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Abstract: The electromigration induced microstructure evolution and damage in asymmetric Cu/Sn−58Bi/Cu solder interconnects 
were investigated by in-situ SEM observation, focused ion beam (FIB) microanalysis and finite element (FE) simulation. The SEM 
results show that the electromigration-induced local degradation of microstructures, i.e., segregation of Bi-rich phase and formation 
of microcracks, in the asymmetric solder interconnects is much severer than that in the symmetrical ones. FIB-SEM microanalysis 
reveals that the microregional heterogeneity in electrical resistance along different electron flowing paths is the key factor leading to 
non-uniform current distribution and the resultant electromigration damage. Theoretical analysis and FE simulation results manifest 
that the current crowding easily occurs at the local part with smaller resistance in an asymmetric solder interconnect. All results 
indicate that the asymmetric shape of the solder interconnect brings about the difference of the electrical resistance between the 
different microregions and further results in the severe electromigration damage. 
Key words: microregional electrical resistance; asymmetric solder interconnect; electromigration damage; current crowding; 
geometry effect 
                                                                                                             
 
 
1 Introduction 
 

With the continuous pursuit of the portability and 
miniaturization of electronic devices and products, the 
packing density is increasing and the dimension of solder 
interconnects is scaling down. Accordingly, the current 
density in solder interconnects gets higher and higher, 
easily leading to electromigration (EM) [1−3] and the 
resultant severe electromigration-related structural 
problems, such as microstructure coarsening, 
intermetallic compound (IMC) polarity or abnormal 
polarity growth, whiskers, hillocks and voids. These 
structural problems and defects will deteriorate the 
reliability of the solder interconnect, therefore, 
electromigration has been regarded as a serious 
reliability issue. Previous studies showed that 
electromigration-induced damage was related to many 
factors [2, 3], such as compositions of the solder, under 
bump metallization (UBM), current stressing condition 
and operating temperature. Thus far, however, most 
studies were focused on electromigration in flip chip  

(FC) solder joints [4−9] and the results revealed that the 
current crowding effect at the enter window is the key 
factor leading to electromigration, which is formed in the 
redistributing course of the electron flow from line to 
bump. Many methods were proposed to reduce the 
electromigration-induced damage in FC solder 
interconnects [9−12], for instance, changing the solder 
composition, optimizing the passivation opening and 
UBM thickness. In fact, other types of solder 
interconnect structures are also used in electronic 
packages. For example, the right-angle interconnect is 
used to connect the three dimensional (3D) sensor and 
the substrate [13]. However, little is known about the 
electromigration behavior of these solder interconnects 
with asymmetric geometry. In our previous studies [14, 
15], by comparatively investigating the electromigration 
behavior and microstructural evolution in the right-angle 
type and line-type Cu/Sn−3.0Ag−0.5Cu/Cu and Cu/ 
Sn−58Bi/Cu solder interconnects, it was qualitatively 
revealed that the heterogeneity in microregional 
distribution of electrical resistance along the electron 
flowing      paths      caused      by      the      solder      interconnect      shape 
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can result in the current crowding and consequently 
electromigration-induced damage. In this study, we aim 
to clarify the relation between the microregional current 
density and the corresponding resistance, and seek to 
establish an analytical equation to quantitatively explain 
the un-uniform electromigration behavior in the 
asymmetric solder interconnect, correspondingly, the 
right-angle and line-type solder joints were selected to 
comparatively investigate. In addition, three-dimensional 
(3D) finite element (FE) model was employed to 
simulate the distribution of current density in the 
right-angle solder joint. 
 
