JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000

Tomography of integrated circuit interconnect
with an electromigration void

Zachary H. Levine® and Andrew R. Kalukin®
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8410
and Rensselaer Polytechnic Institute, Troy, New York 12180-3590

Markus Kuhn
Intel Corporation RA1-329, 5200 Northeast Elam Young Parkway, Hillsboro, Oregon 74124

Sean P. Frigo, lan McNulty, Cornelia C. Retsch, and Yuxin Wang
Advanced Photon Source, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, lllinois 60439

Uwe Arp, Thomas B. Lucatorto, Bruce D. Ravel, and Charles Tarrio
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8410

(Received 29 September 1999; accepted for publication 19 January 2000

An integrated circuit interconnect was subject to accelerated-life test conditions to induce an
electromigration void. The silicon substrate was removed, leaving only the interconnect test
structure encased in silica. We imaged the sample with 1750 eV photons using the 2-ID-B scanning
transmission x-ray microscope at the Advanced Photon Source, a third-generation synchrotron
facility. Fourteen views through the sample were obtained over a 170° range of anijlea 40°

gap about a single rotation axis. Two sampled regions were selected for three-dimensional
reconstruction: one of the ragged end of a wire depleted by the void, the other of the adjacent
interlevel connectionor “via” ). We applied two reconstruction techniques: the simultaneous
iterative reconstruction techniqgue and a Bayesian reconstruction technique, the generalized
Gaussian Markov random field method. The stated uncertainties are total, with one standard
deviation, which resolved the sample to 2000 and 14@ 30 nm, respectively. The tungsten via is
distinguished from the aluminum wire by higher absorption. Within the void, the aluminum is
entirely depleted from under the tungsten via. The reconstructed data show the applicability of this
technique to three-dimensional imaging of buried defects in submicrometer structures relevant to the
microelectronics industry. @000 American Institute of Physid$$0021-897600)00509-(

I. INTRODUCTION interconnects™* while nanometer-scale resolution had been
btained with tomography based on TEMHowever, this

Integrated circuit interconnects are three-dlmensmnaP ethod is best suited to samples less th lin diameter.

structures of considerable complexity. Three-dimension . L o . |
ecause failures in integrated circuits are typically localized

images of integrated circuits are of potentlal_mterest bot_h t.% a few um at best, TEM alone may not be adequate to
process development and to failure analysis groups within

the semiconductor industry. X-ray tomography offers three—Identlfy such a failure for imaging.
dimensional imaging ywth bgtter res_olut|on_than optical Mi- | EXPERIMENT
croscopy and the ability to view optically hidden structures,
and is less invasive than the thinning required for transmis- The formation of voids in integrated circuit intercon-
sion electron microscopyTEM). Here, we demonstrate the nects is a major reliability concern. Accelerated life testing is
ability to image a typical failure in an integrated circuit, one used to induce electromigration voids which are similar to
induced in an accelerated life test used to generate an elethose encountered under normal operating condifio@sr
tromigration void. The sample was not specifically preparedsample was taken from a test suite of electromigration-
for this experiment, but rather, taken from an inventory ofvoided samples prepared by the Digital Equipment Corpora-
samples prepared as part of a test suite by a semiconducten, Hudson, MA, that were made using technology produc-
manufacturer. ing a critical dimension of 0.3m for the transistor level. It
Previously we imaged tomographically an integrated cir-consists of a two-level aluminum metallization sta@Al/
cuit interconnect without a voitl.In this work, improve-  Ti/TiN) joined by a tungsten interconnect or via. The inter-
ments in the hardware and software permitted a threefolg¢onnect lines are scaled to the critical dimension times a
improvement in spatial resolution compared to that in thefactor of 2 or more. This particular electromigration sample
previous experiment. Submicron x-ray tomography has beewas prepared by maintaining a 2.3 mA current and a tem-
reported for samples other than integrated circuitperature of 220°C for 300 h. Failure was determined by a
pre-defined increase in resistance. These conditions are typi-
| o . cal of accelerated life testirfyAlthough a void was formed
ectronic mail: zlevine@nist.gov . : . . . e
bpresent address: Science Applications International Corporation, 4001 NN the interconnect, it still had electrical continuity because
Fairfax Dr., Suite 300, Arlington, VA 22203. the Ti or TiN barrier layers or both were still intact. A nor-
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FIG. 1. Normal incidence projection of an integrated circuit interconnect
with an electromigration void, imaged with 38B01 pixels with 57 nm
step size and the 100 nm zone plate. The total field of view is Aih1The E
dark marks at the intersection of aluminum metallization are the tungsteroo
vias, which join two different levels. The light regions near the vias are the
remnants of focused ion beam markers which fell out during sample prepe
ration.

