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ABSTRACT

In the reliability theme a central activity is to investigate, characterize and understand the contributory
wear-out and overstress mechanisms to meet through-life reliability targets. For power modules, it is
critical to understand the response of typical wear-out mechanisms, for example wire-bond lifting
and solder degradation, to in-service environmental and load-induced thermal cycling. This paper
presents the use of a reduced-order thermal model coupled with physics-of-failure-based life models
to quantify the wear-out rates and life consumption for the dominant failure mechanisms under
prospective in-service and qualification test conditions. When applied in the design of accelerated life
and qualification tests it can be used to design tests that separate the failure mechanisms (e.g. wire-
bond and substrate-solder) and provide predictions of conditions that yield a minimum elapsed test
time. The combined approach provides a useful tool for reliability assessment and estimation of
remaining useful life which can be used at the design stage or in-service. An example case study
shows that it is possible to determine the actual power cycling frequency for which failure occurs in
the shortest elapsed time. The results demonstrate that bond-wire degradation is the dominant failure
mechanism for all power cycling conditions whereas substrate-solder failure dominates for externally
applied (ambient or passive) thermal cycling.

Keyworps: Reliability, Real-time, Electro-thermal models, Power cycling, Half-bridge IGBT,

Prognosis, Thermal stress, Physics-of-failure.
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I. INTRODUCTION

Power electronics is the only technology that can deliver efficient and flexible conversion and
conditioning of electrical energy and thus underpins much of the technology supporting the low-
carbon economy. As a consequence it is becoming increasingly important in a wide range of transport
and energy applications including smart grids, aerospace, electric and hybrid cars, industrial process
control, consumer electronics and lighting.

A fundamental consequence of an increasing reliance on power electronics in energy and transport
applications is an accompanying requirement for equipment to be available when needed with a
minimum risk of failure in service. The proportion of time that a piece of equipment is available for
use, as opposed to being unavailable due to unforeseen failure or unscheduled maintenance, is defined
as the through-life availability. Maximizing through-life availability can be realized either by design,
through exceptional levels of inherent reliability, or through the use of availability enhancing
techniques such as multiply redundant systems and scheduled maintenance. Health management tools
which can accurately predict the remaining life of a power electronic system are highly desirable for
availability critical applications since they can be used to schedule preventative maintenance, thus
reducing operating costs and minimizing disruption to services [1, 2, 3].

In power semiconductor modules, such as IGBT (Integrated Gate Bipolar Transistor) modules, the
dominant wear-out mechanisms are generally driven by thermo-mechanical effects, for example by
thermal cycling or by long-term exposure to extreme temperatures [4, 5, 6, 7]. The heat transfer path
from die to coolant consists of many different materials, each characterized by different physical
properties, in particular different coefficients of thermal expansion and different mechanical stiffness.
Thermal stress is generated at various locations within the power module by thermal deformation
because of the difference of the coefficients of thermal expansion (CTE) of power modules’

component materials (Fig. 1).
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Fig.1: The internal structure of a typical IGBT module.

Thermal cycling can cause repetitive stresses which cause fatigue and eventual failure, particularly at
the interfaces between dissimilar materials. Affected features include bond-wires and solder layers.
These failures may occur at different rates for different module designs and applications [8, 9] where
the thermal cycling can be as a result of changing environmental or operational (load) conditions [10,

11]. Fig. 2 and 3 illustrate two common failures observed in power modules.
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Fig.2: Wirebond Failure Fig.3: Solder Failure

Il. RELIABILITY PREDICTION
The reliability of a power electronics system is its ability to perform as intended for a specified period
of time in its lifecycle environment. Traditional reliability prediction methods for electronic products
include MIL-HDBK-217 [12], Tecordia[13], PRISM[14], and FIDES[15]. These methods rely on a
set of collected failure data and generally assume constant failure rates and use modifiers to account
for various quality, operating and environmental conditions. Furthermore, none of these handbook
prediction methods identify failure modes or mechanisms, nor do they involve any uncertainty

analysis. Hence, they offer limited insight with serious faults into practical reliability issues.



