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Power cycle reliability of solder joints with Sn-5Sb (mass%) and Sn-10Sb (mass%) alloys was investigated. The eﬀects of power cycling
and heat aging on the growth of intermetallic compound (IMC) layers at the interfaces between Sn-Sb alloys and Cu plates were also
investigated. In the power cycling test, the solder joint with Sn-10Sb has high reliability compared with that of Sn-5Sb. IMC layers grew
in both joints with increasing number of power cycles. Compared with Sn-5Sb and Sn-10Sb, diﬀerence in growth kinetics of IMC layers
was negligible. A similar tendency was observed in the heat aging test. Compared with the power cycling and the heat aging, growth of
IMC layers at the aging temperature of 200°C is faster than that in the power cycling test at the temperature range of 100°C to 200°C,
while that at the aging temperature of 100°C, the growth is slower. On the basis of the comparison between the power cycling and the
heat aging, it was clariﬁed that growth kinetics of IMC layers in the power cycling can be predicted by investigating growth kinetics of
the IMC layer at the temperatures in the vicinity of the peak temperature in power cycling.

1. Introduction
Sn-Pb alloys have been used for the electronic products as
a joint material for a long time. However, due to environmental considerations, the use of Pb is restricted, and Pbfree solder is required [1–6]. Although many researchers
have developed the substitutes for the eutectic Sn-Pb solder,
there has been little study concerning the high-temperature
Sn-Pb solder [7]. The high-temperature solder is applied to
the power semiconductor modules as a die bonding material.
For the application of such Pb-free solder, both high thermal
fatigue reliability and high heat resistance are required.
An Sn-Sb alloy is one of the potential substitute materials
for the high-temperature Sn-Pb solder [7–12]. It has been
reported that Sn-5Sb (mass%) has excellent thermal fatigue
behaviors and relatively high fracture strength [13, 14].
Furthermore, the Sn-5Sb alloy has been standardized by
Japanese Industrial Standards (JIS) Z 3282 and International
Organization for Standardization (ISO) 9453. In addition, in
Sn-Sb alloys with high concentration of Sb, mechanical
strength is improved by solid solution of Sb in the β-Sn

matrix and dispersion of Sb-Sn compounds. Therefore, Sn10Sb (mass%) with a higher amount of Sb was chosen as
another candidate together with Sn-5Sb. Sn-5Sb and Sn10Sb are hypoperitectic and approximately peritectic system
alloys, respectively. Mechanical, melting, and electrical
properties of these solders have been investigated [1, 15, 16].
However, there are not many reports about the heat cycle
test using solder joints. Furthermore, the diﬀerence between
growth kinetics of the intermetallic compound (IMC) layer
during power cycling and that during heat aging has not
been clariﬁed yet.
The aim of this study is to investigate the reliability of
solder joints with Sn-5Sb and Sn-10Sb alloys in the power
cycle. Moreover, the eﬀect of the number of power cycles and
heat aging time on IMC growth in those solder joints was
investigated.

2. Experimental Procedure
2.1. Specimen Preparation. Solder foils of Sn-5Sb and Sn10Sb alloys were prepared. Table 1 shows melting properties
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Table 1: Melting properties of solder investigated.

Chemical compositions (mass%)
Sn-5Sb
Sn-10Sb

Solidus temperature (°C)
240
248

Melting finish temperature (°C)
248
254

220

Si chip
(3 × 3 × 0.48 mm)

Solder foil
(2.5 × 2.5 × 0.12 mm)

Copper plate
(10 × 10 × 1.2 mm)

Figure 1: Shape and dimensions of the specimen for the power
cycling test and heat aging test.

Temperature (°C)

200
180
160
140
120
100

of those solders investigated using differential scanning
calorimetry (DSC) at a heating rate of 10°C/min. Figure 1
shows the shape and the size of the solder joint specimen. A
Ti/Ni/Au layer was formed on the surface of a Si-chip. The
thickness of the Ti/Ni/Au layers was 100/100/100 nm, respectively. The surface of the Cu plate was polished with
a #800 polishing paper. A flux (Senju Metal Industry:
Deltalux 529D-1) was applied onto the Cu plate and a solder
foil is placed on the flux, and then the Si-chip is placed on the
top of the solder foil. Reflow soldering was conducted at
a temperature that is 30°C higher than the melting finish
temperature with an infrared image furnace in a vacuum of
approximately 5 Pa. In reflow soldering, the joint was loaded
at 0.02 N.
After bonding, specimens were cleaned with methyl
alcohol. In this study, bonded specimens were used for the
power cycling test and the heat aging test.
2.2. Microstructural Observation. To observe the microstructures of the joints, they were embedded in epoxy resin
and cross sections perpendicular to the longitudinal direction were cut out. Afterwards, the cross sections were
polished with #500–#4000 polishing papers and were subsequently polished using 1 μm alumina powder suspension.
After polishing, microstructural observation was conducted
using a laser microscope and an electron probe X-ray
microanalyzer (EPMA).
2.3. Power Cycling Test. The power cycling test was conducted using a power cycle test machine. Figure 2 shows the
temperature profile in the power cycling test. In this study,
the power cycling test conditions were based on Japan
Electronics and Information Technology Industries Association (JEITA) standards (no. ED-4701-602). The profile is
100°C to 200°C with a cycle time of 20 sec, a heating time of
2 sec, and cooling time of 18 sec. The test was performed for
1000, 5000, and 10000 cycles. Converted into process time in
the test, they are 20000 sec (5.6 h), 100000 sec (27.8 h), and
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Figure 2: Temperature profile in the power cycling test.

