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Abstract

This study focused on predicting the fatigue life of an insulated gate bipolar transistor (IGBT) power module for electric
locomotives. The effects of different wiring technologies, including aluminum wires, copper wires, aluminum ribbons, and
copper ribbons, on solder fatigue life were investigated to meet the high power requirement of the IGBT module. The module’s
temperature distribution and solder fatigue behavior were investigated through coupled electro-thermo-mechanical analysis based
on the finite element method. The ribbons attained a chip junction temperature that was 30° C lower than that attained with
conventional round wires. The ribbons also exhibited a lower plastic strain in comparison with the wires. However, the difference
in plastic strain and junction temperature among the different ribbon materials was relatively small. The ribbons also exhibited
different crack propagation behaviors relative to the wires. For the wires, the cracks initiated at the outmost edge of the solder,
whereas for the ribbons, the cracks grew in the solder layer beneath the ribbons. Comparison of fatigue failure areas indicated
that ribbon bonding technology could substantially enhance the fatigue life of IGBT modules and be a potential candidate for

high power modules.
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I. INTRODUCTION

Insulated gate bipolar transistors (IGBTs) offer several
advantages in power semiconductor devices, such as high
operating current, fast switching speed, and low switching
loss. IGBTSs are predominant power semiconductors used for
high current applications in trains, airplanes, and electric and
hybrid vehicles [1]-[3]. Recent developments have resulted
in extremely demanding industrial applications, such as
railway traction systems, electric locomotives, and wind
power systems, which require high power densities and long
power module lifetimes. Therefore, an assessment of IGBT
power module reliability in terms of enduring high operation
temperatures and harsh environments has become a major
[4]-[7]. IGBT power generate a
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considerable amount of heat from the dissipation of electric
power. Excessively high temperatures result in the failure of
IGBT chips if they exceed their maximum junction
temperature. Another main failure mechanism that limits the
operating life of IGBT modules is the coefficient of thermal
expansion (CTE) mismatch between the materials used in the
modules [8]-[10]. Power devices using IGBT modules are
made of several multilayer structures that consist of silicon
chips, ceramic layers, copper, solders, and polymers, all of
which have different CTEs. The mismatch between CTEs and
the various elastic moduli of the materials used can cause
severe thermo-mechanical stresses and make the power
modules susceptible to thermo-mechanical fatigue failures
that result in cracking [11], lifting off of wires [12], [13], and
delamination of the interface region [14]. Therefore,
interconnected parts such as wires, bonding, and solders are
the most vulnerable and essential components that determine
the reliability and life span of IGBT modules. Solder joint
fatigue, in particular, is one of the most important failure
mechanisms [15]. The solder is located between the silicon
chip and the direct bond copper (DBC) module. The
mismatch between the CTE of the silicon chip and the DBC
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module is much greater than that between other layers. Under
cyclic thermal mechanical loading, the materials in the
interface expand and contract at different rates, and the solder
joint suffers damage over time. This accumulated stress/strain
leads to solder fatigue. Solder fatigue leads to delamination
and cracks in the solder, which in turn increases the
resistance of the IGBT chip, raises the junction temperature,
and accelerates the rate of solder fatigue failure [12]-[15].

Recently, 3300 V/1500 A IGBTs were introduced to the
power device market as power control unit applications for
electric locomotives. Electrical and thermal stress-related
problems in IGBT modules are more serious than equivalent
problems in lower power devices. To meet high power
requirements, practitioners have resorted to the use of copper
wire or ribbon technology as a replacement for the
conventional low-cost aluminum wire with the objective of
enhancing electrical performances in terms of reduced
resistivity and capacitance [16], [17]. Experimental works
regarding the electrical performances and reliability issues of
the Al ribbon technology were performed by Ong et al. [18]
and Lim et al. [19]. Process issues in copper ribbon bonding
technology were discussed by Marenco et al. [20]. However,
only a few studies have explored the effect of copper wires or
ribbons on solder fatigue failure using numerical simulation
in IGBT module applications. The power cycling test is
widely adopted to estimate the real operational lifetime of
IGBT modules operating under cyclic power environments
by switching the electrical load on and off [21], [22]. The
operational lifetime prediction for IGBT modules is
important in the design and application of high power devices
and systems.

