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Review on failure analysis of interconnections in power devices
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Abstract Interconnections in microelectronic packaging are not only the physical carrier to realize the function of electronic circuits, but
also the weak spots in reliability tests. Most of failures in power devices are caused by the malfunction of interconnections, including failure
of bonding wire as well as cracks of solder layer. In fact, the interconnection failure of power devices is the result of a combination of factors
such as electricity, temperature, and force. It is significant to investigate the failure mechanisms of various factors for the failure analysis of
interconnections in power devices. This paper reviews the main failure modes of bonding wire and solder layer in the interconnection struc-

ture of power devices, and its failure mechanism. Then the reliability test method and failure analysis techniques of interconnection in power

device are introduced. These methods are of great significance to the reliability analysis and life prediction of power devices.
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0 Introduction

With the wide application of power electronic devices in
new energy equipment, rail transit, smart grid, aerospace,
electric vehicles and other industries, people and countries
put forward higher and higher requirements for their opera-
tion reliability and safety. The working environment of
power electronic devices in these fields is mostly harsh. For
example, they need to withstand extremely high temperat-
ure or low temperature and long-term service. These harsh
conditions pose great challenges to the reliability of power
devices. According toan industrial reports, about 38% of the
power converter system faults were caused by the failure of
power devices'". Furthermore,most of these failure cases of
power electronic devices are caused by the failure of inter-
connection. On the one hand, the interconnections play the

role of providing mechanical support and accelerating heat
dissipation for chips or components in power devices. On
the other hand, it can realize the electrical interconnection
between modules. Reliable and stable performance of a
power module depends on the reliable connection provided
by interconnections.

Power electronic devices are constantly under the influ-
ence of temperature change, vibration, shock and corrosion
when they operate in harsh environment for a long time'”.
The interconnection produces small defects under the ac-
tion of these factors. The long-term accumulation of defects
will threaten the reliability of the bonding lead and solder
layer, such as the fracture and falling off of the bonding
lead, and the cracks in the solder layer, leading to shorter
service life of the device.

For a power electronic device, the factors affecting the
reliability of interconnection are complex, including temper-
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ature, humidity, impact, vibration and current etc. In most
cases, interconnection failure in power device is a result of
various environmental factors. The failure mode of the
device needs to be investigated and the location of failure
can be located by analysis technologies such as X-ray, ultra-
sonic microscopy, infrared thermal imaging and dye pen-
etrant. In order to explore the mechanism of interconnec-
tion failure, failure analysis technique is vital to unveil the
cause and mechanisms.

1 Typical failure modes of interconnection

1.1  Thermal fatigue

Temperature is an important factor affecting the inter-
connection reliability of power electronic devices. The in-
terconnection reliability of power electronic devices is
closely related to its service temperature. According to re-
search, the failure rate of microelectronic products in-
creases exponentially with the increase of temperature. For
every 10 °C increasing in the working temperature of micro-
electronic products, the failure rate will double. These type
of failure for interconnection structure is mainly due to
long-term service environment with drastic temperature
change in power packaging. It can lead to the gradual deteri-
oration of microstructure in interconnections. The main
mechanism of thermal fatigue is the periodic stress in inter-
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connections of power electronic devices due to temperature
cycles during the service lifespan of power modules. The
accumulation of plastic strain under shear stress will finally
lead to the damage of interconnection structure. Thus,the
power device fails.

As shown in Fig. 1, it is a typical structure of a power
device IGBT module, which mainly includes chip, bonding
wire, DBC substrate, solder layer and copper substrate. The
thermal parameters of each part of the material are shown in
Table 1", and it can be seen that the thermal parameters of
each layer of materials are very different. The difference in
thermal conductivity makes the internal heat distribution of
the IGBT module uneven when the power device is work-
ing. The difference in specific heat capacity makes the tem-
perature difference of each layer of material very large, and
the difference in CTE makes each layer of material produce
different degrees of strain. In turn, longitudinal shear mech-
anical stress is generated between the layers of material.
When the power device is in cyclic service, the materials of
each layer of the IGBT module suffer from fatigue and
aging due to the continuous cyclic stress. Defects such as
holes and cracks in the module gradually initiate and ex-
pand, and eventually the power device fails due to thermal
fatigue. Thermal fatigue failure of power devices can be di-
vided into two types, failure of bonding wire and solder
layer.

