual

So far, many researchers have tried to clarify the mecha‘rflmm’Int of damageéthe_volume _Of void ?”d hillock The_
nism of electromigration damage. Existing studies descrip@2rameter can be applied effectively to simulate numerically

experimental or analytical results obtained under specifi@ failure. The aim of our recent study is to prove that it is
conditions related to temperature, current density, microP0Ssible to identify the governing parameter and to predict a

structure of the line or the structure around a g, pas- failure due to electromigration in a universal and accurate
sivation, barrier-metal, etc.These studies have helped us to Way-

obtain important knowledge, but unfortunately, they have not ~ Going into further detail, we would like to mention that
been applied in practice to predict damage due to electromive have proposed a calculation method for the divergence of
gration, or to evaluate the electromigration endurance. It igtomic flux due to electromigration, by considering all the
necessary to integrate the knowledge obtained from the rdactors effecting void and hillock formation in unpassivated
search done so far and to develop a practical and generapolycrystalline lines and bamboo lines. These factors include
purpose method for predicting the damage. Only a fewcurrent density, temperature, their gradients as well as the
works—* have attempted to integrate knowledge of the damfilm characteristic.We have identified the atomic flux di-
age mechanism and to construct an electromigration failurgergence, AF[Q.,, as a parameter governing electromigra-
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tion damagei.e., the mechanism of void and hillock forma- whereJ is the atomic flux vector which agrees with the di-
tion) in an unpassivated metal line. This was done byrection of grain boundarl\ denotes atomic densitid, is a
observing good agreement between experimental results amuefactork is Boltzmann’s constant, stands for the absolute
the results from a numerical prediction of void formation temperatureQg, is the activation energy for grain boundary
based on the AF[R, parametef~1°Also, a method for fail- ~ diffusion, Z* is the effective valencee is the electronic
ure prediction in unpassivated polycrystalline and bamboaharge, p denotes temperature-dependent resistivity ex-
lines has been developed based on @51[31‘13The lifetime  pressed ap=po{1+a(T—Ty)}, po and a denoting the re-
and the failure site were predicted by means of numericasistivity and the temperature coefficient at the substrate tem-
simulation of the process covering the phases of void formaperatureT, respectivelyj* is the component of the current
tion, void growth, and finally, line failure. In those studies, density vector in the direction af. Lattice diffusion can be
lines not covered with a passivation layer have been treatedeglected in the case of electromigration in a polycrystalline
in order to build up a foundation for the development of aline because the main diffusion path of atoms is along the
practical prediction method of failure in passivated metalgrain boundary® By introducing a model of polycrystalline
lines. On the other hand, note that metal lines used in packmicrostructure and deriving the divergence of the atomic flux
aged silicon integrated circuits are covered with a passivain the grain boundary, the parameter for uncovered polycrys-
tion layer. In contrast to unpassivated line, it is hard to formtalline lines, AFQ,, which contributes to void formation, is

a hillock due to electromigration in such lines because theepresented by

passivation layer suppresses hillock formation. Then, a me-

chanical stresgatomic density gradient is built up in the _ifz’f
line, and the gradient induces atomic diffusion, so-called AFDger= 1 0 (AFDgpy+ | AFDg|)d 6, 2
“back flow,” in the opposite direction of

electromigration**® Consequently, the progress of elec-

. . ) . S where
tromigration damage in passivated line is retarded by the
back flow. This also explains why the lifetime of covered

metal lines is longer than that of uncovered oHem pre- AFDyp= Cgbpi Eexr{ — %’) [ﬁAcp(jxcose
dictions of electromigration damage and failure in passivated v3d? T kT
line, it is needed that the effect of the back flow on mecha- . .
: — : oty o dix iy

nism of electromigration damage is reflected precisely in ad- +jysing)— s Agj | ——— —=|cos 2
dition to the damage mechanism in unpassivated line. 2 ox  dy

