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Electromigration in thin film conductors is recog-
nized as a potential wear-out failure mechanism for
semiconductor devices. Design guidelines have been es-
tablished 1imiting the maximum current densities for
aluminum and aluminum alloy conductors. With the devel-
opment of new lithography and etching techniques en-
abling the construction of very small conductors and
spacings the validity of these guidelines has been
questioned. Utilizing known experimental data of the
lifetime of Al, Al 2% Si and Al 4% Cu 2% Si conductors
new guidelines are presented which define the maximum
design current density as a function of the conductor
temperature and the conductor current. These maximum
current densities established by electromigration con-
siderations are further limited by the product of the
thicknesses of the conductor and the underlying di-
electric thickness which determine conductor tempera-
ture gradients caused by the conductor rise in tempera-
ture above that of the substrate. Data are presented
for the above metal films on vitreous silica.

Introduction

The electromigration wear-out mechanism of thin film
conductors carrying high current densities at elevated
temperatures is recognized as a factor which can lead
to semiconductor device failure. Guidelines have been
established which 1limit the design maximum current den-
sity for aluminum and aluminum alloy film conductors to
2 x 105 and 5 x 10° A/cmé respectivelyl. The question
has arisen as to the validity of these guidelines. It
is the purpose of this paper to evaluate the known elec-
tromigration experimental data of Al, Al1/Si and Al/Cu/Si
thin film conductors in order to establish maximum de-
sign current densities as a function of conductor tem-
perature and conductor current. A 1imit to the maximum
current densities set by temperature gradients due' to
Joule heating of the conductors is also attempted.
Finally, the combined current density Timits due to
electromigration and temperature gradients is presented.

Electromigration Current Density Limits

Figure 1 presents an Arrhenius plot of experimental
data obtained at our laboratory for glass passivated Al,
Al 2% Si and Al 4% Cu 2% Si thin films. Al and Al 2% Si
behave similarly and the data for the silicon alloy has
been published previously~®.

Experimentally groups of conductors are stressed at
elevated current densities and temperatures. The time
of each device failure due to an open circuit is record-
ed for each group and these are observed to follow a Tog-
normal distribution. The time required for 50% of the
devices in each group to fail is plotted in Figure 1 for
the 50% failure line. Experimentally knowing the aver-
age lognormal failure distribution (o) to be 0.4 for all
of the sample groups stressed at various temperatures
and current densities the other failure rate plots (10%,
1%, 0.1% and 0.01%) are then constructed.

The cross sectional area of the conductor (wt) ap-
pears in the numerator of the empirical expression be-
cause it has been experimentally determined that for
conductors whose width is greater than the average metal
grain size, the median Tifetime Tggp is a direct function
of the conductor cross section. A small void generated
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by electromigration in a small cross sectional area
conductor would be fatal while that same sized void in
a larger conductor would not be significant.

The power of the current density (J) was experimen-
tally obtained by plotting the log of the lifetime (50%
fail) in hours of groups of identical samples stressed
at the same temperature against the log of the current
density. The slope of this plot is slightly greater
than 2 indicating that the power of J is close to 2.

Since Ty, the time for x percent of the group to
fail in hours, is in the denominator of the empirical
expression on this plot lifetime increases as one goes
down the ordinate.

Since the experimental data follows an Arrhenius re-
lationship one can obtain an expression for the empir-
ical factor to be:

wt
2
J TX

= P exp (-4/k%K) (1)

where: conductor film emitter in cm

conductor film thickness in cm

current density (amperes/cm2)

time for x percent failures (hours)

a constant dependent upon percent fail
and film composition

activation energy in electron volts

Boltzman's constant (8.62 x 10-5 eV/°K)

film absolute temperature.
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It should be emphasized that the power of J and the
activation energies obtained by the above described ex-
periment relate only to the failure of a thin film con-
ductor of the given composition which fail due to an
open circuit by electromigration processes. At the op-
erating temperatures of semicondcutor device thin film
conductors the atom flux due to electromigration takes
place mainly down grain boundaries. Also, theoretical-
1y3 and experimentally? (using methods where the con-
ducting film is not failing) it has been shown that the
power of J is unity for mass transport by electromigra-
tion. 1In a failing conductor, however, the current den-
sity, the temperature and the volume resistivity of the
failing member of the conductor are not constant. There
is no intent to imply that the activation energies and
the power of J obtained with experimental methods uti-
Tizing failing conductors apply to the mass transport
of aluminum down grain boundaries. The activation
energies and the power of J obtained by measuring the
Tgg Jifetime of groups of conductors are simply those
Ee]ating to conductor lifetime which is of interest

ere.