Bonding wire

Cyper layer

Substrate

Fig. 1 Structure of IGBT module

Table 1 Material thermal parameters

Thermal Specific heat

. .. . CTE
Materials conductivity capacity W/(10 K 1)
KWm K" kg K
Chip(Si) 148 703 42
Bonding wire(Al) 237 880 23.2
Solder
layer(SnAgCu) 50 227 230
Copper layer(Cu) 397 1386 17.5
Ceramic
layer(AL,O5) 32 780 77
Substrate(AlSiC) 185 240 7.9

In Fig. 2 ", bonding wires peeled off under the accu-
mulation of thermal fatigue, leading to the failure of power
devices. Due to the large difference in CTE of the bonding
wire and chip materials and the temperature fluctuations at
the connection between the two, thermal stress occurs at the
connection between the bonding wire and the chip. The con-
tinuous action of thermal stress leads to corresponding
strain at the joint, and the strain € caused by thermal stress
at the joint can be described as

&= L(aa —as)AT (D
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Fig. 2 Thermal fatigue failure of interconnections in power devices (a) Failure of bonding wires (b) Solder layer cracking

where [, is the length of the connection between the bond-
ing wire and the chip; a4, and ag; are the CTE of the bond-
ing wire and the chip material respectively; AT is the tem-
perature fluctuation at the connection between the bonding
wire and the chip. When the temperature fluctuation gener-
ated during the operation of the IGBT module is large
enough, the corresponding plastic strain will be generated at
the connection. Under the continuous action of temperature
fluctuations, the plastic strain at the connection continues to
accumulate, so that defects such as cracks will initiate and
expand at the connection, and eventually the bonding wire
will be stripped from the chip. The thermal fatigue failure of
bonding wires is often stimulated by power cycling or
thermal cycling tests” . Power cycling test is to turn
on/off the devices at high frequency, so that the device tem-
perature fluctuates periodically to produce thermal stress.
During power cycling test, the power on time is short and
the cooling time is long. The temperature fluctuation of en-
capsulation is small, but that of the chip is violent, which
can cause warpage or fracture of bonding wires.

As shown in Fig. 2 b, cracking of solder layer is an-
other important type of failure in power electronic devices.
The thermal fatigue failure of solder layer is usually stimu-
lated by temperature cycling test. Temperature cycling test
is to subject power electronic devices to temperature fluctu-
ations with a large temperature range through external heat-
ing and cooling -8 According to the principle of material
mechanics, if the deformation of the material is constrained,
an equivalent thermal stress o will be generated under the
action of temperature fluctuation AT;. as shown in Eq.(2):

where o is the CTE of the material; E is the elastic modulus.
When the power device is in operation, the temperature of
the solder layer of the IGBT will undergo corresponding
cyclic changes, thereby generating alternating cyclic stress
and thus cyclic strain. Under the action of long-term cyclic

strain, the solder layer is prone to cracks, resulting in
thermal fatigue failure of power devices. The lifetime of the
IGBT solder layer can be predicted by the Coffin-Manson

lifetime model"":

_q4 E.
Ny = B(AT)) “eH. 3)

where Nyis the cycle number of the power module; B and a
are the fitting coefficients; & is the Boltzmann constant; 7,
is the average junction temperature; E, is the activation en-
ergy. It can be seen that the life of the IGBT module is
closely related to the temperature fluctuation. The larger the
average junction temperature and the temperature fluctu-
ation, the shorter the life of the power device.

1.2 Electromigration

With the development of power electronic devices to-
wards higher power density, the current density also in-
creased significantly. And the current density through inter-
connections can reach or even exceed 108 A/m’, leading to

[11]

failure by electromigration , as shown in Fig. 3,

Hillocks

Fig. 3 Electromigration of interconnects

Electromigration is a result of directional migration of



metal atoms along the direction of electron movement when
high current density passing through. Agarwal et all"”! repor-
ted that the current density threshold of electromigration be-
havior of solder is 10°~10* A/em’. The failure of solder
joint caused by electromigration has become an important
factor in the failure of power electronic devices. For the
mechanisms of electromigration failure, there are two pos-
sible factors that can contribute tothe atomic migration in
interconnections under high current density. One is electro-
static force Fg ., also known as Coulomb force, which is
from anode to cathode. The other is electron wind F g,
which is the energy exchange due to the collision between

Electric field direction

free electrons and metal ions. The atoms are then pushed
and migrated along the direction of electron flow"", from
cathode to anode. Fig. 4 illustrates electromigration force!”.
The electrostatic field force and the electron wind force on
the metal atoms are equivalent to an average force, namely

the electromigration force'®!. It can be expressed as
Fem = Fairect + Frina = Z*epj 4)

where Z* is the effective charge number; e is the electron

charge; p is the resistivity; j is the current density.
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Fig. 4 Illustration of electromigration force

Generally, for metals, the effect of electronic wind force
is stronger than that of electric field force in the elec-
tromigration process. Therefore, the movement direction of
metal atoms is consistent with that of electronic wind force,
from cathodeto anode. The metal atoms of the cathode con-
tinuously move towards the anode under the action of elec-
tromigration force. Therefore, electromigration will lead to
phase segregation, Kirkendall voids, whisker extrusion and
polarization effect in the interconnections.

