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An x-ray spectromicroscopic study of electromigration
in patterned Al „Cu… lines

H. H. Solak,a) G. F. Lorusso, S. Singh-Gasson, and F. Cerrina
Department of Electrical and Computer Engineering, University of Wisconsin—Madison, Madison,
Wisconsin 53706

~Received 15 June 1998; accepted for publication 28 October 1998!

We studied the surface properties of patterned Al~Cu! lines related to the electromigration
phenomena using photoemission spectromicroscopy techniques. We stressed the lines for
electromigrationin situ in the ultrahigh vacuum microscope chamber and observed the changes on
the line surface. Our results show surface precipitation of Cu beneath the Al2O3 layer on the line
surface as well as on side walls. Enrichment of grain boundaries in Cu due to electromigration flux
was observed in areas downstream of voids with respect to the electron flow. ©1999 American
Institute of Physics.@S0003-6951~99!01801-X#
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Electromigration in Al~Cu! interconnect lines has bee
studied extensively as an important reliability problem
microelectronic circuits. In particular the role of Cu in im
proving resistance to electromigration damage has dr
much attention.1,2 Cu is usually swept away from an area b
electromigration before fast Al diffusion leads to apprecia
damage in the line.3 Dominant paths for electromigratio
flux of atoms are believed to be along grain boundaries
interfaces. Cu has very low solubility in Al at operation tem
peratures and has been shown to segregate intou phase
Al2Cu precipitates4 as well as to grain boundaries an
interfaces.3,5 In electron microprobe measurements gra
boundaries were shown to become rich in Cu depending
the prior thermal treatment of the film.2,3 Cu must be effec-
tive in reducing the electromigration flux along these dom
nant paths to produce the observed improvement. Becau
its critical role in the electromigration process, it is essen
to obtain information on the distribution and chemical st
of Cu in the grain boundaries, interfaces, precipitates,
grains during operation and test conditions.

Photoemission spectroscopy is a powerful method u
in studying physical and chemical properties of solid s
faces. However, the sampling area is ordinarily too large
obtain spatially resolved information on the scale that is n
essary for analysis of microscopic changes associated
the electromigration process in interconnect lines. This lim
tation is overcome in MAXIMUM~installed at the Advanced
Light Source of Lawrence Berkeley National Laboratory!, a
scanning photoemission spectromicroscope with a sp
resolution better than 0.1mm and an energy resolution o
300 meV.6 In this study we used a number of contra
mechanisms afforded by this microscope including eleme
and chemical sensitivity, and beam induced charging to
vestigate this problem.

For this experiment a 600 nm thick Al 4 wt % Cu allo
was dc magnetron sputter deposited on Si wafers with
nm thermally grown SiO2. The wafers were not heated du
ing the deposition and the base pressure of the depos
system was better than 1.331025 Pa. Single and paralle
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lines were patterned using conventional photolithograp
techniques and wet etching. Samples were later anneale
450 °C for 30 min in forming gas and quenched. No pas
vation was deposited on the patterned wafers. Patterned
were 270mm long and had widths between 2 and 10mm.
Lines had four contacts for electrical testing.

Sets of parallel lines containing 16 lines each were tes
in a separate ultrahigh vacuum~UHV! chamber for elec-
tromigration under 330 °C and 13106 A/cm2 to obtain sta-
tistical and morphological information on the failure chara
teristics. The Al–Cu binary phase diagram shows that
solubility of Cu in Al at this temperature~,1%! is signifi-
cantly lower than the concentration present in our samp
~4%!. This allowed us to use a slightly higher test tempe
ture than is usual for samples with lower Cu concentratio
Log-normal time to failure distributions were obtained in
these tests which were useful in determining the suitable
celeration conditions for thein situ experiments as well as to
confirm that failures were due to typical electromigrati
damage mechanisms.

