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Abstract Copper-cored solder can be regarded as the
next-generation solder for microelectronic semiconductors
exposed to harsh operating conditions owing to its excel-
lent sustainability under extreme thermal conditions, e.g.,
in microelectronic semiconductors used in transportation
systems. Cu-cored solder joints with two different coating
layers, Sn—3.0Ag and Sn—1.0In, were compared with the
baseline Sn—3.0Ag—0.5Cu solder. The fracture strength and
failure mode were examined using the high-speed ball-pull
and normal-speed shear tests. The Cu-cored solder joint
with the Sn—1.0In plating layer exhibited the highest ball-
pull and shear strengths. In addition, it showed a much
lower percentage of interface fracture between the Cu-core
and plating layer than the interface fracture percentage in
the Sn—3.0Ag plating layer due to the improved wettability
between the Cu-core and Sn—1.0In plating layer.

Introduction

The reliability of solder joints in area-array microelectronic
packages, i.e., chip-scale packages (CSPs), ball-grid arrays
(BGAs), and flip-chip ball-grid arrays (FC-BGAs), has
recently attracted considerable attention because of their
ability to provide higher numbers of input and output
(I/0) connections as well as the continued push for
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miniaturization by the electronics industry [1-11]. Among
a number of solders available, Sn-based lead-free solder
provides greater strength, thermo-mechanical fatigue
behavior and creep resistance, replacing conventional Sn—
Pb solder in many applications with environmental and
health concerns [12—15]. Despite their several advantages
over conventional Sn—Pb, Sn—Ag—Cu solders often show
catastrophic failure under impact loading conditions
because of their much higher stiffness than Sn—Pb solder
[16]. Furthermore, they were recently reported to show
inferior properties under harsh environments, e.g., extreme
thermal conditions. For example, Sn—Ag—Cu solder joints
were reported to have shorter lifetimes under severe ther-
mal cycling conditions than Sn—Pb solder joints owing to
their degraded creep resistance under higher stress levels
[17]. Even the insufficient electromigration resistance of
both Sn—Ag—Cu and Sn—-Pb solder joints can be a serious
limiting factor in high-density packages in the near future
because electromigration can be exacerbated by a higher
current density in smaller solder joints, combined with the
elevated operating temperatures [1-9, 18-20].

The use of Cu-cored solder balls can be a potential
solution to microelectronic semiconductor packages under
harsh thermal conditions, e.g., for microelectronic com-
ponents in the automobile industry, owing to their
enhanced reliability for the following reasons. First, they
should have an excellent resistance to electromigration
failure because the driving force for copper diffusion
toward the inside of the solder ball is reduced considerably
in the presence of a Cu-core [21]. Second, Cu-cores in the
solder balls can remain in the solid state and serve as a
spacer during reflow thereby preventing the solder balls
from touching each other when the ball size and pitch is
very small, as in high-density BGA or CSP packages [2, 7,
22]. Third, also for the same reason, their thermal cycling
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properties are anticipated to be better than those of con-
ventional solders because they tend to maintain higher
height after reflow due to the Cu-core inside the ball [7, 23].
Fourth, the Cu-core can also offer better electrical and
thermal conductivity than conventional Sn—Pb and lead-free
solder alloys [2, 7]. Finally, the manufacturing process of
Cu-cored solder balls can be relatively simple. The Cu-core
can be coated with a normal Sn-based solder by an elec-
troplating process and be attached to the pad finish using the
general microelectronic packaging processes used today.

Surprisingly, few systematic studies have been devoted
to the characterization and mechanical properties of
Cu-cored solder balls except for the little data available in
the recent literature [2, 7, 22, 24]. Therefore, this study
examines the physical and mechanical properties of
Cu-cored solder joints to understand their fracture mecha-
nisms, and compares these properties with those of the
baseline Sn—3.0Ag—0.5Cu solder joint. In addition, the
fracture behavior of the Cu-cored solder joints with two
different coating layers of Sn—3.0Ag and Sn—1.0In for the
Cu-core are examined using ball-pull and shear test
methods. The failure mode after the ball-pull test is
examined to further understand the fracture behavior and
properties of the two coating layers.