Electromigration Median Time to Failure, (MTF) is gen-
erally used in the electronics industry to describe failures
caused by electromigration. The median failure time refers
to the time it takes for 50% of the interconnecting leads to
fail under the same DC current condition, and the failure
criterion is that the lead resistance increases by 100%. The

electromigration lifetime model is described as"”!

E,
MTF = Aj " ekl Q)

where 4 is a constant related to the material; j is the current
density; n is the current density index; E, is the diffusion ac-
tivation energy; k is the Boltzmann constant; 7 is the abso-

lute temperature. The MTF is closely related to the current
density j and the temperature 7. The higher the current
density and the higher the temperature, the smaller the MTF
and the more likely electromigration failure occurs.

1.3 Mechanical stress

Mechanical stress refers to the stress generated by the
interaction between various parts when subjected to extern-
al force. The interconnections in power electronic devicesis-
vulnerable to bending stress, assembly stress and stress
caused by vibration and impact. When the stress exceeds the
strength of interconnections, it will lead to the cracking and
failure of solder layer. Li et al"™” summarized the failure of
interconnections caused by external forces such as vibra-
tion and impact during the service of power electronic
devices. Based on these failures, some process measures to
avoid mechanical stress cracking of solder joints of power
electronic devices are proposed in terms of structure design
and packaging form. According to the research, 90% of the
mechanical and electrical failures can be attributed to fa-
tigueload“g]. When subjected to alternating and periodic
stress far lower than their mechanical strength, plastic de-

formation can be produced and accumulated within inter-
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connections. Dislocations will pile up and link continu-
ously in the process of fatigue deformation. The integrity of
crystal will then be destroyed and microcracks will be gen-
erated. With the propagation of microcracks, the solder
joints and solder layer will fracture and fail.

When power electronics are under vibration or force
during service, the wire bonding and solder layers are prone
to mechanical fatigue and failure. The service life of wire

bonding is closely related to its process parameters. Zerny B
C et al.”” studied the effects of loop height, bonding dis-
tance and wire angle of the bonding lines on the life of
bonding points under vibration loads with a constant dis-
placement amplitude. The results showed that the interac-
tion of height and bonding angle have the most significant
impact on its service life, and the main failure mechanism is

. . . . 20
bonding wire fracture as shown in Fig. 5 ™,

: Mixed mode of bulk solde;'" !
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Fig. 5 Interconnection structure failure under mechanical stress (a) Bonding wire heel fracture (b) Solder layer through crack

Fig. 5 b"”" shows the through crack of the solder layer
under the action of mechanical vibration. The reliability of
solder layers is mainly related to the structural parameters of
each interlayers in power devices. Liu et al. P21 studied the
effects of substrate thickness, solder layer thickness and
substrate size on the service life of joining layers under vi-
bration loads. The results show that the thickness of the sub-
strate has the greatest influence on the solder layers. Reas-
onably increasing the substrate thickness can effectively im-
prove the service life of the solder layers. The reason is
highly likely that the increase in substrate thickness signific-
antly promotes the device quality and improves the seismic
performance of the device.

Under the action of external force, the service life of
power devices is usually closely related to the fatigue resist-
ance of the material itself. The fatigue resistance of materi-
als is generally expressed by the S-N curve. The S-N curve
expression is expressed as

c=8"N (6)

where b and c are constants related to the material; S is the
stress amplitude; N is the corresponding fatigue life when
the stress amplitude is S. It is obvious that the larger the
stress amplitude, the lower the fatigue life of the material.
Under the continuous vibration load, the fatigue dam-
age of the material gradually accumulates. Fatigue failure
occurs when the accumulated fatigue damage exceeds the
material's bearing limit. Selecting the steinberg model™”
based on Gaussian distribution, according to the S-N curve

and the Miner linear fatigue damage accumulation criterion,
[24] [25]

the vibration fatigue life Eq. (7)" " and Eq. (8) " are ob-
tained.
0.6827f, 0.2718f, 0.0455f,
RV = Juy L ) (7
ng' Nzo- N30'
Nev = ®)
RV Drv

where Dpgy is the vibration fatigue damage; f, is the aver-
age number of cycles of random stress per unit time; Nj.,
Ny, N3, are the fatigue life corresponding to the stress
levels 1o, 20, 30 on the S-N curve, respectively; Ngy is the
vibration fatigue life. It can be seen that the better the fa-
tigue resistance of the material and the smaller the vibration
stress amplitude, the higher the vibration fatigue life of the
power device.

