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Abstract: Due to the miniaturization of electronic devices, electromigration became one of the serious
reliability issues in lead-free solder joints. The orientation of the β-Sn grain plays an important role
in electromigration failures. Several studies have been carried out to investigate the effect of Sn grain
orientation on electromigration. The efforts involve the influence of β-Sn grain orientation on the
migration of Cu, Sn, and Ni atoms, on the morphology of the solder joint, and on the formation of
Cu6Sn5 and (Cu, Ni)6Sn6 in the lead-free solder joint during electromigration. The current review
provides a detailed review of past studies which were conducted to investigate the influence of β-Sn
grain orientation on electromigration failures in lead-free solder joints.

Keywords: β-Sn grain; intermetallic compound; lead-free solder joint; electromigration

1. Introduction

In chip technology, lead-based solder alloys no longer receive any interest in research.
Scientists are eliminating lead-based solders to avoid the inherent toxicity of lead in elec-
tronic industries. As a result of lead banning due to its environmental issues, lead-free
solders have become a standard material for electronic joints [1–3]. To replace lead-based
solders, researchers used various metals (Au, Ag, Cu, Bi, In, Zn) and developed a number
of lead-free solder alloys [4–8]. These solder alloys have different melting temperatures
and different properties.

The replacement of lead-based solder joints should have at least equal or better
material properties such as mechanical, electrical, thermal, and structural properties than
a SnPb solder. Because of its good reaction ability with many metals, the formation of
intermetallic compound and low temperature soldering, researchers suggested that a
Sn-based solder is one of the good replacement options of the SnPb solder joint [9–12].
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In the past, the United Nations Environment Program suggested that germanium (Ge)
is also dangerous for human health. It is one of the good reactive elements and normally a
trace amount of germanium is added to the Sn due to its high cost. Zinc shows dross due
to the formation of oxides during the soldering, and it also has poor wetting properties.
Indium has good wettability and good effects on physical properties of the solder alloys.
However, the cost of indium is high compared to other solder alloys. Bi also has excellent
wettability and physical properties; however, since Bi production is linked to lead, the use
of Bi is also limited.

Hence, by comparing the advantages and disadvantages of Sn-based solder alloys,
it is found that the long list of Sn-based solder joints becomes a short list of promising
replacement candidates such as Sn-3.5Ag, Sn-3.5Ag-0.7Cu, Sn-0.7Cu, and Sn-3.5Ag-4.8Bi.
Consequently, Sn-Ag-Cu, eutectic Sn-Cu, and Sn-Ag were recommended as promising
replacements of the lead-based solder alloys by the National Electronics Manufacturing
Initiative. Researchers found that an SAC solder has better tensile strength, good creep and
fatigue properties. To complement these properties, it is important to improve structural
and electrical properties. Electromigration (EM) is one of the serious factors which influ-
ences the electrical and structural properties. So, it is important to suppress EM failures in
the solder joints.

Electromigration (EM) is a mass transportation phenomenon driven by high-current
density, and it is also known as the diffusion of atoms, which are driven by high-current
density [13]. When a heavy electron wind passes from the substrate to the solder joint, it
collides and drifts with the Cu atoms present at the cathode interface of the solder joint.
Current wind transfers the momentum to the Cu atoms present at the cathode interface
of the solder joint due to which the Cu atoms migrate from the cathode side toward the
anode side [14–17]. The migration of Cu atoms forms vacancies at the cathode side which
evolve into voids formation after a long period of EM [18,19]. In the flip-chip solder joint,
the current enters from the corner of the solder joint (Figure 1). At the corner of the solder
bump, the uneven distribution of heavy current wind takes place, due to which current
crowding effect occurs in the solder joint [20]. The non-uniformity of current wind at
the corner of the solder also promotes a Joule heating effect. Joule heating and current
crowding effects increase the electromigration process in the solder joint [21,22]. EM usually
influences the migration of Cu atoms from the cathode to the anode side of the solder joint.
This leads to reliability concerns for the solder joint [23–25]. Electromigration issues involve
the formation of voids, cracks, and damage at the cathode side, the reduction in thickness
of the interfacial Intermetallic Compound (IMC) layer at the cathode side, and the rapid
growth of the interfacial IMC layer at the anode side [26].