In the present work, we investigated the effects of different
wiring technologies, including copper wires, aluminum
ribbons, and copper ribbons, on solder fatigue life.
Electro-thermo-mechanical coupled analysis was performed
to analyze heat distribution and fatigue life in a power cycling
test based on the numerical finite element method (FEM).
The results will serve as guidelines for replacing conventional
aluminum wires with copper wires or ribbons.

II. FINITE ELEMENT MODEL
A. Structure of the IGBT Power Module

The schematic cross-sectional structure of the IGBT power
module used in this study is shown in Fig. 1. The module
comprised an IGBT chip, a DBC layer, and a baseplate,
which are welded by solders. The round wires or ribbons
were welded to the IGBT chip, which is soldered to the DBC
layer using SAC305 (Sn: 3.0 wt%, Ag: 0.5 wt%, Cu)
lead-free solder. The DBC layer was composed of an
aluminum nitride (AIN) ceramic layer sandwiched between
two copper layers. The layer was soldered to a copper
baseplate. Table 1 shows the detailed dimensions of each
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Fig. 1. Schematic drawing of the IGBT power module.

TABLEI
DIMENSIONS OF VARIOUS MATERIALS IN THE IGBT MODULE

Dimension (mm)

Item Width Length Thickness
IGBT 14 14 0.4
Diode 14 14 0.4
Solder 14 14 0.15
Copper 54 45 0.3

Substrate 59 49 1
Copper 56 48 0.3
Solder 56 48 0.2
Base plate 79 69 5
Wire IGBT
Emitter side Collector side
(a)
Ribbon
Emitter side

Collector side

(b)
Fig. 2. Schematic illustration of the IGBT chips and module. (a)
Wire, (b) ribbon.

layer in the IGBT module. The sizes of the IGBT chip and
module were 14 mm x 14 mm and 79 mm x 69 mm,
respectively. Figure 2 illustrates the schematic drawings of
the different wiring methods. Figure 2(a) shows a
conventional round wire with a diameter of 500 pm, and Fig.
2(b) shows a 2,000 pm-thick ribbon.
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Fig. 3. FEM modeling of the IGBT power module.
TABLEII
MATERIAL PROPERTIES FOR FINITE ELEMENT ANALYSIS
Young’s
Material modulus Poisson’s ratio ( C;/EK)
(GPa) PP
Silicon 186 0.22 2.6
SAC305 40 0.3 23.5
Copper 75 0.34 18
AIN 330 0.24 4.5
Aluminum 71 0.33 23
» Thermal Electrical
Material Sp(gj:?c. :Sat conductivity resistivity
g (W/m-K) @m)
Silicon 700 148
SAC305 232 57 1.3e-7
Copper 385 400 1.7 e-8
AIN 740 285 1 et+l4
Aluminum 875 150 2.7 e-8
TABLE III
ANAND MODEL OF SAC305
Parameter SAC305
Initial deformation resistance (So) 45.9 MPa
Activation energy/Universal gas constant (Q/R) 7460 K
Pre-exponential (A) 5.87 et+6
Multiplier of stress (&) 2
Strain rate sensitivity of stress (m) 0.0942
Hardening/Softening constant (hy) 9350 MPa
Coefficient for deformation resistance saturation (S) 58.3 MPa
Strain rate sensitivity of saturation (n) 0.015
Strain rate sensitivity of hardening or softening (a) 1.5

B. Numerical Modeling

The commercial ANSYS program was employed for the
numerical FEM simulation. The FEM structure was modeled
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Fig. 4. Schematic of the power cycling test used in this study.

