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Abstract 
 
Recent experiments have shown failure in flip chip micro solder joints induced by electromigration. This paper pro-

poses a computational model to simulate the evolution of micro and sub-micro scale solder joints due to electromigra-
tion induced diffusion. Complicated morphological changes of the solder bump and multiple mechanisms cause a 
computational challenge. This is addressed by employing a diffuse interface model with multiple concentrations. To 
efficiently resolve complications, a semi-implicit Fourier spectral scheme and a biconjugate-gradient method are 
adopted. Results have demonstrated rich dynamics and solder breakage at the interface on the cathode side. 
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1. Introduction 

Flip chip is one of the rapidly growing microe-
lectronics packaging technologies due to its high 
input/output counts, better electrical performance, 
high throughput and low profile. In flip chip, solder 
joints are the interconnection between a die and the 
package carrier. Along with the trend of miniaturi-
zation, the diameter of a solder joint has been re-
duced from 100 µm to 50 µm and smaller. The av-
erage current density easily reaches 104 A/cm2 and 
higher [1]. Under such high current density, elec-
tromigration in solder joints becomes a major con-
cern for flip chip reliability. The transport of mo-
mentum from electrons to atoms causes a flux of 
metal atoms diffusing in the direction of the elec-
tron flow. At the sites of flux divergence, atoms 
will either deplete or accumulate, leading to the 
development of voids or hillocks which may cause 
failure of solder joints.  

Experimental techniques have been developed to 
quantitatively investigate the electromigration proc-
ess in a solder. Characteristics such as activation 
energy, critical length, threshold current density, 
effective charge numbers and electromigration rate 
have been measured [2, 3]. From experiments dur-
ing the operation of a real flip chip, it has been also 
observed that void formation starts near the current 
crowding region of the solder contact, and spreads 
quickly across the contact area after nucleation [4]. 
Voids developed at the contact area reduce the con-
tact cross-section. The associated increase of local 
current density further promotes electromigration 
and eventually leads to failure such as breakage. 
Prediction of the solder reliability demands ad-
vanced computational tools. Several studies have 
addressed the two-dimensional shape evolution of 
solder joints, where a void was assumed to have a 
pancake shape [5, 6].  

We present a three-dimensional model for the elec-
tromigration-induced evolution of flip chip solder 
joints. Previous two-dimensional modeling studies 
assumed preexisting voids which evolve following 
the guided evolving directions and shapes within 
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steady solders. Our three-dimensional dynamic model 
allows us to investigate the dynamic deformation of a 
contact region between an evolving solder bump and 
a flip chip. The failure time predicted with a two-
dimensional model was calculated by the progress of 
a bar-shaped void at the contact region. It can have 
cases with definite deviations from the failure time 
calculated by the three-dimensional deformation of 
the contact region. Considerable change of geometry 
in solder during evolution and multiple mechanisms 
in the system cause a computational challenge. This is 
addressed by employing a diffuse interface model 
with multiple concentrations. Three concentrations 
generate three different regions, flip chip, solder, and 
air. Each region with different material properties 
evolves simultaneously. To efficiently resolve these 
complications, a robust numerical scheme is adopted. 
 

2. Model  

We model the electromigration-induced evolu-
tion of a solder joint and consider a lead-free solder 
that has been currently replacing the conventional 
eutectic solders. It has been considered that the 
elevated operating temperature may affect the evo-
lution process of the eutectic solder joint. Generally, 
the effect of a high operating temperature on the 
eutectic solder has been investigated by increased 
atomic diffusivity that would accelerate the evolu-
tion process [5], or by the additional strain due to 
thermal expansion [7]. However, the melting point 
of the lead-free solder that is considered in this 
paper is around 218 ℃. This melting point is much 
higher than that of a typical eutectic solder, which 
is around 180 ℃. Moreover, an improved thermal 
management that led to the solder joint without 
much heat generation even with very high current 
density, which was around 104 A/cm2, was devel-
oped in experiments [7]. Furthermore, there is an 
experimental study which indicates that the electric 
current has a greater influence on even the eutectic 
solder joint than temperature [8]. Hence, we have 
not incorporated the temperature effect into the 
model explicitly but implicitly by the mobility of 
the solder. The increased mobility due to the ele-
vated temperature will affect the calculated evolu-
tion time, which is normalized by the mobility of 
the solder, and the corresponding failure time.  

