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Abstract

In this paper, Moir�e interferometry technique is used to measure the in situ displacement evolution of lead-free solder

joint under electric current stressing. Large deformation was observed in solder joint under high density (104 A/cm2)

current stressing. The deformation was found to be due to electromigration in the solder joint. An electromigration

constitutive model is applied to simulate deformation of lead-free solder joint under current stressing. The simulation

predicts reasonably close displacements results to Moir�e interferometry experimental results in both spatial distribution

and time history evolution, which indicates that the electromigration model is reasonably good for predicting the

mechanical behavior of lead-free solder alloy under electric current stressing. This is the first part of the papers

reporting the deformation of solder joint under current stressing. More experimental results are reported in the second

paper.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Electromigration in solder joints under high direct current density is known as a reliability concern for

the future high density microelectronic packaging and power electronic packaging (Lee et al., 2001; Lee and

Tu, 2001; Ye et al., 2002a,b,c; Ye et al., 2003a,c). The trend in flip-chip and ball grid array (BGA)

packaging to increase I/O count drives the interconnecting solder joints to be smaller in size and, thus, carry
higher current density. The current density will increase further as chip voltage decrease and absolute

current levels increase. The same trend in current density in interconnecting solder joints is also occurring in

flip-chip power semiconductors and evolving system-on-package power processor (Liu et al., 1999, 2000;

Liu and Lu, 2001; Paulasto-Krockel and Hauck, 2001). A physical limit to increasing current density in

both microelectronics and power electronics is electromigration in solder joints.
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In this paper, the deformation of lead-free solder joint under high density current stressing is measured

with Moir�e interferometry technique. Lead-free solder was used to fabricate the test module. The lead-free

solder alloy used in the Moir�e Interferometry experiment is Sn95.5/Ag4/Cu0.5. The melting point of this

lead-free solder alloy is 218 �C. Sn/Ag/Cu alloy has better reliability properties than Sn/Ag alloy (Seelig and
Suraski, 2001). Therefore, Sn95.5/Ag4/Cu0.5 solder alloy is used in our experiments as the candidate for

lead-free solder alloy. Due to the improved thermal management in the experiments, very high current

density (104 A/cm2) was applied to the solder joint without much heat generation.

An electromigration constitutive model is presented and applied to simulate the stress evolution in the

passivated metal line under current stressing in an early paper (Ye et al., 2003b). In this paper, the model is

extended to the electromigration in lead-free solder joint. A numerical simulation of the deformation

evolution is performed and compared with the experimental results.
2. Test sample and fixture schemes

In a previous Moir�e interferometry experiment (Ye et al., in press) it was found that much heat was
generated at the contact interface of test fixture and the BGA module during current stressing. Normally,

the contact resistance can be reduced if greater clamping force is applied. However, the ‘‘Z’’ shape of test

module used in the previous test makes it difficult to apply high clamping pressure without creating large

shear deformation in the solder joint. This is because that the height of the solder joint cannot be controlled

to be absolutely precise during solder reflow. In order to solve this problem, improved schemes of test

module and fixture are introduced in the following experiment.

Fig. 1 shows the improved scheme of the test BGA module. The fabrication of BGA module follows the

same procedure as described in our previous paper (Ye et al., in press). But instead of sectioning the test
module into the ‘‘Z’’ shape, the test module is sectioned into the shape as shown in Fig. 1. The thickness of

the copper plate is increased to 0.6 mm. A dielectric nylon spacer is glued between the upper and lower

copper plates with epoxy to make the module less susceptible to mechanical deformation when higher

clamping pressure is applied. There are two solder joints on the test module. A gap is sectioned in the lower

copper plate in order to force the solder joints to carry the electric current (Fig. 1). One solder joint is

purposely made much bigger than the other. Therefore, electromigration is restricted in the smaller solder

joint (it is further carefully polished down to a very thin thickness), which carries much higher current

density. Moir�e interferometry experiment is only done on the smaller solder joint. The improved scheme of
test fixture is shown in Fig. 2.
Fig. 1. New scheme of the test BGA module.



