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ABSTRACT

Electromigration (EM) in solder joints under high current density has become a critical reliability issue for the
future high density microelectronic packaging. This paper presents a prediction method for electromigration (EM)
induced void generation of solder joint in a wafer level Chip Scale Package (WL-CSP) structure. The driving force
for electromigration induced failure considered here includes the electron wind force, stress gradients, temperature
gradients, as well as the atomic density gradient. To understand impact of the under ball metallurgy (UBM)
geometry and solder bump shape on electromigration reliability, the EM simulation for WL-CSP structure is
performed to get time to failure (TTF) based on the full factorial design of experiments (DOE) by using 3D finite
element analysis. The analysis of the impact of under ball metallurgy and solder bump geometry on the void
generation and TTF is presented.
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INTRODUCTION

It is well known that, as the electronics industry continues to push for high performance and miniaturization, the
demands of higher current densities increases. This may cause electromigration failures, not only in integrated
circuit (IC) interconnects but also in solder joints of IC packages. [1].The solder bump under a flip CSP or a
WL-CSP has a UBM on the chip side and a bump pad on substrate side. One challenge we face as the chip size
shrinks, is how to design a robust UBM and solder bump shape to reduce the electromigration failure and to obtain
the longer time to failure (TTF) life in a optimization solution.

In a solder system of a flip chip or a CSP, the failure phenomenon of electromigration has been found inside the
solder joint which is adjacent to the under bump metallization (UBM) layer [2]. Due to the unique geometry of a flip
chip, current crowding occurs at the contact interface between the solder bump and the UBM. The current crowding
and the high temperature at the contact interface between the solder bump and the UBM causes the formation of
voids [3]. The void propagates across the entire solder/UBM interface and leads to failure finally. Therefore, how to
design the UBM geometry with different UBM rim angles to improve the failure life of EM is essential. In order to
make the failure life of the package structure as longer as possible, some studies tried to optimize the ball shapes at
ball level, such as the double-bump [4]. It also indicated that the double-bump WLP had much better reliability than
standard WLP packages under thermal cycling. But whether it has a better EM life needs to be studied further.

This paper studies electromigration induced void generation in a WL-CSP structure based on the previous work
[5-6]. The electronicmigration formulation considering the effects of the electron wind force, stress gradients,
temperature gradients, and the atomic density gradient has demonstrated reasonable predicted TTF results as
compared to electronicmigration test results. For understanding the impact of the UBM geometry and solder bump
shape on electromigration reliability, this paper proposes a parametric simulation for UBM geometry with different
UBM rim angle, diameter and thickness, as well as different solder bump shape.
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BASIC ELECTROMIGRATION FORMULATION
Electromigration is a diffusion process which is controlled by masstransportation. The time dependent evolution
equation of the local atomic density can be given as

oc
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Where ¢ is the normalized atomic density (NAD), c=C/C,, C is the actual atomic density and C, is the initial
(equilibrium state) atomic density in the absence of a stress field, t is the time; q is the total normalized atomic

flux.

The atomic density includes electron windforce, stress gradients, temperature gradients, and the atomic
densitygradient, respectively. The total normalized atomic flux can be written by [5]
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where k is Boltzmann’s constant; e is the electronic charge; Z'is the effective charge which is determined
experimentally; T is the absolute temperature; p is the resistivity which is calculated as p = p,(1+«(T -T,)), where
ais the temperature coefficient of the metallic material, p,is the resistivity at To; j is the current density vector;
Q" is the heat of transport; Qis the atomic volume; o, = (o, + o, +0,)/3 is the local hydrostatic stress, where o3,

o, o3 are the components of principal stress; D is the effective atom diffusivity, D = D, exp(— k'Ia' ] where E,is the

activation energy, Dy is the effective thermally activated diffusion coefficient.

