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We have studied a novel high-temperature
solder for mounting the power semiconductor
devices used in the inverters of hybrid and fuel-
cell vehicles.  The melting point of well-known
lead-free solders such as Sn-based alloys is
around 220 oC, which is too low to allow their use
with high-temperature compound power
semiconductor devices such as those based on
GaN and SiC.  To overcome the brittleness of Bi,
we have developed a new Bi-based solder that
consists of Bi with CuAlMn particles, the melting
point of which is 270 oC.  The CuAlMn particles
are prepared by a gas-atomizing method, and are
then mixed with molten Bi.  Mechanical property
measurements revealed that the tensile strength of
the fabricated solder was almost two times greater

than that of pure Bi.  Consequently, joint samples
were fabricated using metal plates and their
reliabilities were determined by subjecting them
to a thermal cycling test.  After almost 2000
cycles of -40/200 oC test, neither intermetallic
compounds nor cracks were observed at the Cu
interface of a sample in which the CTE
(Coefficient of Thermal Expansion) was matched.
On the other hand, brittle Bi3Ni was observed in
the Ni interface sample.  In addition, although
those joint samples using Sn-Cu solder peeled off
during the -40/250 oC test, no degradation was
observed for those samples using the developed
solders.  In conclusion, the developed solder
seems to offer the qualities needed for use with
high-temperature power semiconductor devices.
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1.  Introduction

Hybrid vehicles and fuel cell vehicles are set to
play a vital role in reducing the carbon dioxide
emissions produced by automobiles.  These vehicles
use an inverter that converts DC power to three-
phase AC power to control the motor system.  This
inverter uses power semiconductor devices such as
Si-IGBTs and Si-diodes.  Miniaturization of the
inverter will be essential to increasing the market for
these vehicles, but this is a difficult challenge due to
the limitations imposed by the operating temperature
of the Si semiconductor devices, as the devices
generally have an upper operating limit of 150 oC.
Next-generation power semiconductor devices based
on GaN and SiC will be able to operate at high
temperatures in excess of 200 oC.1, 2)

The miniaturization challenge includes semi-
conductor packaging technologies such as the
mounting materials and processes.  If we first
consider lead-free solders, the melting point of well-
known Sn-based solders3) such as Sn-Ag and Sn-Cu
is around 220 oC, making it difficult to use these
types for high-temperature applications.  Research to
develop high-temperature lead-free solders4-9) with a
melting point in excess of 250 oC have not produced
good results.  In addition, very few reports have
discussed joint reliabilities as determined using a
thermal cycling test.

Bi, which has a melting point of 270 oC, is a
candidate for use as a solder, as shown in Fig. 1.  Bi,
however, has poor mechanical properties including
brittleness and an inferior bonding strength.  To
overcome these drawbacks, we are proposing a
composite solder that is a Bi-based matrix including

dispersed particles of CuAlMn alloy.  This paper
describes the fabrication process and mechanical
properties of the solder, as well as the reliabilities of
the joint samples.

2.  Experimental

2. 1  Preparation of the solder
The melting point is controlled by the Bi-based

matrix for which relaxation of the thermal stress is
expected due to martensite transformation of the
CuAlMn particles.  We designed a Cu-23at%Al-
2at%Mn particle composite.  The CuAlMn particles
were prepared by a gas atomizing method, and were
then coated with electroless Ni plating to improve
the Bi wettability of the particles.  Then, the coated
particles were mixed with molten Bi to produce
ingots of solder.  The solder fabrication process is
shown in Fig. 2 and the cross-sectional micro-
structure in Fig. 3.
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Fig. 3 Cross sectional microstructure of the fabricated
Bi+CuAlMn solder.
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Fig. 2 Fabrication process of Bi+CuAlMn solder.
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Fig. 1 Overview of melting point of metals in the
range from 200 to 450 oC.



