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Abstract

The development of power electronics technology is driven by the insatiate demand to control elec-
trical power. The new power electronics devices reduce the volume of the converters by three to four
orders of magnitude compared to their mercury arc predecessor. And the turn-on and turn-off time has
decreased from milliseconds to the microseconds and even nanoseconds, depending on power level. The
power range commanded by converters now extends from micro-VA to several hundreds of mega-MVA.
Among the new power devices, insulated gate bipolar transistor (IGBT) devices are being more accepted
and increasingly used in traction application such as locomotive, elevator, tram and subway. Thus the
long-term reliability of IGBT is highly demanded. In this paper the failure modes of power electronics
devices especially IGBTs are reviewed. A FEM analysis of a multilayered IGBT packaging module under
cyclic thermal loading is presented.© 2001 Elsevier Science B.V. All rights reserved.
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1. Failure modes of power electronics packaging

The insulated gate bipolar transistor (IGBT) modules are developed with increasing power
capability, high voltage and high current (up to several kV and kA). All devices have finite
on-state voltage drops when conducting the on-state currents and finite switching times during
turn-on and turn-off. These effects result in significant power dissipation in the system. These
power dissipations need to be removed through electronic packaging. As reported, in a typical
IGBT-based motor drive, 4% of the controlled power is dissipated as heat within the device [3].
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Fig. 1. Schemes of wire bonding and press pack packaging.

Thus thermal and thermal-mechanical management is critical for power electronics modules. The
failure mechanisms that limit the number of power cycles are caused by the coefficient of thermal
expansion mismatch between the materials used in the IGBT modules. All interfaces in the
module could be locations for potential failures [4]. Several researchers conducted experiments
to estimate the long-term reliability and the failure modes of power semiconductor modules
[5-8].

The failure modes of IGBT modules are dependent on the mounting technology used. Wire
bonding (Fig. 1a) and press pack (Fig. 1b) are two different mounting techniques, and the
failure modes are thus different. Press pack or flat pack techniques are relatively new in IGBT,
thus most literatures are focused on wire bonding IGBTs.

1.1. Emitter bonding wire lifting failure

For wire bonding IGBT modules, the emitter bonding wire lifting is reported as the most
important failure mode [5]. In Wu’s research [5], more than forty 300 A/400 A 1200 V IGBT
modules were subjected to power cycling test. It was reported that no tested modules could pass
10® power cycles in the test. Wire lifting failure occurred in about 70% of the tested modules.
Wu and partner [5] believe that the poor bonding pressure and contamination may lead to low
fracture strength at the bonding interface. Moreover, bonding wires are subjected to a tensile
stress due to the temperature fluctuation during power cycling. Longer wire is subjected to
higher tensile stress. This tensile strength also affects the bonding strength. Lambilly and Keser
[9] tested the reliability of power IGBT modules with power cycling method. Lifted wire bonds
were observed in their test. The Al wire has much larger CTE and expands during heating.
They conclude that when the stiffness of the wire and potting material prevent the deformation
of the wire, the whole strains are converted to large stresses on the bond area, causing it to get
sheared from silicon. This can be amplified by the stiffness and the large CTE of potting material.
They indicate that with less stiff potting material better performance of bonding wire can be
achieved. In Cova and Fantini’s research [10], some medium power devices were subjected
to power cycles. The module was placed in a thermally controlled chamber to establish the
ambient temperature by forced air ventilation, from 0°C to 150°C. Emitter bonding lift-off was
observed as the main failure mechanism. Cova and Fantini claim that the degradation of the
die attach was probably the root cause of the failure mechanism. They also claim that the
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thermal excursion AT may be the cause for damage of the soldering layers and bond wires
and the power cycling lifetime was exponentially related to AT. Another research by Auerbach
and Lenniger [4] also indicates the predominant failure mechanism as lift-off of the bonding
wires. The solder degradation between the substrate and copper baseplate as well as the solder
degradation between chip and substrate are also important failure mechanism. Their conclusion
is similar to that of Auerbach and Lenniger’s, that maximum number of power cycles decreases
with increasing temperature swing. They also found that the medium junction temperature is
very important for the maximum number of power cycles that a module can stand. Lower
medium temperature leads to higher power cycling stability.