A. Prognosis and Health Management Techniques

A practical alternative way of looking at product reliability and life cycles conditions is called
prognosis and health management (PHM) [16]. PHM is the process of monitoring the health of a
product and predicting the remaining useful life of this product by assessing the extent of degradation
of a product from its original state of health and its expected usage conditions [17, 18,19].

Being able to predict the degradation of a power electronic module in its working environment will
greatly aid in providing advance warning of failures; minimizing unscheduled maintenance,
extending maintenance cycles, reducing the life cycle cost of equipment by decreasing inspection
costs and spare parts inventory [20, 21, 22].

A number of approaches in the literature [23, 24, 25] have been used for prognosis of health
management of power devices which include data driven techniques and physics-of-failure
techniques [26, 27, 28, 29]. In data driven techniques the current and historic information is used to
statistically and probabilistically derive estimates of the remaining useful life for the product [30, 31,
32]. To use data driven techniques, a suitable precursor needs to be identified depending on the
application, i.e. voltage, temperature or current. Once such precursors are identified, they are
monitored continually during the (application) usage. If there is a change in the current observations
compared to the previous trend observed from the healthy product, it signifies that degradation is
taking place. This technique assumes that there is a measurable effect that can be monitored during
operation, for example a change in voltage, current or temperature compared to the expected profile
[33]. Precursor techniques have been successfully applied to monitor the degradation of selected
thermal interfaces e.g. base-plate to heatsink [34], where both heat-sink and base-plate temperatures
can be easily measured. Unfortunately, degradation in bond wires and solder layers are difficult to
detect from simple external measurements of parameters such as forward voltage or module base-

plate temperature until the final stages of wear-out. Failure then tends to be rapid and catastrophic



rather than progressive. Although the sensitivity of data driven methods can be increased through
additional sensors and measurement hardware, this will increase costs and possibly reduce the overall

reliability of the system.
B. Physics-of-Failure (PoF) models

The importance of investigating PHM techniques is to deliver models that can provide an accurate
life consumption to predict expected life under a range of prospective mission profiles. The same
models, when driven by the actual in-service conditions, can be employed as part of a real-time health
management system to provide advance warning of failure (prognostic function) and thus guide
preventative maintenance.

Differing from the traditional handbook methods, physics of-failure (PoF) based reliability analysis
emphasizes the understanding of the physical processes and mechanism of failures. This science
based approach using both computer modeling and experimental techniques, can potentially provide
more accurate reliability predictions than the traditional handbook methods [35, 36, 37].

The Physics-of-Failure (PoF) approach utilizes knowledge of the life-cycle load profile package,
architecture and material properties to identify potential failure mechanisms. PoF based reliability
analysis and prediction methods played an increasingly important role in the power electronics
modules design and failure analysis. These approaches use physics-based models to predict stress,
damage and reliability [38, 39]. By combining computer modeling and failure mode/mechanism
analysis methods, failures can be predicted before they occur by modelling the failure mechanism
(crack propagation). A number of preliminary models have been developed for IGBT modules [40,
41,42]. For example a typical method to estimate time-to-fail of solder interconnects makes use of

the Coffin-Manson model [43, 44,45]:

L

N¢ = b




where L is the solder interconnect length, Aep the damage indicator, Nt is the number of cycles to
fail, oo and b are constants derived from the material’s characteristics. Based on the accumulated
plastic strain represented by the damage indicator, the number of temperature cycles to fail can be

calculated and hence giving an indication of the life consumption of the power module.
C. Life-time Models for Wire-bonds and Substrate-solders

To establish a PoF model for bond-wire wear-out, thermal fatigue tests of the aluminum bonding
wires were studied over a range of temperature variation AT between 50°C and 180°C and the number
of cycles to fail was observed at each AT. From these results an empirical lifetime model for wire lift-
off can be derived and expressed as a function of the cyclic temperature AT, for example as described
in [38]:

Nt = (@.4*10tHAT —3:597

)

where Nt is the number of cycles to failure, here defined as the point at which wire lift-off occurs,
and AT is temperature variation. It is inconvenient to run the thermal fatigue tests for small
temperature variations (AT) due to the long test times required, so this model is strictly only valid for

50°C < AT <180°C and for temperatures less than 125°C. However, for the purposes of calculating

life consumption, the model is extrapolated for values of AT < 50°C | This is a reasonable assumption
provided the mechanics of the wear-out process remain the same for lower temperature fluctuations.
Fig. 4 represents the life time extraction model for the IGBT bond-wire over a range of temperature

variations.
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Fig. 4: Life time extraction model for the IGBT bond wire interconnect [38].

In order to study the substrate-solder (solder layer connecting the isolation substrate to the baseplate)
failure mechanism, thermal fatigue tests were performed for the solder-substrate joints and then
investigated by simulating the crack growth process under a set of prescribed field temperature
profiles that cover the period of the operational life [38]. The overall crack length in the solder joint
for all different thermal profiles and number of cycles for each profile is predicted [46].

As fatigue is driven by the temperature profile of the power module, the degree of the damage of the
solder interconnect can be estimated based on the module’s temperature history [47]. Performing
stress and damage accumulation analysis made it possible to combine the damage information from
thermal fatigue experiments [46] with computer modeling using Finite Element Analysis (FEA). FEA
modeling was undertaken at different design points and the damage criteria was defined as the time
it takes for the crack to have an area that equals 20% of the total solder interconnect area.

In order to identify the best fitting function for the accumulated plastic strain Aep, the least square
fitting technique was used to provide an approximation model which relates the plastic strain (Agp)
with the two design variables (AT, Tm). As a result, a reduced order thermo-mechanical model for

SnAg solder material in IGBT power module was developed as in equation (3).

Ln(Agp) =-17.73+0.2984 AT +0.07957 Tm—0.001722 AT 2 _0.0002478 Tm? —0.0005389 ATTm 3)



Aegp is the damage indicator based on the accumulated plastic strain over one cycle. AT is
temperature variation, Tm is the mean temperature.

In order to estimate the reliability of the power module in terms of number of cycles to failure, the
model in (3) was integrated with the Coffin-Manson model in equation (1). Therefore, the number of
cycles to fail N+ (i.e. number of cycles needed for the crack length to reach L), can be calculated as
in equation (4).

_ L (4)
0.0056 (Ag )02
The constants 0.0056 and 1.023 are derived based on the characteristics of the solder material [46].

N f

It should be noted that the model in equation (3) is valid for mean temperatures between 24°C and
90°C and AT between 6°C and 90°C. It is notable that the mathematical form of equation (3) is
unrealistic for small AT since Agp does not tend to zero as AT tends to zero. Thus, regrettably the
model in equation (4) predicts an unrealistic finite life at zero AT and is thus not suitable for general
reliability prediction. To avoid this problem, a revised general functional form of the Coffin-
Manson model is used as illustrated in equation (5):

N, = AT, Jexp(B(T,,)) (5)
where A(Tm) and B(Tm) are the coefficients of equation (5) and they are functions of the mean
temperatures (Tm). For each individual mean temperature (Tm) the accumulated plastic strain Agp in
equation (3) is calculated over a range of AT then N (number of cycles to fail) at that particular mean
temperature is obtained using equation (4). Therefore, equation (5) can be expanded to many
individual equations each at different mean temperature. Fig. 5 illustrates the substrate-solder life
time model as individual curve fits for the model of equation (5) as a function of the temperature
variations at different mean temperatures. Each curve represents the number of cycles to fail as a

function of the temperature variations within the solder-substrate layer at an individual mean



temperature. As expected, it is clear that both the temperature range and mean temperatures affect the
life time consumption.
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Fig. 5: The substrate-solder life time model as a function of the
temperature variations at different values of mean temperatures.