Fig. 1 shows a schematic drawing of the flip chip 
solder joint sandwiched between two copper plates.  

  
Fig. 1. A schematic drawing of a flip-chip solder joint. The 
two concentration fields, 1C  and 2C , represent a lead-free 
solder and plates, respectively. 

 
The solder may change its morphology by diffusion 
via electron wind. The arrows marked by e  indicate 
the direction of electron flow. In order to efficiently 
present the morphological change of this system that 
incorporates multiple kinetics and energetics, a dif-
fuse interface model is employed. We have demon-
strated its efficiency in simulating dynamic evolutions 
of various nano/microstructures involving multiple 
mechanisms [9-12]. Here, three concentration fields, 

1C , 2C , and 3C , are introduced to represent the 
lead-free solder, the copper plates, and air, respec-
tively. We define a concentration 1C  by the volume 
fraction of the lead-free solder and a concentration 

2C  by the volume fraction of the copper plates. Air 
in the domain is represented by 3C  which is 

1 21 C C− − . The concentrations are regarded as spa-
tially continuous and time-dependent functions, 

( )1 1 2 3, , ,C x x x t  and ( )2 1 2 3, , ,C x x x t . For simplicity, 
we assume isotropic surface energy and diffusivity. 

Following Cahn-Hilliard, the free energy of the 
system with multiple concentrations can be defined 
as  

 

( ) ( ){ 2
1 2 11 1,cG g C C h C= + ∇∫   

( ) ( )}2
22 2 12 1 2h C h C C dV+ ∇ + ∇ ∇ .  (1) 

 
The first term represents the chemical energy in the 

system. Other terms account for the interfacial energy 
between three components, where 11h , 22h , and 12h  
are material constants. Atoms diffuse in the solder 
bump from high chemical potential regions to low 
chemical potential regions, which causes the solder 
bump to change its shape. The corresponding driving 
forces for diffusion in the solder bump and the plates 
are attributed to the chemical potential by 

0
1 1
chem µ= −∇F  and 0

2 2
chem µ= −∇F , respectively. The 

chemical potential is related to the free energy by 
0
1 1/G Cµ δ δ=  and 0

2 2/G Cµ δ δ= . In an electric 
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field, one driving force is attributed to the electron 
wind force. Thus, the total driving force can be ex-
pressed by 1 1 1

chem elec= +F F F  and 2 2 2
chem elec= +F F F , 

where 1
elecF and 2

elecF  are the driving force related 
with the electric field in the solder bump and the 
plates, respectively. The total driving force leads to 
the atomic flux of 1 1 1M=J F  and 2 2 2M=J F . By 
combining with the mass conservation relation, 

1 1 0C t∂ ∂ +∇ ⋅ =J  and 2 2 0C t∂ ∂ +∇ ⋅ =J , Cahn 
Hilliard equations are obtained as follows: 

 

2 21
1 11 1 12 2 1

1

2 eleccC gM h C h C
t C

δ
δ

⎡ ⎤⎧ ⎫⎛ ⎞∂ ⎪ ⎪=∇ ∇ − ∇ − ∇ +⎢ ⎥⎜ ⎟⎨ ⎬∂ ⎢ ⎥⎪ ⎪⎝ ⎠⎩ ⎭⎣ ⎦
F , (2) 

2 22
2 22 2 12 1 2

2

2 eleccC gM h C h C
t C

δ
δ

⎡ ⎤⎧ ⎫⎛ ⎞∂ ⎪ ⎪=∇ ∇ − ∇ − ∇ +⎢ ⎥⎜ ⎟⎨ ⎬∂ ⎢ ⎥⎪ ⎪⎝ ⎠⎩ ⎭⎣ ⎦
F , (3) 