Due to the Joule heating effects present in the solder joint, rapid diffusion of Cu atoms
will take place. Rapid Cu diffusion creates vacancies at the cathode side of the solder joint
which leads to the formation of voids and cracks and finally the separation of the joint from
the cathode interfaces [27–29]. These voids and cracks reduce the conduction path of the
electric current. Non-uniformity of the current increases the current’s density in certain
areas [29,30]. By increasing the EM time, the Cu diffusion will also be increased. In the
tin-silver-copper (Sn-3.0Ag-0.5Cu or SAC305) solder joints, in past studies, a substantial
increase in the IMC thickness at the anode side was observed with a corresponding decrease
at the cathode side by increasing the duration of the EM test [31]. Longer EM time provides
more Cu migration from the cathode side to the anode side. Migrated Cu atoms form a
thicker layer of IMCs, such as Cu6Sn5, at the anode side by reacting with Sn atoms. As IMCs
have brittle properties, if the IMC layer at the anode side becomes thicker then it will reduce
the mechanical strength of the solder joint [31]. On the other hand, directional migration
of Cu atoms towards the anode rapidly decreases the IMC layer at the cathode interfaces,
which finally leads to the separation of the solder joint from the cathode interface [32,33].
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Figure 1. (a) Schematic illustration of the material configuration and dimensions of the line-bump-
line solder joint. (b) Simulation of the current density distribution in the solder region of the 
Cu/Sn/Cu joint Reprinted with permission from Ref. [34] Copyright 2015 Elsevier. 

The formation of voids at the cathode side and the formation of a thicker layer of IMC 
at the anodic side degrade the structural properties of the solder bump. The structural 
degradation of the cathode and anodic interfaces can cause serious issues on the mechan-
ical performance of the solder joint [32,33]. Past studies found that a longer EM time de-
creased the shear strength of the SAC305 solder, and the fracture will be shifted from the 
solder bulk to the cathodic interface with a brittle behavior [32]. Zhang et al. also found 
similar results [33]. 

A solder bump has much lower thermal conductivity than a trace [35]. The actual 
temperature of the solder bump can thus be significantly higher than the ambient temper-
ature of the solder bump. Due to the nature and construction of the solder bump, the 
bump temperature is governed by the heat dissipation of the chip and the Joule heating 
effect [35]. Since Joule heating is a nonlinear function of the current (I), any increase in a 
current adversely affects the solder bump temperature [35,36]. It is essential to control the 
temperature of the solder bump to reduce the failure in the solder bump. Different ele-
ments in the solder bump can be resistive leading to an increase in overall bump re-
sistance. This might affect the Joule heating characteristics in the solder bump. In the past, 
the sizes of the solder joint and traces were larger. So, the occurrence of heating was very 
low due to a bigger size. The Joule heating effects were not so pronounced in the solder 
joints and traces. As of recently, the size of the solder joint and traces have been dimin-
ished. The scaling down in the size of the solder joint and traces has impacted not only 
the solder joints but also the traces that form the interconnection. Each of the new gener-
ations of flip-chip devices has had to deal with higher Joule heating in a trace and smaller-
sized solder joints. The Joule heating effect is not only because of size reduction of the 
solder joint and traces but also because of an increase in current density [37−39]. The high 
temperature in the solder joint will speed up the electromigration process in the solder 
joint. So, it is very important to minimize the formation of Joule heating at the solder joint 
and traces to minimize the EM failures. 

Figure 1. (a) Schematic illustration of the material configuration and dimensions of the line-bump-line
solder joint. (b) Simulation of the current density distribution in the solder region of the Cu/Sn/Cu
joint Reprinted with permission from Ref. [34] Copyright 2015 Elsevier.