Fig. 2. New scheme of the test vehicle fixture.
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Copper plates are used to clamp the test module in order to reduce electric contact resistance. In this

improved schemes of test module and fixture, much higher clamping pressure can be applied without

introduce large deformation in the solder joint. It is shown in the following experiment that the electric

contact resistance is greatly reduced with these improved measures.
3. Moiré interferometry experiment on lead-free solder joint

The Moir�e interferometry technique is explained extensively by Post et al. (1994). The major advantage

of Moir�e Interferometry is its high sensitivity, high resolution, and the whole field view of deformation

distribution of the specimen surface. Briefly, the optical diffraction grating is replicated on the specimen

surface. The specimen grating diffracts the incident two coherent laser beams with certain incident angle,

and in the direction normal to the specimen surface, two strong diffracted beams are obtained. When the

specimen surface deforms, the optical diffraction grating deforms with the specimen, and the two diffracted

beams in the normal direction generate feature interferometry pattern that represents the in-plane dis-

placement distribution. This scheme applies to both horizontal and vertical direction, so that deformation
in the two perpendicular directions can be obtained. The feature fringe pattern generated by the vertical two

beams (V field fringes) represents the relative vertical deformation field, and the fringe pattern generated by

the horizontal two beams (U field fringes) represents the relative horizontal deformation field (Zhao et al.,

2000). The Moir�e fringes in the U and V fields represent isopleths of relative horizontal and vertical dis-

placement, respectively.
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Fig. 3. Profile of applied current and measured temperature history for M-Pbfree-3.
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The set-up of the stressing circuitry in our previous paper (Ye et al., in press). In this experiment, we

managed to reduce the cross-section of test solder joint in order to achieve high electric current density. The

height of the solder joint is 1.5 mm and the width is reduced to 1 mm. The thickness of the solder joint is

polished down to about 0.25 mm. In the experiment, 28 A of current was applied and a current density
Fig. 4. U field fringe evolution: (a) initial, (b) 125 h, (c) 189 h, (d) 292 h, (e) 390 h, (f) 482 h, (g) 556 h, (h) 645 h, (i) 765 h, (j) 839 h,

(k) 935 h, (l) 1033 h, (m) 1125 h.
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around 1.12 · 104 A/cm2 was achieved in the solder joint. The current flow direction is controlled to be from

upper copper plate downward to lower copper plate in the test solder joint. The temperature was kept

almost constant at 29 �C as shown in Fig. 3. There were some fluctuations of temperature (within 4 �C)
during current stressing (considering this experiment took over a month, the fluctuation is reasonable).
Fig. 5. V field fringe evolution: (a) initial, (b) 125 h, (c) 189 h, (d) 292 h, (e) 390 h, (f) 482 h, (g) 556 h, (h) 645 h, (i) 765 h, (j) 839 h,

(k) 935 h, (l) 1033 h, (m) 1125 h.
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Temperature measurement with a thermocouple confirmed that the clamping interface did not have a

higher temperature than that atop the copper plate of the test module. The effectiveness of the improved

test module and fixture design is clearly demonstrated by the fact that the temperature increase is much

lower than that in the preliminary experiment (Ye et al., in press) when much higher electric current is
applied.

The Moir�e fringe evolution of the solder joint is shown in Figs. 4 and 5 for U and V fields, respectively.

Both U and V fields developed a lot of fringes during the course of current stressing. The U field fringes

were predominantly in the vertical direction with concentrations on both vertical edges; indicating that

large normal deformation was developed in horizontal direction. The horizontal normal deformation was

not uniform along the height of the solder joint. Only a couple of horizontal fringes were developed in the U

field at the early stage of current stressing, which indicates that there was a little shear deformation

developed due to thermal stressing (despite of better thermal management, there was still a 5 �C temper-
ature increase during current stressing). The V field fringes were predominantly in the horizontal direction

indicating large normal deformation in vertical direction. The evolutions of fringes in both fields were

observed to be steady after 1000 h of current stressing; indicating the deformation of solder joint under

electric current stressing reaches steady state after 1000 h of stressing.