200000 sec (55.6 h), respectively. After the test, the crack in
the solder joint was observed using a scanning acoustic
tomograph (SAT). In addition, the cross sections of the
solder joints were observed using an EPMA. Moreover, the
thickness of the IMC layers was measured at 10 points at an
interval of 10 µm in the cross-sectional image.
2.4. Heat Aging Test. The heat aging test was conducted
using a furnace. The test was conducted with isothermal
aging at 100°C and 200°C for 5.6, 27.8, and 55.6 hours that
are equivalent to the test time in 1000, 5000, and 10000 cycles
for the power cycling test. After the test, microstructural
observation for the cross section of the joint was conducted
using the EPMA. Moreover, the thickness of the IMC layers
was measured at 10 points at an interval of 10 µm in the
cross-sectional image.

3. Results and Discussion
3.1. Microstructures of Joints. Figure 3 shows an optical image
and a back-scattered electron image of the cross section of the
joint with Sn-5Sb and the EPMA analysis result for it. From
the EPMA mapping analysis result, Sn and Cu were detected in
the IMC formed in the joint of Cu/Sn-5Sb.
Figure 4 shows an optical image and a back-scattered
electron image of the cross section of the joint with Sn-10Sb
and the EPMA analysis result for it. From the EPMA
mapping analysis result, Sn-Cu was also detected in the IMC
layer and Sb-Sn was confirmed in the joint with Sn-10Sb.
Figure 5 shows the Sn-Sb binary phase diagram [17]. From
the diagram, it is found that investigated Sn-Sb alloys consist
of β-Sn and Sb-Sn phases. Moreover, it has been reported
that the distribution of Sb-Sn particles was observed in Sn-
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Figure 3: Optical image and back-scattered electron image of cross
section of the solder joint with Sn-5Sb and its EPMA mapping
analysis result.
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Figure 6: Scanning acoustic tomography images of solder joints
after the power cycling test.
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Figure 4: Optical image and back-scattered electron image of cross
section of the solder joint with Sn-10Sb and its EPMA mapping
analysis result.
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Figure 5: Sn-Sb binary phase diagram [17].

10Sb [15]. Therefore, Sb-Sn particles were also formed in the
joint with Sn-10Sb in this study.
3.2. Power Cycling Test. Figure 6 shows SAT images of Sn-Sb
solder joints for 0, 1000, 5000, and 10000 cycles in the power

50 μm

Figure 7: Back-scattered electron images of cross sections of solder
joints after the power cycling test.

cycling test. In the images, while the crack in the solder joint
with Sn-5Sb was remarkable at 1000 cycles, the crack was
notably observed at 5000 cycles in the joint with Sn-10Sb.
Hence, it was confirmed that the solder joint with Sn-10Sb
has high reliability compared with that with Sn-5Sb. Figure 7
shows back-scattered electron images of cross sections of solder
joints after the power cycling test. Although the crack formed
and progressed at the interface between the solder and the Sichip in the joint with Sn-5Sb, the crack progressed in the solder
forming a zigzag pattern in the joint with Sn-10Sb. In Sn-5Sb,
there is a large difference between coefficient of thermal expansion (CTE) of the Sn-Sb alloy and that of the Si so that the
crack is easily formed and it grew at the joint interface between
the solder and the Si chip. In Sn-10Sb, with an increase of the Sb
content, the CTE of the Sn-Sb alloy decreases and is close to that
of Si, and thus the crack easily grows in the solder joint.
Furthermore, coarse Sb-Sn compounds in the Sn-Sb alloy are
effective to prevent the crack growth.
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Figure 8: Back-scattered electron images of cross sections of IMC layers
formed in interfaces of Sn-Sb/Cu joints after the power cycling test.

Figure 10: Back-scattered electron images of cross sections of IMC
layers formed in interfaces of Sn-Sb/Cu joints after heat aging test at
100°C.
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Figure 11: Back-scattered electron images of cross sections of IMC
layers formed in interfaces of Sn-Sb/Cu joints after heat aging test
at 200°C.
14

Figure 9: Thickness of IMC layers versus square root of the power
cycling time.

