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A power semiconductor module using a bonding film with anisotropic thermal conduction has been stud-
ied. The bonding film consists of polyamide with a low Young’s modulus and Z-axis-oriented fine graph-
ite fibers. All the materials of this device, including the insulated substrate and base plate, have low
coefficients of thermal expansion. The bonding film is inserted between the baseplate and an aluminum
active heatsink. No significant changes in the thermal resistance or cross-sectional microscopy images
were found after thermal cycling tests.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid and electric vehicles are set to play a vital role in reduc-
ing carbon dioxide emissions from automobiles. These vehicles
generally use inverters or converters for electrical exchange. Power
semiconductor modules (Fig. 1) [1] that consist of many power
semiconductor devices are used for these inverters and converters.
Power semiconductor devices based on wide band gap materials
such as SiC and GaN are promising for next-generation, high-tem-
perature-operation devices [2,3]. However, more advanced packag-
ing technologies are required to operate these devices at high
temperatures.

It is essential that power semiconductor modules have high
reliabilities for thermal cycling (during which the temperature of
the whole device changes), power cycling (which gives local heat-
ing resulting in a temperature distribution), and thermal fabrica-
tion processes. Of these, the thermal cycle reliability is the most
important one to study reliability of the bonding film.

A low thermal cycling reliability is generally caused by a mis-
match between the coefficients of thermal expansion (CTE) of
semiconductors (e.g., Si, SiC or GaN) and an active heatsink (e.g.,
Al or Cu). Thus, considerable thermal stresses are generated in
packaging during thermal cycling conditions. These stresses are
thought to be much greater for elevated temperature operation
of wide-band-gap semiconductor devices. Consequently, stress
relaxation caused by a CTE mismatch is a critically important issue
for next-generation power semiconductor modules.

Several approaches have been proposed to realize stress relaxa-
tion, including the use of thermal greases and low-melting-point
ll rights reserved.
metals. Thermal greases may cause very low thermal stresses,
but they also reduce the thermal conductivity. On the other hand,
metals have higher thermal conductivities, but thermal stress is
generated during thermal cycling. There is a trade-off relationship
between the thermal stress and thermal conductivity of power
semiconductor modules. Therefore, some special thermal interface
materials have been proposed [4].

In the present study, the thermal cycle reliability of a power
semiconductor module with a bonding film that has anisotropic
thermal conduction was investigated. The bonding film consists
of polyamide, which has a low Young’s modulus, and Z-axis-
oriented thin graphite fibers. The bonding film, structure, and pro-
cesses of the module are described and thermal characterization,
thermal cycle reliability tests, and cross-sectional microscopic
observations are performed.
2. Experimental

2.1. Bonding film

Figs. 2 and 3 show cross-sectional and surface views of the
bonding film, respectively. The film is approximately 0.1 mm thick.
The base material is thermoplastic polyamide. The film contains
thin graphite fibers oriented along the Z-axis. The volume ratio of
graphite is approximately 40% and the Young’s modulus in the
Y-axis (horizontal) direction is quite low, being 0.09 GPa.

When thermal stress is applied to the film, the film may deform
along the horizontal plane; this deformation is expected to reduce
the thermal stress. The thermal conductivity is highest along the
Z-axis due to the fine graphite fibers.

Table 1 lists the mechanical properties of the important materi-
als of the power semiconductor module.
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Fig. 3. Surface image of bonding film.

Fig. 1. Power semiconductor module.
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Fig. 4. Structure of power semiconductor module.
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Fig. 5. Module fabrication process.
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Fig. 2. Cross-sectional images of bonding film.

Table 1
Material properties.

Material Young’s modulus (GPa) Coefficient of thermal
expansion (ppm/K)

Si–SiC 400 3
Al alloy 70 23
Bonding film X:0.45, Y:0.09 X, Y:45, Z:0
Si 169 3
SiC 450 4
Solder (Sn–3Ag–0.5Cu) 38 21
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2.2. Structure of power semiconductor module

The structure of the power semiconductor module with the
bonding film is designed by considering the following technical
points.

(a) There should be almost no CTE mismatch except around the
bonding film. The CTE mismatch around the bonding film is
approximately 19 ppm/K.

(b) The power semiconductor device contains joints with high
melting points since it is expected to be operated at high
temperatures.

(c) No harmful materials, noble metals, or rare metals are used.
Fig. 4 shows the structure of the module. It consists of a power
semiconductor device, an insulated substrate such as Cu/Si3N4/Cu,
and a Si–SiC baseplate above the bonding film. The active heatsink



Table 2
Dimensions of components.