1.2. Solder degradation

Solder degradation may cause different types of failure. IGBT modules are multilayered struc-
tures. Silicon die is soldered to the DCB substrate, and DCB is soldered to the copper heat
sink. The substrate and heat sink have much larger CTE than silicon die. This CTE mismatch
requires the die bond to be compliant to prevent large stress in the silicon die. Soft solder
is more suitable to be used here, since it has low modulus of elasticity, low yield strength,
and relatively high ductility. Thus it allows plastic deformation of the bond. Alternatively, less
compliant solder may be used if a buffer (such as molybdenum) is used between the substrate
and die [11].

Significant amount of heat dissipated by the IGBT modules needs to be removed through
this sandwiched structure. Solder degradation at any location increases the thermal resistance
from the silicon module to the heat sink. Cyclic temperature shifts during operation produce
cyclic shear strains in the die bond due to the CTE mismatch between layers and the spa-
tial temperature gradients. This eventually produces cracking due to fatigue, which lower the
critical capability of the bond to transfer heat generated in the die [12-14]. Evans [11] states
spatial temperature gradients and transient thermal effects play significant roles in die bond
fatigue failure. Fatigue cracks initiate rapidly in solder. They generally initiate at the corner
or edge of the die (the point of maximum shear strain) and grow through the die bond. In
a die bond of uniform thickness, the crack growth is expected to proceed toward the neutral
point or center of the die. The loss of die bonds will increase the die temperature, and ef-
fectively reduce the safe operating area of IGBT. Thus the power transistor will eventually
fail by catastrophic burn-out or secondary breakdown. Evans and Evans [11] used 133 power
transistors in power cycling intermittent operating life test. Their analysis shows that increasing
die bond thickness has a significant role in improving the cyclic life of the die bond. The
die bond thickness varies substantially between devices and may not be uniform under a sin-
gle die. This nonuniformity influences the device life by increasing strain concentration and
influencing cracks growth. In the test by Wu et al. [6], with SEM image, the forming and
growing process of voids and cracks in the solder layer of fine-prepared IGBT cross-sectional
samples was quasi-dynamically observed during thermal cycling test. It indicates that void-free
solder material is important to produce high reliable power modules. In another power cycling
test by Wu et al. [5], the local overheat burn-out failure due to big voids in the solder layer
was observed. In the thermal cycling test by Shaw et al. [15], each test article was inspected
by a high-frequency ultrasonic C-scan imaging technique. The crack initiation and subsequent
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growth were observed. Since the voids are almost unavoidable in any solder joints, Zhu [16]
discussed the thermal impact of different types of solder voids using finite element method.
Influences of such voids on mechanical characteristics of solder joints are not discussed in this

paper.

1.3. Cracks in silicon die and substrate

Large semiconductor devices can be subjected to significant mechanical stress resulting from
the CTE mismatch between different layers of devices. In these layers, silicon die and Al,O3
or AIN (used as insulator in DCB substrate) have small CTE. On the other hand, the CTE
of most metals is several times larger. Due to the bimetal effect, when this multilayer struc-
ture is subjected to temperature changes, thermal stresses are developed, resulting in bending
deformation. These stresses may cause the brittle silicon and alumina to crack.

Thermal stress-induced IGBT chip crack failure was observed in the power cycling test by
Wu et al. [5]. The cracks in silicon chip and alumina were also observed in Wu and partner’s
[6] thermal cycling test of cross-sectional samples of IGBT module. A simple simulation by
Wu et al. [6] showed that the stresses in copper substrate and copper heat sink are compressive,
and the silicon chip and alumina layer are subjected to high tension stresses, which cause them
to crack.

It is also reported that the residual stress during manufacturing may cause mechanical failure
or change the operational characteristics of power modules [17].

Manufacturing requires heating the components above the melting point of solders. Because
of the different CTE between layers, significant residual stresses are developed during cooling
back to ambient temperature. This affects the reliability of the power module during operation.
By using the piezospectroscopic techniques, the absolute magnitudes and spatial distributions of
time-dependent thermal residual stress on the surface of silicon die were measured by several
researchers [3,18,19].

1.4. Electro-migration in bonding wires

The electro-migration failure in bonding wires is reported by Wu et al. [5]. The high tem-
perature plays an important role in thick wire electro-migration even when the current density
is low.