50

mal view optical micrograph did not show the presence of
the underlying electromigration void because the barrier re
mained.

To prepare the sample for the experiment, the silicon
substrate was removed entirely under the region of interedt!G- 2. Negr-norm_al incidence projeqtion of the same circuit imaged with
using techniques principally intended for the preparation of 2% BHE Tl 288 T Ak B S e comeapond 1o
samples for TEM. However, the interconnect with its silicas- o 75,m. The angle between the lines in the upper region indicate the
matrix was left intact; the sample was about Afth thick  distortion caused by the nonorthogonality of the scan stage. The broken
near the region of interest. The sample was then mounteiﬂtergonnect _end regi(_)n is in the I_ower left corner. The_via is under the
onto a 3 mmdiam Mo ring. The ring was, in turn, mounted ?vlvl:)n::lgg?;r\l,iv:(le‘;h ends in the upper right corner, i.e., at the intersection of the
onto the end of small rod and resembled a lollipop.

The tomographic projection data were collected with the
scanning transmission x-ray microscope at the 2-ID-B beamimprove the signal-to-noise ratio at the largest angles. The
line at the Advanced Photon Sourc®.The sample was sample was scanned in 20 nm steps with2851 pixels per
scanned in two separate experimental runs. In the first rurgrojection at 14 angles over a 170° range, specifically, 2°,
the setup was essentially identical to that used previdusly;12°, 32°, 42°, 57°, 62°, 72°, 112°, 122°, 132°, 142°, 152°,
the sample was imaged with 1573.Q.5eV photons and a 162°, and 172° from normal incidence. The projection from
Fresnel zone plate with an outer zone width of 100 nm. Thenear-normal incidencé&°) is shown in Fig. 2, showing one
transverse imaging resolution of 150 nm using this zonevia and the electromigration void. Observations could not be
plate, determined by a knife edge measurerfiéntnear the made between 72° and 112° because the sample is planar and
Rayleigh diffraction limit? Throughout this article we give hence the distance the x rays travel through the sample be-
total uncertainties with one standard deviation. The sampleomes extremely large, leading to an insufficient signal. The
was scanned in 57 nm steps with 30301 pixels per pro- minimum number of counts per pixel improved from 44 in
jection. Projections were obtained at 12 angles, specificallythe previous experiment to 148 without changing the sam-
0°, £13.8°, +20.8°, +41.5°, +55.4°, =69.2°, and—76.2°  pling time.
from normal incidence(All of these figures are subject to an The set of angles sampled is sparse, i.e., to reach the
uncertainty of 2° in a constant offset which does not affectNyquist sampling limit requiresr/2 times the number of
the reconstruction. The normal incidence projection is horizontal sample¥ or 394 in this case. The undersampling
shown in Fig. 1. Two vias, a linking interconnect, and theis somewhat ameliorated by segmenting the image into re-
electromigration void are clearly distinguishable. gions 90 and 144 in widtksee below, but these still require

In the second run, we used 175&.0.5eV photons, a 141 and 226 angles to reach the Nyquist limit, i.e., at least an
zone plate with a 45 nm outermost zone width, and a motorerder of magnitude more than we obtained. As a conse-
ized rotation stage with improved angular precision andjuence, there is no possibility that the three-dimensional
runout. The larger photon energy was chosen to increase tH8D) resolution will be as fine as the two-dimensior2D)
transmission through the denser regions of the sample and tesolution.
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We estimated the transverse resolution in these projedhe beam direction, andcompletes a right-handed triad. To
tions by treating the interconnect as a knife edge. The Rayeorrect the coupling, it was necessary to fit the observed
leigh criterion for resolution is interpreted here as meaningorojections to a model which included three degrees of free-
the distance required for a change in the transmitted intensitgom for the orientation of the sample in space and three
by a factor of 0.733! A change by this factor occurs in other degrees of freedom for theandy coupling'? The
2.5+0.3 pixels or 510 nm, which is consistent with the fitting procedure rests on two assumptioKa): the sample
55 nm diffraction limit of the 45 nm zone plate according to contains an orthogonal triad of unit vectors defined by the
the Rayleigh criterion. The width of the line shown in Fig. 2 two interconnect levels and the via, aflil the sample rota-
is 1.1+ 0.2um, which is consistent with the design rule that tion axis is orthogonal to the beam direction. The three de-
it is two or more times larger than the critical dimension of grees of freedom for the andy coupling are derived from a
0.35 um. general 22 matrix with a fixed scale. Our fitting procedure