2. 2  Mechanical properties
The cast ingots were used to form tensile test

specimens10) that were almost 10 mm in diameter
and 60 mm long.  The shape of the specimens is
shown in Fig. 4.  The specimens were machined
using an electric discharge machining method and
were then annealed at 50 oC for 30 minutes in air to
relieve the stress and strain induced by the machining.
Specimens were prepared using both a mixture of Bi
with CuAlMn particles and pure Bi.  The stress-
strain properties were measured at -40 oC, 25 oC,
105 oC and 195 oC for Bi with CuAlMn particles,
and at 25 oC for the pure Bi.

2. 3  Joint samples and reliability
Power semiconductor devices are generally

mounted using plain joints, therefore, intermetallic
compounds and the effects of fatigue such as cracks
and voids play an important role in reliably
maintaining the thermal properties of the joint.
Firstly, pellet-shaped samples of Bi with CuAlMn
were prepared from the ingot, and the pellet size
needed to create a joint layer 0.1 mm thick was
determined.  Joint samples for the reliability test
were fabricated from a chip, the composite solder,
and a substrate, as shown in Table 1 and Fig. 5. 

The Bi with CuAlMn solder joint was made at
around 330 oC (melting point = 270 oC) using an
electric hot plate in Ar gas atmosphere.  As part of
this process, the chip was slightly agitated to
promote the formation of a dense solder joint,
because the solder exhibits relatively poor
wettability.  The chips used were Si/Ni [4] or
Cu/FeNi/Cu [4], which correspond to the
semiconductor device.  The substrate was
Ni/Al/AlN/Al/Ni [4], Cu/FeNi/Cu [4], or Cu [17]
that correspond to the insulated substrate, where the
values in [  ] are the CTE (Coefficient of Thermal
Expansion, ppm/K).  The chips were 0.4 mm thick,
and the substrate was 2 mm including interface
layers.  The interfaces, together with the chip and
substrate thicknesses, are also listed in Table 1. 

In addition, joint samples using typical Pb-free
solder such as Sn-0.7Cu were also prepared for
reference.  The melting point of this solder is 227 oC,
so the joints made with the solder were processed at
280 oC.

Before the reliability tests, the joint samples made
using Bi with CuAlMn were observed using an X-
ray transmission method.  Then, the reliabilities
were examined subjecting the samples to thermal
cycling tests in air.  The duration of the tests was 40
minutes, with the minimum temperature of -40 oC
and the maximum temperature of 200 oC being held
for 20 minutes each, including the transient times
(almost 5 minutes).  This is abbreviated to -40/200 oC
in the following section.  The tests were performed
continuously for almost 2000 cycles.  In addition,
-40 and 250 oC tests were also performed.  The
reliabilities of the joint samples were evaluated by
cross sectional microstructure examination using a
scanning electron microscope, in terms of
intermetallic compounds, cracks, and voids in the

45

R&D Review of Toyota CRDL  Vol. 41  No. 2

63

10

56

63

10

56 (mm)

Fig. 4 Schematic illustration of the test specimen.
Thickness is 2 mm.
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Fig. 5 Illustration of a joint sample.
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Table 1  Joint samples.



solder layers.

3.  Results and discussion

3. 1  Mechanical properties
The stress-strain properties of the fabricated

specimens are shown in Fig. 6.  Unsurprisingly, it
was found that the tensile strength of the fabricated
solders was much better than that of pure Bi.  In
addition, the mechanical properties were found to
strongly depend on the temperature, as shown in
Fig. 7.  Very small, brittle-like fractures were
observed at -40 oC and 25 oC, while large strains
were observed at 105 oC and 195 oC.  In addition, the
tensile strength remained at around 10 MPa at
195 oC, indicating that the solder itself exhibits
sufficient strength at around 200 oC.

3. 2  Joint reliability
Before the reliability test, the fabricated joint

samples were observed by an X-ray transmission

method.  An X-ray photograph of joint between the
Si/Ni chip and Ni/Al/AlN/Al/Ni substrate is shown
in Fig. 8.  It can be seen that there are few serious
voids and cracks.