The formation of voids at the cathode side and the formation of a thicker layer of IMC
at the anodic side degrade the structural properties of the solder bump. The structural
degradation of the cathode and anodic interfaces can cause serious issues on the mechanical
performance of the solder joint [32,33]. Past studies found that a longer EM time decreased
the shear strength of the SAC305 solder, and the fracture will be shifted from the solder
bulk to the cathodic interface with a brittle behavior [32]. Zhang et al. also found similar
results [33].

A solder bump has much lower thermal conductivity than a trace [35]. The actual
temperature of the solder bump can thus be significantly higher than the ambient tem-
perature of the solder bump. Due to the nature and construction of the solder bump, the
bump temperature is governed by the heat dissipation of the chip and the Joule heating
effect [35]. Since Joule heating is a nonlinear function of the current (I), any increase in a
current adversely affects the solder bump temperature [35,36]. It is essential to control the
temperature of the solder bump to reduce the failure in the solder bump. Different elements
in the solder bump can be resistive leading to an increase in overall bump resistance. This
might affect the Joule heating characteristics in the solder bump. In the past, the sizes of
the solder joint and traces were larger. So, the occurrence of heating was very low due to
a bigger size. The Joule heating effects were not so pronounced in the solder joints and
traces. As of recently, the size of the solder joint and traces have been diminished. The
scaling down in the size of the solder joint and traces has impacted not only the solder
joints but also the traces that form the interconnection. Each of the new generations of
flip-chip devices has had to deal with higher Joule heating in a trace and smaller-sized
solder joints. The Joule heating effect is not only because of size reduction of the solder joint
and traces but also because of an increase in current density [37–39]. The high temperature
in the solder joint will speed up the electromigration process in the solder joint. So, it is
very important to minimize the formation of Joule heating at the solder joint and traces to
minimize the EM failures.



Coatings 2022, 12, 1752 4 of 16

When heavy current density enters into the solder from the substrate, it changes the
direction from horizontal to vertical [40] as shown in (Figure 2). During current flow, most of
the current enters from the corner of the solder bump. The distribution of the electric current
becomes non-uniform at the cathode interface [41]. The non-uniformity in the distribution
of current density creates current crowding at the cathodic interface [41]. The explanation
of current crowding is also given in (Figure 2). The non-uniform distribution of current
density significantly increases the current density at the corner, which increases the current
crowding. An effort was made to investigate and to understand the current crowding effect
on the solder joint in the presence of high-current density [42]. A 3D simulation model
was constructed to understand the effect of current crowding. Electromigration tests were
run for different time intervals. Figure 2a–h show X-ray micrographs of the samples. It
was found that a high amount of current enters from the corner of the solder joint in all
samples. FEA simulation detected that, at the corner of the solder joint, the current density
significantly increases from 1.1 × 104 A/cm2 to 3.58 × 104 A/cm2 at the corner of the solder
joint (Figure 2g).
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Figure 2. A series of X-ray micrographs demonstrating the interior microstructure evolution of a
solder joint under 1.1 × 104 A/cm2 current stressing for t = (a) 0 h (initial), (b) 2 h, (c) 4 h, (d) 8 h,
(e) 13 h, and (f) 16 h. (g) FEA simulation of the current density Reprinted with permission from
Ref. [42] Copyright 2016 Elsevier.

Other than the Joule heating effect [43] and current crowding effects [44], the grain
orientation of β-Sn was also found to be one of the root causes of electromigration failures.
In the last decade, several experimental studies have been carried out on the influence of
β-Sn grain orientation on electromigration failures. Those studies involve the influence of
β-Sn grain orientation on the migration of Cu, Sn, and Ni atoms, on the morphology of the
solder joint, and on the formation of Cu6Sn5 and (Cu, Ni)6Sn6 in the lead-free solder joint
during electromigration. The current review covers details of past studies that were carried
out to investigate the influence of β-Sn grain orientation on electromigration failures.
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2. Influence of Crystallographic Orientation of β-Sn Grain on EM