by simplifying the actual sample. The structure was
symmetric, and thus, a one-fourth symmetric model was
employed for computational efficiency. The mesh of the FE
model (Fig. 3) was composed of pure hexahedral elements for
accurate results. The FE model comprised 575,000 nodes and
112,000 elements. The physical and thermal material
properties of the IGBT module used in the numerical
simulation are listed in Table 2. All materials were assumed
isotropic and perfectly bonded. The silicon chip and AIN
were considered elastic materials. The copper and aluminum
were considered elasto-plastic materials. The yield strength
and tangent modulus of aluminum were 30 and 216 MPa,
respectively, and those of copper were 85 MPa and 1 GPa,
respectively [20], [21]. The SAC305 solder was considered to
have visco-plastic behavior using an Anand constitutive
model. The Anand model comprises the inelastic strain rate
and deformation resistance rate. The Anand model
incorporates a visco-plastic, time-dependent plastic strain
phenomenon, the development of which is dependent on
loading rate [22]-[24]. This model facilitates the modeling of
both strain hardening and softening. The Anand model
parameters for the SAC305 solder used in this study are listed
in Table III.

A transient multi-physics analysis (electro-thermo-
mechanical coupled analysis) was performed to evaluate the
thermal fatigue behavior of the IGBT module. Fatigue failure
life caused by crack propagation was compared for different
wiring methods. Electro-thermal analysis was conducted to
calculate the joule heating distribution of the IGBT module
during current loading under power cycling. The load step
used for the power cycling of the analysis is shown in Fig. 4.
Exactly 25 IGBT chips were used in the 3300 V/1500 A
IGBT power module. Therefore, a current of 60 A was
applied to a single IGBT chip. A single cycle lasted 120 s
with a 50% duty ratio. The collector side boundary currents
were 60.0 and 0.0 A, respectively, for 60 s during either the
turn-on or turn-off state. The emitter side was set to 0.0 V.
There was a 1 s ramp-up time for the switching process and a
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59 s dwell time during either the turn-on or turn-off state. In
the thermal analysis, the convection coefficient on the bottom
of the baseplate was set to 2,000 W/m*-K after considering
the heat sink effect. Except for the bottom of the module,
natural convection was applied, with a convective heat
transfer coefficient of 3 W/m>K. After the electro-thermal
analysis, the calculated temperature was imported as a
thermal load into the thermo-mechanical analysis. The
thermo-mechanical analysis was conducted to predict the
fatigue life of the solder layer. In the thermo-mechanical
analysis, the displacement with respect to the x-, y-, and
z-axes was fixed at the bottom edges of the baseplate.

III. THEORY

A. Coffin-Manson Law

Fatigue life prediction equations are usually derived in
terms of strain versus the number of cycles to failure [25].
The equation consists of the elastic and plastic components of
strain, and it is given by

Aeg Ag, Ae of
S e

where Ag,/2 is the total strain amplitude, Ag,/2 is the elastic
strain amplitude, Ag,/2 is the plastic strain amplitude, E is
Young’s modulus, of is the fatigue strength coefficient, Ny
is the fatigue life, &f is the fatigue ductility coefficient, b is
the fatigue strength exponent, and c¢ is the fatigue ductility
exponent. For a solder alloy, the empirical, strain-based
Coffin—Manson equation is usually adapted to evaluate the
fatigue life of the solder when the failure lies in the low cycle
fatigue zone [25]. The Coffin—Manson equation is given by
2 = g/ (2N)" @)
The strain—life parameters of the SAC305 solder used in
this study, such as the fatigue ductility coefficient (&f) and
fatigue strength coefficient (ay), are listed in Table 4. After
calculating  the  plastic  strain  amplitude
electro-thermo-mechanical analysis, failure life (N) can be
calculated using the Coffin—Manson equation.