Then, the joint reliabilities were evaluated after the
thermal cycling test.  Some cracks in the solder layer
were observed after 200 cycles of the -40/105 oC test
with the CTE-mismatched samples between a
Cu/FeNi/Cu chip and Cu substrate, as shown in
Fig. 9.  The number of cycles and the temperature
difference are relatively low, although it does seem
that considerable thermal stress/strain was applied
the joint layer due to the large mismatch in the CTE
of the chip and that of the substrate.  In this sample,
no intermetallic compounds and cracks are observed
between the solder and Cu layer.  We believe that the
CuAlMn particles in the solder prevent the cracks
from growing.  On the other hand, we found that
there is no compound phase or fatigue in the CTE-
matched samples between a Cu/FeNi/Cu chip (Cu
interface) and Cu/FeNi/Cu substrate (Cu interface)
after 1983 cycles of the -40/200 oC test, as shown in
Fig. 10.

The reliability of the joint samples between Si/Ni
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Fig. 9 Cross sectional view of joint samples of
Cu/FeNi/Cu chip and Cu substrate after
thermal cycling test of -40/105 oC, 200 cycles.
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Fig. 8 X-ray photograph of a joint sample.
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Fig. 7 Temperature dependency of stress and strain
properties of Bi+CuAlMn solder.

0

5

10

15

20

0 0.1 0.2 0.3 0.4 0.5

St
re

ss
 (M

Pa
)

Strain (%)

Bi

Bi+CuAlMn

0

5

10

15

20

0 0.1 0.2 0.3 0.4 0.5
Strain (%)

Bi

Bi+CuAlMn

Fig. 6 Stress and strain curve of solders comparison
between Bi and Bi+CuAlMn solder at 25 oC.



(Ni interface, which was deposited by sputtering)
and Ni/Al/AlN/Al/Ni (Ni interface, which was
plated) is very different from the results obtained for
the Cu interface.  A certain amount of intermetallic
compounds such as Bi3Ni was found after 1944
cycles of the -40/200 oC test, as shown in Fig. 11.
The Bi3Ni seems to invade the interface Ni layer of
the chip and some small cracks in the solder layer
were observed.  While the maximum temperature
(200 oC) of the thermal cycling test is lower than the
melting point of the fabricated solder and interface
metal, a somewhat active solid-state chemical
interaction between Bi and Ni seems to occur at
200 oC.  The Bi3Ni is very brittle, therefore the joint
samples incorporating it do not exhibit sufficient
reliability.  So, after almost 2000 cycles of the
-40/200 oC thermal cycling test, only the Cu interface
and CTE-matched samples exhibited a reliable joint.

Moreover, no cracks or damage were observed
after 200 cycles at -40/250 oC, as shown in Fig. 12.

The joint samples using conventional Sn-0.7Cu
solder melted and peeled off during the test, as
shown in Fig. 13.

4.  Conclusion

A newly fabricated composite high temperature
solder based on Bi with CuAlMn was developed.
This solder exhibits a mechanical strength that is
almost two times higher than pure Bi.  It was found
that the CTE-matched samples joined by the solder
exhibit excellent reliability when subjected to a
thermal cycling test over 200 oC.  Consequently, this
solder is a candidate for forming the joints between
power semiconductor device and an insulated
substrate using CTE-matched structure.  This should
enable the development of a compact inverter using
high-temperature GaN or SiC power semiconductor
devices.
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Fig. 12 Cross sectional view of joint samples of
Cu/FeNi/Cu chip and Cu/FeNi/Cu substrate after
thermal cycling test of -40/250 oC, 200 cycles.
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Fig. 11 Cross sectional view of joint samples of Si/Ni
chip and Ni/Al/AlN substrate after thermal
cycling test of -40/200 oC, 1944 cycles.
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Fig. 10 Cross sectional view of joint samples of
Cu/FeNi/Cu chip and Cu/FeNi/Cu substrate after
thermal cycling test of -40/200 oC, 1983 cycles.
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Fig. 13 Cross sectional view of joint samples using
conventional Sn-0.7Cu after thermal cycling
test of -40/250 oC, 200 cycles.
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