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composition of intermetallic compounds (IMCs) were identified as (Cu,Ni,Co)sSns and (Ni,Cu,Co)3Sn4 by
energy-dispersive X-ray spectrometer (EDX), which significantly differed from that of SAC105 solder. After
multiple reflows, the formation rate of the (Cu,Ni,Co)sSns IMC for the Co-added solder slow compared
with that of (Cu,Ni)sSns IMC for SAC105 solder. Experimental results clearly indicate that adding small
amounts (0.05 wt.%) of Co to SAC105 solder strongly affected the formation of the IMC at the interface.
Furthermore, ball shear test results demonstrate that the SAC105 and SAC105—Co solder joints have good

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Due to environmental considerations, the use of lead-free sol-
ders has become common in electronic packaging industry. Among
various lead-free solders available, near-eutectic Sn—Ag—Cu alloys
are considered the most promising replacement of Sn—Pb solders,
and are widely used as lead-free solutions for ball-grid-array (BGA)
interconnects in the microelectronic packaging industry. The indus-
try standard employs Sn—Ag—Cu (SAC) alloys, although Sn—4 wt.%
Ag—0.5wt.% Cu (SAC405) or Sn—3 wt.% Ag—0.5wt.% Cu (SAC305)
have been already used by some companies, exhibit significantly
poorer performance than eutectic Sn—Pb under high-strain rate
conditions such as drop testing [1]. Thus SAC solder joints are
more fragile under dynamic loads, which are frequently encoun-
tered by portable electronic devices during normal or excessive
use conditions [2]. To address this challenge, drop-resistant SAC
alloy development efforts have been launched by the current stud-
ies and, in recent years, considerable progress has been made in this
area. Current data indicates that Ag content is controlled to modu-
late bulk properties of SAC alloys. Suh et al. [1] demonstrated that
bulk properties of SAC alloys have significant effects on high-strain
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rate fracture resistance, and reducing Ag content is highly effec-
tive in increasing bulk compliance and plastic energy dissipation
ability, resulting in significant performance enhancement during
drop testing. Suh et al. and some other researchers [1-3] have also
reported that Sn—1 wt.% Ag—0.5 wt.% Cu (SAC105) alloy and other
low-Ag alloys exhibit significantly higher fracture resistance under
high-strain rate conditions than SAC405 and SAC305 alloys. Never-
theless, compared with high-Ag alloys, such as SAC405 and SAC305,
the SAC105 had lower elastic modulus and tensile strength due to
reduced Ag content [1].

Until now, many studies have investigated the characteristics
of lead-free solders, such as their microstructures, mechani-
cal properties, and interfacial reactions. Considerable research
on Sn—(3-4wt.%) Ag—(0.5-0.75 wt.%) Cu alloys has been carried
out, and the interfacial reactions between the solder and sub-
strate have been analyzed to elucidate their interaction [4-7].
To enhance solder properties and interfacial reactions, microele-
ments, such as Ni, Fe, Mn, Ti and Co have been added to the
solder [8-17]. Anderson et al. [12] demonstrated that adding Co
to SAC improved its microstructure refinement and its ability to
maintain shear strength after aging. Kim et al. [14,15] and other
researchers reported that adding a minor amount of Co to an
SAC alloy improved tensile strength. However, studies of interfa-
cial reactions and bonding strength of SAC105 solder joints are
very limited, and the characteristics of the SAC105 alloy must be
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Fig. 1. Temperature profile for the reflowing process of the SAC105(—Co) solder BGA
packages in this study.

studied to further improve its properties. In this study, the inter-
facial reaction between SAC105 and a Cu substrate with Au/Ni
surface finish is investigated, and the effects of adding Co to SAC105
solder on the microstructure and mechanical properties is dis-
cussed.

