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Abstract

The electromigration characteristics of Al/Si al-
loys are presented. Below about 2109C the failure mode
is an open circuit generated by grain boundary electro-
migration of Al in Al with an activation energy of
0.54 eV. At higher temperatures the failure mechanism
transfers to the electromigration of Si in Al through
dislocations with an activation energy of 0.8% eV. The
failure is either a shunted junction at (-) ohmic con-
tacts to the metal or an increase in resistance at (+)
ohmic contacts.

Introduction

Semiconductor manufacturers often employ aluminum
metallization containing 1-3% silicon as an alloying
element to manufacture shallow junction devices which
require high temperature heat treatments after metalli-
zation. This is to prevent shunting underlying or ad-
jacent junctions at ohmic contacts with etch pits filled
with Al. These pits can form in the Si substrate at
elevated temperatures due to the solid state disso]u?ion
and rapid diffusion of Si in thin films of aluminum,

The addition of Si as an alloying element to aluminum
provides a source to satisfy the solid solubility of Si
in Al reducing the dissolution of ST at the ohmic con-
tacts.

van Gurp2 and Learn3 have studied the electromi-
gration properties of A1/Si alloy films. The former
studied non-glassed, very small grained Al/Si films of
0.3% and 1.8% Si as well as_pure Al. When stressed at
a current density of 2 x 10 A/cm? the pure Al ex-
hibited an activation energy of 0.55 eV with voiding
randomly distributed down the stripe. The 0.3% Si
alloy had an activation energy of 0.32 eV while the
1.8% alloy had an activation energy of 0.31 eV, At
200°C the 0.3% Si alloy had a 1ifetime five times
greater than pure Al while the 1.8% alloy exhibited
an order of magnitude improvement over pure aluminum.
The failure mechanism for the alloys was a void which
always formed at the negative end of the stripe in-
dicating excessive gradients in temperature or current
density at that region. The low activation energy was
attributed to surface diffusion.

Learn's . results on non-glassed silicon alloy of
atuminum were similar exhibiting longer lifetime at
elevated temperatures than pure Al, but because of the
lower activation energy the pure Al films provided
greater lifetime below about 120°C. Neither investi-
gator reported on the electromigration of Si through Al.

In addition to electromigration device failure by
void formation in the conductor, it has been known that
other device failure modes could be generated by the
electromigration of Si through A1.4:5,6 This present
study was initiated to better understand the electro-
migration characteristics of the A1/Si alloy system.

Solid State SoTubility of Si In Al

Since only those Si ions which are dissolved in
Al are capable of electromigrating through the alloy,
it is important to understand the solubility of Si in
Al as a function of temperature.

Aluminum and silicon form a simple eutectic system.
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A portion of the phase diagram is shown in Figure ].7
The pie shaped region labeled (A1) is a solid region
whose crystalline structure is identical to pure alumi-
num except that some of the aluminum ions have been
substituted by silicon ions. This is the region of
"solid solution." The lower curved boundary of that
region is called the "solvus" curve and defines the
maximum amount of silicon that can dissolve into alumi-
num as a function of temperature,

Below and to the right of the solvus curve is a
solid region containing a mixture of essentially pure
silicon crystals and crystals whose compasition is de-
tergined by the solvus curve. As shown, below about
200°C well annealed aluminum silicon alloys consist of
a mixture of nearly pure aluminumand pure silicon crys-
tals. When aluminum in contact with silicon is heated
silicon rapidly dissolves by a solid state diffusion
process (below 5770C) dinto the aluminum to saturate the
solution ata composition determined by the solvus curve.
Upon cooling the dissolved silicon precipitates out of
solution forming a mixture of silicon and aluminum cry-
stals.

Diffusion of Si In Al Films

The diffusivity of Si in thin fiim Al is_much high-
er than in bulk samples. McCaldin and sankur! as well
as Nanada® observed the diffusion to be about 50 times
greater in the films than in bulk material at 400°C and
diffusion activation energies of 0.79 eV and 1.05 eV
respectively (Figure 2). van Gurp studied the diffusion
of Si in Al films at Tower tgmperatures and reported an
activation energy of 0.9 eV.? These activation epnergies

are appreciably lower than the bulk (6 = 1.33 eV)!10 and
is attributed to a much stronger grain boundarx and
dislocation contribution. For example, at 500°C a sili-

con atom moves nearly 1 1/2 microns a second in thin
aluminum films!