1.4 Corrosion

Power electronics are ubiquitous in human life, and their
service environment is increasingly complex. For instance,
power electronics now are more prone to failure due to cor-
rosion, which becomes the main failure cause for power
electronics. The dust or water vapor containing acid and al-
kali can easily adhere to the printed circuit board (PCB) and
corrode the interconnection within electronic devices when
the ambient humidity is too high. Fig. 6" shows the details
of a corroded aluminum bond wire. It is widely known that
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the chemical properties of aluminum are very active and
easy to oxidize in air. A dense alumina film will grow on
the surface ofaluminum wires. When the humidity of the en-
vironment is too high, the alumina film will be converted
into an insoluble layer of aluminum hydroxide in water. The
property of aluminum hydroxide is amphoteric, which can
dissolve in both strong acid and alkaline bases. Afterwards,
the surface of pure aluminum can be exposed to form an
electrolytic cell or primary cell and to further erode bond-
ing wires. After a long-term chemical or electrochemical
corrosion on power electronics, aluminum bonding wires
are easy to break, leading to device failure™.

Fig. 6 Detail of a corroded aluminum bond wire

2 Reliability test and failure analysis method of

interconnects

2.1 Reliability test methods

After determining the failure location and failure mode
of power electronics, the failure mechanism is required to
be fully explored to improve the corresponding production
process and the reliability of power electronics. In order to
obtain failure information of interconnection structure in a
short time, many researchers use methods of environmental
experiment to apply loads including temperature cycle, hu-
midity cycle, electrical load, vibration or impact to the inter-
connections to simulate the temperature change, humidity
change, current change and external force impact unactu-
alservice. At present, the experimental methods based on
the reliability of electronic product interconnection under
the action of environmental loads mainly include constant
temperature and humidity, temperature or humidity cycle,
cold and heat shock, high temperature cooking, random vi-
bration, drop, salt spray and aging experimentsm*m].

In fact, the real service environment of power electron-
ics is more complicated. The interconnections are often sub-
jected to enormous environmental loads at the same time.
The above experimental methods cannot reliably simulate
real service environment of power electronics. Therefore,

the influence of multi physical field coupling such as force,
heat and electricity on interconnectionreliability has be-
come a research hotspot. Moreover, damage effects of coup-
ling loads on interconnections are not equal to the simple
addition of multiple single loads. The interaction between
different loads will produce complex coupling effects on the
damage process of interconnections. Thus, the coupled field
problem is a complex system engineering. Many research-
ers only have carried experiments in specific coupling en-
vironment and no qualitative conclusion on coupling ef-
fects on interconnection reliability have been given.

Reliability test is for measurement, verification or im-
provement of the power device reliability. China and other
countries have already formulated relevant standards to
standardize the judgment of device reliability in various in-
dustries. The relevant standards of China include national
standards and national military standards, such as semicon-
ductor discrete device test method GJB 128, electronic com-
ponent test method GJB 360, electronic component failure
rate test method GB/T 1772, etc. MIL standard of United
State American is considered as one of the most advanced
standards in the world. IEC standards and ISO standards are
commonly used international quality and reliability stand-
ards. Countries often take international standards as the
benchmark during formulating standards. British Standards
Association and Japanese national standards issued BS
standards and JIS standards, respectively. In the above
standards, the applicable scope, test instruments, test condi-
tions and criteria for relevant reliability tests of electronic
products are specified. These standards are conducive to the
standardization of reliability testing and evaluation of elec-
tronic devices.

2.2 Failure analysis

With the development of microscopic characterization-
technology, the failure detection methods of interconnec-
tions are becoming more diversified. The failure analysis of
interconnection structure can be divided into detection tech-
nology analysis and condition monitoring analysis. Regard-
ing whether to destroy the overall structure of the power
electronic device as a distinction, the detection technology
can be divided into non-destructive testing and destructive
testing[m.