In this study we formulate a governing parameter, iy diy V3d [ Qg

* o ) - x| 9y V30 [ Qgp
AFDge, for electromigration damage in polycrystalline lines 2y + il 20¢ + aT ( T 1)

covered with a passivation film. The effect of back flow in-
duced by the atomic density gradient is added to the govern- T T
ing parameter AFR,, introduced previously. A method for (5Jx+ le”'
deriving film characteristics of covered polycrystalline lines

is also developed based on ARD The AFD};based : . .
method is applied to both covered metal lines and uncovere ﬁe C:?nStan;ﬁb 'Sf :Ee prO(_ju%N DOdZ e6/k_, o denot!{ngtthe
ones made of the same Al film, and the film characteristics o% ective wi of the grain boundarje is a constant re-

these lines are determined experimentally. The usefulness : ted to the relat!ve {anglc_arrt]) etweent.?_ram zQundarles,daad
AFDgg, is shown through a discussion on the validity of the € average grain size€. 1he quantifigsand], aré compo-

film characteristic constants obtained in these two kinds Opents of the purrent dens@y _veci;om Cartesian coqrdmates.
lines. One of the film characteristic€y,, takes a negative value

because the sign &* included inCy, is usually negative.
The atomic flux divergence ARJQ,gives the rate of decrease
of atoms per unit volume.

)

Il. AFDg., A GOVERNING PARAMETER FOR
ELECTROMIGRATION DAMAGE IN PASSIVATED
METAL LINES

B. Governing parameter in covered metal lines,
AFD?

gen

A. Governing parameter in uncovered metal lines,
AFD gen
Taking into account the back flow due to the stress

the governing parameter AFR, for electromigration dam- gradient*® and the effect of the stress caused in the metal
9 gne on diffusivity!® the atomic flux in the metal line covered

age in an uncovered metal line is briefly introduced here. Th ith vati be qivenZ
formulation is based on the following assumptions. TheVIth passivation can be given'ds

Prior to the formulation of the new parameter AR

atomic migration due to electromigration in an uncovered Qqp— do
polycrystalline line is described as follows: 10]= —exg — -2 Z*epji* +Q—|, (4
kT kT al
19— NDo oxd — Qgp 2% api* 0 where o is the tensile stresq) is the atomic volume, and
kT kT P daldl is the component of the stress gradient in the direction
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of J. The increment in stress, which occurs due to the change
in atomic density, can be expressed‘as

do= dN 5
T= KN 5

wherek is the effective bulk modulus and, is the atomic
density under stress-free condition. By the way, thermal
stress is caused by the difference in the thermal expansior
coefficients of the metal line and the materials around the
line?? The stress induced by electromigratian, is repre-
sented by

0 X -Grain Boundary- I1I
— 71— —(N=N 6 g =t sy
O=07 N ( ), (6) Current Ja=ret o £cos + ayésmﬂ
0 Density po P
C =+ —2-0si bl
Grain omponents Ju=Jy+ > £sinf + S £cosd
Boundary
) ) _ ] T ar , .
whereN7 is the atomic density under tensile thermal stress, |-I Temperafurs|, 1 =T 3-2; HoosB4-mtsin®
or. By substituting Eq(6) into Eq.(4), the following equa- :
7. By substituting q(6) q.(4) geq Atomic o=+ peoso+ N peing
tion is obtained: Density ax 3
ON) _oN &N E R
Atomic (E), =E+Ex—z—ecost9+ a0y /siné
Density 2 2
Gradients a—N =6_N+__6 N £sin +_____6 N £cosf
|J| NDO ng+ KQ(N_NT)/NO_UTQ 4 1 o ayz oxdy
KT KT Current Jaa = J ‘%[00591[ +%Zsﬁn Oy
Density pe ajy
R M
x| z*epj* - _LQ %) ) Grin |CTPNTE| iy sty
oundary .
° -1 Temperature| Ty=7- a—Tl cosfy + Elsin Oy
ox oy
. . . . 3:;:111; Ny=N- %vl cosfy +a—NZ sin 6y
wheredN/Jl is the component of the atomic density gradient »
. . . 2 2
in the direction ofJ. , Lol N s PR ., DR
. . . Atomic )y o ax? "y "
A model of the polycrystalline microstructure is intro- Density 1 5 5
. . i . Gradients | [2N) _oN &N, N,
duced in Fig. 1, wheref is the angle between Grain o =‘(§;"’V[5meﬂ"axay"°059u
. . . 11
Boundary-1 and thex axis. Let us consider the divergence of 7 7
the atomic flux in a unit region illustrated by a rectangle in Current fxm=1x‘§‘°°59m‘§““‘9m
. . Density ; :
Fig. 1. The two components of the current density vector, the Componeits] 5w Ty ¥y
. . . . Grain po! Jym = Jy ——=—£sin by ——="Lcosb
temperature, the atomic density, and the gradient of atomic Boundary i ox
density at the end of each of the grain boundaries, Grain | _ Temperature Tm:r-"_Tgcosgm_ﬂgsmgm
Boundary-I, -1l, and -11l, are shown in Fig. 1. By substituting ‘;‘v ‘2’N
the components of the current density and the atomic density 32:::1; N =N -——tcosby —E“M‘"
gradient along the grain boundaries, the temperature and the T o
atomic density into Eq.7), the atomic flux at the end of each Atomic (g]“fg-?fwsﬂm— Mylsiné’m
grain boundary is obtained. The sign is defined as positive gzlji‘gm NY N PN, . IN,
for the direction outward from the unit region. After multi- [E]m'E' BRI gy oSt
plying 6 and the unit thickness to every atomic flux at the 3 x 7
. L=—rod, Oy=—+Ap-0, Oy=—+Ap+6
ends of Grain Boundary-I, -Il, and -lll, the number of atoms 6 3 3