The orientation of β-Sn grain plays a vital role in the Cu diffusion from the cathodic
to the anodic interface of the solder joint. β-Sn grain possesses a tetragonal cell, and it is
found that when the c-axis of β-Sn grain is in the same direction of the current flow, the Cu
diffusion will be faster [45]. The vertical direction of the c-axis of the current flow has been
found as an ideal condition to reduce the diffusion of Cu atoms [41,46]. In early studies [47],
it was also found that the diffusion coefficient of Cu atoms in the a-axis and b-axis of the
β-Sn grain is 500 times slower than the c-axis. Hence, the orientation of the c-axis causes
serious issues and facilitates the excessive migration of Cu atoms.

Researchers found that, during the electromigration process, the orientation of β-Sn
grain could be responsible for the structural degradation of solder joints such as a serrated
dissolution at the cathode side, a reduction in the IMC thickness at the cathode side, an
increase in the IMC thickness at the anodic interface, and a formation of voids at the
cathodic interface. The influence of Sn grain orientation on structural degradation of the
solder joint is discussed below.

Past studies investigated the influence of β-Sn grain orientation on the migration of Cu
atoms. The migration of Cu atoms was found to be fast when the direction of the current
and the direction of the c-axis are in the same direction (Figure 3), and more EM effects
were observed (Figure 3c). The migration of the Cu atom was significantly controlled when
the angle between the c-axis and the current flow direction was bigger (Figure 3b), and
reductions in the EM were observed. The angle θ between the c-axis of the Sn grain and
the direction of the current flow plays a very important role in Cu migration from the
cathode side to the anode side of the solder joint [41]. The θ angle is an angle between the
c-axis of the β-Sn grain and the direction of the current flow. It was observed that high θ

angle reduces the Cu migration and lower θ angle facilitates the Cu atoms migration which
results in EM failures.
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To clarify the effect of θ angle on Cu migration, a solder joint containing only two
grains were prepared and an EM test was conducted [48]. The study was conducted for
two samples containing a low θ angle and a high θ angle (Figure 4). In the first sample,
the direction of the current was from the low to the high θ angle. It was found that in the
low θ angle, the Cu diffusion was very fast. It produced voids at the cathode side of the
solder joint [48]. The grain with a high θ angle showed very less Cu diffusion towards the
anode side (Figure 5). Due to different grain orientations, a thick IMC layer was produced
between both of the grains. In the second sample, the direction of the current was from
the high to the low θ angle. Significant reduction in the Cu diffusion was found due to the
high θ angle (Figure 6). By comparing Figures 5 and 6, it can be seen that in different β-Sn
grain orientations, the EM influenced differently. The c-axis of the β-Sn grain facilitated the
migration of the Cu atom from the cathode to the anode side, while other axes of the β-Sn
grain suppressed the Cu migration. In both figures, a huge Cu migration along the c-axis
caused voids at the anode and a thick layer at the cathode side.
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Figure 6. Cross-sectional microstructures of the interconnections after EM for (a) 200 h, (b) 400 h,
(c) 600 h, (d) 600 h (polished), and (e) EBSD inverse pole figure orientation image map Reprinted
with permission from Ref. [48] Copyright 2016 Elsevier.

2.1. Influence on Cu Migration

In previous studies, it was also found that the rate of diffusivity of Cu atoms is different
along a different axis of the β-Sn grain [48]. Yang et al. quantified the diffusivity of Cu
atoms into Sn along the a-axis and c-axis of the β-Sn grain into the Sn2.6Ag solder joint [41].
The EM test was conducted on 4 different samples. It was found that in each sample, the
orientation was different and in each different orientation the EM behavior was different.
Based on orientation, they quantified the diffusivity ratio of Cu by using the following
method [41].

JCu
EM = −CCu

DSn
Cu

kt
zSn∗

Cu eρSn j (1)

where CCu is the local molar concentration of Cu in Sn, DSn
Cu is the diffusion coefficient of

Cu in Sn, zSn∗
Cu is the effective charge number of Cu in Sn, k is the Boltzmann constant, t is

the absolute temperature, e is a charge of an electron, ρSn is the resistivity of Sn, and j is the
applied electron current density.