For the EM evolution equation (Eqg. (1))on any enclosed domain V with the corresponding boundary/; the atomic
flux boundary conditions (B.C.) of metal interconnects can usually be expressed as

g-n=q, on T 4
For blocking boundary condition,

g,=0 on I ®)
For the initial time, the normalized atomic density for all nodes is

c, =1 (6)

The above equations and boundary conditions constitute the boundary value problem that governs the atomic
transport during EM. This boundary value problem must be solved accurately in order to adequately describe the
continuous atom redistribution and to capture the realistic kinetics of void nucleation and growth as a function of the
interconnect architecture, segment geometry, material properties, and stress conditions. Different from previous
methodology, the effect of atomic density gradient is not neglected; it is included in equation (1).

In order to perform the analysis of electromigration, coupled diffusion and thermal-electric-structural analysis is
needed. The EM void evaluation simulation consists of the simulation part for an incubation period and a void
growth period. In the simulation for the incubation period, at first, the initial distributions of current density and
temperature in the interconnect structure are obtained by the 3D finite element method analysis based on the ANSY'S
platform. Then, atomic density redistribution in the interconnect structure are solved based on the atomic density
redistribution simulation code written in a FORTRAN code [5-6].
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*

Assume that there is a critical normalized atomic density for void initiation, ¢
r:ﬂn (C S C
when the normalized atomic density c is greater than or equal toc_ . (c>c__ ), a hillock will be generated. For the

max max

solder material, a criterion for void generation is selected to be ¢, =0.85. The work in this paper can show the

location of hillock, but it has not yet considered the formation of a hillock. In the simulation procedure of the void

growth period, once the average atomic density value of the elements are less than the critical atomic density for
void initiationc’, , the corresponding elements will be killed ("element death") and the structure need to be
reconstructed. To achieve the "element death” effect, ANSYS do not actually remove "killed" elements. Instead, it
deactivates them by reducing the element material attribute, such as the elastic modulus and resistivity, by a factor
of1.0E-6.In the semiconductor industry for a WL-CSP bump failure criterion, a 15% increment in electrical

resistance of the bump is usually considered EM failure. This criterion is used in this work to get the final TTF.

and for hillock initiation, ¢

min 7 max *

*

When the normalized atomic density c is less than or equal to ¢ ), a void will appear [7]. Conversely,

min

EM FAILURE ANALYSIS FOR SOLDER JOINTS IN WL-CSP

Gee et al. [3] have done the electromigration test for SnAgCu and SnPb solder joints in a WL-CSP package. The
package has 36 solder bumps with 500 um pitch. The dimension of silicon chip is 1.6 mmx1.6mmx0.5mm. Solder
bumps are 0.15 mm in diameter and 0.2 in height. The exterior 20 solder bumps are assumed to connect with each
other in a daisy chain as shown in Fig.1. Sub-model technique in ANSYS is introduced to get the better response of
the electronic migration. The global thermal-electric coupled field model uses Solid69 element and the global stress
model uses Viscol07 element for solder bumps and Solid45 element for the remaining parts of the model. Firstly,
the global structure is modeled using relative coarse elements firstly. Secondly, a refined thermal-electric coupled
field sub-model and a refined stress sub-model with UBM (Al/NI(V)/Cu) layer are then constructed as shown in Fig.
2.

- (a) o -
o nociE Sub-model

Fig. 1: WL-CSP package model: (a) WL-CSP package structure; (b) local view
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(b)

Fig. 2: Sub-model of WL-CSP structure: (a) solid sub-model and its mesh; (b) local view of solder bump

The solder bump material is 95SnAg4.5Cu0.5. The related thermal mechanical and electrical constants used in the
simulation are taken from refs. [6, 8].The electromigration parameters of solder bumps are selected from the

previous refs [8-10, 18]. In addition, for the solder bump EM void failure, ¢, =0.85andc,  =1.15 are used.