The data presented in Figure 1 and the discussion
which follows relate only to conductor films which are
wider than the average grain size of the aluminum film
from which they are constructed. As the conductor's
width is reduced and approaches or becomes less than
the average grain size, the structure begins to "bam-
boo," that 1is, most of the grain boundaries become
normal to the electron flow and the relationships shown
in Figure 1 no longer apply.
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metal fatigue due to the disparity in thermal expan-
sion coefficients between the conductor and substrate
could promote conductor failure under pulsed condi-
tions. It is of interest, therefore, to calculate the
rise in temperature of a thin film aluminum or aluminum
alloy conductor over that of a silicon substrate as a
function of current density when the conductor is sup-
ported by a thin vitreous silicon dioxide film.

The definition of thermal conductivity of a material
X is:

watts
2
cm watts
% = - s (10)
e, em °C

cm
The temperature rise of a thin metal film of thickness
tm, width wp and Tength 1, on a dielectric film of
thickness tq and thermal conductivity X is:

watts td

AT = R
m'm X

(11)

where watts is the power dissipated in the conductor.
This power dissipated in the conducting film can be ex-
pressed as:

watts = pg? T¥ntm (12)

where P
J

volume reistivity of the metal (ohm-cm)
current density in the metal film (A/cm?)

Substituting equation (12) into equation (11)

2
od tmtd

AT = (13)
X

where both p and X are temperature dependent. It is
of interest to note that the temperature rise of the
conductor over that of the substrate is independent of
the lateral geometry of the conductor. The temperature
rise is a direct function of the metal volume resistiv-
ity, the metal thickness, the dielectric thickness and
the square of the current density. The temperature
rise also varies inversely with the thermal conductivity
of the dielectric. As the conductor thickness increases
(for a constant current density) the wattage dissipated
in the conductor increases. Also as the dielectric
thickness increases the dielectric thermal resistance
increases. Thus the product of the metal and dielectric
thicknesses is an important factor in determining the
conductor temperature.

Equation (13) ignores thermal flux spreading at the
edges of the metal film in the dielectric and should be
quite accurate until the width of the metal film ap-
proaches or becomes less than the thickness of the di-
electric film. The error is conservative since th
conductor would be cooler than calculated. .

The volume resistivity of pure bulk Al as a function
of temperature is5:

P = 2.42 x 10-6 (1 + 4,752 x 10-3°(C) (14)

The National Bureau of Standards has published a graph
of the thermal conductivity of high purity fused quartz
as a function of temperature.® An equation of a curve
which closely fits this data is:

X =2 x 10-8(°C)2 + 3.84 x 10-6(°C) + 1.43 x 10-2 (15)

302

Substituting equations (14) and (15) into equation (13)
and assuming that the dielectric temperature was the
average temperature of the substrate and the metal, this
equation was solved iteratively to determine the Al
metal film temperature as a function of the metal cur-
rent density and the product of the thicknesses of the
metal and the dielectric film with the silicon tempera-
ture being 20°C. This is presented in Figure 6 where
it is seen that the temperature dncreases rapidly
with current density.

Al ym thick aluminum conductor on a 1 um thick
viEreous silicon dioxide film would use the 1 x 10-8

thtq curve which doesn't appreciably rise in tem-
perature at 5 x 109 A/cm but at a current density of
5 x 106 A/cm2 will reach 80°C. At a current density of
1 x 107 A/cm? the film would reach temperature of 500°C.
Note that the melting temperature of pure aluminum is
660°C and aluminum in contact with silicon will form a
eutectic which melts at 570°C. This same low melting
eutectic is formed by the chemical reaction of Al and
Si0p above 450°C. Even if a metal was available which
is very resistant to electromigration there appears to
be a temperature barrier whi%h 11m1§s the maximym cur-
rent density to the high 10° A/cm® or low 10 A/cmy
range.