using

B. Accumulative Damage Rule

After calculating the fatigue life (N) of the solder using the
plastic strain amplitude, the growth of the crack on the solder
was estimated using the accumulative damage rule. Miner’s
rule is one of the most widely used accumulative damage
models for predicting failure life caused by fatigue [26], [27].
Miner’s rule is a method based on damage superposition. The
damage ratio for the strain range experienced in one cycle is
assumed to be 1/N, and the damage D caused by loading n
times is assumed to be

D=+ 3)

Therefore, the accumulative damage caused by different
loadings can be expressed as follows

TABLE IV
STRAIN-LIFE PARAMETER OF SAC305

Constant Parameter SAC305

e Fatigue ductility coefficient 0.325

c Fatigue ductility exponent -0.57

o Fatigue strength coefficient 64.8

b Fatigue strength exponent —0.1443

D:%+%+m+%=;;%=1 @)

where index i represents the phase of the crack’s progress. As
damage accumulates over time, D increases in value. When
the damage parameter D reaches its maximum value of 1,
fatigue failure of the solder occurs. In this study, the area of
the solder layer is broken down into smaller segments, in
which the crack propagates. These segments, each containing
a number of finite element meshes, can be regarded as small,
interconnected solder layers.

IV. NUMERICAL ANALYSIS RESULTS

Unlike the traditional thermal cycling test, the power
cycling test involves a current flowing through a conductor
with a resistance that generates joule heating, which causes
rapid and non-uniform temperature distribution in the device.
The IGBT chip exhibited the highest temperature, and the
heat generated from the IGBT chip was dissipated in the
layers underneath in a downward direction. Electro-thermal
analysis was conducted to investigate the heat dissipation
capacity of the round wires and ribbons. Figure 5 shows the
time history of the IGBT chip’s maximum temperature (or
junction temperature) during power cycling. When a round
wire with a diameter of 500 pm was used, the temperature of
the IGBT chip reached 140° C, whereas when a 2,000
pum-thick ribbon was used, the temperature of the IGBT chip
reached 110° C regardless of the materials used. The ribbon
had a larger cross-sectional area than the round wire, thus
indicating that the round wire had a lower current density,
resulting in lower temperatures. Although copper has lower
resistivity than aluminum, the temperature of the IGBT chip
employing the copper wire was 1° C lower than that attained
with the aluminum wire. The temperature difference between
the copper ribbon and aluminum ribbon also exhibited a
similar trend. This result indicates that the wire or ribbon
material is not a significant factor in terms of heat generation
in the IGBT power module. The maximum temperature of the
IGBT chips should remain below 150° C to prevent chip
failure or degradation [28], [29]. Ribbon technology is thus
recommended for the safe operation of the high power IGBT
module.

Heat dissipation behavior affects the characteristics of the
thermal stress/strain in the IGBT module. This interaction
eventually affects the fatigue life of the solder layer. After the
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Fig. 5. Time history of the IGBT chip junction temperature
during the power cycling test.
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Fig. 6. Time history of the plastic strain accumulated under
power cycling with the Al wire.

electro-thermal analysis, thermo-mechanical analysis was
performed to analyze the solder fatigue behavior of different
wire materials and ribbons. The solder fatigue lifetime was
obtained with Eq. (2) by calculating the plastic strain
amplitude (Ag,) during power cycling. The solder layer tends
to accumulate stresses and strains at its comers. Therefore,
cracks induced by thermal loading are expected to initiate in
that region. We investigated the plastic strain and fatigue
lifetime of the outermost edge of the solder layer for the
aluminum wire. As shown in Fig. 6, the plastic strain and
strain energy of the solder continued to accumulate during
power cycling. The plastic strain amplitude of the outermost
edge area of the solder was 0.0033 mm, whereas fatigue life
was calculated to be 10,000 cycles. However, as the solder
layer area was 14 x 14 mm’, the fatigue life calculation for
one element in a portion of one edge was considered less
meaningful.