2. Experimental procedures

The BGA package utilized in this study had Cu pads on a bismaleimide tri-
azine (BT) resin substrate. The Cu pads were deposited with an Au/Ni surface finish.
The thickness of the Au and Ni layers were 0.06 and 6 wm, respectively. Two sol-
der ball types investigated in this study were Sn—1 wt.% Ag—0.5 wt.% Cu (SAC105),
and Sn—1wt.% Ag—0.5wt.% Cu—0.05wt.% Co (SAC105—Co) solders, each with a
diameter of 0.64 mm. The solder balls were dipped in RMA flux, placed on the
Au/Ni/Cu pads, and then reflowed in an IR reflow oven with nine different zones.
Fig. 1 presents the reflow temperature profile, where peak temperature was set at
240°C. This study used 1-5 solder reflow cycles. After the reflow process, specimens
were cross-sectioned through a row of solder balls and polished with 0.1 um dia-
mond powder. The microstructures were observed via scanning electron microscopy
(SEM), and their chemical compositions were analyzed using an energy-dispersive
X-ray spectrometer (EDX) installed in the SEM. Bonding strengths were evaluated
via ball shear tests. During these tests, ball shear rate was fixed at 0.1 mmy/s. An aver-
age value from 30 measurements in each condition was adopted. After the ball shear
tests, the top views of fracture surfaces were investigated thoroughly by SEM and
EDX.

3. Results and discussion

Fig. 2 presents SEM micrographs of the interface between
SAC105 solder and the Ni layer reflowed at 240°C for various
reflow cycles. The back-scattered electron image mode of SEM
was utilized to identify distinguishable phase boundaries of inter-
facial layers. During the initial reflow, the topmost Au layer
dissolved into the molten solder, leaving the Ni layer exposed to
the molten Sn—Ag—Cu solder. The microstructure of SAC105 sol-
der balls after reflow contained Ag;Sn and CugSns intermetallic
compounds (IMCs) (Fig. 2a). Additionally, the scallop-shape ternary
Sn—Cu—Ni interfacial IMC layer (IMC1) existed at the interface
between SAC105 solder and the Ni layer. According to EDX anal-
ysis, the composition of the ternary IMC1 phase was 48.7 at.% Sn,
32.6 at.% Cu, and 18.7 at.% Ni. The atomic ratio of (Cu + Ni) to Sn was
(32.6+18.7):48.7, which corresponds to the (Cu,Ni)gSns phase. Jeon
etal. reported a small atomic size difference between Cu and Ni,and
since both have the same FCC lattice structure, the substitution of
Ni into CugSns, without causing lattice distortion or new phase for-
mation, was reasonable [6]. The metastable solubility of Ni into
CugSns may be >20at.%. Moreover, a very thin IMC layer (IMC2)
was found between the IMC1 and Ni layers. The EDX analysis iden-
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Fig. 2. SEM mircographs of SAC105 solder joint interface after various reflow cycles.

tified the composition of this very thin IMC2 layer as Ni—Cu—Sn. The
atomic ratio of (Ni+Cu) to Sn was (37.5+10.2):52.3, which is close
to 3:4. Therefore, the reaction layer adjacent to the Ni layer could be
regarded as (Ni,Cu);Sng IMC. Recently Suh et al. [1] reported a simi-
lar result from an investigation of the growth of IMCs formed at the
interface. The formation of (Cu,Ni)gSns and (Ni,Cu)3Sng IMCs at the
interface between solder and electrolytic Ni layer were detected.
Also, the very thin layer (~20 nm) of (Ni,Cu)3Sn4 IMC was observed
in both SAC105 and SAC405 systems. Jeon et al. [6] reported the for-
mation of IMC were the same as the crystal structure of the NizSnyg
phase. Thus, the phase of this IMC must be (Ni,Cu)3Sn,4 that con-
sists of the NizSng-crystal structure with 4-7 at.% Cu atoms in the
Ni sublattice. Similar analytical results were existed for all other
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Sn—Ag—Cu solders, such as Sn—4Ag—0.5Cu, and Sn—3.5Ag—0.7Cu
solders joints on the Ni layer [4-7]. Fig. 2b and c present SEM micro-
graphs of the SAC105 samples after multiple reflows (three and five
times). With an increased number of reflows, the composition of
the interfacial reaction product between the solder and Ni layer
was (Cu,Ni)sSns and (Ni,Cu)3Sng phases (IMC1 and IMC2), and the
scallop-shaped IMC1 layer becomes more continuous. However, the
thickness of the IMC1 and IMC2 layers did not change significantly
with the reflow cycle, as will be discussed.