Low Temperature A1/Si Alloy Electromigration

Because it was recognized that two basic processes
could take place when A1/Si alloys are subjected to
stress which results in electromigration, two experi-
ments were designed to study these.4 One electromi-
gration process which takes place below about 2300C is
the electromigration of aluminum ions through the alumi-
num matrix resulting in the growth of voids that eventu-
ally cause failure due to an open electrical circuit.
The second process is the electromigration of silicon
through the aluminum matrix which could cause device
failure by the growth of pits in silicon at negative
contacts to the aluminum or could cause an increase in
resistance at positive silicon contacts due to the
build up of resistive silicon at those contacts. This
failure mechanism occurs at elevated temperatures above
about 230°C.. This section describes experiments de-
signed to study the electromigration of Al in Al while
the following section addresses the electromigration of
Si in Al.

Three different alloys were selected with silicon
contents being 0.79%, 1.9% and 3% Si. These were de-
posited by co-evaporation from two electron beam heated
sources onto 900 ﬁ thick $i0, on Si single crystal sub-
The grain size was“about 1.4 microns and the
the 5102
to

strates.
silicon had segregated as particles attached tg
with a particle density ranging from 3.75 x 10
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5.7 x 108 per cn?. The 0.70 to 0.73 micron thick films

were etched into fine line conductors with a nomgnal
width of 4 x 107" inches and a length of 3 x 10°¢ inches.
One half of the films received a silicon etch treatment
to remove the residual silicon particles located on the
field oxide after the aluminum etch. The films were
coated with an 8000 & thick layer of chemical vapor
deposited glass containing 3% phosphorus. The individu-
al die gere bonded to T0-3 headers and wire bonded with

5 x 1077 inch diameter aluminum wire. Finally caps were
welded to the parts under a nitrogen ambient.

The data obtained during this experiment are sum-
marized in Table I. The letter following the run num-
ber indicates the alloy used where A = 0.79% Si, B =
1.9% Si and C = 3% §i. The current density ranged from
6.6 x 105 to 2 x 30 A/cm while the temperature varied
from 110°C to 210°C. The film cross sectional areas
and the metal grain sizes were relatively invariant.
The median time to failure for these thirty experiments
varied from 68 hours to 630 hours and the standard
deviations ranged from 0.23 to 0.65 with the majority
grouped near the average of 0.40.

Groups of identical parts containing between 15
and 20 devices each were subjected to the same current
density and temperature stress. Generally the test
continued until all or nearly all devices failed. An
electronic recorder was utilized to record the time re-
quired for each device to fail. The data followed a
Tog-normal distribution as shown in Figure 3 which
shows the cumulative percent of the failed devices in
one of the test runs plotted vs. time in hours on log-
normal probability paper. The median time to failure
and the standard deviation, o, for each run was de-
termined from such plots.

A1l film failures were due to voids growing in the
film which eventually formed electrically open circuits.
The voids were randomly distributed along the stripes
with many of them of sufficient size to nearly create
an open circuit. Figure 4 presents SEM micrographs
of voids which were typical of those distributed down
the length of the stripes. Cracked passivation glass
was also observed distributed along the length of the
stripes which was caused by the accumulation of metal
ions exerting sufficient pressure on the glass to
fracture it. One of these regions before and after
removal of the passivation glass is presented in Figure
5. No difference was observed in the electromigration
behavior between those films which received an etch to
remove the residual silicon in areas cleared of alumi-
num and those which contained the residual silicon.

Arrhenius plots of the results for each alloy gave
close fits to a straight 1ine with activation energies
between 0.54 and 0.55 eV. These were nearly coincidental
with a slight tendency for greater lifetime as the sili-
con content increased. This effect was small and is
believed to be within experimental error.

