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The interfacial reaction between Sn–36Pb–2Ag (numbers are all in mass% unless specified otherwise) solder balls and Ni, Ag and Ni/Ag
electroplated on a Cu substrate was investigated and the joint bonding strength was measured using a ball shear tester. The intermetallic Ag3Sn
was observed at the interface of the Cu/Ag/solder joint and Ni3Sn4 was found at the Cu/Ni/solder joint. In the case of Cu/Ni/Ag substrate, the
layer sequence was observed to be Cu/Ni/Ni3Sn4/Ag3Sn/solder. The Ag layer was completely consumed by formation of Ag3Sn but the Ni layer
remained. Environmental tests showed that the Cu/Ni/Ag substrate retained better solder joint reliability than either Ni or Ag single plated Cu
substrate. Two types of reflow profiles were tested and the specimen reflowed by a higher temperature profile showed a higher solder joint
strength. Solder joint strength and microstructural change were observed with several reflow cycles in considering the real board mounting
conditions. There was significant evolution of solder and joint microstructures with reflow cycles and it explained well the change of solder joint
strength.
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1. Introduction

Considerable attention has been paid to the development of
new packaging technologies aimed at reliable joining
technologies for interconnections as device chips become
denser and smaller. Concurrently with these emerging
packaging technologies, new boundary conditions are fore-
seen which require stronger solder joints between the Cu
substrate and solder alloys.1) The reliability of soldered
devices is related to wettability of the solder to the substrate
and to the microstructural stability of the joint during the
soldering operation and/or in use. The microstructure of the
joint is related with the interfacial reaction between solder
and substrate, thereby the reliability of the solder joint is
strongly affected by the type and the extent of the interfacial
reaction between solder and substrate. Accordingly, the
interfacial reaction between solder and substrate is increas-
ingly important and a deeper understanding of the interfacial
reaction is necessary.2,3)

During the soldering process, the intermetallic compound
(IMC, hereafter) forms at the interface between solder and
substrate. The initial formation of the IMC at the interface
means a good metallurgical bonding. However, excessive
growth of an IMC can strongly affect the subsequent
solderability.4,5) Generally the solder joints experience at
least three reflow cycles on mounting. First is when the solder
ball is attached on the solder ball bonding pad. Second is the
attachment on the printed circuit board (PCB) substrate and
the third is another PCB side attachment of the package in the
case of the double side surface mounting. Repair or rework
process is carried out if necessary, thereby the solder joints
experience four reflow cycles. There is a great possibility of
change in interfacial microstructures during these reflow

cycles. Furthermore, during aging and field service the IMCs
grow, thereby changing the interfacial microstructure and the
strength of the solder joint. Actually, thermal fatigue due to
temperature fluctuations either from internally generated
heating or from the external operating environment is a
common solder joint failure mode in electronic assemblies.6)

These problems become more serious in using small sized
solder balls and solder ball bonding pads that are now widely
used in many packaging applications such as BGA (Ball Grid
Array), CSP (Chip Scale Package) and WLP (Wafer Level
Package). In addition to minimizing package dimension, the
use of solder balls as the interconnection between the
semiconductor package and the PCB or printed wire board
(PWB) is beneficial in decreasing the interconnection length
and thus improving electrical performance.

In this work, three kinds of UBM (Under Bump Metal-
lurgy), Ni, Ag and Ni/Ag prepared by an electroplating
process were used on a Cu substrate. We examined their
effect on the solder joint strength and the microstructural
change of the interface between the substrate and the Sn–
36Pb–2Ag solder. Mechanical properties and microstructures
were investigated with environmental tests, aging time,
reflow temperature profiles and number of reflow cycles.

2. Experimental Procedures

The LF(Lead Frame)-CSP7,8) using a ball grid array and
Cu lead frame was used in this study. The Sn–36Pb–2Ag
solder ball (Tanaka Denshi Kogyo, Japan) with an average
diameter of 0.45mm was used. The Cu lead frame was made
from C7025 (Olin, USA) and the chemical composition is
shown in Table 1. The ball land diameter of the Cu substrate
was 0.36mm. The Ni, Ag and Ni/Ag layers were prepared by
electroplating on Cu substrate as UBM of LF-CSP. The
thickness of the electroplated layers of Ni, Ag and Ni/Ag was*Corresponding author. E-mail: hmlee@kaist.ac.kr
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measured by SFT3200 (XRF coating thickness gauge) and it
was 2� 0:25 mm for each Ni and Ag layer. Figure 1 shows
the schematic UBM systems used in this study. Soldering was
performed in an infrared reflow furnace and two different
types of temperature or reflow profiles were used. These
profiles are listed in Table 2 and plotted in Fig. 2. The
maximum temperatures in profiles 1 and 2 were 235�C and
220�C respectively. The melting point of the Sn–36Pb–2Ag
solder alloy is 179�C.