The term DSn
Cu for the a-axis and the c-axis was calculated as below [41,49].

Da−axis
Cu = 2.4 × 10−3 exp

(
−33.18(kJ/mole)

kT

)(
cm2/s

)
(2)

Dc−axis
Cu = 1.0 × 10−3 exp

(
−16.8(kJ/mole)

kT

)(
cm2/s

)
(3)

The ratio of Cu diffusivity on the a-axis and c-axis of Sn at different temperatures is
given in Figure 7. It can be seen in the figure that the ratio of Cu diffusivity decreased
by increasing the temperature. The authors found that at 150 ◦C the diffusivity was
approximately 44. However, at a 50 ◦C temperature, it significantly increased to 185.

Another study was also carried out to investigate the Cu diffusivity in β-Sn [50]. The
author quantified the Cu diffusion by a mathematical model as well as by experimental
data. Their findings also concluded that the Cu diffusion is much faster at the c-axis of the
β-Sn grain. Other researchers also found similar results [51,52]. Refs [49,53,54] quantified
the diffusivity of Cu, Ag, Ni, and Sn into β-Sn. Their findings revealed that Cu, Ag, Ni, and
Sn atoms showed low diffusivity through the a-axis, while faster at the c-axis of the β-Sn
grain. The values of diffusivity of Cu, Ag, Ni, and Sn into β-Sn are given in Table 1.



Coatings 2022, 12, 1752 8 of 16Coatings 2022, 12, 1752 8 of 16 
 

 

 
Figure 7. Diffusivity ratio of Cu atoms, along with the c- and a-axis of Sn at various temperatures 
Reprinted with permission from Ref. [41] Copyright 2015 Elsevier. 

Another study was also carried out to investigate the Cu diffusivity in β-Sn [50]. The 
author quantified the Cu diffusion by a mathematical model as well as by experimental 
data. Their findings also concluded that the Cu diffusion is much faster at the c-axis of the 
β-Sn grain. Other researchers also found similar results [51,52]. Ref [49,53,54] quantified 
the diffusivity of Cu, Ag, Ni, and Sn into β-Sn. Their findings revealed that Cu, Ag, Ni, 
and Sn atoms showed low diffusivity through the a-axis, while faster at the c-axis of the 
β-Sn grain. The values of diffusivity of Cu, Ag, Ni, and Sn into β-Sn are given in Table 1. 

Table 1. Diffusivities of Ag, Cu, Ni, and Sn in the β-Sn matrix [49,53,54]. 

Diffusivities of β-Sn (150 °C) (cm2/s) 

Axis Ag Cu Ni Sn Self-
Diffusivity 

a-axis 5.60 × 10−11 1.99 × 10−7 3.85 × 10−9 8.70 × 10−13 
c-axis 3.13 × 10−9 8.57 × 10−6 1.17 × 10−4 4.71 × 10−13 

Hence, it can be said that the orientation of Sn grain plays a very important role dur-
ing the electromigration process. The fine-grain structure can suppress the electromigra-
tion failures in the Sn-based solder joints. 

2.2. Influence on the Microstructure of the Solder Bump 
The orientation of the β-Sn grain plays a very important role in microstructural 

changes of solder joints during the electromigration process. At a low θ angle, rapid Cu 
migration takes place. The migration of the Cu will form voids and accelerate the serrated 
dissolution at cathode interfaces. Cu migration also forms a thicker layer of the IMC at the 
anode side of the solder joint. The detail of these structural changes has been discussed 
below. 