1.5. Surface degradation in emitter bonding pads

Surface degradation in emitter bonding pads was observed in Wu and et al.s test [5], and
it could be accelerated by thermo-mechanical stress due to the different CTE of Al and Si. It
was found that the metallization surface became rough and hillocks were formed because of
recrystallization and electro-migration during power cycling. This process could be accelerated
by thermo-mechanical stress due to the CTE mismatch. Wu et al. found chip passivation or
polyimide coating could improve IGBT Al metallization degradation.
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2. FEM analysis of IGBT modules under cyclic thermal loading

In order to understand the solder joints degradation in IGBT modules, an IGBT module is
analyzed with the FEM package ANSYS. The bonding wires are not included in the model
since only solder joint layers are the focus in this analysis. The geometry of the module is
basically a multilayered structure (shown in Fig. 2), which are bonded together with solder
joint layers. The purpose of the FEM analysis is to find the stress—strain distribution at the
solder joints under cyclic thermal loading. Since Pb/Sn eutectic and near eutectic solders are
highly viscoplastic in nature, a nonlinear viscoplastic material is used for solder in the analysis,
whereas the silicon chip, aluminum substrate and copper heat sink are considered to be elastic.
Due to the CTE mismatch of laminated materials, under the cyclic thermal loading, the stress
and strain development in the free edge of the solder layer will be the main concern in the
design and fabrication of semiconductor device packaging [20].

The viscoplastic model used in this study to describe the solder’s behavior is Anand’s model
implemented in ANSYS general purpose FEA program. Anand’s constitutive model incorpo-
rates viscoplastic, time-dependent plastic phenomenon where the development of plastic strain
is dependent on the rate of loading. Viscoplasticity is defined by unifying plastic and creep
deformations. There are two basic features in Anand’s model. First, there is no explicit yield
surface, rather the instantaneous response of the material is dependent on its current state; sec-
ondly, a single scalar variable ‘s’ called the deformation resistance, is used to represent the
isotropic resistance to the inelastic flow of the material. The main equations of this constitutive
model are

flow equation : &, =Ae /RT [sinh (é%)} l/m,

. . . B|.
evolution equation : §= [holx]“w] &p, a > 1,
where B=1 — s/s* with s* = 3[é,/4e2/RT]",

This equation allows modeling not only strain hardening but also strain softening. where
&, =de,/dt is the effective inelastic deformation rate; 4 is a pre-exponential factor, Q is the
activation energy, R is the universal gas constant, 7 is the current absolute temperature, ¢ is
the current tensile stress, n is the strain rate sensitivity of saturation (deformation resistance)
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Fig. 2. Schematic layout of structure (mm).
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Fig. 3. Thermal time history.

value, § is the coefficient for saturation, ¢ is the multiplier of stress, m is the strain rate
sensitivity of stress, s is the time derivative of deformation resistance, s* is the saturation value
of deformation resistance, 4 is the hardening/softening constant, a is strain rate sensitivity of
hardening or softening.

Since bending strength of very thin layers is negligible, it is common to neglect bending
moment in the adhesive layer. It is acceptable to simplify the 3-D laminated microelectronic
structure to 2-D plane strain problem. It should be pointed out that a more accurate stress anal-
ysis would require modeling the assembly with plate and 3-D interface elements. Experimental
and 3-D numerical stress analysis of laminated structures is an area that needs further research
[21].

Fig. 3 shows the temperature time history used in the analysis. The range of the frequency
of a typical semiconductor device is 5 cpm, thus we took the loading situation effectively one
thermal cycle of the temperature range from —55°C—125°C (Fig. 3). The finite element mesh
of the structure is shown in Fig. 4.

The models have been broken into regions of adjustable element densities. The boundary
condition is that the nodes at the base are fixed in both X and Y directions. Due to the
symmetry of the structure and load, we only analyzed half of the structure. The points in the
symmetric plane are fixed in X direction and free in Y direction.

Material properties for the adherent layers are given in Table 1 [21]. Material proper-
ties for the Pb 90/Sn 10 and Pb 40/Sn 60 solders are shown in Table 2 [21]. The solder
layers are considered to be viscoplastic material and the material parameters are shown in
Table 3 [22].

Thermal analysis has been performed using ANSYS. The stress distribution after one thermal
cycle is shown in Fig. 4. In Figs. 5 and 6, xy-strain contour results of Pb 90/Sn 10 are shown.
Finite element analysis results indicate that the outer edge element is the critical point for
delamination initiation. It is observed that there is significant plasticity in the solder layer mainly
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Table 1
Properties Chip Substrate Heat sink
E (Gpa) 124.13 322.04 117.22
v 0.2 0.25 0.3
p (gm/cm?®) 2.33 0.9 8.69
al (/°¢) 3x107° 4x107° 16.1 x 1076
Table 2
T is the absolute Kelvin temperature
Pb 40/Sn 60 Pb 90/Sn 10

E =62.0-0.067 T Gpa
G =243-0.029 T Gpa
al =21.6 x 107%/°C
p=8.52 gm/cm?