The longitudinal resolutioidepth of field in each pro- was sensitive only to orientations of the chosen fiducials
jection was 62um using the 100 nm zone plate at 1573 eV (i.e., the interconnect end via centerlifesot to their size.
and 14um using the 45 nm zone plate at 1750 eV accordingHowever, because the values in the coupling matrix differed
to the Rayleigh criterion. In both cases, the depth of field ifrom their ideal valuegl or 0) by an average of 0.15, the
large compared to the sample thickness. However, the trangbsolute scale is uncertain at this level, i.e., 15%, as well.
verse resolution is modestly degraded for the high angleErom the fit, we also learned that the sample normal was
because the scanning stage moves transverse to the beaffset from the beam direction by 2° after initial alignment.
direction. Assuming the center of the sample is perfectly A two-dimensional scan is presented in Fig. 2. The elec-
focused, the edge of the sample will be displaced from théromigration voided region may be seen in this projection;
focal plane by a half width of the sample times the sine ofadditional detail is present compared with Fig. 1. The solid
the viewing angle, or a maximum of 8.6 and 8, which  lines illustrate the apparent nonorthogonality of the lines in
is still within the depth of field. This small effect is neglected the sample due tay coupling in the scan stage. The matrix
in subsequent analysis, which relies on the straight-ray apdescribing the coupling of the andy motion was obtained,
proximation. then the inverse of this matrix was applied to all of the pro-

The contrast of the 2D images is defined herglag,  jections to remove the effect of theandy coupling of the
—Imin/Imax, Wherel ., and |, are local averages of the stage motion. The description below refers to operations on
maximum and minimum intensities in the regions of greatesthe uncoupled projections.
and least transmission. The maximum intensity corresponds Before the samples can be reconstructed, they must be
to the regions of the sample with no metal. In the first dataaligned. We opted to use fiducial marks intrinsic to the
set, the contrast increases from 0.6 to 0.8 as the angle isample for this procedure. In our case the prominent features
creases from Ofnormal incidencgto 69° in a region of a are the two aluminum interconnects and the tungsten via.
single aluminum wire, and up to 0.95 where two aluminumThe centerlines of the three features were determined by
wires are present at 69°. The via region has a contrast of 1.finding visible boundary points by hand with the aid of a
at normal incidence, which declines to 0.8 at 69°. The congraphical display program, and taking the centerline as the
trast increases from 0.4 to 0.6 as the angle increases from 2¥erage of the edge lines. The intersections of the three lines
to 72° in the region of the aluminum wire, but decreasesas seen in the projection at each viewing angle were calcu-
from 0.9 to 0.4 in the region of the tungsten via over thislated as a function of the height of the via. The intersections
range. For the via region, at high angles, the x rays need onlgf the various lines are proportional to the height of the via
penetrate the via itself and not the aluminum above it; moreand, working backwards, the height of the interlayer spacing
over, the tungsten via is higher than it is wide. This excessivevas determined. It was 92t41.3 pixel or 1856280 nm.
contrast in the via region in the first run helps motivate theThis size is typical of integrated circuit interlayer spacings.
change in photon energy from 1573 to 1750 eV between th&or example, the Advanced Micro DevicéSMD) K6 chip

two experimental runs. has an aluminum metallization interconnect structure includ-
ing tungsten vias with an average interlayer spacing of 2.0
13
m.
IIl. RECONSTRUCTION K o .
Additionally, we averaged adjacent rows when data were
A. Preprocessing missing (two rows in the entire data eand data that dif-