The dense fringes observed in the solder joint is fundamentally different in several ways from those

reported in our previous experiment (Ye et al., in press). First, the U field fringes were predominantly in

horizontal direction and V field fringes were predominantly in vertical direction in the previous experiment,

which indicates that shear deformation was dominant in the solder joint; whereas, there was only a very
little shear deformation in this experiment and normal deformations in both horizontal and vertical

direction were dominant. Second, there was large temperature increase in the previous experiment (a 15 �C
increase atop of copper plate and a 35 �C increase near the clamping interface), where the thermal

expansion of the copper plates contributed to the observed shear deformation in the solder joint, which was

verified by an FEM simulation (Ye et al., in press). On the other hand, the temperature increase in this

experiment was much lower and uniform across the whole test module. And the temperature was kept near

constant for the rest hundreds of hours of current stressing. Therefore, thermal deformation cannot ac-

count for subsequent development of normal deformation during those hundreds of hours of current
stressing. Third, the fringe development in the previous experiment took only hours if not minutes, which is

the time for heat to transfer; but the development of fringes in this experiment took hundreds of hours to

reach steady state. Such a long development time can only be explained by the coupled mechanical–dif-

fusional electromigration process. Based upon the above analysis, it is clear that the deformation fringes we

observed in this experiment are mostly due to current stressing (electromigration).
4. Irreversible deformations in solder joint after turning current off

In the current stressing experiment, the solder joints were stressed under high current density for a total

of 1500 h. The deformation in the solder joint became unchanged after 1000 h of current stressing as shown
in the previous section. We kept recording the deformation fringes after the turning the electric current off.

Figs. 6 and 7 show the U field and V field fields fringes in the solder joint after 1500 h of current stressing

and 72 h after the current was turned off. Although the fringes in the solder joint became less clear after

1500 h of current stressing due to the degradation of diffraction grating, there were little changes in both U

and V field fringes after the current was turned off for 3 days. This indicates that the deformations created

by high current density are irreversible. However, these irreversible deformations are not the same as the

plastic deformation. Plastic deformations are created by the high deviatoric (shear) stresses and correspond

to the motion of large numbers of dislocations. The deformation created by electromigration is due to the
re-arrangement of vacancies and atoms in the material as well as vacancy generations and annihilation due



Fig. 6. U field fringe of module M-Pbfree-3 (a) 1500 h of current stressing, (b) 72 h after the current was turned off.

Fig. 7. V field fringe of module M-Pbfree-3 (a) 1500 h of current stressing, (b) 72 h after the current was turned off.
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to diffusion and correspond to the local volumetric deformations. However, as demonstrated in the
numerical simulations, local volumetric deformations due to electromigration give rise to high level stresses

that exceed the yield stress of the solder alloy; these high deviatoric stresses may create plastic deforma-

tions. Therefore, the irreversible deformations we observed in the experiments are the combination of

electromigration deformations and plastic deformations.
5. Numerical simulation of deformation of solder joint under current stressing

The electromigration is viewed as a coupled diffusion–mechanical process. The electron flow assisted

vacancy diffusion process gives rise to local volumetric strain in the conducting solder alloy. Under the

mechanical boundary constrains, the local volumetric strain due to diffusion results in stress build-up within

the structure. If the spherical stress state within the conducting solder is changed or there is spherical stress

gradient created, the stress state will in turn affect the vacancy flux or vacancy generation rate in the dif-

fusion process. This coupled process is described by the following PDE system.