The thermal conductivities of other useful dielec-
tric films for the semiconductor industry must be bet-
ter understood. It is believed that the thermal con-
ductivity of polyimide films is less than that of Si02.
The thermal conductivities of the varjous silicon ni-
tride are of interest. Also, the use of multilayered
metal and dielectric film structures will further com-
plicate the analysis.

At the present time the effect of the magnitude of
the rise in temperature of the conductor above the sub-
strate temperature on electromigration conductor failure
is not known. In an ohmic contact region where the con-
ductor film typically rises up over a 1 um thick Si0»
film a temperature rise of 1°C would introduce a temper-
ature gradient of 1 x 104°C/cm. If the electron flow is
in the direction of the + thermal gradient mass will be
removed from the high temperature region faster than
mass is brought to that region from the cooler conduc-
tor. This introduces a site for early electromigration
failure. Since film temperature varies as the square
of the current density it was believed conservative,
using equation (13), to calculate the current density
which would raise the aluminum conductor film tempera-
ture one degree centigrade over that of the substrate
as a function of film temperature and the product of
the thicknesses of the aluminum metal and the Si0y
dielectric. These data are presented in Figure 7.
The current density decreases slowly with temperature
since the volume resistivity of the aluminum increases
with temperature at a faster rate than does the thermal
conductivity of the Si0s.

For the case of 1 um thick metal on 1 ym thick 5109
the maximum current density which limits the conductor
temperature rise to_1°C varies with temperature between
6 x 105 and 7 x 10° A/cm2. A temperature rise of one
half degree centigrade would limit the maximum current
density for such a film to about 3 x 105 A/cm2.

Since the volume resistivities of Al, Al 2% Si and
Al 4% Cu 2% Si are quite similar. The temperature
rises calculated for Al were assumed to apply for the
alloys.

Combined Electromigration and Temperature
Gradient Jpzy Limits

Using the 1°C temperature rise data to determine
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the maximum current densities Timited by Joule heating,
the associated product of the Al and Si0p thicknesses
were plotted along with the minimum conductor cross
sectional area limited by electromigration characteris-
tics for Al and Al 2% Si as presented earlier in Figure
2. This is shown in Figure 8. For 1 um thick AT on
1 um thick Si0» the region on thlf gg?ph above and to
the right of the thtq = 1 x 107° cm® dashed line is
forbidden. Only by making the conductor thickness or
the dielectric thickness thinner (or both) can one
enter this region without generating an excessive con-
ductor temperature rise.

The maximum current density limited by electromi-
gration considerations for Al and Al 2% Si alloy con-
ductors as presented in Figure 3 is shown in Figure 9
with 1imits imposed by temperature rise of 1°C estab-
Tished by the product of the thicknesses of the metal
and dielectric. The region of this plot above the
metal and dielectric thickness product are inaccessible
due to excessive temperature rise.

Graphs similar to those of Figures 8 and 9 are pre-
sented in Figures 10 and 11 for Al 4% Cu 2% Si on Si0,.
From Figure 10 it is seen that for 1 um thick metal on
1 um thick Si0» a conductor carrying 1 A current cannot
be narrower than 150 um (6 mils) no matter how cool the
substrate is. Figure 11 shows that the maximum current
density for the above described film is Timited to 6 x
105 A/cm by the film temperature rise due to JouTe
heating.

Conclusions

1. Contrary to the present maximum current density
design guidelines which establish a fixed maximum cur-
rent density for Al and Al alloy conductors, it has been
shown that the maximum design current density is a
variable being a function of conductor temperature and
the conductor current.

2. From present electromigration data the maximum
design current density- and the minimum conductor Ccross
sectional area for Al, Al 2% Si and Al 4% Cu 2% Si film
conductors has been presented as a function of conductor
current and conductor temperature to provide 0.01% fail-
ures in 1 x 10% hours operational d.c. life. These data
apply to conductors whose width exceed the metal grain
size.

3. The maximum design current densities and the
minimum design conductor cross sectional areas are 1lim-
ited by the product of conductor and dielectric thick-
nesses due to temperature gradients in the conductor
or the temperature rise of the conductor. Design curves
have been presented for the conductor temperature rise
over the substrate being Timited to 1°C.

4. The maximum current densities and minimum con-
ductor cross sectional areas for conductors carrying
very small currents are severely limited due to their
very small sizes which are sensitive to the formation of
very small voids.

