Theory of Electromigration
Electromigration is the transport of material in a conductor under the influence of an applied
electric field. All conductors are susceptible to electromigration, therefore it is important to
consider the effects the electrical current resulting from the applied field may have on the
conductor.
The net force exerted on a single metal ion in a conductor has two opposing contributions:
a direct force and wind force.

Direct Force
Application of an electric field results in an electrostatic pull being exerted on the metal ion core.
The direction and magnitude of the electrostatic pull depend on the charge on the ion core,
modified by screening effects. Positively charged ion cores (cations) are pulled towards the
cathode, whilst negatively charged ion cores (anions) are pulled towards the anode. The direct
force, Fd, is given by:
Fd = aZeE = aZejρ
where a = factor accounting for screening (a<<1); Z = actual valence of the atom; e = electron
charge (1.6 x 10-19 C); j = current density (A m-2);ρ = resistivity (Ω m).
When electromigration in conductors was discovered, it was thought that the migration effects
would be analogous to those in liquid electrolysis.
Consider for example, the electrolysis of the molten salt, NaCl. The Na+ ions move towards the
cathode, whilst the Cl– ions move towards the anode (as shown in the diagram below), as the
electric field is applied.

It was thought that the metal ions within a wire would always move towards the cathode as in
electrolysis. While this is found in some cases, in the metallization of interest for ICs (which are
based on good metal conductors) the migration was observed to be in the opposite direction –
towards the anode. This startling effect results from the wind force.

Wind Force
Electrons move along the metallization line, carrying the current. These electrons tend to scatter.
Electron scattering takes place at imperfections within the lattice: vacancies, impurities, grain
boundaries, dislocations and even phonon vibrations of the metal ions from their ideal positions!
The scattering of electrons gives us electrical resistance but it also results in a force exerted on
the metal ion core.
An electron changes direction as a result of a scattering event. This change in direction is
accompanied by an acceleration, which results in a force. The electrons are also accelerated
within the electric field. When the overall electron drift velocity is established, the force on the

ions due to electron scattering is in the direction of the electron flow – this is known as the wind
force, Fw, which can be described as:
Fw = –eneλσiE
where ne = density of electrons;σi = cross-section for collision; λ = mean free path.

The term electron wind comes from an analogy with, for example, a tree being blown in the
wind. The wind is analogous to the electron current, the leaves on the tree to the metal ions in a
conductor.

Net Force
In good conductors, such as the ones used in IC metallization, the electron wind force is the
dominant force felt by the ion cores, resulting in atomic migration towards the anode. The net
force on the ions can be represented as:
Fnet = Fwind +Fdirect = ( Zw + Zd ) ejρ = Z*ejρ
where Zwind, Zdirect and Z* respectively refer to the effective valences for the wind force, direct
force and the net force.

Diffusion
The migration of the metal ion cores occurs by diffusive jumps. In the cases of interest in
metallization, this is self-diffusion or substitutional diffusion by the vacancy mechanism.
To find out more about diffusion, refer to Diffusion in the MATTER Software.

The rate of diffusion is described by the diffusion coefficient (or diffusivity) with units of m2 s–1.
The diffusivity, D, has an Arrhenius dependence on temperature according to:
D = D0 exp (–Q/RT)
where D0 = constant
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The diffusion coefficient and the activation energy are dependent on the nature of the material.

We depict above a 2-D section through a simple cubic metallic lattice showing a single vacant
site. The vacancy can jump into either position 1, 2, 3 or 4 (i.e. it can exchange position with the
atom in position 1, 2, 3 or 4). Without any external influence, the probability of the vacancy
jumping into each site is equal, as its energy on every site is the same and the activation energy
for a jump from site to site is always the same.
When an electric field is applied, the activation energies for a jump into sites 1 and 2 remain
identical, whereas the activation energy for a jump into site 4 is smaller than that into site 3. This
results in a biasing of vacancy diffusion jumps towards the cathode. This net flux of vacancies
towards the cathode corresponds to the net flux of atoms (or ions) towards the anode. This flux
of metal ions can be considered to be due to the effective charge, Z*, on the ion and the
associated net force as described above.
J = CDFnet/RT = CDZ*eρj/RT
where J = atomic flux (atoms m2 s–1) ; C = atomic concentration (atoms m–3); D = diffusivity
(m2 s–1).
Note that this overall net flux is exceedingly minute. There is only a very slight biasing of atomic
movement e.g. in 1000 atoms 499 would diffuse towards the anode whilst 501 diffuse towards

the cathode, resulting in a net of 2 atoms migrating towards the cathode. Electromigration is a
very slow process, taking time.
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