The vacancy diffusion equation of electromigration (Kirchheim, 1992):
oCv

ot
¼ �~r �~qþ G ð1Þ
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and ~q ¼ �Dv
~rCv

�
þ CvZ�e

kT
ð � q~jÞ � Cv

kT
ð � fXÞ~rr

�

combined, these two equations become
oCv

ot
¼ Dv r2Cv

�
� Z�eq

kT
~r � ðCv

~jÞ þ fX
kT

~r � ðCv
~rrÞ

�
þ G ð2Þ
The volumetric strain due to vacancy diffusion (Sarychev and Zhinikov, 1999):
_eelecij ¼ _emij þ _egij ¼
X
3
½f~r �~qþ ð1� f ÞG�dij ð3Þ
The total strain in the solder alloy:
etotalij ¼ emech
ij þ ethermij þ eelecij ð4Þ
And the quasi-static mechanical equilibrium equation for a 2-D problem:
orx

ox
þ osxy

oy
¼ 0 ð5Þ
osxy
ox

þ ory

oy
¼ 0 ð6Þ
The coupled diffusion-mechanical process can be model by solving the PDE system of Eqs. (2), (3), (5) and

(6) for a 2-D problems. Where, in these equations, Cv is vacancy concentration, Dv is vacancy diffusivity,~q
is vacancy flux vector, Z� is vacancy effective charge number, e is electron charge, q is metal resistivity,~j is
current density vector, f is vacancy relaxation ratio, X is atomic volume, k is Boltzman’s constant, T is

absolute temperature, r ¼ traceðrijÞ=3 is hydrostatic or spherical part of the stress tensor, G ¼ � Cv�Cve

ss
is vacancy generation rate (Sarychev and Zhinikov, 1999) Cve ¼ Cv0e

ð1�f ÞXr
kT is thermodynamic equilibrium

vacancy concentration, Cv0 is equilibrium vacancy concentration in the absence of stress, ss is characteristic
vacancy generation/annihilation time, _emij ¼ 1

3
fX~r �~qdij is volumetric strain due to vacancy migration,

_egij ¼ 1
3
ð1� f ÞXGdij is volumetric strain due to vacancy generation, dij is the Kronecker’s symbol, etotalij is the

total strain tensor, emech
ij is the strain due to mechanical loading, ethermij is the strain due to thermal expansion,

and eelecij is the volumetric strain due to electromigration. The detailed formulation of the electromigration

model is reported in a previous paper (Ye et al., 2003b). In the following simulations, only elastic

mechanical constitutive model is employed since the primary purpose of the simulation is to verify the

electromigration constitutive model. But since no elastic mechanical stress-strain relationship is assumed in
this model, more realistic mechanical constitutive model can be employed in this model in the future.
6. Model parameters for lead-free solder alloy

In order to numerically simulate the deformation of lead-free solder joint under electric current stressing,

one needs to identify the material parameters to be used in the constitutive model. There was little work

done on the diffusion properties of lead-free solder alloy; but there are some diffusion and electromigration
research work done on pure tin. Since the lead-free solder alloy used in this experiment contains 95.5% of

tin, the material properties of tin are taken in the numerical simulation as a first order approximation.
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6.1. Equilibrium vacancy concentration

The atomic volume, X, of tin is 16.3 cm3/mol or 2.71 · 10�23 cm3/atom. The atomic concentration, Ca, of

tin is 3.69 · 1022/cm3 The equilibrium vacancy concentration at a stress-free state is reported as
Cv0=Ca ¼ 3� 10�5 by Balzer and Sigvaldason (1979), or Cv0 ¼ 1:11� 1018/cm3.

6.2. Vacancy diffusivity

Some researches have been done on the diffusion and electromigration experiments of pure tin. Lange

and Bergner (1962) measured the self-diffusion along grain boundaries in polycrystalline Sn (99.99%) be-

tween 40 and 115 �C. Sun and Ohring (1976) developed a tracer-scanning technique to study self-diffusion

and electromigration in evaporated thin Sn films at 142–213 �C. Singh and Ohring (1984) conducted the

self-diffusion and electromigration experiment in evaporated thin Sn films at )50 to +198 �C. Their
measurements of grain boundary diffusivity in pure tin are shown in Fig. 8. The Lange and Bergner

measurement agrees closely with that of Singh and Ohring’s.