Material Dimensions
(mm)

Thermal conductivity
(W/mK)

Power semiconductor device 10 � 10 � 0.2 150
Zn–Al solder 10 � 10 � 0.1 110
Cu substrate, Ni plated 15 � 30 � 0.15 400
Si3N4 substrate 17 � 32 � 0.3 90
Cu substrate, Ni plated 15 � 30 � 0.15 400
Zn–Al solder 17 � 32 � 0.1 110
Si–SiC baseplate, Ni plated 22 � 40 � 3 200
Bonding film 22 � 40 � 0.1 Refer to Fig. 6
Active heatsinka 194 � 85 � 5b 140

a Between surface and the top of water channel.
b Average surface roughness is within 1.6 u.m.
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Fig. 6. Relationship between thermal resistance and thermal conductivity (red dots
and line are measured results using thermal greases). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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is an Al alloy. The bonding film is inserted between the baseplate
and the active heatsink. A high-temperature solder such as Zn–Al
solder [5–7] is used between the chip and the insulated substrate
and between the insulated substrate and the baseplate. The bond-
ing film is joined by heating at 200 �C and applying pressure. The
whole fabrication process is shown in Fig. 5 and typical dimensions
and thermal conductivities of the components are listed in Table 2.

2.3. Thermal characterization

The Z-axis thermal conductivity of the bonding film is charac-
terized by comparing the thermal resistances of the film and com-
mercially available thermal greases. The static thermal resistance
is calculated from the measured temperatures of the center of
the DC heated chip and the cooling water (measured with an accu-
racy of 1 K). The temperature and flow rate of the cooling water are
Fig. 7. Thermal resistance change for th
kept constant. The thermal grease layer is given a uniform thick-
ness by using small bumps located near the periphery of the ther-
mal flow.

2.4. Reliability examination and analysis

The thermal cycling reliability [8,9] of the fabricated module is
examined in air in a thermal cycling chamber. The reliability is
evaluated from the thermal resistance between the chip and the
cooling water using the method described above. During the ther-
mal cycling test, the module is removed from the test chamber for
the thermal measurement and returned after the measurement.
After the thermal cycling tests, cross sections of the samples are
observed by microscopy.

3. Results and discussion

3.1. Thermal characterization

Fig. 6 shows the thermal resistance between the device and the
cooling water. The thermal conductivity of the bonding film is esti-
mated to be more than 5 W/(mK) (which includes the interfacial
thermal resistance). The thermal resistance almost saturates at
above approximately 10 W/(mK) due to thermal spreading at the
baseplate. This makes it difficult to accurately evaluate the thermal
conductivity of the bonding film. The thermal properties of the
bonding film seem to be approximately similar to those of thermal
conductive greases. However the distinction between the bulk and
interfacial properties is not clear for the bonding film or thermal
greases.

3.2. Thermal cycle reliability

Fig. 7 shows the results of the thermal cycle tests. Thermal
resistances between the device and the cooling water remain al-
most constant up to 1500 cycles in the �40/105 �C test. In addition,
there are almost no changes up to 500 cycles in the�40/130 �C test
and 200 cycles in the �40/160 �C test with the exception of initial
fluctuations.

Fig. 8a and b show cross-sectional images of a sample before
and after 1000 cycles of thermal cycle testing at �40/105 �C. Al-
most no differences are observed; in particular, cracks and delam-
ination are not observed after the test. This suggests that the low
Young’s modulus of the bonding film reduces the thermal stress
generated by the CTE mismatch.

3.3. Discussion of thermal stress

There is almost no CTE mismatch between the chip and the
baseplate, whereas there is a large mismatch of almost 19 ppm/K
between the base plate and the active heatsink. Although soldering
ree thermal cycling test conditions.
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Fig. 8. Cross-sectional image of sample.
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generated temperatures above 400 �C, the thermal stress gener-
ated during soldering seems to be small due to the small CTE mis-
match. On the other hand, a large thermal stress seems to have
been generated during the bonding process with the bonding film
due to the larger CTE mismatch. Bonding was performed at 200 �C
so that some deformation occurs at room temperature or lower
temperatures; this deformation seems to be concave down.

The Young’s modulus of the bonding film is quite low, being
about 0.09 GPa. The film seems to be relaxed or flexed by the con-
cave deformation.

4. Conclusion

Power semiconductor module using a bonding film with aniso-
tropic thermal conduction was studied. A power semiconductor
module without harmful materials, noble metals, or rare metals
was fabricated. Thermal characterization was performed and ther-
mal cycle reliability was investigated. The proposed structure with
the bonding film has promising thermal properties and reliability.
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