In the first run, we observed that the distance betweefiered from the average of the adjacent pixels by more than
fiducial references did not vary as expected as the cosine ¢ Standard deviations were replaced by the average; this
the incidence angle. This indicated a systematic scale error fituation occurred for a few pixels per 10 000.
the projections, which we corrected for approximately by
adjusting the horizontalx) scale by a few percent in every
projection to impose the cosine variation. After alignment to
fiducial markers using the earlier methb@50x 236 pixel
projection was available for reconstruction. For the first run, we used the simultaneous iterative re-

In the second run, we corrected distortion in the projec-construction techniqugSIRT) method® The results are
tions due tox- andy-axis coupling in the sample scan stage;shown in Fig. 3. The three-dimensional character of the in-
here,y is the vertical direction which is the rotation axisis  terconnect is obtained in this reconstruction, but the noise

B. Simultaneous iterative reconstruction technique
reconstruction
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FIG. 3. (Color) Three-dimensional SIRT reconstruction of the sample mea-
sured with coarse resolution with parameters as in Fig. 1. The electromigra-

tion void is the gap between the two major orange regions on the right side. . . . .
FIG. 4. (Color) Three-dimensional SIRT reconstruction of the aluminum

end region of the sample measured with finer resolusame parameters as
in Fig. 2. This region is associated with the remaining aluminum in the
lower left corner of Fig. 2 and equivalently the large orange metal region in
the lower right portion of Fig. 3.
level is high enough that little more may be learned about the
voided region which is not already evident in the normal
incidence projectiorfFig. 1).
The two interesting regions in the sample are the beginC. Bayesian reconstruction
ning and the end of the electromigration voided region. For |, practice, the image reconstruction problem is under-
the second experiment, we chose to reconstruct these daignsirained because we have several times more degrees of
sets separately to reduce the size of the regions to be recopaedom in the image than the number of observations.
structed. It was important to minimize this size so that theHence, it is necessary to make assumptions. The SIRT algo-
reconstruction would depend only on the measured data anglnm makes assumptions about the unconstrained data im-
not regions far to the side of what was measured. As a sidgjicitly: it never modifies any linear combination of the data
benefit, the time of the reconstructions fell by a factor of\ynich does not affect a constraint equatiéitf one starts, as
about 4. In practice, it was necessary to copy a couple ofye do, from an initial guess of 0, this is equivalent to assum-
small background regions from adjacent areas to fill out thq:ng a 0 value for the missing data.
required input to the reconstruction programs. The aluminum — ynder a Bayesian method, the reconstructed image de-
end was reconstructed in an oblique cylinder 90 pixels ipends both upon the measured data and explicit assumptions
diameter and 150 pixels high, centered on the interconnechbout the missing data. Bouman and Sauer introduced a
In the oblique cylinder, the width of the reconstructed regionBayesian method called the generalized Gaussian Markov
did not depend on the heiglt but the centeX andZ posi-  random field( GGMRP method!® in part to handle abrupt
tions (X and Z being coordinates in three dimensipngere  changes in density in materials inspection problems in to-
linearly dependent oy. This led to a sinusoidally varying mography, while retaining much of the analytic simplicity of
shift in the projectiorx coordinates to ensure correct align- the earlier Gaussian Markov random fi¢@MRF) method.
ment in three dimensions, because X cosf+Zsin¢ for  The materials inspection problem is characterized by the
viewing angled. The via was reconstructed in a region of presence of a few edges, i.e., discontinuous changes in the
144X 100 pixels aligned with thg axis. density of the material. The discontinuous changes tend to be
The SIRT technique was applied successfully to the alublurred or noisy under GMRF but better reconstructed under
minum end region. The result, after the removal of a ringthe GGMRF, which does not penalize them as sevérely.
artifact toward the outside of the region, is shown in Fig. 4.GMRF does well when the density to be reconstructed varies
The isosurface which is most representative of the edge afontinuously. Under the GGMRF, one weights the likelihood
the sample is presented. The half-line structure seen in Fig. df any image in the solution spaewith a sum over nearest
is present in the projection from the three-dimensional reconneighbors of|X;— X, |P, wheres is a (2D) index which
struction as well. However, some island features appear inuns over the image; is an image offset to describe the
the image which are almost certainly not real. Unfortunately nearest neighbor sum, ane&kp<2;p=2 is the GMRF case.
the SIRT code did not produce a recognizable image of th&he p=1 case has the property that any monotonic change
via region. from one density value to another has the same likelihood,
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FIG. 5. (Color) Bayesian reconstruction of an integrated circuit interconnectFIG. 6. (Color) Bayesian reconstruction of the ragged end of the aluminum
using same data as in Ref. 1. The distance from the plane of the ballshown in Figs. 1 and 2. The reconstruction was performed on the same data
(focused ion beam markerto the center of the upper interconnect line is as in Fig. 4.