Two severe environmental tests were carried out to
investigate the package level reliability; temperature cycle
test (�65�C–150�C up to 500 cycles) and pressure-cooker
test (0.2MPa (2 atm), 121�C, 100% Relative Humidity up to
240 h). Both are accelerated environmental tests that are
normally practiced in the packaging assembly factory. Then
the solder ball shear test followed to measure the solder joint
strength using a Dage 2400 ball shear tester.

Each solder joint was vertically cut and cold-mounted.
They were then mechanically polished with a 1 mm diamond
automatic polisher. In order to observe clearly the morphol-
ogy of the IMC at the interface, the solder matrix was
removed by etching in a HNO3 solution for several seconds.
The interface was examined using a back-scattered (BS)
scanning electron microscope (SEM) operated at 25 kV. The
composition profiles were measured by a Noran energy
dispersive X-ray (EDX) detector in point mode. X-ray
diffraction (XRD) analysis was also performed to identify the
phases.

To investigate the solid state growth kinetics of the IMC,
the joint specimens attached with the solder ball were
reflowed two times by profile 1. These specimens were then
annealed at 125�C and 150�C for up to 1000 h. The solder
ball shear test was then performed to measure the solder joint
strength using a Dage 2400 ball shear tester.

3. Results

3.1 Solder joint characteristics with UBM systems
Microstructures and EDX analyses of an interfacial IMC

layer formed when the Sn–36Pb–2Ag solder ball was
soldered on Cu/Ag by reflow of profile 1 are shown in Figs.
3(a,b) respectively. EDX results, Fig. 3(b), show that the IMC
formed is Ag3Sn. The morphology was rough and round. The
original Ag layer was almost completely consumed to form
the Ag3Sn IMC. These observations are in accordance with
previous findings.9,10) In the case of soldering Sn–36Pb–2Ag
on Cu/Ni, a different type of IMC was formed at the interface
as seen in Fig. 3(c). It was identified as Ni3Sn4 according to
the EDX of Fig. 3(d) and the XRD of Fig. 3(e). The solder

Table 1 Chemical compositions of Cu alloy, C7025.

Nominal composition (mass%) Ni Si Mg Cu

C7025 Cu alloy 3.00 0.65 0.15 96.20

Fig. 1 Schematic diagrams of UBM system; (a) Cu/Ni/Sn36Pb2Ag solder

bump, (b) Cu/Ag/Sn36Pb2Ag solder bump and (c) Cu/Ni/Ag/Sn36Pb2Ag

solder bump. EMC is epoxy molding compound.

Table 2 Temperature profiles of reflow furnace.

Tmax (
�C)

holding time holding time

above 183�C (s) above 200�C (s)

Profile 1 235 140 80

Profile 2 220 60 35
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Fig. 2 Temperature profiles of reflow furnace; profile 1 is represented by

solid line and profile 2 is represented by dotted line. The melting point of

Sn–36Pb–2Ag is 179�C.
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ball was removed by etching in HNO3. Thus the Ni3Sn4 IMC
particles were clearly identified although some of the Sn and
Pb elements still remained. According to the Sn–Ni phase
diagram,11) there is a potential for additional IMC phases of
Ni3Sn and Ni3Sn2 to appear. The appearance of the Ni3Sn4
phase in the soldering reaction has been successfully

explained through the activation energy value.12) In the case
of the joint between Sn–36Pb–2Ag and Cu/Ni/Ag substrate, a
layer sequence of Cu–Ni–Ni3Sn4–Ag3Sn-solder was ob-
tained although the relevant interfacial microstructure will be
shown in Section 3.2. The original Ag layer was all
consumed by the formation of Ag3Sn. Most of the Ni layer
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Fig. 3 Joint interface between solder and Cu/Ag; (a) SEM micrograph and

(b) EDX analysis. Joint interface between solder and Cu/Ni; (c) SEM

micrograph, (d) EDX analysis and (e) XRD analysis. Soldering was made

by reflow of profile 1.
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remained and a Ni3Sn4 layer formed.
Figure 4 shows the change of solder ball shear strength

after each environmental test. There were up to 500
temperature cycles in the former test and the time duration
was up to 240 h in the latter. Initially, the Cu/Ni/Ag/solder
bump had a medium joint strength with the solder ball
between those of Cu/Ag/solder and Cu/Ni/solder. The
Cu/Ni/solder bump had a higher joint strength, which implies
that the dissolution of Ni into the solder is more effective in
solid solution strengthening compared with the dissolution of
Ag in the Cu/Ag/solder bump. After 240 h of pressure-cooker
testing, the Cu/Ni/Ag/solder bump system showed higher
reliability compared with Cu/Ag/solder and Cu/Ni/solder.
Even in the temperature cycle test, a similar behavior in the
joint strength was observed and it was found that the
Cu/Ni/Ag/solder bump was superior after 200 and 500

cycles. The Cu/Ni/Ag substrate retained higher joint shear
strength than the others after both tests, which implies that
this UBM is more reliable. Therefore, the Cu/Ni/Ag UBM
was selected and further experiments were carried out with
this UBM.

