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We report measurement of strain in patterned Al-Cu interconnect lines with x-ray microdiffraction
technique with a~1 wum spatial resolution. Monochromatized x rays from an undulator were
focused on the sample using a phase fresnel zone plate and diffracted light was collected by an area
detector in a symmetric, angle dispersive x-ray diffraction geometry. Measurements were made
before and after the line sample was stressed for electromigration. Results show an increase in inter-
and intra-grain strain variation after the testing. Differences in strain behavior of grain§ldith

and (200 crystallographic planes parallel to the substrate surface were observed. A position
dependent variation of strain after the testing was measured whereas no such dependence was found
before the testing. €999 American Institute of Physid$s0021-897@9)08214-4

I. INTRODUCTION atomic flow. Under the steady-state balance conditions a
constant stress gradient is exists along the line. I. Blech has
Mechanical stress in Al based interconnect lines in inteshown that there is a critical interconnect length electric cur-
grated circuits has attracted much attention recently becausent density product under which this balance is achieved
of its role in circuit reliability. Al metallization films are and no electromigration damage is observadhis phenom-
usually left in tensile stress after manufacturing processes &hon significantly affects the resistance of interconnect struc-
elevated temperatures due to the differential contraction ofures to electromigration damage.
Al and the surrounding substrate and passivation materials. Models have been developed to predict the evolution of
Circuit failures were observed due to stress induced voidingtress in interconnects due to electromigrafioff However,
that sever connection in these lines. experimental verification has proved more difficult mainly
Electromigration is the movement of conductor atomspecause of the difficulty of stress measurement with micron
under the influence of an electrical current. Télectron  or submicron scale spatial resolution. Indirect measurements
wind forcearising due to the momentum transfer from the haye concentrated on measurement of stress through its ef-
drifting electrons is responsible for the migratidhligh cur-  fects on the substrate material such as Raman spectrddcopy
rent densities {10° A/cm®) found in interconnects create and transistor gain modificatidR.X-ray diffraction is a di-
large enough mass transport to create voids and extrusiongct technique for stress measurement and has been success-
(hillocks) in lines causing circuit failures. Electromigration is fyjly used for detailed characterization afieragestress in
a major interconnect reliability problem that interactsnterconnect lined3'°>However, the sampled area with tra-
strongly with mechanical stress present in interconnects. yitional x-ray tools is too large to allow measurement of
has been intensely researched since its early identification agress distribution with necessary spatial resolution. Develop-
a device failure mechanishpartly due to the relentless min- ment of extremely high brightness synchrotron radiation
iaturization trends in the microelectronic circuits that pushsoyrces such as the advance photon so(A&S) and ad-
higher current densities on the interconnects exacerbating tignces in x-ray optics such as the fresnel zone pkEE®)

electromigration problem. o for hard x-ray radiation has opened new possibilities in this
As the transport of material due to electromigration pro-grea.

ceeds in a metal line material is accumulated near the anode Recently, Wanget al. have used tapered glass capillary
end and depleted near the cathode end. This creates a str@gfics and pinholes to perform x-ray diffraction experiments
gradient along the line which is confined by the substrate and, 10 ,m wide Al lines with approximately 10um

the dielectric passivation layer. This induced stress field cregago|ytiont® White light from a synchrotron was used in this
ates a chemical potential gradient opposing the electromigrasnergy dispersive diffraction study. Their results showed a
tion force. Therefore, atoms start feeling two 0pposingsiress gradient build up in the line as electromigration pro-
forces, one due to the electron wind and the other one due {Qegeq. They used Blech’s and Korhonen’s models success-
the stress gradient. Under certain conditions these two forcqa"y to explain the steady state and transient stress behavior,

can completely balance each other and completely halt thg,gpectively. Although this experiment confirms the predic-

tions of the models for relatively wide lines, the situation in
dElectronic mail: solak@xraylith.wisc.edu fine lines remains to be addressed experimentally. In fact,
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FIG. 1. Schematic view of the setup for microdiffraction experiment. X rays produced by an undulator in the storage ring are monochromatized by a DCM
and focused on the thin Al-Cu film sample by a FZP. The sample is mounted on a goniometer with scanning stage. The patterned Al-Cu line runs
perpendicular to the horizontal plane. The CCD camera is mounted orgtagr2of the goniometer in the horizontal plane. Energy dispersive Ge detector
receives fluorescent x ray from the sample. All the components shown in the figure after the DCM are mounted on the same optical table for vibration
isolation.

