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Abstract 

We have used scanning white beam x-ray microdiffraction to study microstructural 

evolution during an in-situ electromigration experiment on a passivated Al(Cu) test line. 

The data show plastic deformation and grain rotations occurring under the influence of 

electromigration, seen as broadening, movement, and splitting of reflections diffracted 

from individual metal grains. We believe this deformation is due to localized shear 

stresses that arise due to the inhomogeneous transfer and deposition of metal along the 

line. Deviatoric stress measurements show changes in the components of stress within 

the line, including relaxation of stress when current is removed. 



Electromigration (EM) is a phenomenon that occurs when extremely high current 

densities (j -lo6 A/cm*) lead to mass transport of metal within integrated-circuit 

metallizations.i Failure of the interconnect can be caused by open circuit voiding or short 

circuit extrusions of the metal. The evolution of stress caused by EM in metallic 

interconnects is an important topic in microelectronics reliability.* Large stresses can 

develop in the line because of the transport of metal in a confined space. A great deal of 

research has been conducted in an attempt to understand the role of stress and stress 

gradients during EM and several models have been proposed.3T4.5 Experimental 

verification of these models has proven difficult due to the challenge of measuring stress 

in passivated interconnect structures with the necessary spatial resolution. 

With recent advances in synchrotron and x-ray optics technology, x-ray 

microbeams have proven useful in the study of EM. X-rays are ideal for interconnect 

studies, as they can be focused on the order of the grain size and can penetrate any 

dielectric covering the line, unlike electron beams, which are only sensitive to the sample 

surface. Several groups have recently reported results using various x-ray microbeam 

techniques.6Y7Y8 In this letter, we report results using scanning white beam x-ray 

microdiffraction, which allows for mapping the complete orientation and deviatoric 

stress/strain tensor of micron-scale grains within a passivated interconnect line. 

Additionally, the constituent Laue reflections for a given gram can yield information 

about plastic deformation that may occur during EM. 

This experiment was conducted at Beamline 7.3.3 at the Advanced Light Source 

synchrotron in Berkeley, CA. A detailed description of the beamline is available in a 

recent article.’ A white x-ray beam (6-14 keV) is focused to a spot size of 0.8 x 0.8 pm 
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using a Kirkpatrick-Baez mirror pair. The sample, mounted on a piezoelectric 

positioning stage, is scanned beneath this x-ray spot. Data is collected as an array of 

white beam (or Laue) diffraction patterns in reflection mode from individual crystallites 

within the sample via a CCD detector. These Laue patterns are automatically analyzed 

with custom software for both orientation and deviatoric stress/strain. 

The sample investigated here is a sputtered Al(0.5 wt.% Cu) two level 

electromigration test structure. The test line has dimensions of 4.1 p.m in width, 30 m in 

length and 0.75 pm in thickness. There are two shunt layers of Ti at the bottom and the 

top of the lines (thicknesses are 450 A and 100 8, respectively). The lines are passivated 

with 0.7 pm of SiO2 (PETEOS). Tungsten vias at either end of the line connect to a 

lower metallization level, which in turn connects to unpassivated bond pads for electrical 

connection to be made. The sample was annealed at 390°C for 30 minutes in a rough 

vacuum prior to the experiment. 

The electromigration test was conducted at 205°C. Current and voltage across the 

sample were monitored at 10 second increments. The sample was scanned in 0.5 pm 

steps, 15 steps across the width of the line and 65 steps along the length of the line, for a 

total of 975 CCD frames collected. A complete set of CCD frames takes about 4 to 5 

hours to collect (depending on the reliability of the synchrotron source). The exposure 

time was 5 seconds plus about 10 seconds of electronic readout time for each frame. In 

this manner, information regarding the deviatoric stress/strain state, orientation, and 

plastic deformation for each grain in the sample was collected for each time step during 

the experiment. The current was ramped up to +30 mA (j = 0.98 MA cm‘*) over the 



course of 24 hours (in 10 mA increments), then turned off for 12 hours, and finally 

reversed to -30 mA for the next 18 hours. 

Fig. 1 shows the evolution of the (222) and (113) Laue reflections for several 

grains in the line during the in-situ EM experiment. Because a given Laue reflection will 

appear in many frames, only the reflections from the center of the grains are shown. The 

reflections have been converted to q-space (reciprocal space), with the x-axis along the 

length of the line, the y-axis across the line, and the z-axis normal to its surface. It is 

clear that some of the reflections are broadening as the EM test progresses, while some 

grains even split into clearly defined subgrains. On the CCD frame, the broadening is 

manifested in different directions for different planes. When converted to q-space, the 

broadening and splitting are seen to be in the same direction, which is across the length of 

the line. The deformation takes place in this manner along most of the line, although 

some grains at the very ends of the line have a component of deformation along the 

length of the line. 