We calculated the plastic strain amplitude and fatigue life
of all the elements in the solder layer and then predicted the
crack propagation behavior during power cycling using
Miner’s accumulative damage rule. Figure 7 presents the
accumulated plastic strain distribution of the solder layer after

Material Wire
60 sec. 120 sec.
Aluminum
Copper
Plastic strain (%)

r——— S f—
04 06 0.8 1 12 14 16 1.8 2
(a)

Ribb
Material fonen
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Fig. 7. Plastic strain contour map of the solder layer at 60 s and
120 s for (a) different wire materials and (b) different ribbon
materials.

60 and 120 s. Figure 7(a) shows that the plastic strain in the
outer corner edges for the aluminum wire reached 2% for the
60 s duration; such value was higher than that for the copper
wire. Figure 7(b) indicates that ribbons showed much lower
plastic strain than round wires regardless of wire materials.
The differences in the plastic strains of the different ribbon
materials were not significant.

After calculating the fatigue life of each element of the
solder, the crack propagation images were illustrated using
Miner’s rule; they are shown in Figs. 8 and 9. Note that the
crack propagation patterns differed according to the wire
materials and ribbons. As mentioned above, cracks formed at
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Fig. 8. Crack propagation on the solder layer for different wire
materials.
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Fig. 9. Crack propagation on the solder layer for different ribbon
materials.

the outermost edge for the aluminum wire. The cracked area
started expanding from 22,000 cycles onward (Fig. 8). The
cracked area kept increasing for the entire duration of the
power cycle. The white-colored region of the figure indicates
the failed or cracked area of the solder resulting from crack
propagation, in which the solder no longer exists. At 28,000
cycles, the fatigue failure region became substantially large
because of crack propagation, and more than half of the
solder layer was cracked. Fig. 8 also indicates that the copper
wire attained smaller failed or cracked areas than the
aluminum wire because of the lower crack propagation speed.
This result indicates that the IGBT module achieves a longer
fatigue life when copper is used than when aluminum is used.
Fig. 9 presents the crack propagation images for the
aluminum and copper ribbons, which differ from round wires
in terms of crack propagation behaviors. In the case of round
wires, the cracks were initiated and then propagated from the
outermost edge of the corner. In the case of the ribbons, the
cracks mainly grew on the solder layer beneath the ribbons
rather than on the outer edges. The solder region below the
ribbons completely failed after 28,000 cycles (Fig. 9). The
ribbons exhibited smaller failed areas than the round wires
did, thus implying that the use of ribbon technology could
enhance the fatigue life of IGBT modules. The copper ribbon
achieved a slightly better fatigue life in comparison with the
aluminum ribbon. In summary, in a high power IGBT module
of 3300 V/1500 A, the application of ribbon technology
improves reliability and fatigue life by reducing the overall
heat dissipation of the chips and solder fatigue failure.

V. CONCLUSION

In this study, the thermal fatigue reliability of a high power
IGBT module was numerically investigated using
electro-thermo-mechanical coupled analysis based on FEM.
The effects of aluminum wires, copper wires, aluminum
ribbons, and copper ribbons on solder fatigue life were
investigated. The solder fatigue behaviors during the power
cycling test were analyzed. When ribbon was used, the
maximum temperature of the IGBT chip was 110° C, which
was 30° C lower than that attained with round wires because
of the lower current density. This result indicates that ribbon
technology is a good candidate for high power IGBT modules
because of its safe operating temperature. However, the use
of round wires or ribbons did not significantly affect heat
generation in the IGBT chip. The copper wire exhibited a
lower plastic strain in comparison with the aluminum wire,
and the ribbons showed a much lower plastic strain than the
round wires. However, the differences in the plastic strains of
the different ribbon materials were not significant. The crack
propagation behaviors differed according to the wire
materials and ribbons. For the wires, the cracks initiated at
the outermost edge of the solder. For the ribbons, cracks
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mainly grew on the solder layer beneath the ribbon bonding,
and the cracked area of the solder layer was much smaller
than that of the wire bonding. By comparing the size of the
failed areas during power cycling, we found that the
employment of ribbon technology could greatly improve
reliability issues, such as heat dissipation and the fatigue life
of IGBT power modules.