line width is expected to strongly affect the three- ment of relative changedn strain along the line was the
dimensional stress state of the line as aspect ratios continugajor concern rather than the absolute strain levels.
to grow. For example, the equi-biaxial stress approximation  Figure 1 shows a schematic view of the experimental
adopted in Wang's work does not hold for narrower lines assetup. 9.5 keV photons were incident on the sample at a 16°
was reported by Bessét. incidence angle. The CCD detector was placed at an angle of
32° to accept bothl{111) and (200 reflections from the Al
lattice in an approximately symmetric reflection geometry.
We conducted experiments on the 2—-ID-D undulatorThese reflections originate from grains in the polycrystalline
beamline of APE!8 using FZP as focusing elements for thin film sample that havé11l) and (200 lattice planes
measuring strain distribution on Al-Cu interconnects. Theapproximately parallel to the substrate surface. In the follow-
zone plates were manufactured at the Center for X-ray Liing we will simply refer to these two distinct set of grains as
thography by x-ray replication and Au electroplating (111) and(200) types respectively. The interconnect line was
technique&.g The experimental station is equipped with a pjaced in the focused beam by following the Ku fluores-
goniometer, scanning sample-stage with submicron resolysent emission which was detected by the energy dispersive

tiﬁ”' an enelrgé/ (;jispersive Ge x-ray ldetectp;] anr:j an Xx-ray ray detector. The incident x-ray beam size along the line
charge coupled devidCCD) camera along with other opti- - 0 tion was 0.84m illuminating a same length section of

cal ahﬁnmentt gétlclj)mems' bThe I.Sﬂll) %ouble-crystqlth the 1.6um wide line. The sample was rocked in theircle
monochromatof I the béamiine provides X rays with ., 5 +1.5° range in order to increase the number of reflec-

a bandwidth ofAM/\=2x10"%. A beam spot size of 0.2 ions detected from the grains of the Al line. A sample CCD
pum was achieved on this beamline but that level of spatialfma e obtained from tr?e line sample shc;wi 1)pand
resolution was not deemed necessary for this experiment. g . . samp &

(200 diffraction spots is shown in Fig. 2.

The interconnect line sample was a single At wide, . .
270 um long passivated Al-2% Cu line. The stack consisted After_the !me S,amf?'e was placed in the focused x-ray
of Si/Si0,(200 NM/Al—2%CU600 nM)/SiO,(700 nm). Sam- beam, ml_crodlffractl_on images were obtained from a 100
ples were manufactured using standard semiconductor prd2nd Section of the line at 2—Am intervals. The sample was
cessing procedures. The thin film line was connected to foupuPsequently removed from the goniometer stage and placed
contact pads for electrical testing. The sample was annealdd @n oven for electromigration stressing. During the accel-
at 450 °C for 30 min in forming gas after patterning. Anothererated testing an electric current of 18 mA was passed for
examined Samp'e was an unpatterned mh“:k Al— apprOXimately 3.5 h at 300°C. The resistance of the line
0.5%Cu film deposited on a Si/SjGubstrate. This sample increased by-1% during this time presumably due to elec-
was annealed under same conditions but no passivation lay#pmigration damage. Same 1@0n section of the line was
was deposited on top. This thick film sample was used as &gain inspected using microdiffraction technique for changes
reference in the calibration of diffraction data. We have notin the stress state. Microdiffraction data from the thick blan-
confirmed the strain free state of this film, but nevertheles&et film sample was obtained in the same diffraction geom-
used it as a reference in our experiment in which measurestry but no thermal testing was performed on this sample.