migrating along grain boundaries per unit time is summed
up. The formula of the sum is simplified by neglecting the
second order terms and by using the law of current conser-

. L . . FIG. 1. A model of polycrystalline microstructure introduced for formula-
vation. The sum is divided by the volume of the unit region poyerysta ' vcre | ! !

.'tion of AFDy,,. The constand is the average grain size and the area of a

2
v3d/4. If we assume _that the angle between Grainp rectangular region is supposed toW80%/4. The unit region contains
Boundary-1 and thec-axis is 6, then the rate of decrease of only one triple point constituted by three grain boundaries having the length
atoms per unit volume, denoted as Aa%p is given by of v3d/6. The thickness of the unit region is assumed to be unity.
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. ! Qgbt kQ(N=N7)/Ng— o7 , o . kQ [ oN
AFngezcngE?ex - T V3A ¢y (jxcosf+j,sing)Z ep—N—O 50056
+aN - dA dix diy - o kQ (N N - ajx+ajy 750 sin 26
oy sin 5801 2 2y ep cos Ny | 9%~ ay2 cos ay T ox ep sin
ZKQ #N ” x/?dKQ a2N+&2N kQINg[V3 [_ [ aN+, N\ Q[ dN oN
No axay > 4 Nl ox? " ay? kT |4 SPU o TIvay | T NG | ax ax
dN 6N d _dN . ON kQ N IN| v3d [ Qg+ kQ(N—N7)/Ng— o7
+——|t—sA¢i{Z%ep| jx—F]y=—| 2 == ——sin T
ay ay 2 ax Yoy Ng dx dy 4T kT

k)
No

®

N dT 4N aT)}>’

e i c?T+_ aT N
P 1ax ]y(?y IX dx =y Iy

wherecgb: 8Dy /k, the first term in the angle brackets on gradient depends on the length of the line, and is in inverse
the right-hand side of Eq®8) is related to the atomic flux proportion to this length. During the initial stage of elec-
divergence at the triple poift,and the other terms are re- tromigration damage, the atomic density gradient is assumed
lated to the flux divergence in the grain boundary it$&lf. to be linear within the center region of the line. The product
When AFLj,, takes a positive value, then we have the casec- IN/dx is determined as a characteristic depending on the
of depletion of atoms. On the other hand, when Afdakes  length of the straight line and the passivation material used.

a negative value, then atoms will be accumulated. The film characteristiciggb[=ng— o1Q], Z*, Cgb,
The angled takes an arbitrary value in practice. We needand k- dN/9x are determined experimentally using a straight
to consider the flux divergence in the whole rangedoife.,  line as follows. Accelerated tests are performed for a certain

from O to 27. Taking notice of the atomic flux divergence period of time. The line is subjected to input current density,
contributing to the formation of void, the expected value ofj,, under three different substrate temperatuiies, T,

only positive values of AFQ)D(, for 0O<#<2mw is calculated. andTg. Then, let the temperature in the center region of the
The negative values of ARJ, are treated as zero since they line beT,, T,, andT; in the cases when the substrate tem-
do not contribute to void formation. To extract only the posi- perature isTg;, T, and Tg;, respectively. Let us denote
tive values of AFL,,, the sum of the value of AFfy, and each experimental condition as Condition{4: and T,