Fig. 3 presents SEM micrographs of the interface between
SAC105—Co solder and Ni layer reflowed at 240 °C for various reflow
cycles. Fig. 3a shows the interface between SAC105—Co solder and
the Ni layer after one reflow. A discontinuous IMC (IMC3) and
a relatively thin and continuous IMC layer (IMC4) were present
at the interface. Additionally, the IMC4 layer was adjacent to the
Ni layer. On the other hand, IMC3 was formed at the interface
between the IMC4 layer and the solder. In this study, the com-
position of the discontinuous IMC3 phase by EDX analysis was
49.7 at.% Sn, 32.3at.% Cu, 15.7 at.% Ni, and 2.3 at.% Co. The IMC3
phase was likely (Cu,Ni,Co)sSns, reflecting a compositional ratio
(6:5)between Cu + Ni + Co and Sn. Furthermore, the elemental com-
position of the continuous IMC4 layer was 52.4at.% Sn, 9.9at.%
Cu, 35.3at.% Ni, and 2.4at% Co; the IMC4 corresponds to the
(Ni,Cu,Co)3Sn4 phase. The (Cu,Ni,Co)sSns and (Ni,Cu,Co)3Sny IMC
phases were formed by substituting Co for Cu atom in compounds
with Sn. Similar experimental results were found for all other sol-
ders with Co added [13-17]. Additionally, Gao et al. [16] reported
that the concentration of Co in the interfacial IMC region may be
attributed to enhance the driving force of IMC formation and reduce
the interfacial energy between the IMC and solder matrix during
soldering. Fig. 3b and ¢ show SEM micrographs of SAC105—Co sam-
ples after multiple reflows (three and five times). The quantities and
size of the discontinuous IMC3 did not change significantly after
three reflows, and became continuous after five reflows. However,
the thickness of the underneath IMC4 layer increased slightly as
reflow cycles increased.

Table 1 presents quantitative results of EDX analysis for inter-
facial IMCs. A difference existed in composition of IMCs between
SAC105 and SAC105—Co alloys. For the SAC105 solder, the interfa-
cial IMCs were estimated as (Cu,Ni)gSns and (Ni,Cu)3Sng phases.
For the SAC105—Co, the IMC layer contained Co and was estimated
as (Cu,Ni,Co)gSns and (Ni,Cu,Co)3Sn4 phases. However, these IMCs,
(Cu,Ni)gSns or (Cu,Ni,Co)sSns and (Ni,Cu)3Sny or (Ni,Cu,Co)3Sny,
are based on the CugSns and Ni3Sny crystal structures, respec-
tively. Fig. 4 presents schematically the morphology of the IMC
at the interface. For the SAC105 solder, the morphology of the
(Cu,Ni)gSns IMC layer is scallop-shaped and continuous, and a very
thin layer of (Ni,Cu)3Sng was existed at the interface between the
Ni layer and (Cu,Ni)gSns IMC layer after multiple reflows (Fig. 4a).
For the SAC105—Co solder, both (Cu,Ni,Co)sSns and (Ni,Cu,Co)3Sny
were present at the interface after one reflow (Fig. 4b). Similar
to its counterpart with three reflows, the (Cu,Ni,Co)sSns phase
was discontinuous, whereas that of (Ni,Cu,Co)3Sng was continu-
ous. However, after five reflows, discontinuous (Cu,Ni,Co)gSns IMC

(a) 1x reflow

Fig. 3. SEM mircographs of SAC105—Co solder joint interface after various reflow
cycles.

Table 1

EDX composition analysis results of IMCs formed at the interface

Solder Composition (at.%) IMC phase
Sn Cu Ni Co

SAC105 47.4-48.8 31.1-32.8 18.6-21.6 - IMC1 (Cu,Ni)sSns
52.1-54.8 9.8-11.5 34.2-36.4 - IMC2 (Ni,Cu)3Sng

SAC105—Co 48.9-49.9 32.2-33.5 13.7-16.4 1.3-2.8 IMC3 (Cu,Ni,Co)sSns
52.7-54.3 9.3-10.6 33.6-35.3 1.5-2.7 IMC4 (Ni,Cu,Co)3Sny
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Fig. 4. Schematic diagrams of IMC changes during various reflow cycles.