The grain boundary diffusivity given by Singh and Ohring (1984) by assuming a grain boundary width of

0.5 nm is:
Dgb ¼ ð4:9þ15:6
�3:7 Þ exp½�ð11; 700� 840 cal=molÞ=RT � cm2=s ð7Þ
where R ¼ 8:3145 J=mol ¼ 1:987 cal/mol, is gas constant, T is absolute temperature. In this simulation,

grain boundary diffusion is assumed to be the main diffusion mechanism in electromigration. By assuming

an average grain size of d ¼ 300 nm (Singh and Ohring, 1984) the effective atomic diffusivity is thus:
Fig. 8. Summery of Dgb values in Sn (after Singh and Ohring, 1984).
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Da ¼
d
d
Dgb ¼

0:5 nm

300 nm
� 4:9� expð�11; 700 cal=RT �Þ cm2=s ð8Þ
At 303 K (30 �C), Da is calculated to be 2.97 · 10�11 cm2/s. The vacancy diffusivity is calculated from the

relation (Clement and Thompson, 1995) DaCa ¼ DvCv, at the stress-free state. By assuming
Cv0=Ca ¼ 3� 10�5 (Balzer and Sigvaldason, 1979) Dv ¼ Da=ð3� 10�5Þ ¼ 1� 10�6 cm2/s is derived and used

in the following simulations.
6.3. Effective charge number Z�

Lodding (1962) and Kuz’menko (1962) reported the effective charge number Z� values of pure tin

ranging from )80 to )160. Sun and Ohring reported similar values (Sun and Ohring, 1976). However,

Khosla and Huntington (1975) reported effective charge number ranging from )10 to )16 in single-crys-

talline Sn and )12 in polycrystalline at temperature in the vicinity of 200 �C. Singh and Ohring found that

the effective charge number of Sn is dependent on temperature, and their reported values are a little bit

smaller than that by Khosla & Huntington. Sorbello (1973) developed an electromigration theory, which is
based on the pseudopotential calculation of driving forces for atomic migration in metals in the presence of

electric current, and predicted effective charge number of Sn to be )10 at 185 �C. Sorbello’s theory favors

the experimental results from Khosla and Huntington and Singh and Ohring. The effective charge number

values vs. temperature from aforementioned references are plotted in Fig. 9.

The effective charge number of lead-free solder is chosen as Z� ¼ �20 at 30 �C (measured stressing

temperature) based on these references. This negative effective charge number is for the atoms in the solder,

indicating the atoms are actually migrating in the opposite direction of electric current. Since the vacancy

migrates in the opposite direction of the moving atom, the effective charge number for the vacancy is
positive. Therefore, in the simulation the effective charge number of vacancy is taken as Z� ¼ 20.
Fig. 9. Effective charge number in tin vs. temperature (after Singh and Ohring, 1984).
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6.4. Other simulation parameters for lead-free solder alloy

T ¼ 303 K, temperature (assumed as uniformly distributed in the solder joint). K ¼ 8:62� 10�5 eV/

K¼ 1.38 · 10�23 J/K, Boltzman’s constant; ss ¼ 1:8� 10�3 s, vacancy relaxation time (Sarychev and
Zhinikov, 1999); f ¼ 0:6, average vacancy relaxation ratio (Sarychev and Zhinikov, 1999);

q ¼ 1:15� 10�5 X cm, electrical resistivity; E ¼ 41:4 GPa¼ 4.14 · 106 N/cm2 Young’s modulus; n ¼ 0:33,
Poisson’s ratio.

The single crystal Sn is a highly anisotropic material. However, the solder alloy we used, which consists

of 95.5% of Sn, has very small grain size. The SnAg3.5 solder has a lamella morphology with a phase size of

2–3 lm (Jang et al., 2001). The actual grain size is smaller. Therefore, in a solder joint we tested, which is

1000 lm� 1500 lm with a thickness at least 250 lm, the number of grains is very large. Based on the large

number of grains contained in a solder joint, the use of a single modulus and resistivity is justified.
7. FEM simulation model and boundary conditions

FlexPDE is used as the finite element code in the simulation (FlexPDE, 2002). A brief description of this
software can be found in our previous paper (Ye et al., 2003b). A two-dimensional simulation model is

employed in order to simplify the computational complexity. Fig. 10 shows the simulation model and the

displacement boundary conditions. This 2-D model is the simplification of the real test structure as shown

in Fig. 2. Both the horizontal and vertical displacements at far end of the lower copper plate are assumed to

be fixed due to the clamping of the fixture. The horizontal and vertical displacements at far end of the upper

copper plate are also assumed to be fixed due to the restriction from the embedded nylon spacer. The

diffusion boundary condition is that vacancy fluxes on all the edges are zero (natural boundary condition).