Il. EXPERIMENT
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The microdiffraction pattern in Fig. 2 obtained from the
1.6 um wide line has only several diffraction spots due to the
small number of grains illuminated. The peak positions of
the diffraction spots in the two-dimensional diffraction data
were obtained with the help of a computer program. Figure 4
shows the collection of those data points fbi1) and(200
reflections from the sample line both before and after elec-
tromigration. We should emphasize that the peak positions
marked in those plots are obtained from a large number of
data files, each similar to Fig. 2 resulting from diffraction at
different points along the line.

pixels (x 100)

A. Determination of Strain

4 6 10 . . .
pixels (x 100) The 29 angles of diffraction corresponding to the deter-

mined peak positions were calculated using the experimen-

tally measured parameters such as the sample-detector dis-

rings expected from a strain-free Al sample. tance and the detector angle with straight forward
geometrical derivation. The measured lattice spacing is given
by the Bragg'’s equation

FIG. 2. A typical microdiffraction image file showing sever@d1l) and
(200 diffraction spots. The dashed lines show the calculated diffraction

Ill. RESULTS AND DISCUSSIONS N

Figure 3 shows the microdiffraction pattern obtained d= 2sing’ @
from the thick(2.5 um) Al-0.5%Cu film. The bright rings in
this image are due to thél11) and (200 reflections as 1he dashed lines in Fig. 4 show the “expected” reference
marked in the figure. The image resembles a powder diffracdiffraction rings from an unstrained Al lattice calculated
tion pattern with almost continuous diffraction rings. The from standard measurements. The experimentally found
spottinesss due to reflections from individual grains in the SPOts also form a ring that is near but somewnhat different
film. The footprint of the microbeam illuminates ar8 um?  than the reference one. A mere shift between the measured
area on the sample due to the small angle of incidence. Co@d calculated rings can be due to calibration errors as well
sidering the three-dimensional microstructure of the thickaS @ real difference of lattice parameter between the two
film and 0.5um average grain size we can estimate the numé&xperiments. This difference can be due to reasons such as a
ber of grains in the illuminated volume to be in the order ofNoNzero average strains in our sample and impurity and de-
several hundreds. Therefore, it is not surprising that a largeCts. On the other hand, the clear difference in the shape of
number of spoté~40—50 were obtained from this sample the two rings is found to be due to the distortions introduced
especially because of the fact that the sample was rockedy the area detector. The detector had fiberoptic demagnifi-
within a +1.5° range in thev circle during data acquisition. C€ation optics which is known to be prone to distortions.
The presence of th€200) reflection spots in large numbers Our main focus in this experiment was to measure varia-
indicates a lack of111) texture in this sample which was tions in strain along the line rather than an absolute measure-
also the case with the patterned thin film samples. ment of average strain, which can be measured quite pre-
cisely with large area method®:1° With this goal in mind
we were able to eliminate the effects of the detector distor-
tion by using the data from the thick filnFig. 3) as our
reference diffraction ring. In other words, we used deviations
of the measured spot positions from that reference ring to
calculate the corresponding strains. Justification of this
method is based on the fact that the distortions are slowly

8_ varying function of position on the detector surface. Hence,
2
K%
[
E TABLE I. Average and standard deviations of strain measurements on thick
Al film and the 1.6um Al-Cu line before and after electromigration stress-
ing.
€(x107%) o (X107%)
! Thick Al [111] 0 0.69
2 4 6 8 10 Thick Al [200] 0 0.86
pixels (x 100) Al line before[111] 2.6 0.57
Al line before[200] 3.1 0.76
FIG. 3. Microdiffraction pattern from the 2.am-thick unpatterned Al— Al line after [111] 1.0 11
0.5%Cu film. The bright and spotty rings are dug1d1) and(200) reflec- Al line after [200] 13 14

tions.
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FIG. 4. Collection of diffraction spots obtained from the patterned (@e(b) before andc)—(d) after electromigration testinga), (c) and(b), (d) show the
positions of(111) and(200) spots, respectively. The dashed lines mark the calculated diffraction ring positions expected for an unstrained Al powder sample.