A combined Arrhenius plot of the three alloys in-
cluding all thirty data points is presented in Figure
6. In this figure the ordinant is the log of the film
cross sectional area divided by the current density
squared and the median time to failure. The Teast
squares method was used to determine the 50% failure
Tine. Following Peck!! the percentile lines were calcu-
lated using the average sigma of the thirty test cells
and the log-normal distribution. The equations derived
from this plot which describe the median 1ifetime are:

Wt -16 0.544
=4.727 x 10 exp - —/p =4
3% MTF ek
and MTF = %5 2116 x 10'° exp 2224
J
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where K is Boltzmann's constant 8.62 x 107° ev/%
T is the absolute temperature of the film
W is the film width in cm

and t is the film thickness in cm.

The activation energy of 0.544 eV is a value generally
accepted for the self diffusion of Al down grain bound-
aries.

It is of interest to note that the lifetime of the
passivated alloy films are 2-3 times greater than pure
small grained aluminum that was not passivated. (Com-
pare Figure 4 with Figure 2 in Reference 5.) This can
be attributed to the passivation glass which restricts
hillock growth causing the metal to go under compres-
sion. This compressive stress in turn applies a force
to the electromigrating ion which is opposite to that
due to the electron wind force resulting in increased
Tifetime.12 Satake et. al.13 reported that a 5000
thick Si0, passivation glass increased electromigration
lTifetime 6f small grained Al films a factor of two over
non-glassed films. 1In view of this it is concluded
that the silicon addition to aluminum has very little
effect on its.rgte of electromigration. At temperatures
below about 210°C failure is due to the grain boundary
electromigration of aluminum in aluminum forming voids
and producing an electrical open circuit.

High Temperature A1/Si Alloy Electromigration

When silicon electromigrates at elevated temper-
atures in A1/Si alloy films the definition of device
failure must be redefined since the failure is not an
open circuit. It could be defined as a shorted junction
at a silicon-aluminum contact where electrons leave the
silicon and enter the aluminum. Alternately it could
be defined as a given rise in contact resistance at
aluminum-silicon contacts where electrons leave the
aluminum and enter the silicon. )

To study this high temperature mode of A1/Si alloy
electromigration failure a test vehicle was constructed
where the contacts to the A1/Si alloy stripes were made
to silicon at each end of the stripes. Figure 7 is a
cross sectional diagram of the structure which consists
of an n type substrate with boron diffused contact re-
gions 1.35 um deep. The parts were passivated in a man-
ner identical to that in the previous experiment. The
separated die were then bonded to T0-3 headers, wire
bonded with 5 mi1l diameter aluminum wires using those
stripes with nominal 0.4 x 0.4 mil ohmic contacts.
parts were then capped in a nitrogen ambient.

The

The silicon alloys used for this experiment were
0.35% Si, 1.4% Si, 2.5% Si and 3.6% Si. Half of the
devices contained residual silicon in the areas cleared
of aluminum during metal patterning while half of the
devices had this residual silicon removed. The cross
sec§ion31 areas of the aé10y2f11ms varied from 8.669 x
107° cm? to 10.234 x 10°° cm The devices were placed
under e]ectromigrataon stress conditions at temperatures
ranging between 240°C and 311°C with monitors for open
circuits, resistance build up and negative terminal
shorting. For this test device, it was not known at the
start of the experiment which failure mode would pre-
dominate.

The failures exhibited a bimodal distribution when
plotted on log-normal probability paper as shown in
Figure 8. MWhen this set of devices was inspected uti-
1izing an optical microscope it was determined that six
of the devices failed by the formation of voids randomly
distributed along the stripes with one void per stripe
eventually forming an open circuit. Five of the devices
in this set failed due to etch pits which formed in the
silicon at the negative terminals eventually shorting
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the junction. It was determined that the flat portion
of the curve represented failure by void formation
while the steep portion were those devices which failed
by Jjunction shorting. To study these failure modes
each group within a set which failed either by the
electromigration of aluminum in aluminum or by the
electromigration of silicon in aluminum was treated as
a separate set from which the median time to failure
and the standard deviation were determined from log-
normal plots. Unfortunately the sample sizes were not
as great as desired introducing some scatter in the
data.