Since the solder joint is polished to be a very thin film (0.2–0.3 mm average in thickness), plane stress
assumption is applied to solder joint. One the other hand, the widths of the copper plates are over 40 times

wider than the thickness of solder joint; therefore, plane strain assumption is applied to copper plates. The

plane strain formulation for the elastic mechanical stress–strain electromigration model is derived in detail

in our previous paper (Ye et al., 2003b).
8. Assumptions for copper plates

Since the copper plates have much larger cross-section than that of solder joint, electromigration is only

expected in the solder joint. Therefore, the current density in the copper plate is assumed to be zero. The

interface between the copper plate and solder joint is treated by assuming that the diffusivity of copper is

much smaller than that of solder. This treatment is a simplification because the vacancy diffusion process on
the copper–solder interfaces are not clearly understood. The volumetric strain due to current stressing is

explicitly treated as zero in the copper plate to further reduce the computational complexity. The material

properties of copper are as follows:
Cu plate

Cu plate

Solder

Fig. 10. FEM model and boundary conditions.
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E ¼ 117 GPa¼ 1.17 · 107 N/cm2, Young’s modulus.

n ¼ 0:33, Poisson’s ratio.
9. Simulation results

The width of the solder joint is 1 mm and the height is 1.5 mm. The thickness is not uniform as shown in

Fig. 11(a) and is considered in the simulation. The thinnest portion is a little less than 250 mm and it is

gradually thicker near the solder–copper plate interfaces.

The variation of the thickness leads to non-uniformity of the current density in the solder joint. In the

simulation, the thickness of solder joint is assumed to be a continuous function of position along the height

of the solder joint:
Fig. 11

joint u
Wthickness ¼ 0:025� 1

"
þ 2:5� y � 0:05

0:1

� �2
#

ð9Þ
where Wthickness is the thickness of solder joint, y is the position along the height of the solder joint, the unit

here is cm. The variation of thickness described by this function is shown in Fig. 11(b). Since two-

dimensional simulation is employed, the variation of thickness cannot be directly introduced in the simu-

lation model. In the simulation, the effect of thickness variation is considered by using a non-uniform

stressing current density in the solder joint, where plane stress assumption is still taken. The current density

in a 1 mm wide and 0.25 mm thick solder joint is 1.12 · 104 A/cm2. The non-uniform current density along

the height of the solder joint is therefore assumed in the simulation as:
j ¼ 1:12� 104 1

",
þ 2:5� y � 0:05

0:1

� �2
#
ðA=cm2Þ ð10Þ
where j is current density. The current density is assumed uniformly distributed along the width of the

solder joint.
. Thickness of solder joint of M-Pbfree-3 (a) optical microscopic image, (b) thickness variation along the height of the solder

sed in the simulation.
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Fig. 12 shows the FEM simulation mesh. The direction of current flow is from upper copper plate to

lower copper plate. The following figures show length in cm, stress in N/cm2, time in second unless

otherwise noted.

Figs. 13 and 14 show the simulated distributions of horizontal and vertical displacements within the
solder joint along side with the Moir�e interferometry measurement after 600 h of current stressing. They

clearly show that simulation results have caught the most important characteristics of the measured dis-

placement fields.