I1l. PREDICTING THE LIFE TIME OF POWER MODULES
This work investigates the impact of both load power cycling and passive (environmental) thermal
cycling on the wire-bond and the substrate-solder wear-out mechanisms. The compact electro-thermal
model described in [48, 49] presented a real-time model for a typical IGBT half bridge module which
was used to estimate the temperatures of significant points within the power modules such as the die
junction temperature, substrate, and base plate temperature. This model uses a fixed frequency Pulse
Width Modulation (PWM) current controller scheme in which the current control loop is updated
synchronously each PWM cycle. With the knowledge of the operational profile (the real-time input
variables such as the phase current), the power dissipated by each active device within the module
was determined giving the on-state and switching losses as a function of the measured device current
and the estimated temperature. This model provided an accurate representation of the module’s

dynamic thermal behavior in the form of an M x N transfer function matrix (equation (6)).
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(6)

The matrix terms ai1....amn represent the transfer function of each heat transfer path, Ta is the ambient
temperature, Piin...Pnin are the heat sources and Tii....Ton... Traseplate are the temperatures at certain
points within the module such as the device junctions, solder, substrate and baseplate. This model is
used to provide continuous real-time estimates of temperatures within the module in response to any
operational profile.

In this work real-time junction and substrate-solder temperatures were obtained using the previously
mentioned compact model which was operating in real-time using a DSpace system [50]. The load

profile is applied to a full-bridge IGBT converter as shown in Fig.6.

F 3 GE K D3
-]
D source Coc L ILoAD

DSpace System - W - ————— Y__-¥

Fig. 6: A schematic diagram of the IGBT converter under test.

For the purpose of this work, the full bridge IGBT converter consisted of two (300A, 1200V) IGBT

power modules. The modelled system uses a fully inductive load with controlled ambient (coolant)



temperature at 40°C. The converter was connected to the current controller which is operated by the
PWM fixed frequency system in real-time and monitored via the DSpace system.

Having obtained temperature estimates for the significant features in the power module such as the
die junction temperature, substrate, and base plate temperature, a cycle counting algorithm can be
applied offline to automatically calculate the number of cycles the temperature-time data encountered
[51]. In real-life applications, where the load profiles are of irregular nature, it is common to apply a
rainflow counting algorithm to the temperature-time data and thus decompose the irregular data into
a number of regular temperature ranges [52, 53, 54]. In this paper we restrict ourselves to uniform
temperature cycles and thus a simple cycle counting method can be employed.

Through combining the life time models described in equations (2), (3) and through to equation (5)

with the compact electro-thermal models, the life consumption (LC) is calculated as follows:

Llc=_t (1)
N ¢

For different applied loads, the Palmgren-Miner linear damage accumulation rule can be applied
offline to give an estimation of the product life consumption:

K 1
LC = zl ni: number of cycles in each bin from 1 to k. (8)

i Ny

LC=i +n—2+n3 +n4 +o +n—k
Nfy |, [Nfa |, | Nfg |5 [ Nfg |, Nfy |,

Hence, the wire-bond life time model (2) was applied offline to the regular junction temperature-time

data to provide life consumption estimates for wire-bond lift-off failure. At the same time, the
substrate-solder life time models presented in the form of equation (5) were applied to the substrate-
solder temperature profile to give an estimate of the life consumption of the incurring failure in the

substrate-solder layer under the effect of the load profile.



Figure 7 shows a schematic of the complete life consumption prediction scheme including a real-time

implementation of the compact electro-thermal model combined with off-line life time models.
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Fig.7: Implementation of the compact thermal model combined with life time model approach.