2 Experimental 
 

The solder interconnect samples were prepared by 
the following procedure: firstly, the commercial pure 
copper foil (99.9% purity) with a thickness of 150 μm 
was cut into narrow ribbons with a width of 8 mm and a 
length of 20 mm; then the ends of the copper ribbons 
were mechanically ground with waterproof sandpapers 
of different grits in succession and polished with 0.05 μm 
Al2O3 suspension; afterwards, the ribbons were 
ultrasonically cleaned in ethanol. The solder interconnect 
samples were assembled using the eutectic Sn−58Bi 
solder on a specially designed fixture by modeling 
reflow soldering process at 190 ºC with a dwelling time 
of 60 s and then cooled in air. After soldering, the 
Cu/Sn−58Bi/Cu interconnect samples were machined to 
U-shape, soldered trace line, and then embedded into the 
epoxy; finally, the embedded interconnect samples were 
carefully machined and polished to the final geometrical 
dimension shown in Fig. 1. These procedures were 
detailed in our previous works [14,15]. The 
electromigration tests were conducted at constant 
temperature (25 ºC) and humidity (60%) in a cleaning 
room, and the direct current (DC) density was    
1.5×104 A/cm2. In order to observe the locally entire 
segregation of Bi-rich and Sn-rich phases, the stressing 
time was prolonged to 288 h in this study. Since the 
whole observation section (including copper wires) of 
the solder interconnect was opened, the heating 
dissipation was good and the temperature induced by the 
Joule heating was close to nil and could be neglected. 
The microstructural evolution of the solder joints for 
different current stressing time was characterized by a 
scanning electron microscope (SEM, Supra 55) equipped 
with an energy dispersive X-ray spectroscope (EDX, 
Oxford−7659). The phase segregation at the different 
inner microregions in both types of solder joints was 
investigated through cross-sectional analysis of the joints 
based on focused ion beam (FIB, SMI 3050MS2) and 
SEM. In order to obtain reliable experimental results, the 
tests were carried twice on three samples each time. 

 

 
Fig. 1 Schematic sketch of right-angle type (a) and line-type (b) 
solder interconnects 
 
3 Results and discussion 
 

3.1 Electromigration-induced morphology and micro- 
structure changes in right-angle type and line- 
type solder interconnects 

Figures 2 and 3 show microstructure evolution of 
line-type and right-angle type interconnects respectively 
after current stressing for different periods, where the 
arrow with symbol ‘e’ indicates the current direction, 
from the left to the right. Clearly, the initial 
microstructure features of both types of the interconnects 
in the as-reflowed state, as shown in Figs. 2(a)−(c) and 
3(a)−(b), are similar, namely, the Sn-rich phase (dark 
contrast) and Bi-rich phase (bright contrast) distribute 
randomly and uniformly in the solder matrix of the 
interconnects. A thin layer of Cu6Sn5 confirmed by EDX 
analysis, with a thickness of about 1.8 μm, formed at 
both interfaces of two types of the interconnects. 

Figures 2(d)−(f) and 3(c)−(d) are in-situ 
backscattered electron (BSE) images of the 
microstructure of the interconnects corresponding to  
Figs. 2(a)−(c) and 3(a)−(b) respectively after current 
stressing for 144 h. A close comparison shows that some 
electromigration characteristics in both types of the 
interconnects are similar, namely, the Sn-rich and Bi-rich 
phases became coarse, hillocks occurred near the anode 
and cracks formed near the cathode. However, the 
thickness of the IMC layers at both the cathode and 
anode interfaces seems to show negligible change. In the 
meantime, Bi-rich phase congregated near the anode 
interface, indicating that Bi atom is the main diffusing 
species in Cu/Sn−58Bi/Cu interconnects during current 
stressing. This result is in good coincidence with that 
obtained in other studies [16,17]. Whereas, there are also 
some different electromigration behaviors between two 
types of solder interconnects. The electromigration- 
induced morphological changes in the right-angle 
interconnect, i.e., the hillocks at the anode and the cracks 
at the cathode, are much severer than those in the 
line-type one. In particular, it can be seen that the 
electromigration-induced hillocks and cracks distribute  
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Fig. 2 In-situ BSE images of line-type Cu/Sn−58Bi/Cu solder 
interconnect in as-reflowed state and after current stressing for 
different periods: (a) As-reflowed state; (b) Magnification of 
rectangular area marked with A in Fig. 2(a); (c) Magnification of 
rectangular area marked with B in Fig. 2(a); (d) Current stressing 
for 144 h; (e) Magnification of rectangular area marked with C in 
Fig. 2(d); (f) Magnification of rectangular area marked with D in 
Fig. 2(d); (g) Current stressing for 228 h; (e) Magnification of 
rectangular area marked with E in Fig. 2(g); (f) Magnification of 
rectangular area marked with F in Fig. 2(g) 



Wu YUE, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1619−1628 

 

1622 

 

 