Experimental procedures

Two types of Cu-cored solder balls (Fukuda Foil & Power
Co., Japan) were examined. Cu-cores, 300 pm in diameter,
were electroplated with Sn—3.0Ag and Sn—1.0In solders,
respectively, giving a final uniform diameter of 330 um
(Fig. 1). These are hereafter denoted as Sn—-3.0Ag
Cu-cored and Sn—1.0In Cu-cored solders, respectively.
Their properties were compared with those of commer-
cially available lead-free Sn-3.0Ag—0.5Cu solder balls
(MK Electron, Korea) with the same diameter of 330 pm.
The following three commonly used pad finishes were
applied to substrates for ball attachment: Cu-organic sol-
derability preservative (Cu-OSP), electroless nickel
immersion gold (ENIG) and electrolytic Ni/Au.

The solder balls were attached to the substrates in a
seven-zone convective reflow oven (1706 EXL, Heller) in a
nitrogen atmosphere. All the samples were reflowed only
once. The soldering profile had a 150 & 2 °C preheat
temperature with a peak temperature of ~245 °C.

High-speed ball-pull and normal-speed shear tests were
carried out at a speed of 400 mm/s and 500 pum/s, respec-
tively. The shear height was maintained at 10 pum. Both
tests were performed using a Dage 4000HS bond tester.
Each test data set was composed of at least 25 measure-
ments, of which the average value was calculated and
compared.
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Fig. 1 Optical micrograph of a cross-section of a copper sphere
solder ball plated with Sn—3.0Ag solder. A firm bonding is formed
between the Cu sphere and plating layer without any evidence of
delamination

The microstructures were evaluated by optical micros-
copy and scanning electron microscopy (SEM, JSM7401F,
JEOL) on polished cross-sections. Chemical composition
was measured by energy-dispersive spectroscopy (EDS).
The electron probe micro-analyzer (EPMA, 1600, Shima-
dzu) was also used to observe the distribution of indium.

Results and discussion
Ball attach and microstructure

Figure 1 shows the cross-section of a Cu-cored ball plated
uniformly with Sn-3.0Ag solder, 15 pm in thickness. No
delamination was observed at the interface between the
Cu-core and Sn—-3.0Ag or Sn—1.0In plating layer, sug-
gesting a firm bond during the electrolytic plating process.
After the reflow process, the majority of Sn—-3.0Ag and
Sn—1.0In plating layers flowed down to the bottom side of
the Cu-core and approximately half of the entire surface of
the Cu-core ball became covered with the plating solder
layer, as shown in Fig. 2. This is in contrast to the report
that the Cu sphere was covered completely with the plating
solder layer after a Cu sphere had been placed on a Pb—Sn
solder piece with a Ni—Au surface finish and then reflowed
[2]. Pores appear to form more easily at the interface
between the Cu-core and plating layer than at the interface
between the plating layer and surface finish, because the
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Fig. 2 Scanning electron
micrographs of cross-sections of
a Cu-cored ball plated with Sn—
3.0Ag: a after a reflow and b an
enlarged view of the interface
between the Cu-core and Ni/Au
finish substrate pad