3.2 Solder joint characteristics with number of reflow
cycles

The effect of reflow profiles and number of reflow cycles
on microstructural evolution and solder joint strength was
studied for the solder joints on Cu/Ni/Ag UBM. Four reflow
cycles were applied to the solder joint with different
soldering temperature profiles 1 and 2 of Fig. 2. Profile 1 is
the normal soldering temperature profile having a maximum
temperature of 235�C while a slightly lower maximum
temperature of 220�C is used in profile 2. Figure 5 shows the
variation of the solder ball shear strength with the number of
reflow cycles. For reflow profile 1, the joint strength
increased after the second reflow and decreased after the
third and fourth reflow cycles. The shear strength was always
higher than in the initial state of the first reflow. In contrast to
reflow profile 1, there was a sudden drop in the solder joint
strength after the second reflow at profile 2 and it increased
after the third and fourth reflow cycles. Except for the first
reflow, the solder joint strength reflowed with profile 1
maintained a higher value than reflow profile 2.

The interfacial microstructure was investigated with the
BS mode of SEM. Figure 6 is for the joint reflowed at
temperature profile 1 with up to four cycles. Figure 6(a)
shows the microstructure after the first reflow. Pb-rich areas
are bright and Sn-rich areas are dark inside the solder, a
continuous Ag3Sn IMC layer was observed at the interface.
Inside several Pb-rich grains the secondary precipitation of
Sn particles was observed, which takes place due to the
solubility difference of Sn on cooling in the Pb matrix.13)

They are called Pb-rich pockets or islands.14) According to
Fig. 6(b) that shows the interface after the second reflow, the
interfacial Ag3Sn layer disappeared and the solder micro-(b)
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Fig. 4 Variation of solder ball joint strength on Cu/UBM after (a)

temperature cycle test and (b) pressure-cooker test.
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Fig. 5 Variation of solder ball joint strength on Cu/Ni/Ag with number of

reflow cycles. Both profiles were used.
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structure became homogeneous without Pb-rich pockets.
After the third reflow, the Ni3Sn4 layer was found and the
isolated rod-type Ag3Sn particles formed inside the solder as
shown in Fig. 6(c). Its length was in the range of 20–50 mm. It
also had a homogenous solder microstructure. After the
fourth reflow in Fig. 6(d), the isolated Ag3Sn particles
precipitated at the interface and several Pb-rich pockets were
found inside the solder.

The presence of the interfacial Ni3Sn4 layer was some-
times hard to identify due to thinness but it formed in all the
cases. The interface was line scanned after the third and
fourth reflows and the results are shown in Fig. 7. The sharp
peak of Ni shows that the Ni layer remained even after the
third and fourth reflows and it played a major role as a
diffusion barrier against the copper substrate.

Figure 8 shows the influence of reflow numbers on the joint

(a) (b)

(c) (d)

Cu alloy Cu alloy

Cu alloy Cu alloy

Ag3Sn

Ni3Sn4

Ag3Sn

Pb-rich island

Pb-rich island

Ag3Sn
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Fig. 6 SEM micrographs of solder joint interface on Cu/Ni/Ag reflowed at temperature profile 1; (a) first, (b) second, (c) third and (d)

fourth reflow.
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Fig. 7 EDX line scanning of the solder joint interface on Cu/Ni/Ag after (a) third and (b) fourth reflow. Profile 1 was used.
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interfacial microstructure when temperature profile 2 was
used. As the number of reflows increased, the Ag3Sn grains
precipitated at the interface and their size increased probably
by coarsening and eventually they formed a continuous IMC
layer, shown in Fig. 8(d). The sudden decrease of the solder
joint strength after the second reflow can be related to the
coarsened morphology of the interfacial Ag3Sn particles.
Coarsening of the interfacial Ag3Sn particles causes the
exhaustion of both Ag in solder and UBM, thereby degrading
the strength of the solder itself and the solder joint.

3.3 Solid state growth kinetics of IMC
Figure 9 shows the variation of solder joint strength with

annealing time at 125�C and 150�C. The strength decreased
with the increase of annealing time and temperature. Figure
10 illustrates the change of IMC thickness with time and a
parabolic relationship was obtained between thickness and
time. The growth kinetics of Ni3Sn4 seems to be controlled
by solid state diffusion. Compared with the data from Blair et
al.,1) the Ni/Ag substrate showed slighter larger IMC
thickness but the slope was almost the same as that of Ni
or Ni/Sn–10Pb.

