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Void nucleation on intentionally added defects in Al interconnects

J. C. Doan,? S.-H. Lee, J. C. Bravman, and P. A. Flinn
Department of Materials Science & Engineering, Stanford University, Stanford, California 94305

T. N. Marieb
Components Research, Intel Corporation, Santa Clara, California 95054

(Received 19 April 1999; accepted for publication 7 June 1999

Void nucleation in passivated aluminum interconnects was studied using high voltage scanning
electron microscopy. To test theories about stress-induced and electromigration void nucleation, Ar
ions were implanted into Al specimens. The Ar atoms precipitated and formed bubbles that served
as nucleation sites with high surface energy. In the implanted samples, voids formed away from the
interconnect sidewalls, in contrast to voids in ordinary passivated Al interconnects. The evolution of
the void volume was also affected by the reduction in the nucleation barrier. These results strongly
support the theory of void nucleation on interface flaws in Al interconnectd9@9 American
Institute of Physicg.S0003-695(99)02031-9

The development of a predictive model of electromigra-of these defects. Interconnects are processed to have vertical
tion failure is an important goal in research on interconnectssidewalls. This is typically accomplished by coating the
Fundamentals of the electromigration failure process haveewly formed sidewalls with a combination of sputtered
been discussed elsewhérblost models of electromigration mask material and other chemicals in the chaniB&y con-
focus on the evolution of stresses or the accumulation ofrolling the amount of this material that is deposited onto the
vacancies in an interconnect. Failure is taken to be the sidewalls, one can achieve a vertical profile. The removal of
accumulation of a certain vacancy concentration or a criticathis layer after the etching process is very important. If a
amount of tensile stress. Recently, the details of the nuclesmall amount of this material remains after the cleaning step,
ation process have been examined. It is hypothesized thitt could serve as a site for void nucleation. The postetch
void nucleation is impossible on any realistic time scale, uncleaning process has a large effect on interconnect
less voids form on pre-existing defeét@e have tested this reliability.1112
theory by selectively introducing nucleation sites into alumi- In early descriptions and models of the electromigration
num interconnects. failure process, void nucleation was largely overlookeat

Voids in passivated lines nucleate exclusively on the inthe time, this was probably a justifiable assumption. Judging
terface between the passivation and the line sidewall. Werom early images of electromigration damage, there were
have tested- 100 metal lines in recent research programs; inmany voids from the onset of the téétHowever, as the
every experiment, all of the voids first appeared at the edgguality of integrated-circuiIC) processing increased, the
of the line. This has also been observed in other stutiesyoid incubation time increased as well. Currently, the time to
While it may not be surprising that voids nucleate on the lineyoid nucleation can be a very large fraction of the entire
sidewalls, it might be surprising indeed that they do so thergifetime of a line!>® It is now important to consider the
exclusively. It has been hypothesized that defects with a higharrier to void nucleation in any model of electromigration
enough surface energy to serve as void nucleation sites exidilure.
only on the line sidewalls. Nix and Arzt showed that homogeneous void nucleation

Electromigration voids typically nucleate at the cathodeijn the bulk of a line was unlikely” Flinn demonstrated that
end of a polygranular segment where a grain boundary intelharrier-less void formation was theoretically possible, if
sects the line sidewall:® This configuration is apparently a yoids formed on pre-existing free surfatéeGleixner et al.
necessary, but not sufficient, condition for void formation. cajculated nucleation rates for void formation in the bulk of
There are many more potential nucleation sites than voidg |ine, on the line sidewall, on a grain boundary, in an inter-
formed in an electromigration test. There must be a featurgyce notch, and on an interface flAwhey found that nucle-
that distinguishes the sites at which voids nucleate. In somgtjon rates were orders of magnitude too low for any case
in situ experiments, many voids formed at the same ngt-except that of nucleation on an interface flaw. Clemetnal.
One void would nucleate, grow, and then move away. Aftelaytended the treatment of Flinn to allow a void to grow off
the first void migrated, a new void would form at the original the defect® They found that this could lower the nucleation
site and then the process would repeat. This phenomenqfhrier further. All of these theories suggest that void forma-
suggests that there was something unique about that areéa d even under extreme amounts of hydrostatic stress, is not
the line. A likely explanation is that a defect existed at thatyossiple unless voids nucleate on a pre-existing defect. The
point, which served as a nucleation site. nucleation barrier in any other case is simply too high.

Dry etching of the aluminum lines is a probable source  \ye tested these theories by selectively introducing void
nucleation sites into a line. Bubbles of noble gas atoms
3Electronic mail: jondo@stanford.edu proved to be an ideal defect for this project. Noble gas atoms
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FIG. 2. An 80um segment of an 30@-m-long aluminum line. The second
40 um are stacked under the first 40m. The three, black, vertical lines
divide the image into 1um segments. The first, third, fifth, and seventh
segments have been implanted and have voided.

der a silicon nitride passivation. It is thought, in this case,
that hydrogen in the silicon nitride diffuses into the metal
FIG. 1. A TEM micrograph of Ar bubbles in an Al thin film. and embrittles it429