Cu-Sn reaction layer grows faster at the Cu-core/plating
layer interface than at the plating layer/surface finish
interface [7]. Several pores indeed formed at the interface
between the Cu-core and Sn—3.0Ag plating layer, whereas
relatively fewer pores were observed at the interface
between the Cu-core and Sn—1.0In plating layer. EDS
confirmed that after reflow, the Sn—3.0Ag plating layer that
bonded to the substrate consisted of a Sn-rich solder layer
with only 1-2 wt% Ag and 1-3 wt% Ni containing Ag;Sn
intermetallic particles, sandwiched between the upper
(Cu,Ni)eSns layer with a low Ni content (0.2-1.9 wt%) and
the lower (Cu,Ni)¢Sns layer with a high Ni content
(20.9-24.3 wt%), as similarly reported elsewhere [12, 13]
(Fig. 2). On the other hand, the Sn—1.0In plating layer
consisted of a Sn-rich solder layer with a 1-3 wt% Ni
content, sandwiched between the upper (Cu,Ni)sSns layer
with a low Ni content (1.0-3.5 wt%) and the lower
(Cu,Ni)¢Sns layer with a high Ni content (11.8-12.9 wt%).
The average thicknesses of the upper (Cu,Ni)sSns and
lower (Cu,Ni)¢Sns layers of the Sn—3.0Ag plating layer
were 1.9 &+ 0.7 and 0.9 £ 0.4 um, respectively, whereas
those for the Sn—1.0In plating layer were 1.7 + 0.6 and
1.5 £ 0.6 um, respectively. The formation of upper and
lower (Cu,Ni)sSns type layers in the plating layer was also
reported when the Cu-core was plated with the eutectic
Sn—-Pb solder, inhibiting the formation of an undesired
(Au,Ni;_,)Sny phase [2]. No CuzSn layer was observed at
the interface between the Cu-core and Ni—Au substrate but
it was reported to form after a high-temperature annealing
process [2].

Identifying indium in Sn-based solder materials is dif-
ficult using backscattered electron imaging or energy dis-
persive spectroscopy because of the similar atomic number
between indium and tin (49 and 50, respectively) [25].
Therefore, EPMA was utilized to determine the location of
indium. The EPMA images showed that indium was dis-
tributed fairly uniformly in the Sn—1.0In plating layer
without any evidence of segregation (Fig. 3). Based on the
phase diagram between indium and tin [26], 1.0 wt%

Interface between Cu-core and substrate pad

(Cu,Ni)sSns

Ni/Au finish
substrate

(Cu,Ni)gSns

Distribution of In

Fig. 3 EPMA image of the indium distribution for an entire solder
joint with Sn—1.0In plating layer

indium could dissolve into the tin matrix over a reflow time
period of several minutes at the peak temperature of
~245 °C [25]. On the other hand, indium was reported to
form complex intermetallic compounds with Sn, or Au and
Ni from the Ni/Au surface finish in the form of particles in
the solder matrix or a thin reaction layer on top of the
surface finish when it is the majority element in the solder,
e.g., In-based low temperature solders [27-30].

Ball-pull and shear tests

Figure 4 shows the high-speed ball-pull forces of Sn—
3.0Ag Cu-cored solder joints and baseline SAC305 solder
joints with three different surface finishes: ENIG, Cu-OSP
and electrolytic Ni/Au. A high speed of 400 mm/s was
selected intentionally for the ball-pull test to increase the
propensity of brittle fracture at the solder joint of the
baseline SAC305 such that a more similar comparison can
be made with the failure modes of Cu-cored solder joints
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Fig. 4 High-speed ball-pull forces of the different samples with
different surface finishes tested at 400 mm/s. The test was carried out
after the solder joints were reflowed once