its absolute value is divided by two, and the expected valu€ondition-2:j; andT,, and Condition-3j; andT3. In ad-

of the extracted positive values is obtained by consideringlition to these conditions, the acceleration test is also per-
the angled, from 0 to 2r. Thus, the atomic flux divergence, formed under a current density,, which is different from
AFDg,,,, concerning void formation in a polycrystalline line j1. Under this condition, the substrate temperature is con-

is derived as trolled so that the temperatuflg in the center region of the

1 (o= line is approximately equal td,. Let us call this experimen-

AFDSen:Tf (AFD}+ [ AFD?,,)d6, (9)  tal condition Condition-4j, and T,(=T,). In order to de-
™Jo termine the substrate temperature, finite element method

where the atomic flux divergence due to the lattice diffusion(FEM) analysis of the electrothermal problem is performed
is neglected considering application to Al polycrystalline 85 descrlbgd later. Tr_\e void volume is mea§ured within the
center region of the line after current stressing for a certain
period of time. On the other hand, considering the center
. region of the straight line, AFQnis simplified by neglecting
IIl. AFDge,-BASED METHOD FOR DETERMINATION the terms associated with the temperature gradient, the cur-
OF FILM CHARACTERISTICS rent density gradient, and the gradient of atomic density gra-
The film characteristics included in the formulas for dient in Eq.(8). The area of the center region, the line thick-
AFD;,, are d, Qqp, Ag, Z*, and C},. A AFD}.;based ness, the net current-applying time and the atomic volume
method for determination of these characteristics is derivedare multiplied by the simplified AFRH. This product repre-
treating the center region of a straight line in which currentsents theoretically the volume of void to be formed. The net
density and temperature can be regarded as being constaatirrent-applying time is obtained by subtracting the incuba-
First, let N be approximately equal tbl, because it is as- tion period from the current-applying time, where the incu-
sumed that the change kfrom N, is small considering the bation period is defined as the period from starting the cur-
magnitude of stress in the metal line. The average grain sizeent flow until the beginning of increase of electrical
d, can be measured using focused ion békiB) equipment.  resistance in the metal line due to void formati@ee Fig.
As far asAg is concerned, we use a value obtained from ar2). By equating the theoretical void volume with the void
uncovered metal lifemade of the same Al film as the cov- volume obtained experimentally, we obtain the following
ered metal line. According to Blecf;'® the atomic density equation:

line.
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Failure The distributions of current density and temperature re-
quired to evaluate the film characteristics from AED are

@ obtained by FEM analysis. The fundamental equations in the
S ‘g |Incubation analysis are expressed as follows:
S Period . :
g § Lincar Period (@ Governing equation concerning electrical potendial
3 & V2e=0; (13)
g8 Acceleration (b) Ohm’s Law,
5 E Period

g 1

=) j=- %gradqbe; (14

Time [s] (c) [Equation of steady-state heat conduction,
NVZT+poj-j+ (poaj-j—H)(T—Tg =0, (15

FIG. 2. Change in electrical resistance of the metal line as a function of

time. The incubation period is defined as the period from starting the current . L. .
flow until the beginning of increase in electrical resistance of the metal lineWhere X is the thermal conductivityH is the constant de-

by void formation. scribing the heat flow from the line to its surrounding, and
V2= 9%/ 9x?+ 9%/ 9y?. The constantg, and « are obtained
by measuring the electrical resistance of the metal line under
low current density, such that a rise in temperature can be

Vi At X thickX 4 XC_Z,‘be Qg S neglected. The constakt is obtained so that the electrical
I ] : vad2 T, X KT; Pilj resistance of the metal line, which is calculated based on the
temperature distribution from the FEM analysis, equals the
QO IN\V3Ag IN\? measured value. Thus, all unknown film characteristics are
N N_OK(?_X P 1- ajr L determined from only a simple experiment using a straight
line.
N N 10
ajk ——-cos | ajk— |, (10
IV. EXPERIMENTAL VERIFICATION OF AFD ;en
where A. Experiment
Qd Experiments were performed to confirm the role of the
aj:m- 11 parameters, AFR, and AFIden, for unpassivated metal

lines and passivated ones. The Al film was deposited by
vacuum evaporation on the silicon substrate covered with
silicon oxide. The specimens were patterned by wet-etching
and annealed at 673 K for 70 min. After that, the silicon

substrate was divided into two halves. The surface of one of

unknown film characteristics in AFQQn can be obtained us- the halves was coated with polyimide and was annealed in

ing the least-squares method. Namely, the characteristics Pl for 30 min at 408 K, 30 min at 473 K, 30 min at 57.3 K
determined so that the following sum takes a minimum@nd 30 min at 673 K, continuously, to cure the polyimide
layer. The thickness of the polyimide layer was 2:3. The

