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Atoms in a current-carrying metal wire can experience electromigration, where the electric field and
associated electric current drive atomic diffusion [1]. Understanding this process is important for the
successful very-large-scale integration (VLSI) of integrated circuits (ICs) [2], since each IC contains
many small wires subject to large current densities. Using scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS), we have observed in situ electromigration in
aluminum wires suspended on electron-transparent, 15 nm-thick silicon nitride membranes. In some
cases, a void that forms with one sign of the electrical current will be subsequently filled when the
current is reversed, indicating the existence of sites that are particularly disposed to both sourcing and
sinking atoms (see Figure 1).
The ability to observe with in situ TEM such gross electromigration-induced changes has been available
for many years [3]. However, using recently developed techniques [4] based on valence EELS, it is now
possible to efficiently determine changes in the structure of a metal wire that are much more subtle. By
mapping the bulk plasmon energy, we can quantify density changes throughout an aluminum wire, both
while it carries electric current and after the current has been switched off. Some of the density changes
are transient; these are present only when the current is on, and indicate the presence of forces below the
threshold required to move atoms from one lattice site to another. Other density changes persist in the
absence of any current; these indicate that electromigration has occurred, with relocation of atoms that is
generally, at least in part, irreversible.
Figure 1 contains three pair of images showing respectively an aluminum wire, the same wire after it has
carried first 2 mA to the right for 30 minutes, and then 2 mA to the left for 30 minutes (a current density
of 1.3x107A/cm2 in each direction). The wire is 100 nm thick, 150 nm wide, and 3 m long. No current
was flowing in the wire as these images were acquired. The first image in each pair (i.e. A, C, and E),
the standard annular dark field STEM image, shows gross structural modifications. For instance, a void
near the center of the wire expands between A and C, and then refills between C and E.
The second image in each pair (i.e. B, D, and F), a map of the plasmon energy, reveals a wealth of
additional detail. Not only are the growth and shrinkage of voids evident, but the grain boundary
structure of the wire is much easier to see [4]. Here the typical size of the grains closer to the contacts,
where the wire heats less, is smaller than it is nearer the center of the wire. A large grain boundary
happens to bisect the wire near its midpoint. Interestingly, the plasmon energy to the left of this
boundary increases in F relative to B and D, indicating that not only has the void of D been filled, the
local atomic density has been increased relative to that of image B. Further measurements of transient
and persistent electromigration effects via on quantitative plasmon energy mapping will be presented at
the meeting.
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Figure 1. Annular dark-field STEM images (A, C and E) and plasmon energy maps (B, D, and F) of an
aluminum wire. The three pairs show the wire, respectively, in an initial (though not pristine) condition,
after current has passed through the wire left to right (positive voltage on the left), and after current has
passed through the wire in the opposite direction. An intensity scale bar for the plasmon energy maps is
shown at right. Arrows point to examples of voids formed after each application of current.
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