without any failure inside the Cu-core. The average frac-
ture forces for the baseline SAC305 solder joint were
higher than those of the Sn—3.0Ag Cu-cored solder joint for
all surface finishes. In particular, the fracture force of the
SAC305 solder joint with the Cu-OSP surface finish was
the highest of the three surface finishes examined [31]. On
the other hand, the fracture force of the Sn—3.0Ag Cu-cored
solder joint with Cu-OSP surface finish was only 254.8 g,
which is approximately half that of the SAC305 solder
joint. It is probably associated with the low diffusion
driving force of copper from the pad to Cu-cored solder
joint; the Cu-core might weaken the diffusion driving force
of copper from the Cu-pad, thereby forming an interme-
tallic compound layer with an insufficiently good strength
at the interface between the Cu-core and pad during reflow.
The fracture force for the Sn—3.0Ag Cu-cored solder joint
was the highest with the Ni/Au surface finish (327.9 g).
Therefore, the Cu-OSP surface finish was avoided and all
other tests were performed only with the Ni/Au surface
finish, as in other studies of Cu-cored solder joints using
either the ENIG [7, 22] or Ni/Au surface finish [2].
Figure 5 shows the high-speed ball-pull and normal-
speed shear forces on the Ni/Au surface finish for Cu-cored
solder joints with Sn—-3.0Ag and Sn—1.0In plating layers,
along with those of SAC305 for comparison. The highest
average fracture forces were obtained for Sn—1.0In
Cu-cored solder joint in both the high-speed ball-pull and
normal-speed shear tests; the high-speed ball-pull fracture
force was approximately 20% higher for the Sn—1.0In
Cu-cored solder joint than for Sn—3.0Ag Cu-cored solder
joint (Fig. 5a). On the other hand, the high-speed ball-pull
force of the Sn—3.0Ag Cu-cored solder joint was slightly
lower than that of the baseline SAC305, whereas they
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Fig. 5 The fracture forces for different solder joints with an
electrolytic Ni/Au surface finish: a the high-speed ball-pull fracture
force and b normal-speed shear fracture force

showed a similar fracture force in the normal-speed shear
test. The similar shear fracture force between the Cu-cored
solder coated with a Sn—Ag—Cu solder and the conven-
tional SAC305 solder joint was also reported elsewhere
[24]. Although there was no difference between the shear
forces of SAC305 and Sn—3.0Ag Cu-cored solder joints, a
slightly greater shear force was measured for the Sn—1.0In
Cu-cored solder joint. This appears to be attributed to the
strengthening effect by indium addition, as evidenced by
the increased hardness and strength in the indium-doped
Sn—Ag—Cu solders, even with small indium contents
ranging from 0.5 to 3.0 wt%, as reported elsewhere [32].

Failure modes

In general, fractures in solder joints can be classified into
three failure modes: brittle failure with more than 50% of
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Fig. 6 Optical micrographs of cross-sections of Cu-cored solder
joints after the high-speed fracture test, showing a lower interface
fracture, b upper interface fracture, ¢ plating fracture, and d partial
plating fracture

the interfacial IMC layers exposed by area, ductile failure
with more than 50% of bulk solder remaining by area, and
pad failure with more than 50% of the pad peeled off [33—
36]. On the other hand, four different types of failure modes
were defined in this study when characterizing the fracture
behavior of Cu-cored solder joints, as shown in Fig. 6;
cross-sectional optical images of the fracture surfaces of the
Cu-cored solder joints with Sn—3.0Ag and Sn—1.0In plating
layers show four different failure modes after the high-
speed ball-pull test. Lower interface fracture represents the
failure at the interface between the plating layer and pad
finish (Fig. 6a). Upper interface fracture is failure along the
interface between the Cu-core and plating layer (Fig. 6b).
Plating fracture is considered ductile failure that occurs in
the plating layer (Fig. 6¢). Finally, partial plating fracture is
a mixture of upper interface and plating fractures (Fig. 6d).

Figure 7 shows the failure mode distributions for the
high-speed ball-pull test of the Cu-cored solder joints with
Sn—-3.0Ag and Sn—1.0In plating layers in comparison with
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Fig. 7 Failure mode distributions for the high-speed ball-pull test at
400 mm/s with the Ni/Au surface finish