To give an example of life consumption estimation, an off-line test case to estimate the life time of a
typical IGBT power module for a bond-wire failure is presented. The compact thermal model was
applied to a uniform sequence of current demand level over a period of one minute. The load cycling
profile has a uniform amplitude (170A) and frequency (1 Hz). A sample of this load is shown in Fig.
8. Real-time IGBT junction temperature estimates relevant to this load profile are shown in Fig. 9.
The temperature varies between a minimum of 52.4°C and a maximum of 69.5°C for this typical test.
As a result of these temperature variations (AT = 17.1°C), the number of cycles to fail is calculated
using the bond-wire lifetime model represented in equation (2). The life consumption of the bond-
wire of this example can be calculated as the proportion of the number of applied load cycles and the
applicable calculated number of cycles to fail as in equation (7). This gives life consumption of 5.09E-
06 over a period of one minute, in other words, the expected life of this bond wire when exposed to

this load would be around 3264 operating hours (i.e. 136 days).
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IV.  COMPARISON OF LIFE ESTIMATES FOR REGULAR PASSIVE AND POWER CYCLING
Failures of different potential points of the power module such as the wire-bonds and the substrate-
solder have different physical driving mechanisms and will thus exhibit different wear-out rates in
different applications. In many applications the power modules run under conditions of continuous,
variable power cycling and/or thermal cycling where both the bond-wire and the substrate-solder are
affected differently by the converter modulation frequency and by environmental temperature
fluctuations. The ultimate failure mechanism may thus be a function of the in-service conditions and
it is therefore important to be able to separate the prospective failure mechanisms during any
accelerated life testing. In this study we investigate the response of bond-wire and substrate-solder
life expectancy to temperature variations induced by both load (power) cycling and environmental
temperature (passive) cycling. We demonstrate that it is possible to establish test methods that allow
isolation of the two failure mechanisms and further define test conditions that permit testing to failure
in a minimum elapsed time. This is useful in the design of accelerated life and qualification tests for

power modules and hence power electronic converters.
A. Effect of Power(Active) Cycling

The effect of power cycling on the real-time temperature estimates and hence the life consumption of

power modules can be studied for both the wire-bond and substrate-solder failure over a range of



power cycling frequencies. The previously mentioned compact thermal model was implemented to
obtain the temperature variations over each operating power cycling frequency within the range 1mHz
and 100Hz for both the junction and the substrate-solder. The real-time thermal model was employed
with a fixed amplitude sinusoidal load current of 100A applied to the half bridge IGBT module
embedded in the constructed test rig shown in Fig. 6 with a constant coolant temperature of 40°C.

The life time models for the wire-bond (equation 2) and substrate-solder (equation 3, 4 and 5) were
implemented offline using the estimated junction and substrate-solder temperature-time data
respectively. Life consumption was then calculated for the range of the load frequencies. Different
observations were obtained for different power cycling frequencies for both failure mechanisms.
Fig.10 illustrates the test result with 100A uniform sinusoidal load current applied over a range of

power cycling frequencies.

\ | 2
16 T
\ 1l
Py
\ 124¥%
\ 10 TE’
\ 8=
[
\ Y3
N _
~ -
— 2
T T T 0 T 1
0.001 0.01 0.1 1 10
Frequency (Hz)
— — Bond-wire Substrate-solder

Fig. 10: Effect of power cycling frequencies on the life time
of the power module at 100A sinusoidal load current

In this figure it is notable that the life time of both the wire-bond and the solder-substrate decreases
with increasing power cycling frequency until it reaches its minimum at 0.05Hz, at which the bond-
wire life is 2084 days. After that, the life time curve increases continuously as the power cycling

frequency is increased. The same trend is observed for the substrate-solder layer and it takes a



minimum time of about 10925 days to fail. This means that under power cycling the substrate-solder
layer always fails later than the bond-wire.

The accuracy of these observations is determined by the accuracy of the real-time temperature-time
data and by the accuracy of the wear-out models for the bond wire and substrate solder. . In [48],
good agreement (maximum error of a few%) was demonstrated between the estimated and measured
temperature-time data for both observable and hidden interfaces, providing confidence that these
estimates can be used to drive an appropriate PoF model. Regarding the PoF models, the variability
and limited availability of experimental reliability data coupled with limitations in the physical
models employed, are likely to result in much larger sources of error.