 
The electron-wind force refers to the effect of the 
momentum exchange between the moving electrons 
and the ionic atoms and is described as  

 

1 1
elec ef φ= − ∇F , 2 2

elec ef φ= − ∇F ,  (4) 
 
where 1 1 1/ef e Z ∗= Ω  and 2 2 2/ef e Z ∗= Ω . 1Ω  

and 2Ω  are the atomic volume of tin and copper, 

respectively. 1Z ∗  and 2Z ∗  are the phenomenologi-
cal effective valence of the atom of tin and copper, 
respectively. e  is the charge of an electron. The 
negative signs in equations mean that the force is in 
the direction of the electron flow. Due to the con-
servation of electric charges and Ohm’s law, the 
electric potential obeys the Laplace equation, 

 
( ){ }1 2, 0C Cξ φ∇ ⋅ ∇ = ,  (5)  

 
where ξ  is the conductivity of the media, which is 
linearly interpolated by that of the solder bump and 
the copper plates, namely, ( ) 1 1 2 2C C Cξ ξ ξ= + . 
This partial differential equation, together with 
boundary conditions, determines the electric poten-
tial. 

The chemical energy with three components has 
been derived from the studies of two-phase solidifi-
cation [13]: 

 

( ) ( )( ) ( ){ }2
2 21

1 1 1 3 2 1 115 1 1 9 5
4

Ca C C C C C C+ − + − − + −
 

( ) ( )( ) ( ){ }2
2 22

2 2 2 3 1 2 215 1 1 9 5
4

Ca C C C C C C+ − + − − + −
 

( ) ( )( ) ( ){ }2
2 23

3 3 3 1 2 3 315 1 1 9 5
4

Ca C C C C C C+ − + − − + − .  

 (6) 
By taking 1 2 3 1a a a= = =  for simplicity and 

3 1 21C C C= − − , the chemical potentials are ex-
pressed by 

( )( ){ }2 2
0 1 2 1 1 1 2 2 2

1

2 2 1 2 2 2 2cg f C C C C CC C C
C
∂ = + − − + − +
∂

, (7) 

( )( ){ }2 2
0 1 2 1 1 1 2 2 2

2

2 2 1 2 2 2 2cg f C C C C CC C C
C
∂ = + − − + − +
∂

.  (8) 

By normalization with the characteristic 
length, cL , time, ct , 

0 2 2 2 21
1 1 11 1 12 2

1
2

C M Ch C Ch C E
t

µ φ⎧ ⎫∂ ⎛ ⎞=∇ ∇ − ∇ − ∇ −⎨ ⎬⎜ ⎟∂ ⎝ ⎠⎩ ⎭
, (9) 

0 2 2 2 22
2 2 22 2 12 1

1
2M

CR M Ch C Ch C E
t

µ φ
⎧ ⎫∂ ⎛ ⎞=∇ ∇ − ∇ − ∇ −⎨ ⎬⎜ ⎟∂ ⎝ ⎠⎩ ⎭

,  (10) 

 
where the chemical potentials are 

( )( )0 2 2
1 1 2 1 1 1 2 2 22 1 2 2 2 2C C C C C C C Cµ = + − − + − +  

and ( )( )0 2 2
2 1 2 1 1 1 2 2 22 1 2 2 2 2C C C C CC C Cµ = + − − + − + . 

The characteristic variables are 2
1 0/ 2c c ct L M f= , 

2
11 11 0/ cCh h L f= , 2

12 12 0/ cCh h L f= , and 
2

22 22 0/ cCh h L f= . MR  is the ratio of the character-
istic mobilities, 1 2/M c cR M M=  and 0/ 2cE fφ= . 

11Ch , 22Ch , and 12Ch  are the Cahn numbers 
which represent the relative significance of the in-
terface energy between materials. 
 