the failure mode for SAC305. Although the lead-free Sn—
Ag—Cu-based solder joints normally undergo the typical
brittle failure at the IMC interface (or lower interface
fracture in this classification) during the high-speed ball-
pull test [16, 33], a range of failure modes were observed in
the Cu-cored solder joints. Fracture in the plating layer was
quite common in both Cu-cored solder joints. Approxi-
mately 28 and 31% plating fractures, and 25 and 26%
partial plating fractures were observed in the Sn—-3.0Ag and
Sn—1.0In Cu-cored solder joints, respectively. However, a
noticeable difference was observed with upper interface
fracture, which is a brittle failure type at the interface
between the Cu-core and plating layer. The upper interface
fracture appeared to be the primary failure type for the Sn—
3.0Ag Cu-cored solder joint with a 43% failure rate,
suggesting that the interface between the Cu-core and Sn—
3.0Ag plating layer is the weakest link. On the other hand,
upper interface fracture occurred at a much lower rate of
20% for the Sn—1.0In Cu-cored solder joint. Instead, lower
interface fracture between the Sn—1.0In plating layer and
pad finish took place at a rate of 18%, suggesting that the
Sn—1.0In plating layer formed a stronger bond with
the Cu-core than the bond the Sn-3.0Ag layer formed with
the Cu-core. A review of the literature suggested this to be
due to two favorable characteristics of indium in the
Sn—1.0In plating layer. First, indium addition is generally
known to improve the wettability of solder materials [37,
38] by decreasing the wetting time and increasing the
wetting force, particularly between the copper specimen
and molten Sn-based solder [32]. This is indeed supported
by the observation of fewer pores in the interface between

@ Springer



6902

J Mater Sci (2011) 46:6897-6903

Table 1 The fracture forces for different fracture modes in Sn—Ag and Sn-In Cu-cored solder joints with an electrolytic Ni/Au surface finish

Lower interface
fracture (g)

Cu-cored solder joint

Partial plating
fracture (g)

Plating
fracture (g)

Upper interface
fracture (g)

Sn-Ag
Sn-In

No failure
430.2 £ 38.6

3312 £ 556
398.1 £ 57.1

330.6 = 49.8
408.8 + 49.9

3225 £45.6
4225 + 66.8

the Sn—1.0In layer and Cu-core, compared to those in the
interface between the Sn—3.0Ag layer and Cu-core. Sec-
ond, indium can dissolve into and strengthen the surface of
the Cu-core via a solid-strengthening mechanism [39, 40]
because it has up to ~1.0 wt% solubility in pure copper at
ambient temperature, giving rise to a fivefold increase in
strength compared to that of pure copper [40]. The fracture
force values in each fracture mode for both the Sn-Ag and
Sn-In Cu-cored solder joints are also displayed and com-
pared in Table 1. In every fracture mode, the fracture force
is higher for the Sn-1.0In Cu-cored solder joint than for the
Sn-3.0Ag Cu-cored solder joint. However, no noticeable
difference is observed between different fracture modes in
each Cu-cored solder joint (Table 1).

Conclusions

The properties and fracture mechanisms of Cu-cored solder
joints with Sn—3.0Ag and Sn-1.0In plating layers were
examined and compared with those of the baseline Sn—
3.0Ag—0.5Cu solder joint. Based on this study, the fol-
lowing conclusions were made:

1. A (CuNi)sSns type intermetallic compound layer
formed at both interfaces of the Cu-core and plating
layer, and the plating layer and Ni/Au pad finish. In the
Sn—1.0In plating layer, indium was distributed uni-
formly without any evidence of segregation.

2. Compared to the ENIG or Cu-OSP surface finish, the
electrolytic Ni/Au surface finish showed the highest
ball-pull force for the Cu-cored solder joint with the
Sn-3.0Ag layer. With the Ni/Au pad finish, the
Cu-cored solder joint with the Sn—1.0In layer showed
the highest ball-pull and shear forces compared to
those of the Cu-cored solder joint with the Sn—-3.0Ag
layer and baseline Sn—3.0Ag—0.5Cu solder joints.

3. Upper interface fracture between the Cu-core and
plating layer appeared to be the primary failure
mechanism for the Sn—-3.0Ag Cu-cored solder joint,
suggesting that the interface between the Cu-core and
Sn-3.0Ag plating layer is the weakest link. On the
other hand, the upper interface fracture occurred at a
~53% lower rate for the Sn—1.0In Cu-cored solder
joint, implying that the Sn—1.0In plating layer formed a
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stronger bond with the Cu-core than the Sn-3.0Ag
layer with the Cu-core. Indium addition is believed to
have improved the wettability between the Cu-core
and Sn-10.In plating layer.
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