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BABSTRACTIl The synchrotron radiation X-ray (SR) laminography and diffraction methods were
developed to realize non-destructive measurements of internal degradation behavior in intelligent power
modules (IPMs). The tracking of fatigue behavior by SR laminography in nano-particle Cu bonding layers
of IPM specimens showed that the large aggregated Cu clusters introduced tortuous cracks and crack
branching resulting in the lower crack propagation rate, which is expected to lead to longer fatigue life.
The laminography measurements during aging showed that the oxidation of the nano-particle Cu was the
predominant degradation mode to lower the bonding strength, which was improved by the addition of Bi
and Sn. The developed rotational spiral slits system enabled the space-resolved diffraction measurement
in the bonding layer of IPM specimens. The internal distribution maps of stresses and strains in IPM will
be obtainable with this technique. The SR laminography integrated with the spiral-slits-based diffraction

technique will make a powerful tool for the reliability analysis of next-generation IPMs.
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1. Introduction

In order to contribute to realization of the sustainable
society, it is important to reduce CO, emission
from automobiles by “electrification”, replacement
of conventional engines with electric vehicles
powertrains.!® One of the key components of the
electric powertrains is the intelligent power module
(IPM). It controls electricity between batteries and
motors, determining the environmental and driving
performances of electric vehicles, hybrid electric
vehicles and fuel cell vehicles. The reliability of IPMs
is important for those vehicles to be adopted widely in
the society.

An IPM is composed of various materials bonded
such as a semiconductor device, bonding layers,
metal wiring, ceramic substrates and a cooler. The
difference of the coefficients of thermal expansion
of the materials, surrounding environmental change
and the Joule heat produced during the operation
result in the degradation and yield of thermal stresses
in the IPM. Among the constituent materials, the
bonding layers are considered to be influential to the

reliability because they determine the stresses acting
on the semiconductor device directly bonded. For Si
semiconductor devices widely used today, lead-free
solder is mostly used as the bonding layer. For SiC
devices that enable operation at higher frequencies
and temperatures resulting in higher output power
densities,*® sintered nano-particle copper is one of
the candidates as high-temperature bonding layers.’-'>

“Morphology”, “Stress” and “Microstructure” are
the three key points of reliability analysis as illustrated
in Fig. 1. Based on fracture mechanics, the remaining
life of a damaged module with a crack is calculated
from a crack driving parameter such as the stress
intensity factor, K, defined as K = o(na)*>F, where o is
the stress, « is the crack length and F is the material’s
constant. The 0, @ and F can be obtained basically
from “Stress”, “Morphology” and “Microstructure”
measurements respectively.

Most of conventional techniques for reliability
analysis, such as scanning electron microscopy, are
conducted on sample surfaces, enabling detailed
investigation on the damage mechanism at microscopic
scale.!'®!® For the internal investigation of an IPM based

© Toyota Central R&D Labs., Inc. 2019

http://www.tytlabs.com/review/



40 7L R&D Review of Toyota CRDL, Vol.50 No.1 (2019) 39-47

on those techniques, a small sample must be extracted
from the inside. The destruction of an [PM makes it
difficult to track the internal degradation process and
to measure the actual internal stress distribution. The
tracking of the process is necessary to obtain the crack
propagation rate, i.e. crack speed, which enables the
calculation of the remaining life with the measured
actual stresses acting on the crack. Therefore, it is
necessary to develop the non-destructive measurement
techniques based on synchrotron radiation X-ray (SR)
for the reliability analysis of [PMs.

In order to conduct the microscopic measurements of
these values in a module, SR with significantly higher
brilliance and transmissivity than commercial X-ray
devices is useful. The SR laminography, a type of
computed tomography applicable to large components,
is suitable to obtain the internal morphology of cracks
and voids.""?» For the reliability analysis of IPMs
where the internal voids and microstructures need to be
visualized at the scale of 1 pm, the SR with significantly
high brilliance and transmissivity is necessary instead
of commercial devices without sufficient X-ray. The SR
diffraction methods enable the internal microstructure
measurement based on three-dimensional X-ray
diffraction microscopy (3DXRD),***" as well as the
internal stress measurement.

In this study, SR laminography and diffraction
methods were developed to realize non-destructive
measurements of internal degradation behavior in
IPMs. The fatigue and aging mechanisms in the
bonding layer consisting of nano-particle Cu were
investigated by SR laminography.®** The diffraction
measurement from the internal bonding layer was
enabled by a developed rotational spiral slits system.®?