3. Numerical implementation  

The numerical approach needs to have a high spa-
tial resolution to resolve the high order derivatives in 
the diffusion equation as well as the large gradients at 
the interface region. The approach should also be 
efficient and stable for the time integration, which is 
especially important for three-dimensional simula-
tions. We propose an efficient semi-implicit Fourier 
spectral method for both high spatial resolution and 
fast computation. The central idea of the semi-
implicit method is to treat the linear term implicitly 
and the nonlinear term explicitly to allow for larger 
time steps without losing numerical stability [14, 15]. 
In contrast, a fully implicit treatment yields expensive 
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schemes while explicit discretization quickly leads to 
numerical instability or needs impractical time-step 
constraint,  

 
2 2 2 4 2 41

1 1 1 2 11 1 12 2
12
2

C C C Ch C Ch C
t

τ τ∂ = ∇ + ∇ − ∇ − ∇
∂  

0 2 2 2 2
1 1 11 1 12 2

1
2

M Ch C Ch C Eµ φ
⎧ ⎛ ⎞+ ∇ ⋅ ∇ − ∇ − ∇ −⎨ ⎜ ⎟

⎝ ⎠⎩
 

2 2 2 4 2 4
1 1 1 2 11 1 12 2

12
2

C C Ch C Ch Cτ τ ⎫− ∇ − ∇ + ∇ + ∇ ⎬
⎭

,  (11) 

2 2 2 42
2 2 2 1 22 22M

CR C C Ch C
t

τ τ∂ = ∇ + ∇ − ∇
∂  

2 4 0 2 2 2 2
12 1 2 2 22 2 12 1

1 1
2 2

Ch C M Ch C Ch Cµ
⎧ ⎛− ∇ + ∇⋅ ∇ − ∇ − ∇⎨ ⎜

⎝⎩
 

) 2 2 2 4 2 4
2 2 2 1 22 2 12 1

12
2

E C C Ch C Ch Cφ τ τ ⎫− − ∇ − ∇ + ∇ + ∇ ⎬
⎭

  

 (12) 
 
Note that stability is achieved in conjunction with the 
extrapolated Gear (SBDF) scheme for time integra-
tion. Among the second order multi-step methods, 
SBDF has the strongest high modal decay [16]. This 
provides the required damping for the very high fre-
quencies in the diffusion equation without a harsh 
time-step constraint. Applying the scheme to the 
normalized diffusion equation, we obtain the follow-
ing discretized form: 
 

(1 1 2 1 2 1
1 1 1 1 1 1 2

3 12 2
2 2

n n n n nC C C t C Cτ τ+ − + +− + = ∆ ∇ + ∇
 

2 4 1 2 4 1 1
11 1 12 2 1 1

1 2
2

n n n nCh C Ch C P P+ + −⎞− ∇ − ∇ + −⎟
⎠

,  (13) 

(1 1 2 1 2 1
2 2 2 2 2 2 1

3 12 2
2 2

n n n n n

M

tC C C C C
R

τ τ+ − + +∆− + = ∇ + ∇  

2 4 1 2 4 1 1
22 2 12 1 2 2

1 2
2

n n n nCh C Ch C P P+ + −⎞− ∇ − ∇ + −⎟
⎠

.  (14) 

 
where  

({ 0 2 2 2 2
1 1 1 11 1 12 2 / 2n n n nP t M Ch C Ch Cµ= ∆ ∇ ⋅ ∇ − ∇ − ∇

 
) }2 2 2 4 2 2

1 1 1 2 11 1 12 22 /2n n n nE C C Ch C Ch Cφ τ τ− − ∇ − ∇ + ∇ + ∇
, 

(15) 
( ) ({ 0 2 2 2 2

2 2 2 22 2 12 1/ / 2n n n n
MP t R M Ch C Ch Cµ= ∆ ∇⋅ ∇ − ∇ − ∇  

) }2 2 2 4 2 2
2 2 2 1 22 2 12 12 /2n n n nE C C Ch C Ch Cφ τ τ− − ∇ − ∇ + ∇ + ∇ .  