The degree of plastic deformation is dependent on the position of the grain within 

the line. The width of a Laue reflection contains information on the dislocation density 

within a grain. The peak broadening during electromigration can be quantified by 

defining A0 as the difference between the full width at half maximum (FWHM) of the 

peaks plotted in theta-chi space. Theta is defined as the Bragg angle, and chi is the angle 

within the plane perpendicular to the incident beam. The peak broadening is strongest in 

the theta direction, which is across the length of the line. If we plot A0 of the (222) peak 

for several grains along the line, we can see a clear trend in the amount of peak 

broadening in a grain versus position in the line. Fig. 2(a) shows that plastic deformation 



increases as the anode is approached after 24 hours of electromigration (current during 

scan is +30 mA). The scatter in A0 is most likely caused by inhomogenous deposition of 

metal within the line, resulting from flux divergences along the length of the line. After 

current reversal, plastic deformation continues and many grains are further divided into 

subgrains, as seen in Fig. 1. 

In addition to peak broadening and splitting, grain rotations are also visible in Fig 

1. These rotations are not due to the entire sample rotating, which would be evident via 

movement of the silicon background Laue pattern. In fact, many grains rotate in opposite 

directions from one another. Using the variation in intensity of a Laue reflection from a 

grain, we can estimate the size, shape, and location of the grain within the line. Fig. 2(b) 

is a plot of the change in position of the (222) Laue reflection for grains on either side of 

the line versus distance along the line. Grains in the top half of the line (y>O, if y = 0 is 

in the middle of the line width) rotate in the -8 direction, while those on the bottom half 

(y<O) rotate in the +0 direction. Transport of material towards the anode causes a convex 

bowing of the line that increases as the anode is approached. Others have reported this 

type of bowing in post-mortem examination of EM specimens.” 

Fig. 3 is a plot of the average deviatoric stresses and the average maximum 

resolved shear stress (MRSS)” in the line versus time during the experiment. These 

stresses are the average of all grains in the line at each time step. The MRSS is 

calculated for the (11 l)<l lO> type slip system. In the following, X is in the direction 

of the line, Y is across the line, and Z is the normal to the sample surface. During the 

ramping of the current to +30 mA, the average of the deviatoric stress components 

3” xx> and -Wyy > increase, while co’,> decreases. The average MRSS in the line 
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increases during the experiment. Removing the current from the sample relaxes these 

stresses, while reversing the current restores the stresses. While we see a change in the 

average stress values at each time step, we do not see a gradient in the stress values along 

the length of the line. We do not have information on the hydrostatic stress in the line. 

The stresses were also measured for a control sample that was at the same temperature as 

the EM sample, but had no current applied. The stresses remain constant in this sample 

and no peak broadening or grain rotations are observed. 

We believe that the evidence from this experiment clearly shows that plastic 

deformation is an important process occurring during EM. Metal is being removed from 

near the cathode and deposited towards the anode. Flux divergences along the line lead 

to inhomogeneous metal accumulations at various locations. It is believed that these 

metal accumulations change the stress state of the surrounding grains, increasing local 

shear stresses that are then relieved via plastic deformation. Because plastic deformation 

will not relieve the hydrostatic stress, a gradient in hydrostatic stress can still exist. It 

should be noted that post-electromigration examination of the sample revealed no 

hillocks or extrusions. This is significant because it shows that the deformation was 

occurring within a closed volume and material was not allowed to escape. 

Electroplasticity is the phenomenon of dislocation motion and multiplication due to an 

applied current. Baker et al. have investigated electroplasticity as it relates to 

electromigration in unpassivated interconnects, but did not find any significant effect.‘* 

The fact that we see a gradient in both peak broadening and grain rotation indicates that 

the plastic deformation is most likely due to induced local shear stresses, rather than 

electroplasticity. 
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Barabash et al. have recently shown that white beam x-ray microdiffraction can 

be useful for the analysis of dislocation structures’3. The majority of peak broadening 

occurs across the width of the line, rather than along the length of the line. The 

broadening and splitting of the Laue reflections suggests a process in which 

geometrically necessary dislocations are produced within the grain and then coalesce into 

geometrically necessary boundaries formed by tilt dislocation walls. These dislocations 

have cores that run parallel to the applied current, and therefore may serve as new fast 

diffusion paths along the line. 

In conclusion, we have used white beam x-ray microdiffraction to show that 

plastic deformation occurs during electromigration within passivated metallic 

interconnects. Peak broadening and grain rotations reveal gradients in the amount of 

plastic deformation along the line. In-situ stress measurements show an overall change in 

the average deviatoric stresses, which relax when the current is removed, but are restored 

by reversing the current. 
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FIGURE CAPTIONS: 

Figure 1. Evolution of the (222) and (113) Laue reflections (in q-space) of four grains 

during the in-situ EM experiment. For each reflection, the area of q-space is kept 

constant, with length of a side given in A-‘. 

Figure 2. (a) Peak broadening (AO) for individual grains along the length of the line 24 

hours into the in-situ EM experiment (I = +30 mA). (b) Grain rotations for individual 

grains on the top (y>O) and bottom (y<O) halves of the line versus position along the line. 

The convex bowing of the line increases as the anode is approached. 

Figure 3. Average deviatoric stresses and average maximum resolved shear stress 

(MRSS) within the line versus time during the in-situ EM experiment. The different 

applied currents are delineated with the vertical dashed lines. 
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