ACKNOWLEDGMENT

This study was supported by a grant from the R&D
program “Module-type IGBT development for -electric
locomotive power control,” funded by the Korea Agency for
Infrastructure Technology Advancement, the Republic of
Korea.

(1]

(10]

REFERENCES

T. S. Kwon and S. I. Yong, “The new smart power modules
for up to 1kW motor drive application,” Journal of Power
Electronics, Vol. 9, No. 3, pp. 464-471, May 2009.

O. Schilling, M. Schéfer, K. Mainka, M. Thoben, and F.
Sauerland, “Power cycling testing and FE modelling
focused on Al wire bond fatigue in high power IGBT

modules,” Microelectron. Reliability, Vol. 52, No. 9-10, pp.

2347-2352, Sep./Oct. 2012.

E. Marcault, M. Breil, A. Bourennane, P. Tounsi, and P.
Dupuy, “Impact of the solder joint ageing on IGBT I-V
characteristics using 2D physical simulations,” in 12t
International Conference on Thermal, Mechanical and
Multi-Physics ~ Simulation  and  Experiments in
Microelectronics and Microsystems, pp. 1-4, 2011.

K. Ma, D. Zhou, and F. Blaabjerg, “Evaluation and design
tools for the reliability of wind power converter system,”
Journal of Power Electronics, Vol. 15, No. 5, pp.
1149-1157, Sep. 2015.

K. S. Kim, D. H. Choi, and S. B. Jung, “Overview on
thermal management technology for high power device
packaging,” Journal of the Microelectronics and
Packaging Society, Vol. 21, No. 2, pp. 13-21, 2014.

H. Lu, C. Bailey, and C. Yin, “Design for reliability of
power electronics modules,” Microelectronics Reliability,
Vol. 49, No. 9-11, pp. 1250-1255, Sep./Oct./Nov. 2009.

J. W. Yoon, J. H. Bang, Y. H. Ko, S. H. Yoo, J. K. Kim,
and C. W. Lee, “Power module packaging technology with
extended reliability for electric vehicle application,”
Journal of the Microelectronics and Packaging Society,
Vol. 21, No. 4, pp. 1-13, 2014.

L. L. Liao, T. Y. Hung, C. K. Liu, W. Li, M. J. Dai, and K.
N. Chiang, “Electro-thermal finite element analysis and
verification of power module with aluminum wire,”
Microelectronic Engineering, Vol. 120, pp. 114-120, May
2014.

T. Y. Hung, S. Y. Chiang, C. Y. Chou, C. C. Chiu, and K.
N. Chiang, “Thermal design and transient analysis of
insulated gate bipolar transistors of power module,” in 12th
IEEE Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems
(ITherm), pp. 1-5, Jun. 2010.

N. K. Kim, Y. T. Choi, S. C. Kim, J. M. Park, and E. D.
Kim, “Thermal and stress analysis of power IGBT module

(11]

[12]

[13]

[14]

[17]

[18]

[20]

[24]

1849

package by finite element method,” Journal of the
Microelectronics and Packaging Society, Vol. 6, No. 4, pp.
23-33, 1999.

M. Ciappa, “Selected failure mechanisms of modern power
modules,” Microelectronics Reliability, Vol. 42, No. 4-5,
pp. 653-667, Apr./May 2002.

W. Wu, M. Held, P. Jacob, P. Scacco, and A. Birolini,
“Investigation on the long term reliability of power IGBT
modules,” in Proceedings of the 7th International
Symposium on Power Semiconductor Devices and ICs, pp.
443-448, May 1995.