 (16) 

By applying the Fourier transform to Eqs. (13) and 
(14), we effectively perform calculations with  

 

1 1 1
1 4 1 1 1 1

1 1ˆ ˆ ˆ ˆ ˆ2 2
2

n n n n nC L C C P P
Det

+ − −⎧ ⎛ ⎞= − + −⎨ ⎜ ⎟
⎝ ⎠⎩

  

1 1
2 2 2 2 2

1ˆ ˆ ˆ ˆ2 2
2

n n n nL C C P P− − ⎫⎛ ⎞− − + − ⎬⎜ ⎟
⎝ ⎠⎭

,  (17) 

1 1 1
2 3 1 1 1 1

1 1ˆ ˆ ˆ ˆ ˆ2 2
2

n n n n nC L C C P P
Det

+ − −⎧ ⎛ ⎞= − − + −⎨ ⎜ ⎟
⎝ ⎠⎩  

1 1
1 2 2 2 2

1ˆ ˆ ˆ ˆ2 2
2

n n n nL C C P P− − ⎫⎛ ⎞+ − + − ⎬⎜ ⎟
⎝ ⎠⎭

,  (18) 

 
where 2 2 4

1 1 113/ 2 2L tk Ch tkτ= + ∆ + ∆ , 
2 2 4

2 1 12 / 2L tk Ch tkτ= ∆ + ∆ , 
( )2 2 4

3 2 12/ / 2M ML tk R Ch tk Rτ= ∆ + ∆ , 
2 2 4

4 2 223/ 2 2 / /M ML tk R Ch tk Rτ= + ∆ + ∆ , 
1 4 2 3Det L L L L= − . The caret ‘^’ stands for the Fou-

rier Transform, and 2 2 2 2
1 2 3k k k k= + + . The electric 

field is determined by ( ){ }1 2, 0C Cξ φ∇ ⋅ ∇ = , which 
can also be written as 2 0ξ φ ξ φ∇ +∇ ⋅∇ = . We apply 
the second order discretization and compute the ma-
trix with the preconditioned biconjugate gradient 
method [17]. The Jacobi preconditioner is adopted. 
The approach allows efficient computation of large 
3D domains.  

In the following, we outline the procedure to com-
pute 1

1
nC +  and 1

2
nC +  from 1

nC  and 2
nC . First, we 

compute the electric potential field nφ  that corre-
sponds to the concentration distributions 1

nC  and 
2
nC . Then, using the solution of nφ , we compute 

( )1

ncµ  and ( )2

ncµ . Using 1
ˆ nC , 2

ˆ nC , and ˆnφ , we 
compute the convective Cahn-Hilliard equation in 
Fourier space to obtain 1

1
ˆ nC +  and 1

2
ˆ nC + . The new 

concentrations 1
1
nC +  and 1

2
nC +  are obtained from 

1
1

ˆ nC +  and 1
2

ˆ nC +  by the inverse Fourier transform. 
The procedure is repeated until a prescribed time. 
 

4. Results and discussions 

The proposed three-dimensional model and nu-
merical approach allow a comprehensive computa-
tional study of the dynamic evolution of solder joints. 
Representative results are presented in this section. 
The calculation domain size is 70×70×50. The di-
ameter of the solder bump is 50, which corresponds to 
a physical diameter of 50 µm since the characteristic 
length is taken to be 1 µm. The plates at the top and 
the bottom of the solder have a thickness of 5. Visual- 
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Fig. 2. The three-dimensional graphs are visualized by track-
ing where 1C  and 2C  have 0.5. In the solder region, 1C  
becomes one and 2C  becomes zero while 1C  becomes 
zero and 2C  becomes one in the plates region.  

 
ized three-dimensional graphs represent the sol-
der surface and the plates by tracking where 1C  
and 2C  have 0.5 as shown in Fig. 2. 