Fig. 3 In-situ BSE images of right-angle type Cu/Sn−58Bi/Cu interconnect in as-reflowed state and after current stressing for 
different periods: (a) As-reflowed state; (b) Magnification of rectangular area marked with A in Fig. 3(a); (c) Current stressing for 
144 h; (d) Magnification of rectangular area marked with B in Fig. 3(c); (e) Current stressing for 288 h; (f) Magnification of 
rectangular area marked with C in Fig. 3(e) 
 
uniformly along the whole interface in the line-type 
interconnect, as shown in Figs. 2(e)−(f), while become 
severer and severer along the interface from the top side 
to the bottom corner in the right-angle type one, as 
shown in Figs. 3(c)−(d). It is worth noticing that the 
severest cracking problem occurs at the bottom corner of 
the right-angle type interconnect as shown in Fig. 3(d), 
indicating that this position is the weakest part during 
current stressing. Obviously, the electromigration- 
induced damage is much severer in the right-angle type 
interconnect with the asymmetric shape than in the 
line-type interconnect with the symmetrical shape. 

Furthermore, after current stressing for 288 h, the 
microstructure of both types of interconnects changed 
significantly, as shown in Figs. 2(g)−(i) and Figs. 3(e)− 
(f), where the hillocks grew, both Sn-rich and Bi-rich 
phases coarsened, and the cracks propagated 
continuously. However, the thickness of the IMC layer 

seems unchanged. By comparing the BSE images in  
Figs. 3(c)−(d) for electromigration of 144 h and the ones 
in Figs. 3(e)−(f) for electromigration of 288 h, it can be 
seen clearly that after a relatively long time current 
stressing, the main crack initiated at the bottom corner of 
the right-angle type joint and propagated along the 
cathode interface, whose length took up almost half of 
the whole interface length, and the hillocks and Bi 
congregation also developed continuously, as shown in 
Figs. 3(e)−(f). 

In general, the diffusing atoms may migrate along 
grain boundaries, interfaces or surfaces in a 
polycrystalline alloy. The study on the electromigration 
behavior in SnPb solder strips showed that the interface 
between Sn and Pb phases served as the fastest kinetic 
path [18] and another work indicated that the eutectic 
Sn−58Bi solder exhibited similar electromigration 
characteristics to eutectic Sn−Pb alloy [19]. Thus, in the 
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Cu/Sn−58Bi/Cu system, the Bi atoms will mainly 
migrate along the interface between Sn-rich and Bi-rich 
phases and congregate in front of the anode under current 
stressing. As described above, the electromigration 
characteristics between two types of solder interconnects 
are different, that is, the hillocking and cracking 
problems at the bottom corner of the right-angle type 
joint are much severer. Therefore, it is necessary to 
further investigate the internal microstructure evolution 
and mechanism of the electromigration behavior in both 
types of solder interconnects, in particular, the root cause 
leading to the big difference in the electromigration 
feature. Figures 4 and 5 show the cross-sectional 
FIB-BSE images of different positions at the cathode and 
anode interfaces of two types of the interconnects after 
current stressing for 288 h, which are corresponding to 
the positions marked with capital letters in Fig. 2(g) and 
Fig. 3(e), respectively. 

Clearly, the internal morphology and 
microstructural characteristics of two types of the 
interconnects shown in Figs. 4 and 5 are different from 
those corresponding to the surface shown in Figs. 2 and  
3. For example, the sizes of both Sn-rich and Bi-rich 
phases in the inner part of the interconnects are larger 
than those on the surface, indicating that the phase 
congregation and coarsening behavior in the inner part of 
the interconnects are severer, and the dimension of 
Bi-rich phase along the electron flow direction is larger 
than that in the vertical direction in the matrix of the 
solder. Because Sn is easily oxidized in air, a thin 
oxide-film may form on surface of the solder 
interconnect, which can impede the migration of the 
atoms to some extent. Further, the anisotropic resistivity 
of β-Sn phase can induce the grain rotation under current 
stressing as indicated by some previous studies [20−22]. 
Therefore, under the combined effect of the above 
factors, the electromigration-induced morphology change 
and microstructure damage in the inner part of the 
interconnects are much severer than those in the 
superficial region. 