The simulated distributions of both horizontal and vertical displacements resemble the distributions

measured by experiment: there are large normal deformation developed in the horizontal direction but the

horizontal normal deformations are not uniform along the both edges of the solder joint; there are also

large normal deformation developed in the vertical direction. The simulation results are not exactly the

same as the experiment measurements. But considering all the assumptions (solder diffusivity, effective
charge number, thermal equilibrium vacancy concentration, and vacancy relaxation time, etc.) that were

taken and many simplifications (the thickness variation of the solder joint, 2-D simplification of the 3-D

structure, the treatments of copper plates and solder–copper interface, and elastic assumption of the

mechanical constitutive model for lead-free solder alloy, etc.) of the simulation model, the simulation re-

sults are quit reasonable.

As shown in the experiment, the fringes measured in the solder joint gradually increased with stressing

time and reached steady state after 1000 h of stressing. The simulation results show the similar trend. The

maximum relative vertical displacement between the solder–copper interfaces (relative vertical displacement
between points C and D in Fig. 14(b)) and maximum relative horizontal displacement between the two

edges of the solder joint (relative horizontal displacement between points A and B in Fig. 13(b)) are chosen

to compare their time history evolutions between the simulation results and experiment measurements. Fig.

15 shows the comparison of maximum relative vertical displacement between the two copper–solder
Fig. 12. FEM simulation mesh.

Fig. 13. (a) Simulated horizontal displacement after 600 h of current stressing. (b) U field fringe development after 605 h of current

stressing.



Fig. 14. (a) Simulated vertical displacement after 600 h of current stressing. (b) V field fringe development after 605 h of current

stressing.
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Fig. 15. Evolution of relative vertical displacement between lower and upper interface of solder joint and copper plates in M-Pbfree-3.
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interfaces. The FEM simulation predicts higher than experimental measured values for the first 500 hun-
dred h of current stressing and lower values after 500 h of stressing. The simulation indicates that the

developing rate of relative vertical displacement decrease with stressing time; whereas, the experimental

observation shows the largest increase rate of relative vertical displacement took place between 300 and 800

h of current stressing. Both simulation and experimental results show that the relative vertical displacement

approached steady state after 1000 h of current stressing. Fig. 16 shows the evolution of maximum relative

horizontal displacement between the two edges of the solder joint. The FEM simulation result is always

higher than experimental result and they both approach steady state after 1000 h of current stressing. As

shown in these two figures, the simulated time history evolution results closely match the experimental
results although they are not identical. Therefore, both the spatial distribution and time history evolution of

displacements confirm that the electromigration model used in this simulation is valid for lead-free solder

alloy.

Fig. 17 shows the exaggerated deformed shape of the test module after 600 h of current stressing. The

simulated spherical stress distribution within M-Pbfree-3 after 600 h of current stressing is shown in Fig. 18.



Fig. 17. Simulated deformation of M-Pbfree-3 after 600 h of current stressing.
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Fig. 16. Evolution of maximum relative horizontal displacement between the two edges of the solder joint in M-Pbfree-3.

Fig. 18. Simulated spherical stress distribution in M-Pb-free-3 after 600 h of current stressing.
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Fig. 19. Simulated normal strain ex distribution after 600 h of current stressing.

Fig. 20. Simulated normal strain ey distribution after 600 h of current stressing.
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Both the maximum positive and negative spherical stresses occur on the interface between the upper copper
plate and solder joint. The maximum spherical stress is on the order of 60 MPa. Figs. 19–21 show the

distributions of normal and shear strains, ex, ey , and cxy , within the solder joint after 600 h of current

stressing. The normal strains are found to be dominant and on the order of 1%. The shear strain is found

highly localized within the solder joint and its maximum value is only on order of 0.4% which is much

smaller than the maximum normal strains. The strains are found to be almost symmetric along the vertical

center line. But these strains are non-symmetric along the horizontal center line. This is due to the non-

uniform distribution of current density within the solder joint as assumed in Eq. (10). The distributions of

normal and shear stresses, rx, ry , and sxy , within the solder joint after 600 h of current stressing are shown in
Figs. 22–24. The maximum positive and negative normal stress, rx, is found to be on the interface of upper

copper plate and solder joint and is on the order of 120 MPa. The maximum normal stress, ry , is found to

be on the both edges of the solder joint and is on the order of 120 MPa. Like the shear strain, the shear

stress is localized within the solder joint and its maximum value is on the order of 60 MPa. The symmetries

of the stresses are similar to that of strains due to distribution of current density.