Fig. 3 shows an evolution sequence from t = 0 to 
t = 10000 when the electric field is not applied with 
different combination of the surface energies. Since 
the diffusivity of Cu at 150 °C is around 10-12 cm2/s 
and that of Sn is 1.3×10-10 cm2/s, the plates diffuse 
slowly and almost remain flat while the solder bump 
undergoes the morphological evolution during simu-
lation. Fig. 3(a) shows an evolution when the inter-
face energies between the solder bump, the plates, 
and air are equal; 11Ch = 1.0, 22Ch = 1.0, and 

12Ch = 1.0. If a separated solder bump is considered, 
the solder bump should evolve into a spherical shape 
to minimize its surface energy. However, there is the 
interface energy at the contact area between the solder 
bump and the plates, which plays an important role 
during the evolution process. As shown in Fig. 3(a), 
when the interface energies of solder, the plates, and 
the contact area are equal, the whole system can be 
regarded as a single structure. Thus, the solder bump 
evolves into a cylindrical shape and the contact area 
increases to minimize the total interface energy of the 
system. As the interface energy of the contact area 
becomes smaller than that of the solder and the plate 
as shown in Fig. 3(b) and (c), the contact area does 
not increase and the solder bump tends to remain a 
spherical shape to reduce its surface energy, which is 
larger than that of the contact area. The reliability of 
solder joints correlates with the contact area, which is 
considerably dependent on the relation between the 
interface energies of each materials. Hence, chemical 
or geometric manipulations to increase the interface 
energy between the solder and the plates will improve 
the reliability of the solder joint. As shown in Fig.  

  
                      (a)                                              (b) 
 
Fig. 3. The simulation results with different combinations of 
Cahn numbers; (a) 11Ch = 1.0, 22Ch = 1.0, 12Ch = 1.0, 
and (b) 11Ch = 1.0, 22Ch = 1.0, 12Ch = 0.1. 

 
3(c), when the Cahn numbers are assigned as 

11Ch = 1.0, 22Ch = 1.0, and 12Ch = 0.1, which the 
surface energy between the solder bump and the 
plates is 10 times smaller than those of the solder 
bump and the plates, the simulation without an elec-
tric field shows a reasonably maintained spherical 
shape of the solder bump for a long time, similar to 
empirical observations. Thus, the Cahn numbers of 

11Ch = 1.0, 22Ch = 1.0, and 12Ch = 0.1 are assigned 
in the following simulations. 

Fig. 4 presents the evolution of solder joints under 
an electric field. Electron wind flows from the left of 
the top plate to the right of the bottom plate as shown 
in Fig. 1. The solder bump is subjected to a normal-
ized electric potential of 1 that corresponds to the 
current density of 104 A/cm2, which is typical in ex-
periments. The current crowding occurs at the contact 
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region between the top plate and the solder bump. As 
shown by experimental study, the formation of a void 
is observed at this contact area. In our simulations, the 
solder bump starts to break apart from the top plate at 
the left side of the solder bump. This simulation result 
is consistent with experimental observations in which 
a void tends to initiate where current crowding occurs. 
When a void forms, it blocks the original electrical 
path and changes the current-crowding region to 
travel around the void. The growth of the void re-
duces the effective contact area at the interface region 
and increases the current density in the remaining 
contact area. Then, this void will make the current 
density higher and eventually cause circuit failure. In 
simulations, the contact area between the solder bump 
and the top plate decreases. The evolution sequence 
shows that the electron wind causes solder material to 
diffuse from top to bottom, from cathode to anode.  

In Fig. 5, we calculate the failure time by the con-
tact area between the solder bump and the top plate 
applying various strengths of the electric field. Fig. 
5(a) shows the decreasing contact area as time goes 
on and the stronger electric field induces the quickly 
decreasing contact area, which leads to the acceler- 
 

 
(a) 

 

 
(b) 

 
Fig. 4. (a) The simulated evolution of the solder joint is pre-
sented. (b) The solder bump starts to break apart from the top 
plate at the left side of the solder bump. The assigned Cahn 
numbers are 11Ch = 1.0, 22Ch = 1.0, and 12Ch = 0.1. 

ated failure time. As shown in Fig. 5(b), the failure 
time is almost exponentially decreased as the strength 
of the applied electric field increases. The characteris-
tic time is normalized by the mobility of the solder. 
The increased operating temperature will induce the 
high mobility, which will decrease the characteristic 
time and eventually the corresponding failure time. 
Hence, the cases with the same solder joint under 
different operating temperatures will have different 
failure times. 