Figure 9 presents SEM micrographs of the positive
and negative terminals of a glass passivation stripe
that had beeg stregsed at 310°C at a current dens1ty
of 4.95 x 10° A/cmé. A pile up of Al and Si is ob-
served at the (+) terminal cracking the glass passi-
vation. Also a depression is observed at the {-) ter-
minal where the Al and Si has been depleted also causing
the passivation glass to crack. A hillock is also pre-
sented which has cracked the glass and pushed up through
it. Figure 10 shows the same features as does Figure
8, however, the passivation glass has been etched away
revealing the metal. Metal is observed to accumulate
at the (+) terminal while pitting of the Si substrate
has occurred at the (-) terminal. The A1/Si alloy is
also shown to have formed a void near the (-) terminal.
The hillock appears flattened and distorted compared to
the free growing structures found on non-glassed films.

Figure 11 shows the same terminals as were presented
in Figures 9 and 10, however, the aluminum metal has
been selectively etched away. It is observed that the
alloy build up at the positive terminal consisted of
silicon being deposited at the siliconcontact with al-
uminum on top of it. Coarsening of the silicon particles
has occurred around the ohmic contact but appear de-
pleted at the higher current density regions. The
negative terminal exhibits severe vertical and lateral
pitting with silicon build up near the contact where the
current density drops due to radial spreading. Silicon
build up is not observed where the alloy formed a void
at the contact and therefore was not connected to the
silicon source. In the stripe the silicon was observed
to coarsen in an elongated fashion decorating aluminum
grain boundaries.

Typical void formation and hillock growth due to
the electromigration of aluminum are shown in Figure
12. The passivation glass has been etched off of three
of the four stripes shown.

Table II presents the high temperature test con-
ditions and results obtained. Four alloys were used
ranging grom 0.35% to 3.6% Si. The temperature ranged
from 240°C to 311°C and the current dgns1ty varied from
4,565 x 105 A/cm? to 1.038 x 106 A/cmé. In general
at the Tower temperatures the predom1nant failure mode
was due to the electromigration of Al in Al while at
the higher temperatures. the failure mode gradually
switched to that due to the electromigration of Si in
Al. No effect was observed that was a function of
the Si content of the alloys.

An Arrhenius plot of the data for failures due
to the electromigration of Si in Al is presented in
Figure 13. This relates the A1/Si alloy median
time to failure due to this failure mode to the film
geometry current density and temperature. The line
drawn through the experimental points constructed
using the least squares technique can be expressed as:

wt -13

J° MTF

= 2.275 x 10 exp (-0.889/KkT)
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from which:  MTF = % 4.396 x 1012 exp (0.889/kT)
J

The activation,energy of 0.89 eV agrees well with
the work of van Gurp” who studied the thin film pre-
cipitation of Si from a supersaturated A1/Si solid solu-
tion by resistance measurements and by microscopy. He
found the activation energy for the diffusion of Si in
Al for Al - 1.8 at % Si and AT - 0.8 at % Si to be
0.9 + 0.05 eV (See Fig. 2).

The equations given above relate only to the spe-
cific test device used which failed by a shorted (-%
contact junction whose contact area was about 83 um¢, the
junction depth was 1.35 um and ghe Eonductor Cross sec-
tional area was about 9.2 x 10~ Devices which are
more sensitive to silicon electromigration (smaller con-
tact areas, shallower junctions, larger conductor cross
sectional areas to contact area ratios, more sensitive
to increased resistance at the positive contacts) would
be expected to operate along 1ines parallel to that of
Figure 13 but moved upward. The preexponential constant
for the first equation given would increase while that
of the second equation would decrease.

In a 1ike manner devices which are less sensitive
to the effects of the electromigration of Si through Al
would be expected to possess plots with slopes similar
to that of Figure 13 but below that of Figure 13,

Figure 14 presents an Arrhenius plot of the data
taken where the failure was an open circuit caused by
the e1ectromigrat10n of Al in Al. Due to the generally
small sample sizes available and the fact that some of
the electrical opens appeared around the (-) terminal
contact the data points were somewhat scattered. Using
the least squares technique a line drawn through these
points exhibited an activation energy of 0.7 eV. Rather
than use that Tine the median time to failure 1ine ob-
tained at lower temperatures where failures were due to
electrical opens caused by the electromigration of Al
in Al (See Figure 6) was extrapolated to higher temper-
atures and is included in Figure 14, This indicates
that at high temperatures the electromigration of Al
through Al behaves similarly to that at low temperatures.