A. Morozumi, K. Yamada, and T. Miyasaka, “Reliability
design technology for power semiconductor modules,” Fuji
Electronic Review, Vol. 47, No. 2, pp. 54-58, 2001.

F. Dugal and M. Ciappa, “Study of thermal cycling and
temperature aging on PbSnAg die attach solder joints for
high power modules,” Microelectronics Reliability, Vol. 54,
No. 9-10, pp. 1856-1861, Sep./Oct. 2014.

Z. Wang, W. Qiao, B. Tian, and L. Qu, “An effective heat
propagation path-based online adaptive thermal model for
IGBT modules,” in IEEE Applied Power Electronics
Conference and Exposition (APEC), pp. 513-518, Mar.
2014.

S. Bader, W. Gust, and H. Hieber, “Rapid formation of
intermetallic compounds by interdiffusion in the Cu-Sn and
Ni-Sn systems,” Acta Metallurgica et Materialia, Vol. 43,
No. 1, pp. 329-337, Jan. 1995.

K. Guth, D. Siepe, J. Grlich, H. Torwesten, R. Roth, F.
Hille, and F. Umbach, “New assembly and interconnects
beyond sintering methods,” in Proceeding of the 6th
International Conference on Integrated Power Electronics
Systems (CIPS), 2010.

B. Ong, M. Helmy, S. Chuah, C. Luechinger, and G. Wong,
“Heavy Al ribbon interconnect: An alternative solution for
hybrid power packaging,” in 37th International Symposium
on Microelectronics (IMPAS), pp.1-11, 2004.

F. Lim, W. Low, C. Lee, and B. Rizal, “Process
characterization of aluminum ribbon bond,” in
International Conference on Electronic Materials and
Packaging, pp.1-5, Nov. 2007.

N. Marenco, M. Kontek, W. Reinert, J. Lingner, and M.-H.
Poech, “Copper ribbon bonding for power electronics
applications,” in Microelectronics Packaging Conference
(EMPC), pp. 1-4, Sep. 2013.

F. Forest, A. Rashed, J. J. Huselstein, T. Martiré, and P.
Enrici, “Fast power cycling protocols implemented in an
automated test bench dedicated to IGBT module
ageing,” Microelectronics Reliability, Vol. 55, No. 1, pp.
81-92, Jan. 2015.

A. Micol, A. Zeanh, T. Lhommeau, S. Azzopardi, E.
Woirgard, Q. Dalverny, and M. Karama, “An investigation
into the reliability of power modules considering baseplate
solders thermal fatigue in aeronautical applications,”
Microelectronics Reliability, Vol. 49, No. 9-11, pp.
1370-1374, Sep./Oct./Nov. 2009.

H. F. Wang, P. Yang, and B. Z. Bao, “Life predict and
simulation of the copper wire in flexible printed circuit
board,” in 3rd International Conference on Measuring
Technology and Mechatronics Automation, Vol. 2, pp.
470-472, Jan. 2011.

A. Grams, T. Prewitz, O. Wittler, J. Kripfgans, S. Schmitz,
A. Middendorf, W. H. Muller, and K. D. Lang, “Simulation
of an aluminum thick wire bond fatigue crack by means of
the cohesive zone method,” in 14th International
Conference on Thermal, Mechanical and Multi-physics



1850 Journal of Power Electronics, Vol. 16, No. 5, September 2016

Simulation and Experiments in Microelectronics and
Microsystems (EuroSimE), pp. 1-8, Apr. 2013.

[25] F. X. Che, H. L. Pang, W. H. Zhu, W. Sun, and A. Y. S.
Sun, “Modeling constitutive model effect on reliability of
lead-free solder joints,” in 7th International Conference on
Electronic Packaging Technology (ICEPT), pp. 1-6, Aug.
2006.