Nondestructive testing technology mainly includes op-
tical microscopy, electron microscopy, X-ray, ultrasonicmi-
croscopy, laserholographic interferometry and infrared
thermal imaging testing technology. The failure analysis
and detection of power electronics should first be checked
with eyes or a simple magnifying glass. Most device fail-
ures cannot be observed with naked eyes. So microscopic
observation technologies such as optical microscope or
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electron microscope can be used to assist detections. As
shown in Fig. 7, X-ray testing can clearly detect the hidden
defects at the bottom of devices by X-ray transmission char-
acteristics” . Ultrasonic will have total reflection at the in-
terface defects and display as white dots””. As shown in
Fig. 8, ultrasonic micro detection is convenient to intuit-
ively understand the internal structure of devices, which can
accurately judge the location, shape and defect size. Chi D
Z et al. binarized the ultrasonic D-scan image based on
KSW 2D entropy image segmentation method. It enables
automatic identification of tiny defects in ultrasound im-
agesm]. Laser holographic interference detection can meas-
ure the three-dimensional weldment surface with arbitrary
shape and surface condition, obtaining the annular interfer-
ence fringe or distorted displacement field distribution dia-
gram of the interference fringe at the weldment crack point.
Moreover, it can accurately detect the position of the crack
point with the acoustic emission monitoring system. In-
frared imaging detection technology uses the characteristic
of abnormal resistance at the defect location to judge the de-
fect location according to the temperature difference in the

thermal image.

Fig. 7 X-ray morphology

Fig. 8 Ultrasonic micrograph

Destructive testing techniques mainly include metallo-
graphic detection and dye penetrant detection. Dye pen-
etrant detectionis to make high permeability and coloring
dyes penetrate into cracked area, and then destroy the inter-
connection structure. The failure information is obtained by
observing the distribution of dyes in the interconnection
structure. Metallographic examination is generally com-
bined with optical microscope, scanning electron micro-
scope and dispersive X-ray spectrometerDS]. Generally, after
grinding and polishing the sample at the damaged interface,
the defect position and interface morphology of intercon-
nections can be observed by optical microscope or scan-
ning electron microscope. Scanning electron microscope
with EBSD probe can alsoobtain the orientation informa-
tion of interface. And dispersive X-ray spectrometer can ob-
tain the composition information of micro region.

Condition monitoring analysis refers to evaluating the
health status of power modules by monitoring the shell tem-
perature, junction temperature and thermal resistance of the
power module. When the power module fails, the failposi-
tion of the module can be determined according to the
changes inmonitoring data. The junction temperature meas-
urement methods of power module mainly include physical
contact method, infrared thermal imaging method and
thermal electric parameter method. Physical contact meth-
od is to contact a thermocouple or thermistor to the chip that
obtains the junction temperature data. This method has a
long response time and can be affected by many factors. In-
frared imaging method uses infrared imager to monitor the
temperature value of each position of the module, and the
monitoring result has a certain error. The thermistor para-
meter method is to evaluate the health state of the power
module by monitoring the thermistor parameters. The main
thermistor parameters are on state voltage drop Viee_on, ON
state resistance Ropand gate emitter leakage current Iges, efc.
The results show that when the on-state voltage drop in-
creases by 5%, the internal resistance increases by 20%, or
the gate emitter leakage current suddenly increases, the

. . . 36
device can be considered as failure”™.

3 Conclusions

This paper reviews the failure mode and mechanism of
interconnection failure from following aspects, including
thermal stress, mechanical stress, electromigration and cor-
rosion. Major reliability test technologies and failure analys-
is technique are also summarized.

(1) Temperature, temperature difference, current dens-
ity, stress, humidity, corrosion ions, etc. are all important
factors that lead to the failure of interconnect structures.
Among them, thermal fatigue stress caused by frequent tem-
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perature differences is the main factor leading to the failure
of the interconnect structure in power devices. After the in-
terconnect structure fails, it can be tested for destructive-
ness or non-destructiveness according to the specific work-
ing conditions. Reliability testing can predict the lifetime of
power devices. In addition, the online health state detection
of power devices can effectively evaluate the aging of the
devices, thereby improving the reliability of the entire sys-
tem.

(2) The failure of the interconnect structure is usually
the result of a combination of factors. And the combined ef-
fect of multiple factors is not a simple addition of individu-
al factors. In power devices, the temperature field, current
field, and stress field are interconnected through coupled
variables, forming complex and nonlinear multi-physics
coupling problems. Therefore, it is necessary to fully con-
sider the influence of coupling variables between fields in
multiphysics modelingin order to explore the failure mech-
anism of interconnected structures.
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