A composite Arrhenius plot of glassed A1/Si small
grain alloy median time to failure as a function of film
geometry, current density and temperature where failures
occur due to the e1ectrom1grat1on of A1 in Al or Si in
Al for the test device used is presented in F1gure 15.
Except at the very high temperatures (T >210° C) devices
constructed with A1/Si alloy metallization would be ex-
pected to fail by an open circuit due to the electro-
migration of Al in Al. Those devices which are very
sensitive to the effects of electromigration of Si in
Al may have to be limited to a lower maximum junction
temperature.

Conclusion

Under ngrmal device operation at temperatures be-
Tow about 210°C the electromigration characteristics of
small grain aluminum-silicon alloy films are nearly
identical to pure small grain aluminum films. The
failure is an open circuit due to the growth of voids
in the aluminum alloy resulting from the electromigration
of Al ions in an Al crystal matrix. The activation
energy for the process of 0.54 eV indicates that the
electromigration takes place mainly down Al grain bound-
aries.

At elevated temperatures the electromigration
failure mechanism is due to the electromigration of Si
through Al. The activation energy of 0.89 eV is at-
tributed to the electromigration of Si through dislo-
cations and grain boundaries in Al. Two failure modes
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may result due to this process. One is the growth of
etch pits at (-) terminals caused by the depletion by
electromigration of dissolved silicon in the aTuminum
contacting the silicon. This enables further disso]u-
tion of the underlying silicon into the aluminum. This
process is a continuous one resulting in a shunted under-
lying or adjacent junction where a pit filled with Al
penetrates the junction. Different devices will be

more or less sensitive to this failure mode depending
upon the junction depth, the lateral distance between
the wmetal and the adjacent junction, the size of the
contact, current density, temperature, etc. Radio
frequency power transistors often fail by this mecha- 14
nism when 1ife test stressed at elevated temperatures.
This type of failure can also occur with pure Al metal-
lization,

