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Background/Motivation


As the size of microelectronic devices continues to decrease, interconnects in the devices are scaling down correspondingly.  Meanwhile, the demand for performance in terms of current capacity continues to increase.  The coupling of these two trends leads to a drastically increasing current density in the devices during operation.  One of the most significant problems associated with this large current density is a process known as electromigration that is observed in the solder bumps that connect the integrated circuit chips to external circuitry (see Figure 1).  
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Figure 1:  Representation of typical flip chip solder bump

joining interconnect line to conducting trace [1].

Electromigration is mass transport due to atomic displacement resulting from an electric field.  As electrons move through a metal lattice, they tend to scatter at imperfections or by interactions due to phonon vibrations.  This scattering results in change in the momentum of the electrons and hence exerts a force on the metal ions known as the wind force and given by 
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, where Z* is the effective charge number, e is the charge of the electron, ρ is the resistivity, and j is the current density [2].  Hence, one can see that this force is directly proportional to the current density, and above some threshold, this force is large enough to motivate atoms to diffuse (move) from their original positions in the direction of the electron flow.  The threshold current density is much smaller in the solder bump than in the Al and Cu interconnects that the solder joins; thus, electromigration in the solder bump can be significant.  Furthermore, it has been suggested that the diffusion of atoms caused by electromigration creates tension upstream and compression downstream as atoms accumulate at downstream interfaces and are depleted upstream [3].  Experimental evidence verifies this idea as voids (created under tensile stress) are seen upstream in the solder bumps (see Figure 2).  Accumulation and propagation of these voids leads to increased electrical resistance and eventual failure of the solder bump.  However, electromigration is only one factor in the creation of the voids; a wide range of others including chemical potential, temperature, creep, and mechanical stress may play additional roles.
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Figure 2:  Formation of Voids due Electromigration in a Flip Chip Solder Joint.  The voids have been circled and they are clearly upstream in the electron flow [4].

Dr. Suo has proposed a model that couples creep and self-diffusion (in the case of the solder the wind force drives the self-diffusion) [5].  We currently are attempting to apply this theory to the solder bump during operation.  One other factor that we want to take into consideration is an applied mechanical stress, as it has been observed experimentally that an applied mechanical stress decreases the mean time to failure of the solder bump.  Such a stress is introduced naturally during operation due to the thermal mismatch between the Si die on one side of the solder bump and the substrate (a printed circuit board – PCB) on the other (Figure 1).  The PCB’s are primarily made of polymers and hence are essentially insulators.  Thus, during operation their temperature changes very little so they are not subject to thermal strain.  However, the Si die is a good heat conductor and can experience significant thermal strains during operation.  This results in warpage (increased curvature) of the Si die during operation, which can lead to various mechanical stresses being placed on the solder bumps.  Accurate estimation of these naturally occurring mechanical stresses will allow us to predict how much of a role they have in the overall stress state of the solder bump compared to the other factors such as creep coupled with electromigration.   
Finite Element Analysis 

Finite element analysis will be employed to predict mechanical stress levels in these solder bumps due to temperature change during operation.  The model will take into account the Si die, the PCB substrate, and the solder bumps (and possibly the underfill – see Figure 1).  Various stress states are predicted at different locations along the Si die due to its warpage from thermal strains (see Figure 3).  So, a few (3-5) solder bumps will be introduced at equally spaced intervals along the die to observe this dependence of stress on bump location. Depending on the success of the primary analysis, subsequent analysis may be performed on the same system but with some voids introduced in the solder bumps to predict stress during later stages of electromigration.

Figure 3:  Predicted stresses in solder bumps due to Si die warpage
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*Note:  If you want to read a reference to get familiar with the topic, I suggest reference [2].
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