the small distance between a diffraction spot and the refemwidth of a diffracted beam from a single crystal upon rota-

ence ring is not affected significantly by the distortions.  tion of the crystal around th& axis is a convolution of
Table | lists the measured average strain and its standaskveral ternf®

deviation for the thick film and patterned sample before and

2 2
after the electromigration testing. The average strain mea- 2=|w?2 +(5_d +(ﬁ tan o2
. . . : . . dyn
surements are with respect to the thick film which is assigned strain
a zero average strain. Figure 5 shows the distribution of grain
J J J +(27)%+ (20,)?, @

strains in the three samples. The standard deviations for the
thick film and the line sample before stressing are similar asvherewgy, is theDarwin widthof a perfect crystalgd is the
well as their distributions shown in Fig. 5 except for a shift variation in lattice spacing in the illuminated sample volume,
in average value. On the other hand, the distribution afteb\ is the spectral width of the incident radiatioa,is the
accelerated electromigration testing is significantly widerBragg angle is the root-mean-square of the mosaic spread
(also evident in Fig. #indicating larger variation of strain of the crystal, andr, is the standard deviation of the diver-
between the grains. gence of the incident beam. The Darwin width term is based
on the assumption of a large crystal diffracting in the dy-
namical mode and needs to be substituted by a crystal size
dependent term for smaller crystals diffracting in the kine-
The position of a diffraction spot on the area detector ismatic mode. However, this necessary substitution does not
related to the strain present in the grain. However, more canoncern us for our present purpose. We can separate the
be learned about the diffracting crystgrain) from the size  broadening of the spot due to the nonuniform strains in the
and shape of the individual diffraction spot. In particular, theform

B. Diffraction spot size analysis
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FIG. 5. Normalized histograms of grain strain measurements for the three samples: thick Al-Cu film, patterned line before and after electromigration testing,
(a (111, (b) (200 grains. The histogram for the line after testing is markedly different from the other two in terms of shape and width due to the larger strain
variation in this sample.

WZZW(2)+ wi, (3)  We calculated the average strain at a particular position on

. ) , i the line as the average of the individual grain strains mea-

wherew, is the broadening due to the nonuniform strain andg,eq at that point. This was done separately(idrl) and
Wy is due to all other effects combined. The contribution 0f(200) grains.

the nonuniform strain is given by the term The strain profile “before electromigration” is deter-

, [&d 2 mined largely by grain to grain variation. In order to confirm
We= (F tarf 6. (4 this statement, two statistical tests were applied to the data.
First, if there are position dependent variations of the strain
Table Il summarizes the spot width measurements obg|ong the line then the strains measured from grains at one
tained in this eXperiment for the three cases examined. Difexperimenta| point should on the average has smaller varia-
fracted beams due t®200 grains consistently have larger tion than the overall one calculated for the whole line. For
width in all three cases. The average spot widths for the thiclthis purpose the standard deviation of strains for grains was
film and the patterned line before electromigration are praccalculated for each point on the line. The average of these
tically the same. However, a significant increase in the width/alues was compared with the standard deviation of strain
is observed after the electromigration testing. We examingor all the grains obtained from the particular sample. The
Eq. 2 to determine the possible factors contributing to thgesults showed that the two averages were practically equal
observed increase in spot width. First, the broadening termgy the before electromigrationmeasurements. In other
due to incident beam properties are eliminated since thesgords, the strains between neighboring grains were not cor-
were kept constant throughout the experiment. We do nofelated any more than distant ones. Same calculation for the
expect the grain size and the mosaic spread to change undgfier electromigratiormeasurements indicated that the stan-
the accelerated test conditions since the samples were agard deviation of strain at a particular point was on the av-
nealed at higher temperatures before. Therefore, we attribu@rage 35%—75% lower than the overall standard deviation.
the increase in average spot width to the increase in the intrafhjs result strongly indicated that while there was no posi-
grain strain variation. With this approach we calculate thetjon specific behavior of strain present before the electromi-

increase in the intra-grain strain variation to be 80 . gration test, such was the case after the test.
This is equal to about half of the inter-grain strain nonuni-