To investigate the effect of the designed top plates, 
we have performed simulations with patterned plates. 
Fig. 6 shows the designed surfaces and the corre-
sponding initial solders. The top plate is designed 
with stripes or bumps. Patterns have a width of 5 and 
a depth of 8. Stripes are patterned in the 1x  and 2x  
directions to investigate the effect of the patterned 
direction. The electrons flow from the left of the top 
plate to the right of the bottom plate along the 1x  
direction as shown in Fig. 1. Thus, the stripe pattern 
in Fig. 6(a) has the direction normal to the direction 

 
 

 
(a) 

 

 
(b) 

 
Fig. 5. (a) The contact region between the solder bump and 
the top plate (Ac) is plotted as a function of time with differ-
ent strengths of the applied electric fields (E). (b) The failure 
time (tf) is exponentially decreased as the strength of the 
applied electric field increases. The assigned Cahn numbers 
are 11Ch = 1.0, 22Ch = 1.0, and 12Ch = 0.1. 
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Table 1. The failure times are calculated from the simulations 
with different designed patterns on the top plate. 

 
Geometry Area (initial) Time (failure) 

Flat 1153 36 

Stripes ( 1x ) 4728 230 

Stripes ( 2x ) 4728 216 
 

 
                                (a)                                     (b) 
 
Fig. 6. The designed surfaces of the top plates. (a) The top 
plate is patterned with stripes having a width of 5 and a depth 
of 8 in the 1x  direction and (b) in the 2x  direction. 
 
of the electron flow. Our three-dimensional model 
makes it possible to study the effect of various pat-
terns. The contact area with the flat top surface as 
shown in Fig. 4 is 1153, and the area of the contact 
region is increased by the designed patterns in Fig. 
6(a) and (b), which becomes 4728. As shown in Table 
1, the solder joint with the designed patterns shows 
improved reliability than that without a pattern. The 
contact area without a pattern decreases and becomes 
a considerably smaller contact area, which is 100 at 
t = 36, while that with the designed pattern becomes 
the same size of contact area at over t = 200. The 
solder joint with the designed patterns takes approxi-
mately 6 times more time than that without a pattern 
to reduce its contact area to a very small area, which 
can cause the failure. The designed patterns on the top 
plate increase the contact area between the solder 
bump and the top plate where the failure happens. 
The increased contact area increases the interface 
energy of the contact area, which leads to increased 
reliability of the solder joints. 

The simulation results also present the effect of the 
pattern geometry. Comparing the results with the 
stripe pattern having a width of 5, the solder with the 
strip pattern in the 1x  direction that is normal to the 

direction of the electron flow shows better reliability 
than that with the strip pattern in the 2x  direction 
even though they have the same contact area. 

The stripe pattern in the 1x  direction lengthens the 
path of the electron flow at the contact area so that it 
takes more time for mass transport driven by the elec-
tron flow. This simulation result suggests that the 
evolution of the solder joint cannot be determined 
only by energetics but also it is limited by the kinetic 
process. These simulations suggest that the reliability 
of solder joints can be significantly improved by the 
well-designed plates. 
 

5. Conclusions 

We have presented a three-dimensional model for 
the evolution of flip chip solder joints induced by 
electromigration. The developed three-dimensional 
dynamic model allows us to investigate the dynamic 
deformation of the contact region between the evolv-
ing solder bump and the plate. The solder bump starts 
to break apart from the current crowding region. The 
different evolving processes of the solder bump are 
presented as different strengths of the electric field are 
applied. The failure time is decreased as the strength 
of the applied electric field increases. Moreover, us-
ing the developed three-dimensional model, we can 
investigate the effect of the designed geometry of the 
top plate on the reliability of solder joints. From 
three-dimensional simulations, it is presented that the 
reliability of the solder joint is significantly influ-
enced by the increased contact area by the designed 
pattern of the top plate and the kinetic path that is 
developed in a specific direction by the designed pat-
tern. This study provides an effective model which 
presents dynamic evolution process of solder joints 
and can be a solid base for further analysis incorporat-
ing additional mechanisms. 
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