For in situ experiments a special sample stage and ho
were made to stress the samples by passing an elec
current at temperatures up to 350 °C in the UHV chambe
the microscope while performing observations. So
samples were slightly etched as described by Colganet al.1

to expose the Cu rich precipitates. After introduction into t
microscope chamber, the samples were imaged by scan
the sample while the electron energy analyzer was tune
accept the photoelectrons in the spectral region of inter
Micro energy distribution curves~EDCs! were acquired from
spatial features of interest as well. The samples were su
quently stressed under accelerated conditions until an o
circuit failure was obtained, which took between 2 and 5
for the 5mm wide lines. Samples were again characterized
observe the changes that have occurred due to the electr
gration process. Performing the tests in the UHV enviro
ment ensured protection of the fresh surfaces created du
the testing from contamination. Tested lines were later
amined with scanning electron microscope~SEM! and en-
ergy dispersive spectra~EDS! techniques for comparison
with spectromicroscopy findings.
© 1999 American Institute of Physics
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Images of a 5mm wide line taken at six different pho
toelectron energies before electromigration testing are sh
in Fig. 1~a!. This sample was etched as noted before
exposing the Cu rich precipitates. In order to interpret
features that appear in varying contrasts in those images
refer to the micro EDCs shown in Fig. 2 (hn5130 eV for all
photoemission data presented!. Figure 2~a! shows two micro
EDCs acquired at pointsO and P that are marked in Fig
1~a!. The EDC acquired at pointP has a peak due to Cu3d

emission at 121.8 eV which is absent at pointO. Because of
that, areas with higher Cu concentration appear brighte
the 122 eV image in Fig. 1~a!, which we will refer to as Cu
rich surface precipitates. There is a number of large prec
tates seen on the top surface of the line and many small

FIG. 1. Micrographs of a 5mm wide Al~Cu! line: ~a! before and~b! after
electromigration testing at indicated photoelectron energies.

FIG. 2. Micro EDCs of~a! Cu3d and ~b! Al2p core levels acquired at posi
tions H, O, P, andV marked with arrows in Figs. 1 and 3 (hn5130 eV).
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along one edge. This apparent asymmetry is an artifact of
electron collection geometry and it is evident that both ed
of the line have a large number of small precipitates. T
binding energy of the Cu3d in the surface precipitates, mea
sured as 3.1 eV, is close to our measured values for U
deposited metallic Cu film~2.75 eV! and the published value
of 3.0 eV for Cu2O.7 Binding energies foru2Al2Cu and
CuO phases are reported as 4.38 and 2.0,7 respectively, and
we rule those phases out on that basis.

EDCs of the Al2p core level taken at pointsO andP are
shown in Fig. 2~b!. Analysis of these two peaks after bac
ground removal showed that the line shapes are very sim
except for a 0.4 eV shift towards higher kinetic energy on
precipitateP and an intensity ratio ofP/O50.65. This ratio
is consistent with what would be expected between Al a
Al2Cu stochiometries. 76.0 eV binding energy measured
the Al2p core level at the precipitate locations represent
shift of 2.8 eV towards higher binding energy with respect
the metallic Al found in the hillocks. This shift is consiste
with the Al13 state in thea2Al2O3.

9 On the other hand the
Al2p binding energy found at 76.4 eV at pointO is shifted by
3.2 eV towards higher binding energy with respect to me
lic Al. It was proposed that the presence of Cu promo
cracking of the oxide layer or induces an intrinsic loss
electrical resistance in the oxide layer itself.10 Therefore we
conclude that this 0.4 eV shift is due to beam induced s
face charging; with the precipitate surface charging less t
other areas on the Al~Cu! film. Al in both locations is in the
Al2O3 state while Cu found on the precipitate surfaces is
either the metallic or Cu2O state. The charging induced shi
as well as the intensity difference of the Al2p level between
precipitates and the film surface makes the precipitates
pear bright in the 50 eV and dark in the 47 and 48 eV ima
in Fig. 1~a!.