5. The thermal conductivities of useful dielectric
films such as polyimide and the various types of Si3Ng
as a function of temperature should be better charac-
terized.

6. The'sensitivity of conductor life to tempera-
ture gradients during electromigration stress should be
better understood.

7. Multilayered conductor structures will have more
severe Timits than the single Tayer structure presented
here.

303

Acknowledgment

The assistance of Mr. Jack Scannell in obtaining
the Al 4% Cu 2% Si data presented in Figure 1 is grate-
fully acknowledged.

Bibliography

1. Mil-Standard 38510-D, Rome Air Development Center,
Griffiss Air Force Base, Rome, New York.

2. J. R. Black, "Electromigration of Al-Si Alloy
Films," 16th Annual Proceedings Reliabilty Physics,
1978.

3. H. B. Huntington and A. R. Grone, "Current Induced
Marker Motion in Gold Wires," J. Phys. Chem. Solids,
20, 76 (1961).

4. 1. A, Blech, "Electromigration -in Thin Aluminum
Films on Titanium Nitride," J. Appl. Physics, 47,
1203 (1976).

5. K. R. Van Horn, Ed., "Aluminum" American Society for
Metals, Metals Park, Ohio, Vol. I, 9 (1967).

6. "Thermal Conductivity of Selected Materials," NRDS-

NBS 9, U.S. Dept. of Commerce, National Bureau of
Standards, Nov. 25, 1966.

10

SMALL GRAIN GLASSED
Al and GLASSED
Al, 2% Sl ALLOY

)

cm?
(A/cm?)2 Hours

10-23 ~ 0.1%
—_ :
L3
H S
= =
GLASSED Al, 4% Cu, 2% Si
i % SAMPLE
FAILED
10-24}—
C 0.01%
- 0.1%
i 1%
i 10%
o o) versus TEMPERATURE
+T, 50%
10-2 | I I | | | | 1
300 250 200 180 160 140 120 100 80 60
CONDUCTOR TEMPERATURE (°C) (*K-! SCALE)
H4356
FIGURE 1

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 04:00 from IEEE Xplore. Restrictions apply.



MINIMUM CONDUCTOR CROSS SECTIONAL AREA MINIMUM CONDUCTOR CROSS SECTIONAL AREA FOR

FOR GLASSED Al AND Al 2% Si FILM CONDUCTORS GLASSED A! 4% Cu 2% Si FILM CONDUCTORS

e 0 f

3 C
N i
It x 10 | BZ 10° —————— CONDUCTOR CURRENT
- —_————— 150 JCONTOURS(%)
- 6 x 104 &
& 74 E 2
€ 1 x 108 J (Acm?) S 10 ﬁ:-
o 10-¢ :'—' 5 C
g fe T
< - 2 B
-t B -
< L Z T 108
5 2 x 104 g I J (vem?)
Z B
Q &l
(7] L wn 107
@ 10-TE 8 L
£ o 5 2 x 101
(3] - [ q -
@« - (] L
s [ 5
1) =] L
= B o
o =
z 9 2
o U 10—8 —
‘E’ 10-0 - £
5 o s N
E f £ I
Z i S L
= - L
[~ CONDUCTOR CURRENT L
i —_———— ISO J CONTOURS (A/cm?)
sl L L1 1 1 ]

10-9 L1 1 { | 1 1 1 1 1 200 180 160 140 120 100 80 60 40 25
200 180° 160 140 120 100/ 80 60 4 a8 CONDUCTOR TEMPERATURE (°C) (°K - SCALE)
CONDUCTOR TEMPERATURE (°C) (°K-' SCALE) H4364-1

FIGURE 2 H4362 FIGURE 4
MAXIMUM CURRENT DENSITY TO PROVIDE 0.01%
FAILURES IN 105 HOURS FOR Al 4% Cu 2% Si
MAXIMUM CURRENT DENSITY FOR GLASSED GLASSED FILM CONDUCTORS AS A FUNCTION OF
Al or Al 2% Si FILM CONDUCTORS CONDUCTOR CURRENT AND TEMPERATURE
108 107
<|E
(2] /?
< ~
' =
5
°C
200 180 160 140 120 100 80 60 a0 25

ol Ll & 1 1 1 1 1 1 | o7 S Y Y NS N — 1
200 180 160 140 120 100 80 60 40 25 20 22 24 oG 28 30 a2 34
CONDUCTOR TEMPERATURE (°C) (K~ ' SCALE) o CONDUCTOR TEMPERATURE (°C) (K1 SCALE) -

FIGURE 3 FIGURE 5

304

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 04:00 from IEEE Xplore. Restrictions apply.