It is worth noting that the segregation between 
Bi-rich and Sn-rich phases occurred significantly in the 
matrix of the solder at the bottom corner of the 
right-angle type interconnect after current stressing for 
288 h, as shown in Fig. 5(i), but hardly took place in the 
line-type interconnect as shown in Fig. 4. Further, the 
electromigration characteristics at different positions of 
the right-angle type solder interconnect are distinct. The 
cracks formed near the bottom corner of the right-angle 
interconnect as shown in Figs. 3(c) and 3(d), propagated 
longer as shown in Figs. 3(e) and 3(f), and deeper into 
the solder matrix as shown in Fig. 5(i). By comparing the 
morphology and microstructure in the interior of the 
interconnect as shown in Figs. 5(g) and 5(i) with those 
on the surface marked with ‘J’ and ‘L’ in Fig. 3(e), it can 
be concluded that the cracks initiated at the tip of the 
bottom corner of the interconnect and then propagated 
along the interface with prolonging the current stressing 
time. A close look at the interfacial microstructure and 
morphology, as shown in the FIB-SEM images in    
Figs. 5(f), (h) and (i), indicates that Sn-rich phase 
hillocks were formed due to a severe squeeze-out effect 
induced by significant volume expansion of the Bi-rich 
phase congregated beneath the Sn-rich phase. Moreover, 
the thicknesses of both the congregated Bi-rich phase 
layer at the anode and Sn-rich phase layer at the cathode 
are not distributed uniformly along the two interfaces. 
For example, from the top side to bottom corner of the 
interconnect at the interfacial positions corresponding to 
Figs. 5(b), (d), (f), (h) and (i), the mean thickness of 
Bi-rich phase layer changes from 0 to 0, 1.7 μm, 3.2 μm 
and then to 6.8 μm, respectively, while changing from 0 
to 0, 0.5 μm, 1.5 μm and then to 6.5 μm for the Sn-rich 
phase layer at the interfacial positions marked in Figs. 
5(a), (c), (e), (g) and (i). The above changes in thickness 
of both the Bi-rich phase and Sn-rich phase layers along 
the cathode and anode interfaces are plotted in Fig. 6. 
Clearly, the thickness change is non-linear along the 
whole cathodic and anodic interfaces of the right-angle 
solder interconnect. 

 

 

Fig. 4 Cross-sectional FIB-BSE images of position G marked at cathode interface (a) and position H marked at anode interface (b) of  
line-type interconnect shown in Fig. 2(g) 
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3.2 Mechanism for microregional electrical resistance 

induced local electromigration damage 
Under the current stressing, the mass (or atomic) 

flux Jem can be expressed as [3] 

* *
em e eDF D DJ Cv C C Z E C Z j

kT kT kT
ρ= = = =            (1) 

 
where Z* is the effective charge number; e is the electron 

Fig. 5 Cross-sectional FIB-BSE images at 
different positions of D to L marked in 
Fig. 3(e) for right-angle type interconnect 
undergoing current stressing for 288 h 
(a)−(i) corresponding to positions D−L, 
respectively
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Fig. 6 Illustration of cross-sectional position of right-angle 
interconnect after current stressing for 288 h (a) and change of 
thickness of Sn-rich and Bi-rich phase layers at corresponding 
position along both cathode and anode interfaces (b) 
 
charge; ρ is the resistivity; j is the current density; C is 
the concentration of the diffusion atom; D is the 
diffusivity; k is the Boltzmann’s constant; T is the 
thermodynamic temperature; v is the drift velocity; F is 
the electromigration force. 

As it is mentioned above, Bi is the main diffusing 
species in the Cu/Sn−58Bi/Cu interconnect system, 
therefore, Eq. (1) can also be expressed by 
 

*
em Bi soldereDJ C Z j

kT
ρ=                                                 (2) 

 
where 

*
BiZ  is the effective charge number of Bi atom; 

ρsolder is the resistivity of the solder. 
In this study, all parameters in Eq. (2) have the same 

values in both types of solder interconnects. This means 
that both types of the interconnects should exhibit the 
same electromigration behavior. However, the 
experimental results show that the electromigration 
characteristics, typically the hillocks and cracks, are 
distinct at different microregions of the right-angle type 
interconnect, indicating that values of the mass flux Jem 

at different microregions are also distinct. Thus, it is 
necessary to further study the distributions of current 
density (j) at different microregions across the whole 
section of the right-angle type solder interconnect. As 

illustrated in Fig. 7, assuming that the electrical 
resistance of the microregion with a width Δw and a 
height Δh as well as a length of L (i.e., between the two 
dashed lines in Fig. 7) consists of two contributions, one 
is from the solder part and another is from copper. 
Obviously, due to the geometrical change of the 
right-angle type solder interconnect and the resistivity 
difference between the solder and copper, the electrical 
resistance values in different microregions of the solder 
interconnect are distinct. 