2.2.1. Serrated Dissolution at the Cathode Interface 
Chen et al. reported the effect of the orientation of the β-Sn grain on the structural 

changes of solder joints [55]. It was observed that the θ angle plays a vital role during the 
EM test. A lower θ angle accelerates the Cu migration from the cathodic to the anodic 
interface. Rapid migration of Cu atoms formed serrated edges at the cathode, and a thicker 
layer of the interfacial IMC at the anode side. Yang et al. also found similar results during 
their experiments [41]. They found a migration of Cu in high θ angles as well as low θ 
angles of the β-Sn grain at the cathode interface of the solder joint. They also found serra-
tions where the θ angle was smaller. A smaller θ angle facilitated and accelerated the 

Figure 7. Diffusivity ratio of Cu atoms, along with the c- and a-axis of Sn at various temperatures
Reprinted with permission from Ref. [41] Copyright 2015 Elsevier.

Table 1. Diffusivities of Ag, Cu, Ni, and Sn in the β-Sn matrix [49,53,54].

Diffusivities of β-Sn (150 ◦C) (cm2/s)

Axis Ag Cu Ni Sn Self-Diffusivity

a-axis 5.60 × 10−11 1.99 × 10−7 3.85 × 10−9 8.70 × 10−13

c-axis 3.13 × 10−9 8.57 × 10−6 1.17 × 10−4 4.71 × 10−13

Hence, it can be said that the orientation of Sn grain plays a very important role during
the electromigration process. The fine-grain structure can suppress the electromigration
failures in the Sn-based solder joints.

2.2. Influence on the Microstructure of the Solder Bump

The orientation of the β-Sn grain plays a very important role in microstructural
changes of solder joints during the electromigration process. At a low θ angle, rapid Cu
migration takes place. The migration of the Cu will form voids and accelerate the serrated
dissolution at cathode interfaces. Cu migration also forms a thicker layer of the IMC at the
anode side of the solder joint. The detail of these structural changes has been discussed
below.

2.2.1. Serrated Dissolution at the Cathode Interface

Chen et al. reported the effect of the orientation of the β-Sn grain on the structural
changes of solder joints [55]. It was observed that the θ angle plays a vital role during the
EM test. A lower θ angle accelerates the Cu migration from the cathodic to the anodic
interface. Rapid migration of Cu atoms formed serrated edges at the cathode, and a thicker
layer of the interfacial IMC at the anode side. Yang et al. also found similar results during
their experiments [41]. They found a migration of Cu in high θ angles as well as low
θ angles of the β-Sn grain at the cathode interface of the solder joint. They also found
serrations where the θ angle was smaller. A smaller θ angle facilitated and accelerated the
migration of Cu atoms. For other places of the cathode interfaces where the θ angle was
higher, the migration of Cu was slower, and serration did not take place Figure 8.
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2.2.2. Voids and Cracks at the Cathode Side

Huang et al. found that a low θ between the electron flow and the c-axis of β-Sn grain
caused the formation of voids and the propagation of cracks at the cathode interface of the
solder joint [48]. Lee et al. also found similar findings in their studies [46] Figure 9. In their
studies, it was found that the favorable direction of the c-axis of the β-Sn grain facilitates
the Cu migration at the cathode, and a massive Cu migration took place. Due to this, the
formation of voids and the propagation of cracks occurred, and samples failed to conduct
an electric current from the cathode interface. The formation of voids and cracks are given
in Figure 9 (5D). The Sn inverse pole orientation map of the Figure (Figure 9 5A–D) is
given in Figure 10a–d. It can be seen clearly from the SEM images in Figure 9 (5D) and the
orientation map in Figure 10d that when the c-axis of β-Sn grain was parallel or formed a
small θ angle with the electron flow, a massive Cu migration occurred. Due to the massive
Cu migration, voids and cracks were formed at the cathodic interface Figure 9 (5D). On
the other side, where the c-axis of the β-Sn grain was perpendicular or formed a high θ

angle with the electron wind, the migration of Cu was much slower, and the formation of
voids and cracks was suppressed (Figure 9 5A,C). The Sn inverse pole orientation map of
Figure 9 5A,C is given in Figure 10a,c.
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2.2.3. Influence on the Growth of Cu6Sn5 IMC

The studies of Lee et al. [46] revealed that the formation of Cu6Sn5 in the solder joint
also depends on the orientation of the β-Sn grain. They found that the formation of Cu6Sn5
IMC was faster at a low θ angle and slower at a higher θ angle. A low θ angle formed a
thicker layer of IMC at the anode side of the sample (Figures 9 and 10).