Despite of all the assumptions and simplifications employed in the simulation, the simulation predicts

reasonably close displacements results to Moir�e interferometry experimental results in both spatial distri-



Fig. 21. Simulated shear strain cxy distribution after 600 h of current stressing.

Fig. 22. Simulated normal stress rx distribution after 600 h of current stressing.
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bution and time history evolution. This indicates that the electromigration model employed in this simu-
lation is reasonably good for predicting the mechanical behavior of lead-free solder alloy under electric

current stressing.

The FEM simulation predicts that both the horizontal and vertical displacement fields are symmetric

with respect to the central vertical line of solder joint as shown in Figs. 13(a) and 14(a) during current

stressing. But Figs. 13(b) and 14(b) show that the Moir�e fringes in U and V fields are not perfectly sym-

metric to the central vertical line. The author thinks that the discrepancy comes from the thickness

assumption of the solder joint. In the simulation, the variation of the thickness of the solder joint along its

height is considered but the thickness along the width of solder joint at any height is assumed to be the
same. This may not be the case. The non-uniformity of the thickness of the test solder joint along its width

contributes to the non-symmetric observation of its Moir�e fringes. Thermal expansion can also contribute

to the non-symmetric observation of Moir�e fringes, which is not considered in the simulation.

Another discrepancy between the simulation and experimental observation is the displacements time

history evolution. As shown in Fig. 15, the simulation result of relative vertical displacement between lower

and upper interfaces of solder joint and copper plates is higher than experimental observation during the



Fig. 23. Simulated normal stress ry distribution after 600 h of current stressing.

Fig. 24. Simulated shear stress sxy distribution after 600 h of current stressing.
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first 500 h of current stressing and is lower than experimental observation after 500 h of current stressing.

The simulation result of maximum relative horizontal displacement between the two edges of the solder

joint is always higher than experimental observation as shown in Fig. 16. This discrepancy comes from the

many assumptions that are taken in the simulation. All the diffusion and electromigration parameters of

lead-free solder alloy, such as atomic diffusivity, vacancy diffusivity, thermal equilibrium vacancy con-

centration, and effective charge number, used in the simulation are taken from the diffusion and electro-
migration experiments of pure tin since there are few experiments in this area done for lead-free solder

alloy. The simulation results should be improved when more diffusion and electromigration data are

available for lead-free solder alloys.
10. Conclusions

In this paper, Moir�e interferometry technique is used to measure the in situ displacement evolution of
lead-free solder joint under electric current stressing. Large deformation was reported in solder joint under
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high density (104 A/cm2) current stressing. The deformation was found to be due to electromigration in the

solder joint. The experimental observation reveals that the deformations created by high current density are

irreversible. However, these irreversible deformations are not the same as the plastic deformation. Plastic

deformations are created by the high deviatoric (shear) stresses and correspond to the motion of large
numbers of dislocations. The deformation created by electromigration is due to the re-arrangement of

vacancies and atoms in the material as well as vacancy generations and annihilation due to diffusion and

correspond to the local volumetric deformations. However, as demonstrated in the numerical simulations,

local volumetric deformations due to electromigration give rise to high level stresses that exceed the yield

stress of the solder alloy; these high deviatoric stresses may create plastic deformations. Therefore, the

irreversible deformations we observed in the experiments are the combination of electromigration defor-

mations and plastic deformations. An electromigration constitutive model presented is applied to simulate

deformation of lead-free solder joint under current stressing. Despite of all the assumptions and simplifi-
cations employed in the simulation, the simulation predicts reasonably close displacements results to Moir�e
interferometry experimental results in both spatial distribution and time history evolution. This indicates

that the electromigration model employed in this simulation is reasonably good at predicting the

mechanical behavior of lead-free solder alloy under electric current stressing.
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