IGBT power modules are increasingly used in high power applications and they can be driven by
high load currents. It is interesting to note that different load conditions affect the wear-out
mechanisms differently. Hence, it is important to investigate the effects of different load currents on
the life time of the power module under different power cycling conditions. Virtual life time tests
were made using different values of experimental load current for both the bond-wire and the
substrate-solder applied to the system in Fig.6. For a 170A sinusoidal uniform load profile, the tests
showed that the higher the load current the higher the temperature variations would be for both the
junction and the substrate-solder temperatures. Compared with the results obtained in Fig. (10); the
illustrations in Fig (11) showed that with load current of 170A, the time to fail for both the wire-bond
and the solder-substrate is lower. It is observed that life time estimate reaches its minimum at 0.05Hz
where the life time estimation for the wire-bond is 196 days. The same tendency is observed for the
substrate-solder layer but it takes longer to fail at about 577 days. If the same tests were repeated with
300A load profile, it is shown that the expected life time of the wire-bond will not exceed 29 days at
0.05 Hz followed by the solder-substrate which fails later after 66 days at the same frequency (Fig.

12).
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Fig. 11: Effect of power cycling frequencies on the life time of
the power module using 170A sinusoidal load current.
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Fig. 12: Effect of power cycling frequencies on the life time of the
power module using 300A sinusoidal load current.

A clear explanation for these results is that higher load current produce more losses thus resulting in
higher module temperatures and lower life expectancy. In the case of power cycling tests, the
substrate-solder temperature fluctuations are always lower than the junction temperature which makes
the wire-bonds more susceptible to failure. Similar observations can be made in the case of the higher
temperature variations caused by using a 350A load current under the same power cycling
frequencies. Fig. (13) shows that the wire-bond life time will be no more than 16 days followed by

the substrate-solder which fails in a predicted 36 days.
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Fig. 13: Effect of power cycling frequencies on the life time of the
power module using 350A sinusoidal load current.

From the above tests, it is clear that the both the load current amplitude and frequency have a dramatic
impact on the time to failure for the wire-bond and substrate-solder failure modes. Wire-bond failure
is always the dominant mechanism and the minimum elapsed time to failure occurs at a frequency of

0.05Hz for the power module and cooler combination used in these tests.
B. Effect of Thermal (Passive) Cycling

Ambient or thermal cycling means that both the bond-wire and substrate-solder typically experience
the same temperature variations. For the purposes of accelerated life testing, passive cycling over a
range of different cycling frequencies involves mounting the module on a low thermal resistance
cold/hot plate whose temperature can be modulated. This condition can be easily enforced in the
laboratory, although it is unlikely to be seen in service where the time-scale for ambient temperature
fluctuations is typically much longer and temperature distributions imposed by power cycling and
passive cycling will in general be different.

Life-time consumption or remaining life can thus be studied using the same methodology as for power
cycling, the only difference being that the life time models for both the bond wire and substrate-solder

(equation (2), (3) and through to equation (5) ) are applied using the same temperature variations.



To study the effect of different load profiles, the tests were conducted using the junction temperature
variations obtained from applying a range of different uniform sinusoidal load currents with 100A,
170A, 300A and 350A respectively to the same test rig used and illustrated earlier in Fig. 6 with the
same coolant temperature at 40°C.

The life time curves, obtained for an equivalent 100A sinusoidal uniform load profile, are shown in
Fig. 14 and illustrate a minimum elapsed life as the frequency range approaches 0.05Hz. Life times
for both failure mechanisms are now closer to one another compared to the power cycling tests: the
life time of the bond wire is at its minimum of 2084 days while it is 2529 days for the substrate-
solder. The solder- substrate failure rate is accelerated because it is now subject to the same
temperature range as the juntion.

