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Abstract 

In this study, we combined finite element method 
(FEM) based on Ansys and Noesis Optimus software to 
investigate the effect of bump structures and loading 
conditions on the electromigration properties of solder 
bumps in WLCSP. A numerical model considering 
current density, vacancy concentration, stress and 

temperature was utilized to calculate the vacancy 
concentration in solder bumps. The Optimus is an 
optimization software which can be used to perform the 
design of experiment (DOE) and sensitivity analysis. To 
optimize the bump structure, the DOE and response 
surface modeling (RSM) analysis were performed by 

using Noesis Optimus. The design optimization based on 
Noesis Optimus has three main advantages. First, the 
sensitivity analysis based on DOE results helps to find the 
most contributing factors. Second, it saves huge time 
because hundreds of experiments can be executed 
automatically. Third, it is able to perform evolutionary 

design optimization directly on RSM to identify the 
design’s optimal performance point. The maximum and 
concentration around solder were selected as the index to 
evaluate the effect of parameter combination on 

electromigration properties. 

1. Introduction 

Wafer-level chip-scale packaging (WLCSP) is a 
workhorse in advanced packaging, which has been used 

in various device applications such as smartphones, 
wearable devices, and modern car innovations due to its 
good electrical performance quality and low production 
cost [1]. However, with the miniaturization of 
microelectronic devices, electromigration (EM) in solder 
bumps under high current density has become a critical 

reliability issue for future high-density WLCSP. EM 
damage in solder bumps has been found to have two main 
effects [2]. First, copper (Cu) from substrates reacts with 
the Sn to create an intermetallic compound (IMC). 
Second, when electric current flows, it pushes both Cu 
and Sn atoms away from the site where the electrons enter, 

which can lead to the formation and growth of small voids 
at the interface. As the void size increases, there is an 
increase in electrical resistance through the joint, and 
eventually an open circuit occurs. A common failure 
mode is an electrical open due to interfacial void 
formation induced by IMC growth at the interface 

between the solder and UBM [3]. It is noted that the 
different solder bump structures would induce different 
current spreading, diffuse behaviour and failure 
mechanisms. A full understanding of the effect of solder 

bump structures on EM properties is critical for 

quantifying EM-induced failure in WLCSP. 
Many studies have reported the EM properties of 

solder bumps in WLCSP by considering different bump 
sizes, material selection and loading conditions [4-10]. 
For example, Christine et al [4] studied the effect of 
different solder metallurgy, under bump metallurgy 
(UBM) thickness, and redistribution layer thickness and 
composition on the EM properties. It is reported that 

thicker UBM provides a prolonging lifetime due to the 
lower local joule heating and greater CuSn formation. 
Afterwards, Christine [5] et al. reported EM results for 
five types of interconnects including microbump, copper 
pillar, thermal compression flip chip bump, lead-free 
bump and solder ball. The bump diameter in their study 

changes from 250 μm to 20 μm. They found that the EM 
properties depend on the solder-Cu ratios, and the lower 
solder-Cu ratio presents better EM performance. 
Moreover, the current density and temperature will 
directly affect the EM performance of the solder bump, in 
which the faster grain growth will be caused by increasing 

the current density and temperature [6]. 
Besides the experimental studies on EM of solder 

bump, there are a lot of studies attempting to predict the 
EM failure and to evaluate the EM lifetime through 
modeling [11-15]. The atomic flux divergence (AFD) 
method and atomic density integral (ADI) based on finite 
element models are two main methods which are popular 
in industry. Cai et al [13] developed a methodology to 

consider the diffusion of atoms in solder joints based on 
Multiphysics field migration to study the current 
redistribution influence of vias in Ball Grid Array (BGA). 
The AFD method in their study was based on a fully 
coupled model in Ansys. Recently, phase field modelling 
[14, 15] was proposed to study the Cu-Sn reaction during 

electromigration. It was revealed that vacancy transport 
due to the difference in intrinsic diffusion of elements in 
different features of the microstructure, and the severe 
unidirectional convective flux of atoms due to the 
enforced electron wind that ultimately paves the road to 

study nucleation of microvoids.  