When the etching step was omitted, the top surface w
completely covered with Al2O3 and the precipitates were no
detectable with photoemission. The main effect of the et
ing was removing the native Al2O3 layer and exposing the
Cu rich precipitates since our measurements showed no
preciable thickness loss due to the etching process. SEM
EDS examination of some of these samples revealed
some of these precipitates extended into the bulk while so
were confined to the surface. Our results agree well with
recent studies showing segregation of Cu to the Al/Al2O3

interface,3,11 and further shows that this segregation is in t
form of surface precipitation. Smithet al. have also wit-
nessed surface segregation of Cu that showed grain to g
variability.11 On the other hand SEM and EDS imag
showed precipitates in thebulk of the film which were not
detected in the more surface sensitive photoemission ima

Figure 1~b! shows micrographs of the cathode end of t
same line after it had failed due to electromigration dama
Extensive voiding is apparent in those images as dark a
except for the one taken at 42 eV. A one to one compari
of the 122 eV images taken before and after the electro
gration stressing showed that Cu rich surface precipita
have largely remained in place except for those that wer
the void areas. The void and the hillock locations show
clear relation to the surface precipitate locations before
after the testing.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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A remarkable difference between thebefore and after
electromigration images is in the grain boundary areas.
48, and 50 eV micrographs in Fig. 1~b! clearly show grain
boundaries that were not visible before the testing. We r
out topographical changes for this effect because of the
verse contrast of the grain boundaries at 48 and 51 eV
ages shown in the encircled area in Fig. 1~b!. Instead, this
contrast@i.e., bright at 50 eV and dark at 47 and 48 eV# is the
same as the charging induced one related to the Cu pres
as we discussed for the surface precipitates. However we
not find an appreciable increase in Cu3d emission from the
grain boundary areas as can be noticed in the 122 eV mi
graph in Fig. 1~b!. This may be due to the narrow width o
the grain boundaries that did not include a sufficient amo
of Cu to be detected in the Cu3d level. However small
amounts of Cu in the grain boundary and the surface in
face can modify the conductivity around the grain bound
sufficiently to alter the level of surface charging. Therefo
we propose that the Cu presence in those grain bound
was the cause for the contrast between 47, 48, and 50
micrographs. Interestingly, grain boundaries became
riched in Cu mostly in the downstream direction of the vo
and the undamaged portions of the line did not show
same contrast.

Void areas appear dark at all photoelectron energies
cept for the 42 eV one in Fig. 1~b!. The micro EDC labeled
V in Fig. 2~b! was acquired on a void surface at pointV
marked in Fig. 1~b!. It shows an Al2p core level componen
shifted to higher binding energy by more than 4 eV w
respect to the oxidized Al2p level. This shift is due to the
charging of the Al2O3 ‘‘skin’’ left over the void areas. We
later confirmed the presence of the Al2O3 skin by depositing
a thin film of Au on the sample and examining it with SEM
With this charging related contrast we can image voids
tween the Al2O3 and Al film that can be as thin as sever
monolayers, but that are too thin to be detected with ot

FIG. 3. Micrographs of a 5mm wide Al~Cu! line after electromigration
testing at indicated photoelectron energies showing crystalline shaped
ocks.
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techniques such as SEM or transmission electron microsc
~TEM!.

Material carried away from the void areas appears
faceted hillocks in the downstream direction as shown in F
3. The micro EDC labeledH in Fig. 2~b! is acquired on such
a hillock markedH in Fig. 3. The strong peak at 51.6 eV
due to the freshly created metallic Al surface. We did n
observe metallic Al anywhere else on the line other than
the hillocks themselves, indicating that electromigration p
ceeded strictly under the Al2O3 layer.

In summary we have used unique sensitivities of pho
emission spectromicroscopy to observe chemical and st
tural changes that occur on surfaces of patterned Al~Cu! thin
film lines. We found evidence of Cu segregation to the Al2O3

interface in the form of surface precipitates. Side walls of
lines had smaller Cu rich precipitates in higher numbers. T
charging induced shift of the Al2p core level was smaller for
the Cu rich precipitates than the uniform Al film surfac
which provided a useful contrast mechanism for detection
the presence of Cu. Grain boundaries on the downstre
side of the voids with respect to the electron flow beca
rich in Cu while no change was observed in other are
Voids were imaged using the beam induced charging of
surface layer that remained over them. Metallic Al was o
served only in hillocks and the surface of the line remain
covered with oxide elsewhere.

This work was supported by the U.S. Department of E
ergy under Contract No. DE-FG02-96ER45569. The auth
thank James Underwood and the Center for X-ray Op
~CXRO! staff for collaboration on the MAXIMUM project.
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