J versus TEMPERATURE AND THE PRODUCT OF THE
THICKNESS OF THE METAL AND THE SiO, FOR 1°C

Al FILM TEMPERATURE versus CURRENT DENSITY
AND THE PRODUCT OF THE Al AND SiO, THICKNESSES.

TEMPERATURE OF SUBSTRATE = 20°C.
1000 - - - 2 o
T T el b2 b6 o Lot
tfomy 2 2 5 F 2 T T T 22 e e
BNl *F _Jof<f ~ Y B3y B 2
- © ~ ol o
x
5 -
w
24
B
e
19
w
a
=
W00 |-
o
=]
[
(5]
2
=]
=
s}
o
10 i 1
1x105 1x108 1x107 1x108
J (Afem?) H4373A1
FIGURE 6

CONDUCTOR TEMPERATURE RISE

108

10-5

T T TTITIT

107

LERELLREY |

)
LIRS T

108

MINIMUM CONDUCTOR CROSS SECTIONAL AREA
versus CURRENT WITH METAL AND SiO, THICKNESS
LIMITATION FOR Al and Al 2% Si

s
(cm?)
10-¢
1 x 10-10

2 x 10-10

4 x 10-10

1 x 10-9

2 x 10-°

4 x 10-9

1 x 10-2

2 x 10-¢

4 x 10-8

1 % 10-7

2 x 10-7

4 x 107

1 x 10-¢

2 x 10-°

4 x 10-°

MINIMUM CONDUCTOR CROSS SECTIONAL AREA (cm?)

1 x10-5

|

1 1 1 10-9

2 x10°7

1x10-7

tmlg {cm?)

CONDUCTOR
CURRENT

- w bty (cM?)

1 I | i 1

10

I | 1
200 180 160 140 120 100

80

60 40 25

CONDUCTOR TEMPERATURE (°C) (°K-! SCALE)

FIGURE 7

H4357-1

305

P11 1 |
200 180 160 140 120 100 80 60 40 25
CONDUCTOR TEMPERATURE (°C) (°K-* SCALE)

FIGURE 8

H4361

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 04:00 from IEEE Xplore. Restrictions apply.



MAXIMUM J FOR GLASSED Al AND Al 2% Si FILM
CONDUCTORS WITH METAL AND Sio, FILM

MINIMUM CONDUCTOR CROSS SECTIONAL AREA FOR
GLASSED Al 4% Cu 2% Si FILM CONDUCTORS WITH

MINIMUM CONDUCTOR CROSS SECTIONAL AREA (cm?)

108

103

104

THICKNESS LIMITS

4 x10°8

tmly (cm?)

—— CONDUCTOR CURRENT

————— ety (em?)

I 1 1 l ] I [ | 1 ]

10-5

..
=)
&

-
=)
4

..
=)
>

200 180 160 140 120 100 80 60 40 25
CONDUCTOR TEMPERATURE (°C) (°K-? SCALE)

FIGURE 9

$i0, AND METAL THICKNESS LIMITS

H4358-1

4 x 10-% ——— CONDUCTOR CURRENT

—_——— — lala(em?)

x

-

=3
v

T IlIIII_.

T

oL L1 1 1] I 1
200 180 160 140 120 100 80 60 40 25
CONDUCTOR TEMPERATURE (°C) (°K- ' SCALE)

FIGURE 10

H4363

MAXIMUM CURRENT DENSITY FOR PASSIVATED Al 4%
Cu 2% Si FILM CONDUCTORS ON $i0, versus
CONDUCTOR CURRENT AND TEMPERATURE WITH

METAL AND SiO, THICKNESS LIMITS

107

————  CONDUCTOR CURRENT

—_——— bl {em?)

L1

| 1|

|
200 180 160 140 120 100 80

CONDUCTOR TEMPERATURE (°C) (°K- ' SCALE)

FIGURE 11

60 40 25

H4355-1

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 04:00 from IEEE Xplore. Restrictions apply.