5.4+0.5um.

is 0.7£0.2, and is independent of the pixel size and its un-
but any nonmonotonic change is less favored; for lamer certainty.
the more gradual changes are favored. The via region containing a void is shown in Fig. 7. Two

The Bayesian algorithm was applied to the projectionisosurfaces are shown, one at twice the density of the other.
data of an integrated circuit interconnect acquired eaflier.The high density isosurface is coincident with the tungsten
No additional preprocessing was done. Reconstructions ofia; the low density isosurface is primarily coincident with
selected slices were performed wijttset to 2, 1.4, 1.2, 1.1, the aluminum wire, although the continuity of the density
and 1.05. The values of 2 and 1.4 softened the edges unrea-
sonably, but the values of 1.2, 1.1, and 1.05 were all very
similar and plausible. This result is in accordance with
expectatiort> A full reconstruction was performed with
=1.1; a view is presented in Fig. 5. The image is much
smoother than the SIRT reconstructions presented in Figs.
3-5 of Ref. 1, and more in accord with the projectidRis.

1 and 2 of Ref. Lwhich show straight edges. The roughness
of those earlier SIRT reconstructions was used to estimate its
spatial resolution at 400 nm. Here, an estimate is made based
on the distance for a change in value of by a factor of 0.735
when an abrupt change is expected. This is found to be 3.6
+1.0pixel. As in Ref. 1, the pixel size is /.7 nm, lead-

ing to a measured resolution of 2800 nm, i.e., about twice

as good.

Similarly, the Bayesian method was applied to the cir-
cuit with the electromigration void. For the coarse resolution
data, we failed to obtain a reconstruction with this method,
despite the successful reconstruction of SIRT illustrated in
Fig. 3. For the fine resolution data, reconstructions were ob-
tained without further preprocessing. The region of the wire
end is shown in Fig. 6. The resolution is estimated as above
to be 7+1 pixel, or 14G-30nm. This is comparable to a
resolution of 1@ 3 pixel or 20G= 70 nm for SIRT. The un- FIG. 7. (Color) Bayesian reconstruction of the interconnect shown in Figs. 1

Certainty in the resolution is higher for SIRT because the;md 2. The density represented by the green isosurface is twice that of the
lue isosurface. The green region is coincident with the expected location of

isosurf_aces generated by S!RT are ro_ugher than those by th& \ via. Had the circuit not had the electromigration void, a blue surface
Bayesian method. The relative resolution of the two methodsiould be attached to both ends of the via, like in Fig. 5.
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imposes a low density isosurface in the tungsten region aand collaborators. Computer assistance was provided by Ter-
well. In this sense, the materials are not uniquely identifiecence Griffin and Matt Loebach of NIST. Helpful discussions

by the isosurfaces. The aluminum under the via is largely owith Wayne Roberge of Rensselaer Polytechnic Institute are
entirely swept away. This result is consistent with acknowledged. The authors are grateful for the critical sup-

expectatiorf. port from these many people and organizations. Certain com-
mercial equipment, instruments, or materials are identified in
IV. CONCLUSION this article to foster understanding. Such identification does

not imply recommendation or endorsement by the authors’

We have imaged two integrated circuit interconnects, ~~ ' I : .
one with and one without an electromigration void, and emJnstitutions nor does it imply that the materials or equipment

ployed two reconstruction algorithms, the simultaneous iterald€Ntified are necessarily the best available for the purpose.
tive reconstructiop technique qnd the ggneralized Gaussiamz, H. Levine, A. R. Kalukin, S. P. Frigo, I. McNulty, and M. Kuhn, Appl.
Markov random field, a Bayesian technique. The GGMRF Phys. Lett.74, 150(1999.
. . . . 2
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