formity (o, given in Table | which is in the 1:11.4

%102 range.
TABLE Il. Average widths of diffraction spots in thed2irection.
C. Strain profile w (X 10~*rad)
We have presented only average and statistical behavior  Thick Al [111] 8.5
of the microdiffraction data up to this point. Figure 6 shows Thick Al [200] 8.8
the variation of the strain along the line as measured by both Al line before[111] 8.7
. . Al line before[200] 8.8
(111 and (200 reflections. Severdl11) and (200 diffrac- Alline after [111] 100
tion spots were obtained from most of the inspected points 4| jine after[200] 107

on the line although none were recorded at some positions
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FIG. 6. Strain profile along linéa) before andb) after electromigration stressing. Dashed and solid lines show the measureme(it fiprand(200) spots,
respectively.

Second, again if there are position dependent variations When the line width is much larger than the film thick-
of the strain along the line then the strains measured from theess the stress in the line can be assumed to be equi-biaxial.
(111) and (200 grains at a position on the line should be In that case measurement of strain in only one direction be-
correlated. The correlation coefficient betwe€tll) and comes sufficient for calculating the in-plane stress, which is
(200 measurements of strain was0.15 and 0.34 for the the only one present. Besser and Bravinamave made
beforeand after electromigration data respectively. This re- three-dimensional average stress measurements on lines with
sults indicate correlation of th€l11) and (200 measure- aspect ratios similar to our samples and have found the stress
ments after the electromigration test as we also notice in tho be strongly triaxial. Measurements along at least three
plots of Fig. &b). directions is necessary for specification of the triaxial stress.

It is interesting to note that even though there is a cordn our experiments only one strain component, that along the
relation between the stress behavior(bi1) and (200) type  surface normal directiofiy/=0) was measured. This is not
grains, there are some marked and potentially significant difsufficient for determining the stress state of our patterned
ferences. Both the inter and intra-grain strain variations ardine samples which is expected to have triaxial stress. More-
higher for the grains witli200 orientation. The strain profile over the fact that microstresses may have nonzero shear
in Fig. 6 also shows that the extremes of {200 profile = components further complicates the problem requiring at
deviate farther away from the average than(thkl) profile. least six measurements.
This behavior may be related to the better electromigration
resistance of lines with higfiL11) crystallographic textures.
From our results we can expect the strgmd the stregs V. CONCLUSIONS
profile to be smoother in a line with higii1l) texture. It is

. . s We have measured the strain distribution along an
commonly accepted that the failure of an interconnect line is . . . . . )
: . ; Al-Cu line with a~1 um resolution using x-ray microdif-
related to the maximum stress level attained by the line. Ou ; : K )
raction for the first time. The experiment was performed

results suggest thal11) textured lines with smaller stress . S

i : . . beforeand after an accelerated testing for electromigration.
variation would be less likely to attain this stress level and_. .. . )

. : Significant differences were found in the stress state of the
consequently would be less likely to fail. . S .
line betweerbeforeandafter electromigration conditions.

In the measurements made before the accelerated testing
the grain to grain variation of strain dominated the profile.

The general stress state in a solid is given by six indeWhereas in the measurements made after the testing a posi-
pendent stress components, three normal and three shaam dependence of strain was found. This was evidenced by
ones. We can define the sample coordinate system for the Athe correlation of strains of neighboring grains and the cor-
line samples with the axes being parallel to the line lengthrelation of the(111) and (200) type grain strains.
(Xs), width (y) and the surface normatJ). Average shear (1112) and(200 grains exhibit the same general behavior
strains vanish in this coordinate system due to symmetryin terms of averages and variation along the line. However,
However, shear components of microstresses which are @200 grains exhibit larger deviations from the average. Lines
concern to us may be finite even though their averages amgith good (111) crystallographic texture are known to have
zero. Therefore, in general, six independent measurements bétter electromigration performance. Our results suggest that
stress is necessary to determine the full stress state. the (200) grains present in the line may cause attainment of

D. Stress determination
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