There were no stress-induced voids in the unimplanted,
control structures. In the areas of the samples that had been

are essentially insoluble in metals. After ion implantation,. . ; .
o : implanted, stress-induced voids were present. Most voids
these atoms precipitate and form small bubBfe&g. Alumi- . : :
formed away from the sidewalls of the line. A particularly

num will not bond to the noble gas atoms. Thus, the surface : : . .
. g . ood example of this was in a structure in which every other
energy of the bubbles is essentially that of a free aluminu . .
0 um segment was implanted with argon. In 14 of 15 seg-

surface and suitable to serve as a nucleation site. . - .
We employed transmission electron microscepgEM) ments that were |mpIanteq, stress-induced voids were
&)resent. In each of the 15 unimplanted segments, there were

to deterrr_nne the precise dqse of argon ions to |mpla_nt int no stress-induced voids. An 80m segment of this structure
the aluminum samples. Using previous wdrks a starting - I o :
is shown in Fig. 2. In this figure, at least one void can be

point, 10 waferg50 nm SiQ/5 nm Ti/700 nm Al/10 nm Ti/ . h imol h . |
50 nm SiQ/Si) were implanted with 200 keV argon ions at Seen In each imp anted .segment, and these voids are located
near the middle of the line. In a few casgmt shown, the

7 . _ - .
doses from 18 to 107 ions/cnt. Plan-view TEM Specimens stress-induced voids were located on the sidewalls.

were made from each wafer. Images from each specimen This experiment demonstrates that there is sufficient

were digitally analyzed and the distributions of bubble sizes, . . . S S .
) . . driving force for void nucleation in the interior of the lines,
were measured as a function of ion dose. One such image IS

shown in Fig. 1. An argon dose of 1.5@0% ions/cn? pro- as one would expect. Stress-induced voiding is suppressed in

duced a median radius of 5 nm. This radius was choser;[he unimplanted areas by the lack of nucleation sites. Given

because the stress level for void nucleation on a defect thg’[ Igrge enough site, voids will form.The me.dlan bubble
radius was chosen to be smaller than the size necessary to

ﬁ'nZ: was slightly above the amount of thermal stress in theﬁucleate stress-induced voids; however, the bubbles on the

. . upper end of the size distribution were indeed large enough
A stack of 5 nm Ti on 514 nm Al on 50 nm of Sjn PP . 9 9
. . . . .to form voids at these stress levels.
a Si wafer was prepared with standard, integrated-circuit, L
Electromigration tests were conducted on these samples

fabrication techniques. The Waferslwere patterned and etcheé1 212°C and 30 mA/M In these tests, voids formed

to form test structures. The specimens were then encapsu-_ . Il . .
. - L readily, both in the interior of the line and along the line

lated in 50 nm of silicon dioxide to protect the surface of the _: S . ;

. oo ) ! . sidewall. An electromigration void that nucleated in the bulk

lines during ion implantation. A hard photoresist mask

blocked the ions from selected areas and structures. In thOf a line is shown in Fig. 3. This is significant, as it shows
. : - that the driving force for void nucleation in the interior of a
manner, unimplanted control specimens were fabricated o ir&e is sufficient to nucleate a void. The reason why voids do

the same wafers as the implanted specimens. The unmaskeot form there is that there are ordinarily no nucleation sites

areas on the aluminum lines were then implanted with 20(51 . . ;
keV argon ions at a dose of 1.560% jons/cr?. After the away from the sides of the line. The fact that some electromi-

. . . . - ration voids still nucleated on the line sidewalls is not sur-
implantation, the photoresist was stripped. An additional 95@

nm of silicon dioxide was deposited on the wafer, and theDrISIng given that_ the largest fl_ux dlvgrgences probab_ly ex-
isted there. Voids formed in unimplanted specimens
bond pads were exposed.

We employ a backscattered electron imaging teChniqueexcluswely at the line sidewalls, as defects suitable for void

High-energy electron$120 ke\) penetrate through a thick nucleat!on were chated solely there. Given an appropnate
; ) . L .~ nucleation site, voids formed away from the line sidewall.
dielectric layer, elastically scatter from within the metal in-

d Introducing nucleation sites increased the total amount
terconnect line, and then re-emerge from the sample surface, . . . :
of void volume as a function of time. The void volume of
The electron beam scans across the sample and the magpi- . . X
~three lines that were implanted and one that was not im-
tude of the backscattered electron current from every poin
forms an image. The development of this instrument to per-
form in situ testing has been documented elsewtere.
Thermal stress-induced void nucleation occurs by the
same process as electromigration void nucleation. Given a
high-enough hydrostatic tensile stress and an appropriate
site, a void will nucleate to release the strain energy in the
line. _Strgss-!nduced voids also fgrm eXCI_US'Vely at_ the IIrle_FIG. 3. An electromigration void that nucleated in the bulk of the line. This
passivation interfacgOne exception to this rule is lines un- image was taken 1.3 h into the test.
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T T T 1 r fects. In conventional Al interconnects, the line sidewalls are
Tmplan 1 3 - the surface most exposed to damage. Because the upper sur-
ﬁgg%g:g x face of damascene copper interconnects are likely to be the

“dirtiest,” it is likely that voids will form at that interface in
these newer metallizations. Careful cleaning of the interfaces
of interconnects is a key method to improve reliability.

XOe0
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FIG. 4. Total void volume vs time. Data from the unimplanted control
specimen are denoted wikis. The evolution of the void volume is slower
in the control specimen.
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