Subscriptj represents the condition numbee abovg V|
is the measured void volumé is the area of the center
region, t; is the net current-applying time, thick is the line-
thickness, and; is the resistivity of the line aff;. The

value: other half of the substrate, which was not covered with poly-
imide, was also annealed under the same conditions as above
F=> InV;; —In<A><tij X thickx 4 so that both lines were actually fabricated under the same
[ v3d? conditions. The dimension of the Al lines is shown in Fig. 3.

The uncovered metal line is called Sample 1 and the covered

xﬁ’exp< _ Q_z;b)(z* epij — ﬂKﬁ) metal line is called Sample 2. Examples of FIB observation
T KT; 1 Ng ™ ax of the Al grains are shown in Fig. 4. It is known that the
3 > microstructure of the line is one of the key factors for elec-
ﬂl — a-xﬁ) tromigration failure'® It was confirmed that the average
I ox grain size of the metal lines was the same in both samples
2 (approx. 0.7um), and there was no difference in the micro-
—ajKﬁCO§1 ajxﬁ> }> (12)  Structure between both lines.
IX IX The accelerated tests were performed using the experi-

mental set-up shown in Fig. 5. To obtain the incubation pe-
Subscripti represents the number of data measured in eachiod during which there was no void nucleation, the change
experimental condition. By this method, the film character-in electrical potential drop in the line was monitored. The
istics can be obtained as the optimized parameters whicthree different substrate temperatures were selected as 458
approximate all experimental data. Note that under thiK, 473 K, and 488 K. For each temperature, the uncovered
method, data handling is accomplished in an easy way. (Sample 1 and coveredSample 2 lines were subjected to a
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Sample 1: Uncovered Constant Current )
Sample 2: Covered Power Supply Microscope

W=8.5 um, L=82 pm

Thickness : 0.65um | Voltmeter Il

Current Input/Output Pad

Galvanometer

Voltmeter

Testing Part

FIG. 3. Dimensions of the aluminum polycrystalline lines used in experi- Substrate
ment. Sample 1 is the metal line uncovered with passivation. Sample 2 is the ) o )
metal line covered with passivation. The length of line in Sample 1 and™!G. 5. Experimental setup. The test line is kept at a certain temperature on

Sample 2 is 82um and the width of each line is 8,am. Line thickness is  the hot stage, and is subjected to a dc current flow using constant current
0.65 um. power supply through the voltmeter, galvanometer, and the probes.

dc current with density of 5.5 MA/cf(Condition-1, -2, and

-3). In addition, the testCondition-4 was performed under a
current density of 4.0 MA/cfin Sample 1. In this case, the
substrate temperature was kept at 490 K so that the tempera-
ture at the center of the line was nearly equal to that in the
case of substrate temperature 473(®ondition-2. In the
case of Sample 2, the substrate temperature was maintained
at 415 K and the input current density of 8.5 MA/tmas
supplied. Twenty-five specimens were used under each test-
ing condition. After current was applied, the passivation film
was removed by chemical etching, and the metal line was
observed by field emission-scanning electron microscope
(FE-SEM to measure the volume of void. The observed area
p - of the center region was a rectangle of &ih length along

: ' . the longitudinal axix the linewidth, in both Sample 1 and
30.0KV X 0.0k |0l Sample 2. After the total area of the voids formed within the
observed region was obtained by image-processing of the
FE-SEM image, the volume of the voids was inferred by
multiplying the film thickness by the total area of the voids.
The volume of voids was also measured within the cathode
end region in the case of Sample 1, and was used for deter-
mination of A¢.” The observed area of the cathode end re-
gion was a rectangle of gm length along the longitudinal
axisx the linewidth. The current-applying time was different
for each sample and each experimental condition because it
was set within the time range when electrical resistance in-
creases linearly. The current-applying time and incubation
period of each sample under each testing condition are listed
in Table 1.

TABLE I. The current applying time and incubation period for each experi-
mental conditiorf.

