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An x-ray spectromicroscopic study of electromigration
in patterned Al (Cu) lines
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We studied the surface properties of patternedCAl lines related to the electromigration
phenomena using photoemission spectromicroscopy techniques. We stressed the lines for
electromigratiorin situ in the ultrahigh vacuum microscope chamber and observed the changes on
the line surface. Our results show surface precipitation of Cu beneath g lalyer 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 flo99@ American
Institute of Physicg.S0003-695(199)01801-X

Electromigration in A{Cu) interconnect lines has been lines were patterned using conventional photolithography
studied extensively as an important reliability problem intechniques and wet etching. Samples were later annealed at
microelectronic circuits. In particular the role of Cu in im- 450 °C for 30 min in forming gas and quenched. No passi-
proving resistance to electromigration damage has drawmation was deposited on the patterned wafers. Patterned lines
much attentiort:® Cu is usually swept away from an area by were 270um long and had widths between 2 and .
electromigration before fast Al diffusion leads to appreciableLines had four contacts for electrical testing.
damage in the liné.Dominant paths for electromigration Sets of parallel lines containing 16 lines each were tested
flux of atoms are believed to be along grain boundaries anth a separate ultrahigh vacuutHV) chamber for elec-
interfaces. Cu has very low solubility in Al at operation tem- tromigration under 330 °C and*10° A/cm? to obtain sta-
peratures and has been shown to segregate dnptase tistical and morphological information on the failure charac-
Al,Cu precipitatel as well as to grain boundaries and teristics. The Al-Cu binary phase diagram shows that the
interfaces™® In electron microprobe measurements grainsolubility of Cu in Al at this temperaturé<1%) is signifi-
boundaries were shown to become rich in Cu depending opantly lower than the concentration present in our samples
the prior thermal treatment of the filA® Cu must be effec- (4%). This allowed us to use a slightly higher test tempera-
tive in reducing the electromigration flux along these domi-ture than is usual for samples with lower Cu concentrations.
nant paths to produce the observed improvement. Because pbg-normal time to failure distributions were obtained in
its critical role in the electromigration process, it is essentiathese tests which were useful in determining the suitable ac-
to obtain information on the distribution and chemical stateceleration conditions for thim situ experiments as well as to
of Cu in the grain boundaries, interfaces, precipitates, andonfirm that failures were due to typical electromigration
grains during operation and test conditions. damage mechanisms.

Photoemission spectroscopy is a powerful method used  Forin situ experiments a special sample stage and holder
in studying physical and chemical properties of solid surwere made to stress the samples by passing an electrical
faces. However, the sampling area is ordinarily too large tQurrent at temperatures up to 350 °C in the UHV chamber of
obtain spatially resolved information on the scale that is necthe microscope while performing observations. Some
essary for analysis of microscopic changes associated Witgammes were slightly etched as described by Colgfaa *
the eleCtromigration process in interconnect lines. This ||m|-to expose the Cu rich precipitates_ After introduction into the
tation is overcome in MAXIMUM(installed at the Advanced microscope chamber, the samples were imaged by scanning
Light Source of Lawrence Berkeley National Labora®o®  the sample while the electron energy analyzer was tuned to
scanning photoemission spectromicroscope with a spatigiccept the photoelectrons in the spectral region of interest.
resolution better than 0.m and an energy resolution of picro energy distribution curve€EDCS were acquired from
300 meV? In this study we used a number of contrastspatial features of interest as well. The samples were subse-
mechanisms afforded by this microscope including elementayyently stressed under accelerated conditions until an open
and chemical sensitivity, and beam induced charging to ingjrcyit failure was obtained, which took between 2 and 5 h
vestigate this problem. _ for the 5um wide lines. Samples were again characterized to

For this experiment a 600 nm thick Al 4 wt% Cu alloy gpserve the changes that have occurred due to the electromi-
was dc magnetron sputter deposited on Si wafers with 20§ation process. Performing the tests in the UHV environ-
nm thermally grown SiQ The wafers were not heated dur- ment ensured protection of the fresh surfaces created during
ing the deposition and the base pressure of the depositigfe testing from contamination. Tested lines were later ex-
system was better than X30 °Pa. Single and parallel amined with scanning electron microscof@M) and en-
ergy dispersive spectré@EDS) techniques for comparison
3Electronic mail: solak@xraylith.wisc.edu with spectromicroscopy findings.
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along one edge. This apparent asymmetry is an artifact of our
electron collection geometry and it is evident that both edges
of the line have a large number of small precipitates. The
binding energy of the Gy in the surface precipitates, mea-
sured as 3.1 eV, is close to our measured values for UHV
deposited metallic Cu filni2.75 e\j and the published value

of 3.0 eV for CyO.” Binding energies ford— Al,Cu and
CuO phases are reported as®aBd 2.0’ respectively, and
we rule those phases out on that basis.