The SEM fractographs of the joint specimens that were
reflowed or heat-treated at 125�C and 150�C for 1000 h are
shown in Fig. 11. Figure 11(a) shows the reflowed specimen
imaged in a normal mode and Fig. 11(b) is imaged in the BS
mode. The planar surface was composed of Sn and Pb, which
shows that the fracture occurred inside the solder, not through
the IMC layer. When the specimens were heat-treated, the

surface showed a less ductile fracture mode as seen in Figs.
11(c,d). Nonetheless the fracture occurred in the solder even
after high temperature annealing. This suggests that the
solder joint strength is greater than the strength of the solder
itself.
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Fig. 8 SEM micrographs of the solder joint interface on Cu/Ni/Ag reflowed at temperature profile 2; (a) first, (b) second, (c) third and (d)

fourth reflow.
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Fig. 9 Variation of the solder ball joint strength on Cu/Ni/Ag with aging

time at 125�C and 150�C. Joint was reflowed two times by profile 1.
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4. Discussion

There was a significant change in microstructures of solder
and joint after reflow of both profiles 1 and 2. It must be
related with dissolution and precipitation during reflow.
Especially for profile 1 with a higher maximum temperature,

the interfacial Ag3Sn layer that formed after the first reflow
by reaction of Sn in solder and Ag in UBM dissolved after the
second reflow, and the Ag3Sn particles precipitated inside the
solder bulk after the third reflow. It is highly likely that the
excessive amount of Ag in UBM was dissolved into the
solder during several reflows, then it reacted with Sn and
precipitated as a stable form of Ag3Sn in the bulk solder.
They precipitated again at the interface after the fourth
reflow. The solder microstructure changed, too, during
reflows. According to Figs. 6(a,d) where the Ag3Sn layer
formed at the interface, the Pb-rich pockets were found. As
shown in Figs. 6(b,c), however, there was no interfacial
Ag3Sn and a homogeneous microstructure was obtained
without Pb-rich islands.

For profile 2 the Ag3Sn IMC was always observed at the
interface and the Pb-rich islands precipitated irrespective of
number of reflow cycles. The Pb-rich islands are generally
observed at off-eutectic solder compositions such as 50Sn–
50Pb (high Pb-content solder).14) This implies that some
amount of Sn in the solder was consumed to form the Ag3Sn
layer at the interface. The original solder composition was
then changed to lower the Sn content and to increase Ag,
thereby the cooling path changed as to precipitate the Pb-rich
phase first during cooling after reflow. The Pb-rich phase
precipitated as a primary phase from the liquid. In this way
the Pb-rich islands formed inside the solder matrix. Accord-
ing to the phase equilibria calculations by Thermo-Calc,15)

the Ag3Sn phase is a primary phase for the original Sn–36Pb–
2Ag system as shown in Fig. 12.

Figure 13 shows the variation of the shear strength as a
function of IMC thickness for the joint reflowed by profile 1.
Overall, it showed a tendency to decrease with an increase in
thickness of the interfacial IMC. This can be explained well if
the fracture occurred through the IMC layer at the interface.
However, the fracture occurred inside the solder ball as
shown in Figs. 10(a,b). As a result, the change of joint
strength is more complex and may not be explained by the
change of the interfacial IMC thickness alone. During several
reflow cycles, the dissolution of Ag in the solder and UBM
and Ni in UBM took place and it might have changed the
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hardness and strength of the solder itself by changing the
composition of the solder ball. It has been demonstrated by
Choi et al.16) that the joint strength is closely related with the
microstructure and the hardness value of the bulk solder
when the fracture occurs in a ductile mode. The inherent
grain growth and coarsening of the solder matrix may be
another clue for the decrease of solder joint strength with
annealing time and temperature.

5. Summary

Among three kinds of UBM, the Cu/Ni/Ag substrate
retained the highest joint shear strength after both environ-
mental tests. The variation of the solder ball shear strength
with the number of reflow cycles was measured using two
kinds of temperature profiles. We suggest the change of shear
strength for profile 1 can be explained by the compositional
change of the solder and thus the change of hardness and
strength of the solder itself. We propose the change of shear
strength for profile 2 to be due to the coarsened morphology

of the interfacial IMC particles. The change of microstructure
of solder and joint was observed with the number of reflow
cycles and it was explained by dissolution, solidification and
phase equilibria. The fracture occurred inside the solder, not
through the IMC layer.
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Fig. 13 Result of ball shear test as a function of interfacial IMC thickness

for the joint of Cu/Ni/Ag/Sn–36Pb–2Ag reflowed by profile 1.
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