E =68.95 x (T/300)~%% Gpa
v=0.3 (7/300)*1*

ol =240 x 107%/°C

p=10.9 gm/cm?

Table 3

Parameters used in Anand’s model

Parameters Value

A 3.862 x 10% 57!
O/R 6966 K

m 0.2845

ho 30.11 Gpa
SA 122.7 Mpa
n 0.002

a 1.8

So 5040 Mpa
£ 5.0
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Fig. 6. Shear strain distribution.

due to the material properties of the adherends and the adhesive, and also due to the boundary
condition. The distribution of the shear and normal stresses and strains of the solder joint layers
Pb 40/Sn 60 and Pb 90/Sn 10 at temperature 125°C are shown, respectively, in Figs. 7 and 8.
The distributions are from center point to free edge. The shear strains and stresses increase
along the solder layer from the value of zero in the center to the highest value to the point near
the free edge and drop down. The normal stresses are tension in the center of the solder layer
and slowly decrease to the half of the length of the solder layer and changes to compression at
the free edge. There are some differences in stress profile between the two solder layers, which
we assumed due to the interaction of the upper and lower structures.

There is another problem that needs to be addressed, which is about the mesh size effect on
repeatability and accuracy of the result from the ANSYS analysis. For viscoplastic model, the
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Fig. 7. Stress and strain distribution in Pb 40/Sn 60 solder layer: (a) shear strain; (b) shear stress; (¢) normal strain;
(d) normal stress, (MPa for stress, mm for the distance).

results are not sensitive to mesh refinement, especially for shear stresses. There is about
1-2% difference between the largest shear stress in the coarsest mesh and finest mesh
[24].

3. Conclusions

In this paper we reviewed different failure modes in power electronic devices. With the
development of power electronics technology, the research in this field will grow rapidly. Among
the new power devices, IGBT devices are getting more popular in traction application, which
require highly reliable packaging. Some failure modes have been researched intensively, but
there are still many failure mechanisms, which need further research. In the second part of the
paper we use ANSYS nonlinear program to analyze a simplified IGBT module and obtain the
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Fig. 8. Stress and strain distribution in Pb 10/Sn 90 solder layer: (a) shear strain; (b) shear stress; (¢) normal strain;
(d) normal stress, (MPa for stress, mm for the distance).

stress and strain in the solder layer. From these results we conclude that the thermal cycling
has significant effect on the solder layer reliability.

Using finite element analysis and damage mechanics constitutive model it is possible to predict
number of cycles to failure for solder layers [23]. Presently, we are working on a model to
simulate damage degradation mechanism under electrical current. Combining electrical current
induced damage evolution with thermal cycling damage will enable us to predict reliability of
a power device in actual working conditions.

4. Uncited references

[1,2]



H. Ye et al. | Finite Elements in Analysis and Design 38 (2002) 601-612 611

Acknowledgements

This project is sponsored by Office of Naval Research Advanced Electrical Power Systems
Program under the supervision of Program Director Dr. George Campisi. Help received from
Dr. Campisi is greatfully acknowledged.

References

(1]

(2]
(3]

(4]

(3]

(6]

(7]

(8]

(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

J.D. Van Wyk, F.C. Lee, Power electronics technology at the dawn of the new millennium status and future,
Pesc Record - IEEE Power Electronics Specialists Conference, Charleston SC, USA, Vol. 1, 1999, pp. 3-12.
LESIT PZT Report L30, ETH Zurich, 9th. 1994. Ref Type: Report.

J. He, W.L. Morris, M.C. Shaw, J.C. Mather, N. Sridhar, Reliability in large area die bonds and effects of
thermal expansion mismatch and die size, IMAPS J. 21 (3) (1998) 297.

F. Auerbach, A. Lenniger, Power-cycling-stability of IGBT-modules, Conference Record — IAS Annual
Meeting (IEEE Industry Applications Society), New Orleans LA, USA, Vol. 2, No. 97CB36096, 1997, pp.
1248-1252.

W. Wu, M. Held, P. Jacob, P. Scacco, A. Birolini, Investigation on the long term reliablity of power
IGBT modules, Proceedings of 1995 International Symposium on Power Semiconductor Devices and Ics,
No. 95CH35785, Yokohama, Japan, IEEE, 1995, pp. 443—448.