Shen et al. also performed an investigation on the formation of Cu6Sn5 in a different
orientation of the β-Sn grain [56]. The study was carried out on Cu/Sn-2.3Ag/Cu micro
bumps under a current density of 4 × 104 A/cm2, and the applied temperature was 165 ◦C.
An electromigration test was run for 65 h. The test was run for 40 micro bumps. Their results
revealed that one micro bump contains several β-Sn grains. All grains had different θ angles.
The formation of Cu6Sn5 was different at different angles. It was found that in an area where
the θ angle was smaller, more Cu migration occurred and a thick layer of Cu6Sn5 was formed
at the anode side. In the area where the θ angle was high, less Cu migration was found which
formed a thin layer of Cu6Sn5 IMC at the anode on the side of micro bumps. The formation
of Cu6Sn5 in different angles of the c-axis with electron flow is given in Figures 11 and 12.
Similar findings were also found by other researchers in the past [46,57–59].
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Figure 11. Rapid formation of Cu-Sn IMC in low-α-angle grains after current stressing of 4 × 104 A/cm2

and 165 ◦C for 65 h. SEM image for the micro-bump (a) with a downward electron flow and (b) with
upward electron flow. (c) Corresponding OIM for the micro-bump in (a,d) corresponding OIM for the
micro-bump in (b). Red arrows represent direction of DC current. Reprinted with permission from
Ref. [56] Copyright 2017 Elsevier.
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2.3. Influence on Ni migration

Researchers also carried out studies to investigate the influence of the β-Sn grain
orientation on the diffusion of Ni atoms from the cathode to the anode sides of the solder
joint [45,60–62]. Their results revealed that the diffusion of Ni in the β-Sn grain was
extremely slower than Cu. They also found that the diffusivity of Ni was different at the
different axes of the β-Sn grain. The values of diffusivity of Ni, Cu, Ag, and Sn into the
β-Sn matrix are given in Table 1.

Huang et al. investigated the influence of Sn grain orientation on Ni diffusion [60].
The test was conducted on an SAC 305 flip-chip solder joint. The solder joint contained Ni
under bump metallization (UBM) on the chip side while the PCB side contained Cu. The
electromigration test was conducted for a maximum period of 400 h. The electromigration
process is illustrated in Figure 13. They found that when the current direction was from
PCB to chip side, excessive Cu dissolution occurred where the c-axis was parallel to the
current flow. Low Cu migration occurred where the c-axis was perpendicular to the electron
flow (Figure 13). On the other hand, when the current direction was from the chip side
to the PCB side, then Ni migration was extremely slow. Ni UBM formed interfacial (Cu,
Ni)6Sn5 IMC which was found to be very stable.
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Another study was carried out by Huang et al. [61] to find the diffusion rate of Ni
atoms on a different axis of the β-Sn grain. Their findings revealed that the diffusion of Ni
was found to be five orders of magnitude faster on the c-axis than on the a-axis of the β-Sn
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grain. Hence, it can be said that the orientation of the β-Sn grain plays an important role in
the migration of Ni atoms as well.

Huang et al. [45] also investigated the influence of the orientation of the β-Sn grain on
the migration of Ni in the line type Ni/Sn3Ag/Ni solder joint. The electromigration test
was conducted for a maximum time of 500 h. Their result concluded that the orientation of
Sn plays the main role in the diffusion of Ni atoms into the Sn matrix, as well as for the
serration dissolution at the cathode interface.