A second failure mode brought about by the electro-
migration of Si through Al is due to an increase in re-
sistance at an ohmic contact where the electrons leave
the alloy and enter Si. At these contacts the electro-
migrating Si precipitates out of the saturated solution
and grows on the Si crystal substrate.!5 The deposited
31 1s resistive and can cause device failure with vari-
ous devices having their own sensitivity to failure by
this process. This failure mode generally occurs at
elevated temperatures during device 1ife tests.
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Wt — 9% Si
TABLE 1 700 05 10 15 20
Low Temperature Al/Si Alloy Test Conditions and Results
Current wi 600
Current Flim Area | Temperature 16 Dansity MTF Std. Dev. JT MTF
Run # ma cm? x 10° (] K Alem? x 10 hours o x 1077
14 | 6107 | 764 167 |2273 | 080 288 38 414
1B 60.18 7.16 167 2.273 0.84 345 44 2.94
1C 59.55 6.95 1§7 2.273 0.86 380 43 2.44 500
2A 58.14 7.63 190 2.160 0.76 202 44 6.51
2B 63.01 7.16 190 2.160 0.80 213 .65 5.36
2C 58.11 7.30 190 2.160 0.80 223 a7 5.17
3A 63.18 7.63 210 2.070 0.83 125 .34 8.90
3B 56.95 7.16 210 2.070 0.80 139 .63 8.14 400
ac 58.12 7.30 210 2.070 0.80 139 40 8.28
4A 76.90 7.69 167 2.273 1.00 170 .48 4.52
4B 72.48 7.22 167 2.273 1.00 269 35 2.68
4c 69.75 6.95 167 2273 1.00 280 .35 246 o 300 4' 0- 1 6 (0- 1 7)
[}
5A 76.38 7.69 192 2151 0.99 105 .23 7.42 . =
58 78.20 7.22 192 2.151 1.08 89 .49 6.93 ' .
5C 73.20 6.95 192 2151 1.05 129 45 4.85 .
(Al) + Si
6A | 7698 | 7.69 210 | 2070 1.00 68 52 113 w
6B 71.34 7.22 210 2.070 0.99 75 45 9.86 .
8C 69.14 6.95 210 2.070 1.00 85 a1 8.26 g 2m -
7A 152.2 7.69 110 2.611 2.00 560 .46 0.342 F
78 143.4 7.16 10 2,611 2.00 560 .36 0.321 <
7C 146.2 7.30 110 261 2.00 493 .38 0.369 m
o
T 100
8A 154. 7.69 137 2.44 2.00 178 0.23 1.07 &
88 144. 7.22 137 2.44 1.98 245 0.31 0.75
8c | 139, 6.95 187 | 244 1.8 292 0.47 0.61 =
9A 75.66 7.69 154 2.34 0.98 326 0.33 2.44 m 0 l l
9B 72.38 7.22 154 2.34 1.00 346 0.46 2.01 F
9C 69.72 6.95 154 2.34 1.00 630 0.34 1.10 Ol 5 1 -O 1 . 5
10A 154. 7.69 123 2.52 201 300 0.50 0.64 ) a
108 144, 7.22 123 252 2.00 33¢ 0.26 0.53 At /0 SI
10C 139. 6.95 123 2.52 2.00 382 0.24 0.46
Figure 1. Aluminum-silicon phase diagram.
108
McCALDIN,
SANKUR 6 = 0.79 eV
3
NANDA © = 1.05 eV
TABLE II 102 |
High Temperature Al/Si Alloy Test Conditions and Results
P —
&
Wb f
Film Area _10% |Current Density| MTF Std. Dev.| J* MTF QO
Run # Failure Mode Alloy  |x 10* cm? 54 K Alcm? x 10°* | hours T x 1022 Q VAN GUHP .
si| B771| 260 |1.878] 1.0 61 .14 |1a38 .:h 10710 - Al — 1.8% Si
1 | q0%siinal|36%si| 877 ) d : y ”
1 | e0%AlinAt|36%si| 8771 260 |1876] 1.0 21| 48 |ar77 € BULK 0 = 0.9 +0.05 eV
O —
2 | 62%SiinAl|36%Si| 8771 300 |[1745) o0.498 |1ta| 1 |30.96 ~ O =133 eV
2 | ss%AlinAl36%si| 8771 300 |1.745) 0498 65| 12 |s4.30
3 |100% SiinAl|36%si| 8771 310 |1.715| 0.495 85| .40 |a21s
4 | 50%sSiinAl|14%si| 8.669] 260 |1.876| 0.8057 [202] .36 | 6.574 1
4 | 50%AtinAl|1.4%Si| se6o| 260 |1.676( o0.80s7 | 92| .38 |14.43 1011 |
4 | sswsiinAl|25%si| 9150 260 |v.876] 08015 |215| .36 | 6.624
4 | 45%AlinAl|25%si| o150 260 [1.876) o0.8015 | 60| .73 [23.74
4 | 64%siin aI|0.35% Si{ 10234 | 260 [1.876| 07944 |154| .49 [10.53
4 | 36%Alin At|035% i 10204 | 260 [1.876| 07044 | 56| 32 |28.95
5 | s0%siinallosse il 1020|311 |n7i2) O4s6s | 84| 26 | 5BA9 1012 i | Lo\ | A [
5 | 20%Alin Al|0.35% i 10234] 311 |1.712] o04s6s5 | 60 . ;
700600 500 400350300 250 200 150
6 | 20%SiinAl|14%si| 8669 240 |1.949 1038 [205| — | 3543 °C
6 | 80%AlinAl|1.4%Si| 8669 240 |1.949 1.098 93| .48 | 9333 | 1 I i 1 | | |
6 | a5%siinall25%si| o150 240 |1.949f 1030 - 174 .71 | 4952 1.0 1. 14 16 18 20 22 24
6 | 55%Alin Al|25%Si| 9150 240 [1.949]  1.030 75| 0 [11.49 109
6 |100% Alin Al|3.5% Si| 8771| 240 [1.949) 1.037 49| 76 |1665 K
Figure 2. The diffusivity of silicon in solid
aluminum.
237

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 03:40 from IEEE Xplore. Restrictions apply.