 

 
Fig. 7 Schematic illustration of calculation of electrical 
resistance in microregion in right-angle solder interconnect 
 

Furthermore, assuming that the applied voltage U 
between the two dashed lines is constant, in this case, the 
applied voltage in any microregion Zi is constant 
regardless of the value of xi. Also considering that the 
distribution of the current density j in any microregion is 
identical (i.e., j is a constant). Thus, in the microregion  
Zi, according to the Ohm law and the relation between ji 
and Ii (i.e., Ji=Ii/ΔSi), the current density ji can be 
expressed as  

Cu solder

1 1=
( )i i

i i i i i

U Uj I
S R S L x xρ ρ

= =
Δ Δ − +

              (3) 

 
where Ii is the current; Ri is the electrical resistance; L is 
the total length of the microregion Zi; xi is the length of 
the solder part in the microregion Zi; ρCu is the resistivity 
of copper; ρsolder is the resistivity of the solder; ΔSi is the 
cross-sectional area of the microregion Zi in Fig. 7, 
which is equal to the product of Δw and Δh and is 
identical in any microregion. 

Substituting Eq. (3) into Eq. (2) then yields the mass 
flux Jem,i in the microregion Zi as follows:  

*
em, Bi solder

Cu solder
e

( )i
i i

D UJ C Z
kT L x x

ρ
ρ ρ

=
− +

            (4) 
 

Consequently, the current density in the top side 
microregion (i.e., xi=L) and the bottom microregion (i.e., 
xi=0) can be rewritten as follows. 

At the top side:  

top
solder

Uj
Lρ

=                                                                (5) 

 
At the bottom corner: 
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bottom
Cu

Uj
Lρ

=                                                              (6) 

 
Substituting ρCu=1.70 μΩ·cm and ρCu=38.3 μΩ·cm 

[23] into Eqs. (5) and (6), then the ratio of the current 
density between the bottom corner and top side 
microregions is calculated to be 22.5, that is, jbottom:jtop= 
ρsolder:ρCu=38.3:1.70=22.5:1. Clearly, jbottom is one order 
of magnitude larger than jtop. Correspondingly, the 
atomic flux Jem at the bottom corner of the solder 
interconnect is one order of magnitude greater than that 
at the top side. This means that the current crowding 
easily occurs at the microregion with a smaller electrical 
resistance in any asymmetric solder interconnect. 

Based on the above experimental observation and 
theoretical analysis, it is clear that the asymmetric 
geometric configuration of solder interconnects can bring 
about a big difference of electrical resistance in different 
microregions of an asymmetric interconnect. The current 
crowding may occur more easily at the microregion with 
a smaller electrical resistance and consequently lead to 
severe electromigration damage. In order to further 
understand the current crowding effect and 
electromigration behavior in the right-angle type solder 
interconnect, three dimensional (3D) finite element 
analysis based on ANSYS 11.0 was performed to 
simulate the current density distribution, in which the 
element type SOLID 69 was used. The material 
properties are given in Table 1. Considering that the IMC 
layers at both interfaces of the solder interconnect are 
very thin and the Joule heating can be dissipated timely, 
the influence of the IMC layers on the current density 
distribution can be ignored. The finite element model and 
simulation results are shown in Fig. 8, where an average 
current density of 1.5×104 A/cm2 is obtained by applying 
a voltage of 57 V to both ends of the model. Clearly, the 
maximum value of current density value appears at the 
bottom corner of the solder interconnect, which is 
2.51×104 A/cm2, being 39 times as much as that at the 
top side with a value of 6.48×102 A/cm2. The simulation 
results are in good coincidence with the experimental 
findings and the theoretical analysis. 
 