30.0kV X 10.0k 1.0pm

(®)

Condition 1 Condition 2 Condition 3 Condition 4

FIG. 4. FIB images of the microstructure of the linés: Sample 1 andb) Sample 1 4800(576 9 3000 $348 9 1800 177 9 4800 $555 9
Sample 2. The average grain size of the metal lines both with and withouSample 2 10800(8040 $ 5400 $1040 $ 2400 €516 § 1800 $456 9
passivation is the same, approx. Quih. It was confirmed that the micro-
structure is almost the same in both samples. 2The averaged incubation time is shown in parentheses.
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TABLE II. The film characteristics included in AFRJQ,. TABLE lIl. The film characteristics included in AFJ,.
Qg (V) Cgn/(Nge) (K um¥J 9 Qs (eV) CipZ* (KumJ9  k(9N/ox) (Jum’)
Sample 1 0.497 —1.37x10% Sample 1 0.490 —1.25x 10% approx.—0.005
Sample 2 0.736 —1.10x 107"
—1.00x10%°
Sample 2 0.505 z* Cap (K umJ 9 —-0.36
-8.7 1.15<10%*

B. Application of the AFD y.,-based method for
determination of film characteristics

The parameter AF[Y, for uncovered metal lines was
applied to both the unpassivated lii®ample 1 and the
passivated on€Sample 2 using the experimental data ob-
tained in Sec. IVA. In this study, the ARR;based method
for determination of film characteristics which has been pro-
posed previously,was modified and utilized for comparison
with the application of the AFggn—based method described
hereinafter. The film characteristics of each sample were o
tained using the least-squares method, in a similar way to th
AFDg,;based method for the determination of film charac-
teristics. In addition to the experiments of Condition-1, -2,
and -3, which have been usually performed in our former
study’ the experiment for Condition-4 was performed, and
the net current-applying time was measured in this stedg
Sec. IVA). The obtained film characteristics are shown in
Table 1. The quantityQg, in Sample 2 was evaluated to be
1.5 times greater than that in Sample 1. This result is similar
to that reported by Lloyet al?® As far asCygy, is concerned,
the value in Sample 2 was two orders larger than that in
Sample 1. Thus, the film characteristics of Sample 2 were
quite different from those of Sample 1. We thought that the
differences were due to the following reasons: diffusion on
the interface between the passivation and the metal line, in-
trusion of hydrogen from the polyimide layer into the grain
boundarie$? thermal stress in the line and back flow due to
the stress gradient.

To illustrate the approximation of the experimental data
by the AFDQyrbased method, the following function is de-

fined by considering a center region of the straight line and
simplifying Eq. (3):

’7Td2N0V|JTJ
Using the film characteristics listed in Table Il, the above
t;_unction was plotted against Tl/as shown in Fig. 6. The
lope of the linear relation represents a quantit@g,/k. If

the film characteristics in Sample 1 and Sample 2 would
have agreed, there should be only one linear relation in the

e:m( (16
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1]

'11.8 - A exp. (Sample 1) [P
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-12.81 | _ approx.
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T ~Qu/k Lo

-17.8
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/T [10%/K]

FIG. 6. Approximation by the least-squares method when applying the

AFDgrbased method to Sample 1 and 2. It was shown that the least-squar€$G. 7. FE-SEM observation of slitlike voids in polycrystalline linéa}
method functioned effectively and approximated the experimental data corincovered metal lingh) covered metal line. It was shown that the voids in
rectly. The slope of the linear relation denote®,/k. There are two kinds  the covered metal line are formed in slitike shape similar to those in the
of linear relations for Sample 1 and 2, respectively. uncovered line.
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above figure. Figure 6, however, indicates two linear relaSec. IV B. This result was similar to that reported by Lloyd
tions concerning Sample 1 and Sample 2, respectively. et al?® They thought that the increase in activation energy of
a metal line covered with a polyimide layer was due to the
C. Application of the AFD ¢,-based method effect of hydrogen in the polyimide upon grain boundary
for determination of film characteristics diffusion, i.e., Al diffusion in grain boundaries might be sup-
Next, the parameter AFQn is applied to the unpassi- pressed by the hydrogen. However, the activation energy of
vated metal lingSample 1 and the passivated ori€ample _Sample 2 was almost the same as_that of Sample 1, as shown
2) using the experimental data obtained in Sec. IV A. Thell Table lll, when AFD,, was applied. We conclude there-