changed gradually to continuous. There is one possible origin for
the interfacial IMCs formation. The layered structure of IMCs may
be a clue to understanding the diffusion mechanism. During sol-
dering, the most Cu was pinned on the Sn in the form of CugSns
particles in the solder ball, and the remaining partial Cu was on
the solder/Ni interface forming (Ni,Cu)3Sn4 or (Ni,Cu,Co)3Sng and
(Cu,Ni)gSns or (Cu,Ni,Co)sSns compounds. However, the exact rea-
son for the formation of this discontinuous (Cu,Ni,Co)sSns IMC
remains unclear, and it is probably since the addition of small
amounts of Co in the solder may cause suppressing Cu diffusion
from the solder to the interface. In this study, the average Cu con-
tents in the SAC105(—Co) solders were fixed 0.5 wt.%. Two IMCs of
(Cu,Ni)gSns and (Cu,Ni,Co)gSns were formed due to the Cu atoms
diffusion from bulk solder to interface. However, the morphology
of (Cu,Ni)gSns IMC layer in the SAC105 solder joint was continu-
ous after one reflow process, and a continuous (Cu,Ni,Co)gSns layer
was formed in the Co-added solder joint after five reflows. The
decreasing formation rate of (Cu,Ni,Co)gSns IMC during reflow pro-
cess might be attributed to the diffusion of Cu atoms from solder to
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Fig. 5. Variations of the ball shear strength with reflow cycle.
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Fig. 6. Fracture surfaces of SAC105(—Co) solder joints after various reflow cycles.

interface becomes difficult. Further studies are needed to elucidate
this phenomenon.

Ball shear tests were performed to evaluate the effect of interfa-
cialreactions on solder joint reliability as a function of reflow cycles.
Fig. 5 shows the ball shear strength values for SAC105(—Co) sol-
der/Ni BGA joints with various reflow cycles. Little difference was
observed in the strength between SAC105 and SAC105—Co samples.
Additionally, shear strength did not change much as a function of
reflow cycles. Mean shear strength was 8-9 N in this study, indicat-
ing that shear strength of the SAC105 and SAC105—Co joints was
not sensitive to the number of reflow cycles such as five times at
240°C. After the ball shear tests, fractured surfaces were exam-
ined by SEM. Fig. 6 presents top views of the fractured surfaces
for SAC105(—Co) solder joints reflowed for various reflow cycles.
The fracture of all specimens after ball shear tests indicates duc-
tility across the solder balls (Fig. 6). Additionally, the interfacial
IMCs, such as (Cu,Ni,Co)sSns and (Ni,Cu,Co)3Sn4 were not observed
on the fractured surfaces. Generally, a fracture occurs during the
ball shear test at the interface in the weakest solder region. In this
study, ball shear test results indicated that shear strength of the
SAC105(—Co) solder joint could not be significantly related to the
type of IMCs formed at the interface. Consequently, interfacial reac-
tion and shear test results in this study show that the SAC105 and
SAC105—Co solder joints have a desirable joint reliability.

4. Conclusions

The formation of IMCs at the interface between SAC105(—Co)
solder and a Ni layer were investigated. Joint strength was also
evaluated using ball shear tests to reveal the effects of adding Co to
SAC105 solder. The primary experimental results obtained in this
study are summarized as follows:

(1) After reflowing, the reaction between SAC105—Co solder and
the Ni layer resulted in formation of two IMCs, such as
(Cu,Ni,Co)sSns and (Ni,Cu,Co)3Sny, at the interface. The mor-

phology of the (Cu,Ni,Co)gSns IMC layer was discontinuous, and
(Ni,Cu,Co)3Sny4 IMC layer was thin and continuous.

(2) For SAC105 solder, the morphology of the (Cu,Ni)sSns IMC
layer was continuous after one reflow. For the SAC105—Co sol-
der, discontinuous (Cu,Ni,Co)sSns IMC changed gradually to
continuous after five reflows. The decreased formation rate
of (Cu,Ni,Co)gSns IMC during reflowing was attributed to the
addition of small amounts of Co in the solder suppressing Cu
diffusion from the solder to the interface.

(3) In the ball shear tests, adding Co to SAC105 solder did not
influence the shear strength of the solder joints, and the shear
strength value did not change significantly as a function of num-
ber of reflow cycles. Moreover, for both SAC105 and SAC105—Co
solder joints, fractures occurred in the solder ball. Shear test
results demonstrate that SAC105 and SAC105—Co solder joints
have good joint reliability.
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