3. Discussion

With a high-current density (order of 1 × 104 A/cm2), the migration of Cu atoms usu-
ally takes place from the cathode to anode interface. The excessive migration of Cu atoms
takes place under three parameters: high current density, EM time, and EM temperature.
The excessive migration of Cu atoms results in reliability issues such as the anodic growth
of IMCs, and the formation of voids on the cathode side [12,63,64]. Heavy current wind
collides and scatters with the Cu atom present at the cathode interface and makes them
migrate towards the anode side. The migrated Cu atoms leave vacancies and voids at the
cathode and form a thicker layer of IMC at the anode side [31]. Void formation weakens
the cathodic interface while the thick layer of anodic IMC promotes brittleness [14,18]. A
serrated cathode dissolution phenomenon was found in the SAC305 solder joint after a
long period of EM. The small amount of Ni and Co nanoparticle suppressed the dissolution
by creating a Cu migration barrier. Another study also detected that Co and Ni added a
solder-generated Cu migration barrier [18,65].

After, the migration of Cu atoms created vacancies at the cathode side to produce
voids at the interfaces. These voids reduce the conductivity of the current and increase
the resistance in the solder joint [66]. The voids promote uneven current distribution and
Joule heating which are the root causes of Cu diffusion. Due to the Joule heating effect, Cu
atoms receive more energy to leave their home position and promote the Cu diffusion rate,
producing more voids and cracks at the cathode side [67–69], forming a thicker layer of
anodic IMC [70], and finally, leading to the failure and separation of the solder joint from
the substrate at the cathode interfaces. It is observed that the Ni and Co nanoparticle can
reduce the formation of cracks which leads to better resistance stability.

The EM failure resistance can be improved by considering a different number of
factors including: (i) a favorable interfacial IMC morphology [20,21]; (ii) an improved
stability of the interfacial IMC layer Gao et al., 2010; (iii) a change in the favorable β-Sn
grain orientation [41,61]; (iv) a segregation of Co atoms to the grain boundaries [71,72]. The
detailed explanation of these factors is discussed below. In past studies, mainly two types
of interfacial IMC morphology were observed. One was scallop type and the second was
planar [20,21]. It was observed that most of the Cu diffusion occurred from the valley areas
of the scallops of the interfacial IMS layer. On the other hand, the planar interfacial IMC
morphology eliminated the valleys which suppressed the Cu diffusion [73].

Gao et al. statistically analyzed the thermodynamic stability of Cu-Co, Cu-Ni, and Cu-
Sn IMC joints. During electromigration, Cu atoms require higher energy to pass through
the Cu-Co and the Cu-Ni, while less energy is required to diffuse through the Cu-Sn IMC.
Hence, Ni and Co can generate a good Cu migration barrier at the cathode interface [12]. In
past studies, it has been observed [41,61] that β-Sn grain orientations play a vital role in the
Cu diffusion from the cathode to the anode side. The controlled direction can suppress the
Cu diffusion significantly. β-Sn grains possess tetragonal cells in which Cu atoms require
different activation energies to migrate through the different axes of the β-Sn grains i.e.,
16.8 kJ/mole activation energy is required to travel through the c-axis, while 33.18 kJ/mole
activation energy is required to migrate along the a-axis [41]. Hence, a well-controlled β-Sn
grain orientation can significantly suppress electromigration failures [45,74].
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4. Summary

The orientation of β-Sn grain plays a very important role in electromigration damages.
The researchers concluded that Cu, Ag, Ni, and Sn atoms showed low diffusivity through
the a-axis while they were faster through the c-axis of the β-Sn grain. When the θ angle
between the c-axis and the current flow was higher, the atom migration was found to be
very slow; however, the small θ angle accelerated the migration of atoms from the cathode
side toward the anode side. Due to this, an excessive migration of atoms occurred. This
massive migration formed electromigration damages such as serrated edges at the cathode
side, the formation of voids at the cathode side, the propagation of cracks at the cathode
side, and a thicker IMC layer at the anode side of the solder joint.

The orientation of the β-Sn grain plays an important role in the migration of atoms
from the cathodic towards the anodic interface during electromigration. To minimize
electromigration damages, it is important to control the orientation of the β-Sn grain. The
vertical direction of the c-axis of the current flow has been found as an ideal condition to
reduce the diffusion of Cu atoms.
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