film characteristics in each sample were obtained by théOre that the effects of hydrogen, interface diffusion and ther-
AFD};based method, as shown in Table III. mal stress on the activation energy of Al d|ffu3|on_ were neg-
The constan@y}, for Sample 2 was evaluated to be al- ligible in t*hIS study. On the other hand, as shown in Taple .
most the same as that for Sample 1, in contrasQggin £ andCyg, could not be separated when AlRwas applied
Table Il. ConstantZ* andC%, for Sample 1 were not fixed, [© the uncovered metal lin€Sample 1, but the product of
but the product of these values always took a constant valudese was close to that obtained for the covered(Bample
ThoughZ* andC?, for Sample 1 could not be separated, the2). The formula for the AI:IQE_n parameter corresponds Wlt!’l
product of these values obtained for Sample 1 was close t#1at for AFD,en, when there is no influence of the atomic
their product obtained for Sample 2. And, it was assumedlensity distribution, that isN=Ny= const, andZ* and Cg,
that the value oZ* obtained for Sample 2 was valid, be- are included in the consta@ly, of AFDge,in the form of a
cause it was within the range of the values reported previProduct. Thereforez* andCg, could not be separated in the
ously, i.e., between-1 and—15141526270 the other hand, case of Sample 1, in which the atomic density gradient was
k-dN/ox for Sample 1 was much smaller than that for much smaller than that in Sample 2. The value©gf and
Sample 2. Thus, our result supports previous reports, namel#” - Cg, were almost the same in Sample 1 and 2, but there
that the back flow in an uncovered metal line is much lesgvas a difference inc-dN/dx (see Table ). This result
than that in a covered metal liffé*° shows that AF[,,is able to extract the influence of the back
From comparison 0fQy, for Sample 1 with that for flow due to the atomic density gradient. As far as Sample 1 is
Sample 2 it was found that the values @f, for these ~concerned, the values dg, and Z* - CgJ = Cgp/(Noe)]
samples coincided approximately, and the values were closghown in Table Il and those in Table Il were nearly equal.
to the value reported for grain boundary diffusion, 0.48°eV. This result was obtained because the influence -GN/ x
This result agrees with the observation that the voids in theipon the other film characteristics was small enough to be
covered metal line are formed in a slitlike shape, the same azeglected in Sample 1. We should note that this quantity
that in the uncovered metal line shown in Fig. 7. The forma-takes a minute value. Therefore, it is possible to use not only
tion of a slitlike void means that the main diffusion path of AFDge, but also AFDQ, with sufficient accuracy in the un-
atoms is along the grain boundary. From the agreement afovered metal line. In the case of the uncovered line, the
Qgb in Sample 1 with that in Sample 2, it was concluded thatAFDg.sbased method may be used, but the AEfbased
the influence of the thermal stress caused by the coveringethod will do also. The simplified AFfarbased method
with a passivation layer and the interface diffusion betweercan be applied to an unpassivated line even if the experiment
the metal line and the passivation layer up@f, is small  for Condition-4 is not performed and the net current applying
enough to be neglected in this study. When AERvas ap-  time is not measuret®
plied to Sample 2, the activation energy of Sample 2 was The following function is defined by arranging the loga-
greater than that of Sample(%ee Table )l as described in rithm of both sides in Eq(10):

G*=In ’ (17)
4x AXt;; X thickx Ci X A QO 6N IN\? N N
5 Z*epjjj— —Kk— 1-|ajx—| —ajx—cos | ajx—
d No dx X X X

The film characteristics obtained were substituted i@to  linear relations concerning Sample 1 and Sample 2, respec-
and the result was plotted against Hs shown in Fig. 8. The tively. These relations were obviously different. From Fig. 8
figure shows just one linear relation. The meaning of itsit becomes apparent, however, that the experimental data of
slope is —Qgy/k. Accordingly, we realized that the least- both samples are governed by one linear relation, i.e., the
squares method functioned effectively and the experimentdlim characteristics in Sample 1 and Sample 2 agree, as
data was approximated correctly. Furthermore, the correlashown in Table III.

tion coefficients were-0.82 in the case of Sample 1 and It was shown that the AFR;based method was able to
—0.74 in the case of Sample 2. From Fig. 6, we obtained twaeflect the effect of passivation on the atomic diffusion
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