The aim of this work is to investigate the effect of 
solder bump structure on EM reliability for solder bumps 

in WLCSP. FEM based on Ansys and an optimization 
tool named Noesis Optimus were combined to establish 
the RSM of EM of solder bumps. The effect of 
passivation opening, UBM thickness, and loading 
condition on the EM performance of the solder bump was 

revealed and optimized.  
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Fig. 1. Diagram of bump structure in WLCSP 

2. Basic migration formulation and FEM model 

Thermal, electric, stress and atomic concentration 
interact through the physical field sources provided by 
each other. In this study, the temperature gradient is 
ignored. Therefore, a numerical model is established for 

electromigration of solder joints, considering the effects 
of current density, stress and concentration. The atomic 

flux can be expressed as follows:  

Tol Em S CJ J J J= + +           (1) 

*

Tol m

cD cD
J Z e j D c

kT kT
 = −  −     (2) 

where c is the atomic concentration; D is the 
diffusivity; k is Boltzmann’s constant; T is the absolute 

temperature; e is the electronic charge;  is the resistivity 

which is calculated as  = 0(1 + α(T - T0)), α is the 
temperature coefficient of the metallic material; j is the 

current density; D is the diffusivity; Z* is effective charge 

number; Q* is heat of transport;  is the atomic volume; 

m is the local hydrostatic stress. 

In this study, a double bump model is modelled in the 

commercial FEA software Ansys. The bottom and the top 
surfaces of the structure were fixed. A current of 5A is 
applied to the bumo structure through Cu trace for 
electrical connection. The temperature is set as 150℃ and 
the total time is 1000h. The current distribution is shown 
in Fig. 2. It is shown that the maximum current density is 

located at the interface of UBM. 

 
Fig. 2. Current distribution of the bump model 

3. Results and Discussion 

The effect of repassivation opening and UBM 
thickness on the EM properties were studied. It is found 

that both the repassivation opening and UBM thickness 
have a significant effect on the normalized concentration 
distribution. As shown in Fig. 3b, the smaller 
repassivation opening caused higher vacancy 
concentration than reference shown in Fig. 3a, which is 
due to the severe current crowding effect. However, the 

vacancy concentration decreases as the size of 
repassivation opening increases. It is recommended to 
enlarge the size of repassivation opening to reduce the 
earlier EM-induced failure in solder bumps in WLCSP. 
Fig. 3c presents the normalized concentration distribution 
with the thicker UBM. It is found that the maximum 

concentration is slightly lower than the reference shown 

in Fig. 3a.  

 
Fig. 3. Normalized concentration distribution in (a) 

Reference; (b) smaller repassivation; (c) thicker UBM. 
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To optimize the repassivation opening and the UBM 

thickness and perform the sensitive analysis, a DOE based 
on Optimus was carried out. Here, we consider the 
loading condition (current, temperature and time), 
repassivation and UBM thickness. Latin-hypercube 
sampling generates a set of experiments (100 groups) 
randomly in the design space (5 parameters), which 

means that 100 times of simulations were performed. The 
maximum concentration is selected as the index. Fig. 4 
presents the table of the Pearson correlation coefficient, 
which is calculated based on the maximum concentration 
from the 100 groups of simulation. The Pearson 
correlation is a measure of the strength of a linear 

association between two variables. As shown in Fig. 4, 
the current, temperature, time and repassivation opening 
have a significant influence on the maximum 
concentration. While the UBM thickness has a slight 
influence on the maximum concentration. The results 
clarify that the influence sequence of individual 

parameters on the maximum concentration is current > 
temperature > repassivation opening > time >> UBM 
thickness. Moreover, the response surface was established 
as shown in Fig. 5. The repassivation opening with 
160μm and the UBM thickness of 15μm will produce the 
smallest maximum concentration during EM. The 

difference between the results from the simulation and the 
response surface is smaller than 5%. Thus, the response 
surface method based on optimus and Ansys would offer 
a quick and reliable optimization tool for the design of 

bump structure. 

 

 
Fig. 4. Pearson correlation coefficient table 

 

 
Fig. 5. Response surface of repassivation opening and 

UBM thickness with the maximum concentration 

 

4. Conclusions 

In this paper, the effect of repassivation opening, the 
ubm thickness and the loading condition (current, 
temperature and time) on the EM performance of solder 
bump was studied. A multiparameter optimization tool 
(Optimus) combined with Ansys was used to perform a 

DOE and sensitivity analysis. Results show that the 
influence sequence of individual parameter on the 
maximum concentration is current > temperature > 

repassivation opening > time >> UBM thickness.  
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