Morphology
(Laminography)

i raction

Fig.1 Schematic of three key points for
reliability analysis.

cture
action)

2. Specimens and Methods

2.1. Laminography for Internal Degradation
Morphology Measurement

Specimens with similar structure to that of the [PMs
were prepared. Semiconductor chips were bonded on
Al substrate of direct bonded aluminum (DBA), with
aluminum nitride (AIN) plate between the Al layers.
For the investigation of thermal fatigue degradation,
Si chips were bonded by nano-particle Cu on the DBA
substrates based on the developed sintering process as
illustrated in Fig. 2.?® The specimens were fatigued
under repeated thermal stress cycles between —40°C
and 150°C with each exposure time of 30 min in air
at | atm.

For the investigation of high-temperature aging
degradation, SiC chips were bonded by the sintered
nano-particle Cu containing Bi and Sn as well as
Cu.® The specimens were subjected to thermal aging
at 225°C for 100 hour in air at 1 atm.

The SR experiments were conducted at the beamline
of BL33XU (Toyota beamline) of SPring-8,6!
large synchrotron radiation facility in Japan.
Figure 3 shows a schematic of the experimental setup
of SR laminography compared with the conventional
computed tomography (CT). As shown in Fig.3 (a),
a small sample must be extracted from the
bonding layer with low transmissivity in the case
of conventional CT measurement to obtain the
transmission images. The maximum diameter of
the extracted sample is about 1 mm for Cu or solder
measured at SR energy of 30 keV. The destruction of
the specimen makes it difficult to track the internal
degradation process that is influenced by the bonded
structure. On the other hand, the full-size component

Si chip (400 pm thick)
(Ti and Ni sputtered at bottom)

Sintered nano-particle Cu (35 pm)

7 Ni-plated Al (400 pm)
AIN (635 pum) DBA

( 14

= % Ni-plated Al (400 um)

Fig.2 Schematic of specimen with similar structure to
power module for thermal fatigue degradation
investigation by SR laminography.
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can be measured by SR laminography as shown in
Fig. 3 (b). The tilted specimen rotational axis reduces
the transmission distance of SR beam compared with
the width of the full-size module, hundreds of mm,
that must be transmitted in the case of conventional
CT setup. In order to realize the measurement of
full-size modules, a high-rigidity rotation stage
was developed with high-precision positioning
algorithm. Hence, the SR laminography at BL33XU
of SPring-8 is suitable for the non-destructive internal
measurement of full-size modules, enabling the
tracking of the internal degradation behavior.

In this study, the specimen rotation axis was tilted
at an angle of 60° with respect to the SR beam. The
transmitted SR was converted into visible light by
a scintillator and captured by a CCD camera through
magnification lenses that yield the voxel size of

Small sample extracted from
bonding layer (about 1 mm)

w 1

Specimen rotation for
CT measurement

(a) Conventional CT measurement requiring sample
extraction from bonding layer with low X-ray
transmissivity

Tilted axis of specimen rotation
by high rigidity stage

(b) Laminography suitable for non-destructive measurement
of internal bonding layer in full-size module

Fig.3 Schematic of experimental setup for SR
laminography compared with conventional
computed tomography.

0.33 or 1.3 pm. The specimens were rotated 360°
while 3600 transmission images were captured with
each exposure time of 0.1 second. The 3-dimensional
image reconstruction was conducted based on
a filtered back-projection method for the setup of the
tilted sample rotation axis.!” The energy of SR was
set to 29 keV so that it can transmit the specimens.
The SR laminography measurements were carried out
before the fatigue and aging. The same positions were
measured again after the fatigue test of 500 cycles and
the aging of 100 hours. The degradation behaviors
were then compared.

2. 2. Diffraction Technique for Internal Stress
Measurement

The specimen for the diffraction measurement of the
bonding layer consists of a Si chip bonded by lead-free
solder on a DBA substrate.

Strains are obtained from the change of the SR
diffraction patterns between non-stressed and stressed
conditions. Stresses can then be calculated from
components of strains. High energy SR that deeply
penetrates through a specimen enables the strain
measurement inside of an IPM. The incident SR
beam is narrowed to obtain high-resolution strain
distribution map. The diffraction pattern from the
small gauge volume, i.e. measurement point, is spotty
because the number of the grains inside of the volume
is too small to yield the continuous diffraction rings.
An area detector is necessary to capture the discrete
diffraction spots instead of the conventional point or
linear detectors. In order to measure diffraction from
inside of a specimen with an area detector, a special
type of slits system is indispensable as shown in
Fig. 4. Though conventional double slits in Fig.4 (a)
shields diffracted SR beam from positions out of the
gauge volume, most of area on the detector is also
shielded by the shadow of the slits. With only limited
diffraction, strain measurement is difficult. On the
other hand, two-dimensional spiral slits system in
Fig.4 (b) allows all diffracted beams from the gauge
volume to reach the area detector when the slits are
rotated, while the diffraction out of the gauge volume
is shielded by the slits. Thus, this spiral slits system is
indispensable to measure the microscopic distribution
of internal stress/strain in a large specimen such as
an [PM.