1000
900 - 1020
ol 0.01% % DEVICE
600 |- 09 .,2 FAILURE
500 [ 10%
a00 - 50%
300 1021
(/2]
7 z
g 200 |- 3
<] olxT
z S
£ £
(4
- Q -22 |__
3 '8F s '
s sof =
g or [ -‘ 50% DATA POINTS
w 6OF %o & 0.79% Si
g W[ 5 B 1.9% Si
w0l 0 3.0% Si 0.01%
1023 |- 0.1%
30 1.0%
10%
20 50%
o 1 1 | | ] 1 1 | | i
i 10 405060 80 90 Ll }ﬁo 260 240 200180160 140 120 100 80 60
CUMULATIVE PERCENTAGE FAILED °C
l | 1 | 1 1 ] J
Figure 3. Log normal plot of a 19 device cell 2 1.6 1.8 2.0 2.2 32.4 2.6 2.8 3.0
stressed at 167°C at J = 8 x 10° A/cm”. 1&
Figure 6. Combined A1/Si alloy data relating
% device failure time to film
geometry, current density and
temperature.
Al WIRE Al WIRE
AND BONDING PAD Al TEST STRIPE ;A%onNG

Z L4

777

\SiOZ

A g : - . Figure 7. Schematic of high temperature test
VOIDS FORMED IN Al/Si ALLOYS DURING ELECTROMIGRATION TEST structure cross section prior to
AT LOW TEMPERATURES. pass -| Vati on.
Figure 4.
g 400
L STILL
300 GOING
200 |+
7
S 100 y
o) n
=k C
Ié.l L
= 50 :
Al — 2.5% Si
B T = 240°C
| J = 1.030 X 10¢ A/cm?
CRACKED PASSIVATION GLASS DUE TO HILLOCK GROWTH BEFORE 0 L L 1 I 1 TN T S T | iE : I 1
ANDARTER/GLASS REMOVAL: 005 051 2 5 10 20 3040506070 80 90 95 98
Figure 5. CUMULATIVE PERCENTAGE FAILURE
Figure 8. High temperature bimodal failure

238

distribution.

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 03:40 from IEEE Xplore. Restrictions apply.




3

T N

-

+ TERMINAL

HILLOCK

DEVICE STRESSED AT 310°C AND J = 4.95 x 10% A/cm? PRIOR
Al m TO PASSIVATION

Figure 9,

TYPICAL VOIDS AND HILLOCKS OBSERVED IN HIGH TEMPERATUR
! E
Al/Si FILMS DUE TO ALUMINUM ELECTROMIGRATION IN Al

Figure 12.
+ TERMINAL -~ TERMINAL
\
10—20 -
NOTE: FAILURE WAS A (-)
TERMINAL JUNCTION SHORT
FILM CROSS-SECTIONAL AREA =~
9.2 X 108 cm?
B s 102 CONTACT AREA = 83 um?
HiLLocK @ N\ JUNCTION DEPTH = 1.25 um
AFTER REMOVAL OF PASSIVATION GLASS. - g
(=] \ LINE WILL MOVE UPWARD FOR
Figure 10. T | MORE SENSITIVE DEVICES
Sl
é 1022} \
= \ \
5= \
5 o} \ \
LINE WILL MOVE \
DOWN FOR LESS \
SENSITIVE DEVICES \
e 24 1 ' ' L L ]
— TERMINAL 10 280 200 160 120 80
°C
1.6 1.8 2.0 22 24 26 28 3.0
10°
°K
Figure 13. Al/Si alloy median time to failure
due to electromigration of Si in Al
related to film geometry, current
density and temperature.
Si IN STRIPE
AFTER ALUMINUM ETCH.
Figure 11.
239

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY. Downloaded on March 29, 2009 at 03:40 from IEEE Xplore. Restrictions apply



1020

1021 L 8

cm?

J2 MTF (A/cm?)2 HOURS
2

1023

10-2¢|—

280 200 160 120 80

L ]
1.6 1.8 20 2.2 24 2.6 2.8 3.0
108
°K

Figure 14, A1/Si alloy median time to
failure due to void formation
related to film geometry,
current density and temperature.
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Figure 15. A1/Si alloy failures due to the
electromigration of Al in Al
and Si in Al.
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