Fig.3 shows the electron flow direction in a global model. The free convection boundary condition is applied with
17 W/m?-°C film coefficient and 50°C bulk temperature. Three different current 1.6A, 1.7A and 1.8A are applied.
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Electron flow

Fig. 3: Electron flow direction in a global model
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Fig. 4: Temperature and current density distribution of solder bump
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Fig. 5: Void formation between simulation solutions and test results
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Fig. 6:Comparison of TTF between simulation solutions and test results

Fig.4 shows the temperature and current density distribution of the solder bump under current 1.6A.From the Fig.4,
it can be seen that the current crowding occurs at the contact interface between the solder bump and Al line at which
a large portion of the electron enters the solder bump. The current density at the corner is approximately one order of
the magnitude higher than the average current density in solder bumps. Fig. 5 shows void shape and location
comparison between simulation and test. From the Fig.5, we can see the void by simulation appears at the solder
bump adjacent the UBM layer which is similar to the void and failure mode shown in the test [3].Based on atomic
density redistribution algorithm, TTF of CSP structure under high current density can be calculated. A comparison of
the simulation results for TTF and the previous experimental test results is also presented in Fig.6. The results show
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that the simulated TTF data agree well with the tested mean time to failure (MTTF). There is some difference in the
current of 1.65A, this might be either due to the modeling setting up and selected parameters need to be further
validated or the error of the test system.

PARAMETER SIMULATIONS FOR UBM AND SOLDER BUMP

The parameters of DOE include UBM rim angle, UBM diameter, and UBM thickness and solder bump shape. Fig.7
gives the schematic three different UBM rim angles. Table 1 lists the total parameters of DOE. The current 1.7A is
applied in this section.

Table 1: Design parameters of DOE

Design parameters Value

UBM rim angle 0°, 15°, 30°, 45°, 60°, 75°, 90°
UBMdiameter 0.09mm, 0.11mm, 0.125mm
UBMrthickness 0.00106mm, 0.00212mm, 0.00424mm

Solder bump shape  Ball, Cylinder, Square Cube, Double ball

Fig.8show the TTF and voidwith different UBM rim angle. It shows that the UBM geometry has a significant impact
on the solder bump void growth and TTF. The 75°UBM rim angle get the longest the solder bump TTF, the 0°UBM
and the 90°UBM rim angle is the poor structures to withstand the electromigration failure. Fig.8 alsoshows voids
with three UBM rim angles. It is obsevered that all these voids appear in the solder bump adjacent to the UBM
layer.Fig.9 shows the impact of UBM diameter on TTF. As the UBM diameter increases, the EM life also increases.
Fig. 10 shows the impact of UBM thickness on TTF with 30° UBM rim angle. From Fig. 10, it can be observed that
the thicker of UBM, the longer of the TTF life.
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Fig.7: Schematic diagram of UBM rim angle
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Fig.8: TTF and void with different UBM rim angle
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Fig.9: TTF and void with different UBM diameter
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Fig.10: TTF with different UBM thicknesses

In order to study the impact of shapes of ball on EM TTF life, this paper selects cylinder, cube and single and dual
balls. Those shapes keep the same volume with the same height (except dual ball). The dual ball has twice the
volume of a single ball. Table 2 gives the TTF comparison with different bump shapes. From the Table 2 it can be
seen that the cylinder bump has the longest TTF while dual bump gives the shortest TTF.

Table 2: TTF of different Solder bump shapes

Solder bump shapes  TTF(hours)

Spheroid 1947.2
Cylinder 20458.6
Cube 15941.7
Double ball 945.3
CONCLUSION

The simulation results show that the UBM geometry and bump shape have significant impact on the solder bump
void growth and TTF. There is a best solution for UBM rim angle (750 in the bump layout of this paper). A thicker
and larger diameter UBM will help to produce the longer bump TTF. Simulation also shows that if we keep the same
shape of solder bump, the larger (and higher) the solder bump, the longer the TTF. In addition to that, different bump
shapes in dual ball, ball, cylinder and cube are studied. The results show that the cylinder bump gives the longest
TTF life following by the cube bump and the single ball bump, while the double ball bump is found to have the
shortest TTF. It is the weakest bump to withstand the electromigration failure. Therefore in WL-CSP design, a robust
design against electromigration should consider optimized UBM and bump geometry parameters to get the best
solution, like selecting a thicker UBM, shorter bump pitch, lower bump and cylindrical bump shape.
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