The diffraction experiments were performed with
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the developed spiral slits system installed at BL33XU
of SPring-8. The energy of SR was set to 29 keV for
the measurement of the solder bonding layer in the
specimen with the width of the incident SR beam and
the slits of 50 pm.

3. Results and Discussions

3. 1. Internal Degradation Mechanism

Figure 5 shows the 3-dimensional reconstructed
images of the nano-particle Cu bonding layer in
the specimen. The dark areas in the images indicate

Limited signal Area detector

No-signal area
shielded by slits

Conventional

double slits Diffracted X-ray

from gauge volume

Shield of diffracted X-ray
out of gauge volume

Specimen
f

\
Internal gauge volume
(measurement point)

(a) Conventional double slits inapplicable to diffraction
measurement with area detector due to shield on detector

Area detector

All signals

Rotating spiral
slits system

All of diffracted X-ray

from gauge volume

Shield of diffracted X-ray
out of gauge volume

Internal gauge volume
(b) Rotational spiral slits system for diffraction measurement

from internal gauge volume with area detector

Fig.4 Measurement of SR diffraction from inside
of specimen by area detector.

low-density Cu or the presence of pores/light materials,
while the bright areas indicate high-density Cu or
heavy materials. The SR laminography measurements
have enabled the tracking of the degradation behavior
during the fatigue cycles at the same position. The
image in Fig.5 (a) is at the initial condition, while
Fig.5 (b) is the image after 500 thermal fatigue cycles.
Though each nano-particle is not visualized because
of the grain size less than the measurement resolution
of 1.3 pm/voxel, the clusters of nano-particles are
distinguishable as bright aggregates from the dark
nano-particle matrix. The average density of the
aggregated nano-particle Cu clusters is considered to
be higher than the matrix that includes micro pores and
organic residue of nano-particle paste. After fatigue
cycles in Fig.5 (b), internal cracks are introduced in the
bonding layer. Crack branching is observed mainly at
the location of the clusters. The crack propagation rate
is estimated to be larger in the matrix with low-density
nano-particles than in the high-density clusters. When
a crack in the matrix propagates close to a cluster, the

(b) After 500 thermal fatigue cycles

Fig. 5 Reconstructed 3-dimensional images of
nano-particle Cu bonding layer before and after
thermal fatigue measured by SR laminography.
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crack tip is considered to be blocked, resulting in the
crack branching avoiding the cluster.

Fatigue crack propagation behavior is significantly
influenced by the microstructure of the material.
When a long fatigue crack propagates through
a material with large grains, the crack path tends to be
tortuous at the grain scale forming the rough fracture
surface. The crack propagation rate is low due to the
roughness-induced crack closure that leads to longer
fatigue life. On the other hand, when the propagation is
through a material with nano-particles as in Fig. 6 (a),
the crack path tends to be smooth forming the relatively
flat fracture surface. The resultant crack propagation
rate is higher. In the developed nano-particle bonding
layer, however, tortuous crack path at the scale of
micrometer is observed in spite of the nanometer
particles as in Fig. 5 (b). This behavior is attributed to
the crack deflection at the scale of the clusters as shown
in Fig. 6 (b) as well as the above-mentioned crack
branching at the clusters. The crack propagation rate is
expected to be lower because of the roughness-induced
crack closure caused by the crack branching and
deflection. The unique microstructure with the mixture

Nano-particles

(a) Crack propagation in conventional nano-particle material
(Higher crack propagation rate due to flat crack path)

High-density cluster of nano-particles

Crack branching

Crack deflection

(b) Crack propagation in nano-particle material containing
large high-density clusters of nano-particles (Lower
crack propagation rate due tortuous crack path)

Fig. 6 Schematic of crack propagation behavior in
nano-particle Cu bonding layer.

of nano-particle matrix and the larger rigid clusters is
expected to contribute to the longer fatigue life. Thus,
the microstructure of the nano-particle Cu bonding
layer is considered to have significant influence on the
reliability.