3.3. Heat Aging Test. Figures 10 and 11 show back-scattered
electron images of cross sections of Sn-Sb solder joints after
the heat aging test at 100°C and 200°C, respectively. In the
images, two IMC layers were observed in Sn-Sb/Cu joints,
regardless of aging temperature. The dark-gray layer and the

Thickness of IMC layer (μm)

Figure 8 shows back-scattered electron images of IMC
layers formed in the interfaces of the Sn-Sb/Cu joints
after the power cycling test. In the images, two IMC layers
were observed in the Sn-Sb/Cu joints. From the quantitative analysis results, the dark-gray layer and the
bright-gray layer were inferred to be Cu3Sn and Cu6Sn5,
respectively. These IMC layers tend to increase with the
increasing number of power cycles. Figure 9 shows the
relationship between the thickness of IMC layers and
processing time of the power cycling test. The thickness of
IMC layers in the joints with both alloys increased with
increasing the processing time. Compared with Sn-5Sb
and Sn-10Sb, the difference in growth kinetics of IMC
layers is negligible.
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Figure 12: Thickness of IMC layers versus square root of heat aging
time at 100°C.

bright-gray layer were inferred to be Cu3Sn and Cu6Sn5,
respectively, as well as the joint after the power cycling test.
Figures 12 and 13 show the relationship between the
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Figure 13: Thickness of IMC layers versus square root of heat aging
time at 200°C.

thickness of IMC layers and the heat aging time at 100°C and
200°C, respectively. The thickness of IMC layers in both
joints increased with increasing heat aging time and aging
temperature. In general, when the thickness of the IMC layer
is plotted against the square root of heat aging time under
constant temperature, the relationship obeys the following
equation [18]:
√
(1)
X  Kt + X0 ,
where X is the thickness of IMC layer, K is the interdiffusion
coefficient, t is the heat aging time, and X0 is the thickness of
the IMC layer in the as-soldered state.
Compared with Sn-5Sb and Sn-10Sb, the difference in
growth kinetics of IMC layers in both the joints is negligible.
Compared with the results of the power cycling test as shown
in Figure 9, IMC layers aged at 200°C are thicker than those
in power cycling under the same processing time, while
those aged at 100°C are thinner.
Figure 14 shows the relationship between the average
thickness of IMC layers in Sn-Sb/Cu joints and one-fifth
of an actual processing time of the power cycling test.
That time is equivalent to the time when the joint is
exposed at the temperature over 160°C. The relationship
between the average thickness of IMC layers in the joints
and the heat aging time at 200°C is also shown in the
figure. Now, the thickness of IMC layers in the figure was
obtained by subtracting that investigated by aging at
100°C (as shown in Figure 12) from each data. From the
figure, it was found that the growth kinetics of IMC layers
in power cycling corresponds well with that in aging at
200°C when the processing time in power cycling is defined to be the time when the joint is exposed at the
temperature over 160°C. This means that the growth
kinetics of IMC layers in power cycling can be predicted
by investigating the growth kinetics of the IMC layer at
the temperatures in the vicinity of the peak temperature
in power cycling.
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Figure 14: Relationship between the relative thickness of IMC
layers in Sn-Sb/Cu joints and one-fifth of an actual processing time
in the power cycling test, and relationship between those and aging
time in the aging test at 200°C.

4. Summary
In this study, power cycle reliability of the solder joints with
Sn-5Sb (mass%) and Sn-10Sb (mass%) and the effects of
processing time in the power cycling test and heat aging time
on growth kinetics of IMC layers formed at the Sn-Sb/Cu
interfaces were observed. The obtained results are summarized as follows.
(1) In the power cycling test, the solder joint with Sn10Sb has high reliability compared with Sn-5Sb. In
both Sn-Sb/Cu joints, two Cu-Sn IMC layers were
observed, and those were inferred to be Cu3Sn and
Cu6Sn5. The thickness of IMC layers in both joints
increased with increasing the processing time. The
difference in growth kinetics of IMC layers in both
joints is negligible.
(2) In the heat aging test, the similar IMC layers were
formed at the joint interfaces in both Sn-Sb/Cu joints.
For growth kinetics of the layers, the tendency similar
to that in the power cycling test was observed.
(3) Comparing heat aging at 100°C and 200°C with power
cycling in the temperature range from 100°C to 200°C,
it was found that growth kinetics of IMC layers in
power cycling corresponds well with that in aging at
200°C when the processing time in power cycling is
defined to be the time when the joint is exposed at the
temperature over 160°C. The result means that the
growth kinetics of IMC layers in power cycling can be
predicted by investigating the growth kinetics of the
IMC layer at the temperatures in the vicinity of the
peak temperature in power cycling.
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