W. Wu, M. Held, P. Jacob, P. Scacco, A. Birolini, Thermal stress related packaging failure in power IGBT
modules, IEEE International Symposium on Power Semiconductor Devices & ICs (ISPSD), No. 95CH35785,
Yokohama, Japan, IEEE, 1995, pp. 330-334.

J. He, M.C. Shaw, J.C. Mather, R.C.J. Addison, Direct measurement and analysis of the time-dependent
evolution of stress in silicon devices and solder interconnections in power assemblies, Conference Record —
IAS Annual Meeting (IEEE Industry Applications Society), Vol. 2, No. 98CH36242, 1998, pp. 1038-1045.
G. Nicoletto, A. Pirondi, P. Cova, Accelerated life testing and thermomechanical simulation in power electronic
device development, J. Strain Anal. Eng. Des. 34 (6) (1999) 455-462.

H. de Lambilly, H.O. Keser, Failure analysis of power modules: a look at the packaging and reliability of
large IGBT’s, IEEE Trans. Components Hybrids Manuf. Technol. 16 (4) (1993) 412-417.

P. Cova, F. Fantini, On the effect of power cycling stress on IGBT modules, Microelectron. Reliab. 38
(6-8) (1998) 1347-1352.

J. Evans, J.Y. Evans, Packaging factors affecting the fatigue life of power transistor die bonds, IEEE Trans.
Components Packaging Manuf. Technol. Part A 21 (3) (1998) 459-468.

T.W. Lee, Thermomechanical effects of EOS, in: T. Lee, S. Pabbisetty (Eds.), Microelectronics Failure
Analysis, Desk Reference, 3rd Edition, ASM International, Material Park, OH, 1993, pp. 335-352.

R. Olson, M. Berg, Properties of die bond alloys relating to thermal fatigue, IEEE Trans. Components Hybrids
Manuf. Technol. CHMT2 (1979) 257-262.

A. Pecht, A. Dasgupta, J. Evans, J. Evans, Quality Conformance and Qualification of Microelectronic Packaging
and Interconnects, Wiley, New York, 1994, pp. 237-258.

M.C. Shaw, J. He, J.C. Mather, R.C.J. Addison, Effects of plasticity on reliability in multilayered electronic
packages, 2000 Inter Society Conference on Thermal Phenomena, Las Vegas NV, USA, 2000, pp. 279-285.
N. Zhu, Thermal impact of solder voids in the electronic packaging of power devices, Annual IEEE
Semiconductor Thermal Measurement & Management Symposium, 1999, pp. 22-29.

P.D. Colbourne, D.T. Cassidy, Bonding stress measurements from the degree of polarization of facet emission
of AlGaAs superluminescent diodes, IEEE J. Quantum Electron. 27 (4) (1991) 914-920.

J. He, M.C. Shaw, N. Sridhar, B.N. Cox, D.R. Clarke, Direct measurements of thermal stress distributions in
large die bonds for power electronics, Electronic Packaging Materials Science X Materials Research Society
Symposium — Proceedings, Vol. 515, 1998, pp. 99-104.

J. He, M.C. Shaw, J.C. Mather, R.C. Addison Jr., Direct measurement and analysis of the time-dependent
evolution of stress in silicon devices and solder interconnections in power assemblies, Conference Record —
IAS Annual Meeting (IEEE Industry Applications Society), Vol. 2, No. 98CH36242, 1998, pp. 1038-1045.



612 H. Ye et al. | Finite Elements in Analysis and Design 38 (2002) 601-612

[20] E. Suhir, Y.C. Lee, Thermal Mechnical, and environmental Duability design Methodologies, in: Electronic
Materials Handbooks, Vol. 1, ASM International, Material park, OH, 1988.

[21] C. Rumpa, Damage mechanics of microelectronic packaging under combined dynamic and thermal loading,
Dissertation for Ph.D. degree, 1998.

[22] R. Rajib, V.P. Raghuram, K.S. Suresh, Thermal Cycle Guidelines for Automotive, Computer, Portable and
Implantable Medical Device Application, ASME, New York, 2000.

[23] C. Basaran, C. Yan, A thermodynamic framework for damage mechanics of solder joints, ASME J. Electron.
Packaging 120 (4) (1998) 379-389.

[24] C. Basaran, Y. Zhao, Closed form vs. finite element analysis laminated stacks, Finite Elements Anal. Des. 32
(1999) 163-179.