[26] M. Motalab, Z. Cai, J. C. Suhling, and P. Lall,
“Determination of Anand constants for SAC solders using
stress-strain or creep data,” in 13th IEEE Intersociety
Conference on Thermal and Thermomechanical
Phenomena in Electronic Systems (ITHERM), pp. 910-922,
May/Jun. 2012.

[27] Y. Zhou, L. Xu, and S. Liu, “Optimization for warpage and
residual stress due to reflow process in IGBT modules
based on pre-warped substrate,”  Microelectronic
Engineering, Vol. 136, pp. 63-70, Mar. 2015.

[28] S. Liu and Y. Liu, “Accelerated fatigue life assessment
approaches for solders in packages,” Modeling and
Simulation for Microelectronic Packaging Assembly:
Manufacturing, Reliability and Testing, John Wiley & Sons,
Chapter 4, pp. 79-101, 2011.

[29] K. Shinohara and Q. Yu, “Evaluation of fatigue life of
semiconductor power device by power cycle test and
thermal cycle test using finite element
analysis,” Engineering, Vol. 2, No. 12, p. 1006, Dec. 2010.

[30] A. Fatemi and L. Yang, “Cumulative fatigue damage and
life prediction theories: a survey of the state of the art for
homogeneous materials,” International Journal of
Fatigue, Vol. 20, No. 1, pp. 9-34, Jan. 1998.

[31] S. Narumanchi, M. Mihalic, K. Kelly, and G. Eesley,
“Thermal interface materials for power electronics
applications,” in 11th Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems
(ITHERM), pp. 395-404, May 2008.

[32] K. Shinohara and Q. Yu, “Fatigue life evaluation accuracy
of power devices using finite element method,”
International Journal of Fatigue, Vol. 33, No. 9, pp.
1221-1234, Sep. 2011.

II-Woong Suh was born in Jeonju, Korea.

He received his B.S. degree in Mechanical

Engineering from Seoul National University

4 of Science and Technology, Seoul, Korea, in

‘*--:*-;‘/ 2014, and his M.S. degree in Nano-IT Fusion

from the Graduate School of NID Fusion

‘ x . Technology of Seoul National University of

Science and Technology, Seoul, Korea, in

2016. His current research interests include the field of reliability
and packaging for semiconductors and power devices.

—
- -

= Hoon-Sun Jung was born in Seoul, Korea.

He received his M.S. degree in Nano-IT

Fusion program from the Graduate School of

NID Fusion Technology of Seoul National

University of Science and Technology, Seoul,

Korea, in 2014. He is currently a Ph.D.

. candidate in the same school. His main
research fields are semiconductor packaging

and flexible/stretchable electronics.

Young-Ho Lee was born in Chungbuk,
Korea, on August 20, 1968. He obtained his
B.S. degree in Electronic Engineering from
ChungJu University in 1992. He joined
Woojin Industrial Systems Co. Ltd., which is

known for developing the Korea
Standardized Rail Vehicle Technology,
= Korea-Automated Guideway Transit

(K-AGT) in 1993. He successfully produced domestic converters
and inverter parts and developed Korea Train express motor
blocks as a Staff Member of Woojin Industrial Systems Co. Ltd.
He is currently working with South Korea Land and Transport
Ministry, where he studies Train Power Control IGBT modular
development as a Project Manager.

Sung-Hoon Choa received his Ph.D. degree
in Mechanical Engineering from University
of Michigan, Ann Arbor. He is currently a
Professor in the NID Graduate School of
Seoul National University of Science and
Technology. He previously served as Dean of
the same graduate school. He also worked as
Vice-President of Samsung Advanced
Institute of Technology. He is a Chairman of MEMS Standard
Committee in Korea. He is also a planning and consulting
member of several committees of national projects. His main
interests are  semiconductor packaging, MEMS, and
flexible/stretchable electronics. His interests extend to the field
of reliability and packaging for power devices, semiconductors,
and MEMS. Prof. Choa has more than 150 publications and is
the (co-)inventor of 70 patent filings.