Table 1 Material properties of Cu and Sn−58Bi solder [23−25] 

Material Density/ 
(g·cm−3) 

CTE/ 
°C−1 

Elastic 
modulus/ 

GPa 

Poisson 
ratio 

Resistivity/
(Ω·m) 

Cu 8.90 17.0×10-6 128.7 0.34 1.70×10-8

Sn−58Bi 8.70 15.0×10-6 11.9 0.34 38.3×10-8

 
In this study, all the experimental conditions were 

kept the same for both types of solder interconnects 
except the geometrical shape. Thus, it is clear that the 
current crowding and severe electromigration-induced 

damage at the bottom corner of the right-angle type 
solder interconnect are directly related to the 
inhomogeneous electrical resistance distribution in 
different microregions of the solder interconnect with 
asymmetric geometric shape along the direction of 
electron flow. The smaller electrical resistance in the 
bottom corner of the interconnect leads to the local 
current crowding there. Similarly, the electromigration 
damage in any solder interconnect with an asymmetric 
shape relative to the electron flow direction can also be 
explained from the viewpoint of the difference in the 
microregional electrical resistance. For example, for the 
paths of electron flow in a flip chip solder joint as 
illustrated in Fig. 9, the length of ‘Path I’ between the 
entrance        and         exit         is         the         shortest         and         the         electrical 
 

 
Fig. 8 3D finite element model (a) and simulation results of 
current density distribution (b) in right-angle type solder 
interconnect 
 

 
Fig. 9 Schematic of different paths of electron flow in a flip 
chip solder joint 
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resistance along this path is the smallest. Therefore, the 
current crowding may occur easily along ‘Path I’, 
leading to voids or cracks near the entrance and hillocks 
or whiskers near the exit of the electron flow, as 
indicated by other studies [4,26,27]. In order to get a 
uniform current density, the thick Cu column bump has 
been used in the flip chip technology. The results show 
that the current crowding effect can be alleviated and the 
electromigration mean life-time of solder joints can be 
greatly prolonged [7,9]. 

The surface microstructure evolution shows clearly 
that the asymmetric shape of the solder interconnect 
easily results in the localized current crowding and 
electromigration-induced damage during current 
stressing, and consequently there are more cracks and 
hillocks in the right-angle type solder interconnect than 
in the line-type one. The significant change of the 
internal morphology near the bottom corner of the 
right-angle type interconnect is due to the severe 
segregation of Sn-rich phase and Bi-rich phase, which is 
much severer than that on the surface. The analytical 
correlation between the current density and the electrical 
resistance in a microregion of the asymmetric solder 
interconnect shows that the small local electrical 
resistance along the path of electron flow is the key 
factor leading to the current crowding and severe 
electromigration-induced damage. Therefore, it is 
suggested not to employ the solder interconnect with an 
asymmetric shape along the electron flow path in 
electronic package structures. 
 
4 Conclusions 
 

1) The electromigration-induced local degradation 
of microstructures, in terms of segregation of Bi-rich 
phase and formation of microcracks, in the asymmetric 
solder interconnect is much severer than that in the 
symmetrical one, due to the strong current crowding 
effect in the former. 

2) The heterogeneity of microregional resistance in 
the asymmetric solder interconnect is the key factor 
leading to the current crowding of the local region with 
small electrical resistance and the resultant 
electromigration damage, and an analytical method is 
proposed to quantitatively evaluate the current crowding 
effect. 

3) In the right-angle type solder interconnect, the 
electromigration damage easily occurs near the bottom 
corner position owing to the smallest local resistance and 
severest current crowding effect. The change of thickness 
of Bi-rich and Sn-rich phase layers along the whole 
cathode and anode interfaces is non-linear. 
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非对称结构 Cu/Sn−58Bi/Cu 焊点中 
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摘  要：采用原位 SEM 观察、FIB 微区分析和有限元(FE)模拟研究了非对称结构 Cu/Sn−58Bi/Cu 微焊点中电迁

移引起的组织演变及其损伤。结果表明，非对称结构微焊点中富 Bi 相偏聚和微裂纹等电迁移现象远比对称焊点

中严重；FIB-SEM 微观分析结果显示非对称焊点中沿电流方向上各个微区内电阻差异是导致焊点截面上电流非均

匀分布和严重电迁移问题的关键因素，理论分析和模拟结果均表明电流拥挤容易发生在焊点内微区电阻较小的位

置。 

关键词：微区电阻；非对称焊点；电迁移危害；电流拥挤；形状效应 
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