Figure 7 shows the internal cross-sectional
images of the 3-dimensional reconstruction from the
nano-particle Cu bonding layer before and after aging
at 225°C for 100 hour at the same position. The small
cracks observed at the initial condition in Fig. 7 (a) are
considered to be introduced due to the difference in

Thin gray layer
formed at faces of
cracks and voids

(b) After aging at 225°C for 100 hour

Fig. 7 Reconstructed internal cross-sectional images
of nano-particle Cu bonding layer before and
after aging measured by SR laminography.
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the coefficients of thermal expansion of the SiC chip
and DBA substrate. In Fig. 7 (b), the laminography
measurement after the aging shows the formation of
thin gray layer on the crack faces, resulting in the
apparent closure of the small cracks. A post elemental
analysis by a scanning electron microscope shows that
the gray layer is oxidized Cu that is predominantly
observed in low-density Cu area as well as at the faces
of the residual cracks and voids. The laminography
measurements show that the oxidation of the
nano-particle Cu is the predominant degradation mode
for the lower bonding strength under aging.

The bonding strength of the developed bonding layer
with addition of Bi and Sn to Cu was higher than the
one without the addition. The improvement is
attributed to the existence of Bi and Sn that are
liquid-phase during the sintering process (200°C for
10 min followed by 350°C for 5 min in H, under
0.5 MPa) promoting the densification of Cu. In
high-density Cu area, the oxidation as well as crack
initiation is suppressed. The addition of Bi and Sn is
expected to improve the high-temperature strength of
the nano-particle Cu bonding layer.

The tracking of internal degradation behavior by SR
laminography is also useful to find the fracture origin
by tracking back the process from the final crack to
the origin.

3. 2. Diffraction Measurement of Internal Gauge
Volume

The developed rotational spiral slits system is shown
in Fig. 8. The slits in the unique shape of spirals are
machined on the shielding disks. The small front
disks and large rear disks are connected by a rod with
a collimator on the center axis. The shielding disks
with the spiral slits are rotated during the diffraction
measurement so that the diffracted SR beam only from
the internal gauge volume reaches the area detector. The
rotation is necessary to capture all of the diffracted SR
on the whole area of the detector without the shield by
the shielding disks. This rotational spiral slits system
is a unique tool that enables measurement of internal
stress/strain for each material such as coarse-grained
bonding materials, highly textured wiring materials as
well as semiconductors.

Figure 9 shows the diffraction patterns obtained
from the inside of the specimen with lead-free solder
bonding layer. In the measurement without the spiral

slits system in Fig. 9 (a), many diffraction patterns
are observed from various depth positions as well as
various materials in the specimen. It is difficult to
distinguish the diffraction of the boning layer from
those of the other layers such as Al or AIN. In addition,
the position of a diffraction pattern on the detector
shifts when the measurement point shifts. This means
that, without the spiral slits system, diffraction from
a position outside of the gauge volume appears to be
the shifted diffraction from the gauge volume, resulting
in the misled pseudo strain. On the other hand, the

Rotation

Spiral slits system

Area detector
Specimen
Internal gauge

Fig. 8 Developed rotational spiral slits system for
diffraction measurement from internal gauge
volume.

Diffraction from all layers
A
r ~

(a) Without rotational spiral slits system

Extracted diffraction
only from internal solder layer

(b) With rotational spiral slits system

Fig. 9 Diffraction patterns obtained from inside
of specimen (Center of detector extracted,
contrast adjusted).
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diffraction only from the bonding layer is extracted
in Fig. 9 (b) in the measurement with the spiral slits
system. Since the gauge volume is precisely defined in
the specimen by the slits, the strains can be calculated
from the shift of the diffraction pattern compared
with the one under no stress such as the powder. This
diffraction measurement technique with the developed
rotational spiral slits system will enable us to obtain
internal distribution maps of stresses and strains by
scanning the sample such as an IPM.

4. Conclusion

The SR laminography and diffraction methods were
developed to realize non-destructive measurements of
internal degradation behavior in IPMs. The tracking of
fatigue behavior by SR laminography in nano-particle
Cu bonding layers of IPM specimens showed that
the large aggregated Cu clusters introduced tortuous
cracks and crack branching resulting in the lower crack
propagation rate, which is expected to lead to longer
fatigue life. The laminography measurements during
aging showed that the oxidation of the nano-particle
Cu was the predominant degradation mode to lower
the bonding strength, which was improved by the
addition of Bi and Sn. The developed rotational spiral
slits system enabled the space-resolved diffraction
measurement in the bonding layer of IPM specimens.
The internal distribution maps of stresses and strains
in IPM will be obtainable with this technique. The SR
laminography integrated with the spiral-slits-based
diffraction technique will make a powerful tool for the
reliability analysis of next-generation [PMs.
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