EDCs of the A}, core level taken at point® andP are
shown in Fig. 2b). Analysis of these two peaks after back-
ground removal showed that the line shapes are very similar
except for a 0.4 eV shift towards higher kinetic energy on the
precipitateP and an intensity ratio oP/O=0.65. This ratio
is consistent with what would be expected between Al and
Al,Cu stochiometries. 76.0 eV binding energy measured for
the Al,, core level at the precipitate locations represents a
shift of 2.8 eV towards higher binding energy with respect to

) ) o the metallic Al found in the hillocks. This shift is consistent
Images of a Sum wide line taken at six different pho- |, .+ the AI*3 state in theax — Al,05.° On the other hand the

toelectron energies before electromigration testing are ShOWRlz binding energy found at 76.4 eV at poldtis shifted by
D )

in Fig. 1(a). This sample was etched as noted before forz 5"a\ towards higher binding energy with respect to metal-

exposing the Cu rich_ precipitates. In ord_er to intgrpret thqic Al. It was proposed that the presence of Cu promotes
features that appear in varying contrasts in those images W&acking of the oxide layer or induces an intrinsic loss of

rehfetr to the _”"“CLO EDCS showg_ in Fig. hé; 130;\/ for_ all electrical resistance in the oxide layer its€lfTherefore we
photoemission data presenteBigure 2a) shows two micro conclude that this 0.4 eV shift is due to beam induced sur-

EDCs acquired at point® and P that are marked in Fig. Lo . .
: . face charging; with the precipitate surface charging less than
1(a). The EDC acquired at poir® has a peak due to Gyl other areas on the ATu) film. Al in both locations is in the

emission at 121.8 eV which is absent at pdntBecause of . o o

T . ; . Al,O5 state while Cu found on the precipitate surfaces is in
that, areas with higher Cu concentration appear brighter "Bither the metallic or CiD state. The charging induced shift
the 122 eV image in Fig. (&), which we will refer to as Cu : ging

. . ; - .as well as the intensity difference of the,Allevel between
rich surface precipitates. There is a number of large precipi-~ ", . -
ecipitates and the film surface makes the precipitates ap-

tates seen on the top surface of the line and many small On%ear bright in the 50 eV and dark in the 47 and 48 eV images

in Fig. 1(a).

FIG. 1. Micrographs of a fum wide Al(Cu) line: (a) before and(b) after
electromigration testing at indicated photoelectron energies.

5 When the etching step was omitted, the top surface was
completely covered with AD; and the precipitates were not
';.4 | i detectable with photoemission. The main effect of the etch-
35l . ing was removing the native 4D; layer and exposing the
> Cu rich precipitates since our measurements showed no ap-
@, preciable thickness loss due to the etching process. SEM and
g EDS examination of some of these samples revealed that
1 o P some of these precipitates extended into the bulk while some
o were confined to the surface. Our results agree well with the
16 11'8 1éo 12’2 12’4 126 _recent stsugles showing segregatlonlof Cu to t_he AIZAI
(a) Kinetic Energy (eV) interface;~ and further shows that this segregation is in the
form of surface precipitation. Smitlket al. have also wit-
18 TR nessed surface segregation of Cu that showed grain to grain
_________ variability.'* On the other hand SEM and EDS images
,\'5“ showed precipitates in thieulk of the film which were not
312 4T s H. detected in the more surface sensitive photoemission images.
: o } Figure 1b) shows micrographs of the cathode end of the
2 ) same line after it had failed due to electromigration damage.
G 61 Extensive voiding is apparent in those images as dark areas
E I P. except for the one taken at 42 eV. A one to one comparison
Vv of the 122 eV images taken before and after the electromi-
e gration stressing showed that Cu rich surface precipitates
41 43 45 47 49 51 53 55 have largely remained in place except for those that were in
(b) Kinetic Energy (eV)

the void areas. The void and the hillock locations show no
clear relation to the surface precipitate locations before or

FIG. 2. Micro EDCs of(a) Cusq and(b) Al,, core levels acquired at posi-

tionsH, O, P, andV marked with arrows in Figs. 1 and B$=130 eV). after the testing.
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vy g . techniques such as SEM or transmission electron microscopy
122 6V (TEM).
> Material carried away from the void areas appears as

4 faceted hillocks in the downstream direction as shown in Fig.

3. The micro EDC labele#i in Fig. 2(b) is acquired on such
a hillock markedH in Fig. 3. The strong peak at 51.6 eV is
—loum 47 eV due to the freshly created metallic Al surface. We did not
observe metallic Al anywhere else on the line other than on
FIG. 3. Micrographs of a fum wide Al(Cu) line after electromigration = the hjllocks themselves, indicating that electromigration pro-
testing at indicated photoelectron energies showing crystalline shaped hill- .
ocks. ceeded strictly under the 45 layer.
In summary we have used unique sensitivities of photo-
emission spectromicroscopy to observe chemical and struc-
A remarkable difference between tibeforeand after  tral changes that occur on surfaces of patterné@@élthin
electromigration images is in the grain boundary areas. 4%jm |ines. We found evidence of Cu segregation to thg04|
48, and 50 eV micrographs in Fig(t clearly show grain jnterface in the form of surface precipitates. Side walls of the
boundaries that were not visible before the testing. We rulgnes had smaller Cu rich precipitates in higher numbers. The
out topographical changes for this effect because of the i”charging induced shift of the 4} core level was smaller for
verse contrast of the grain boundaries at 48 and 51 eV iMme Cy rich precipitates than the uniform Al film surface
ages shown in the encircled area in Figb)l Instead, this  \yhich provided a useful contrast mechanism for detection of
contrasfi.e., bright at 50 eV and dark at 47 and 48]e¥the  the presence of Cu. Grain boundaries on the downstream
same as the charging induced one related to the Cu presenggie of the voids with respect to the electron flow became
as we discussed for the surface precipitates. However we di§ch in cu while no change was observed in other areas.
not find an appreciable increase iniemission from the  v/oids were imaged using the beam induced charging of the
grain boundary areas as can be noticed in the 122 eV micras face layer that remained over them. Metallic Al was ob-

graph in Fig. 1b). This may be due to the narrow width of served only in hillocks and the surface of the line remained
the grain boundaries that did not include a sufficient amoungqyered with oxide elsewhere.

of Cu to be detected in the Gy level. However small
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