When an equivalent 170A sinusoidal uniform load profile was applied, the life time expectancy for
the substrate- solder failure mechanism again approaches a minimum at 0.05Hz frequency but in this

case it fails before the wire bond after approximately 139 days (Fig.15).
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Fig. 14: Effect of passive thermal cycling frequencies (same applied AT)
on life time of the power module at an equivalent 100A sinusoidal load current
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Fig. 15: Effect of passive thermal cycling frequencies (same applied AT)
on life time of the power module at an equivalent 170A sinusoidal load current

The tendency of the substrate solder to fail first becomes more apparent as the thermal cycling range
is increased, as clearly illustrated by the results obtained from temperature profiles equivalent to the
300A and 350A load profiles. Figs. 16 and 17 show respectively the life time curves for the substrate-
solder and wire bond for temperature profiles equivalent to 300A and 350A. In both cases the module
life is dominated by the substrate solder with the minimum life (17 days at 300A and 10 days at 350A)

occurring at a cycling frequency of 0.05Hz.
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Fig. 17: Effect of passive thermal cycling frequencies (same applied AT)
on life time of the power module for an equivalent 350A sinusoidal load current

C. Discussion

Power cycling and thermal (passive) cycling tests, conducted at accelerated rates for life time
determination are fundamental to the design and qualification of power electronic modules. It is
clearly desirable that such tests be designed: a) to allow discrimination between the various failure
mechanisms and b) so that they can be completed in the minimum elapsed time. During power
cycling, heat diffuses from the heat source (semiconductor die(s)) through the packaging materials to
the heat sink. Each element of the module, including the wire bonds and substrate solder, responds
differently to the changing power input. Points closest to the heat source, such as the bond wires,
respond most quickly, while those further from the source, such as the substrate solder, respond more
slowly. At high frequencies the oscillating heat flux penetrates only a small distance from the heat
source (dies), meaning that the temperature fluctuations at all locations are severely attenuated, the
attenuation increasing as the distance from the source increases, At very low frequencies the
temperature responses at the various points attain their steady state values, reflecting the effective
thermal path resistances. At all frequencies, temperature variations at the heated junction and wire
bonds will be largest while those closer to the heat sink (e.g. substrate solder) will be smaller. This

effect is accentuated at high frequencies. As a consequence, the wire bonds see a much larger



amplitude temperature cycle and thus wear-out more quickly than the substrate solder as illustrated
in Figs. 10-13. Note that at low frequencies the ratio of expected life for wire bonds to substrate solder
is approximately constant, reflecting the quasi-steady-state thermal conditions. At higher frequencies
this ratio increases because the effects of thermal diffusion reduce the temperature fluctuations at the
substrate solder.

During thermal (passive) cycling, heating and cooling occurs through the base-plate of the module.
Since the base-plate has a high thermal mass the temperatures at the base-plate-substrate interface
(i.e. the substrate solder) respond relatively slowly to the applied heat flux input. Indeed, the time
constants characterizing the thermal path between the junction and the substrate are so much smaller
than those characterizing the base-plate that all of these layers respond virtually simultaneously to
changes in heat flux at the heat-sink side of the base-plate. In addition, since relatively little heat is
conducted away from the upper (die) surface of the module, the steady-state temperatures of the wire-
bond and substrate solder will be the same and so the thermal response will be almost identical over
a wide frequency range (up to a frequency where the time constants of the substrate become
significant).

From the results presented it is clear that different wear-out mechanisms can be made to dominate by
the correct choice of test (power cycling vs. thermal cycling) and cycling frequency. It is also clear
that the total elapsed test time can be minimized by optimum choice of cycling frequency; in this case
close to 0.05 Hz. In general, the frequency at which this occurs will be determined by the physical
structure and resulting thermal dynamics of the module and the thermal management system applied

during testing.

The foregoing sections have described a method to determine the wear-out rates and life consumption
for the dominant failure mechanisms under prospective in-service and test conditions. This method

has been shown to be useful for devising accelerated life tests methods for power modules or power



converters in which a range of different failure mechanisms (i.e. wire-bond and substrate-solder ) can
act together to determine product life. The results of such tests can then be related to prospective in-
service conditions by applying the same methods to estimate temperature variations and expected

life.

V. CONCLUSION
A combination of reduced-order thermal model and physics-of-failure based models has been used to
quantify the wear-out rates and life consumption for two common power module wear-out
mechanisms (bond-wire lift-off and substrate-solder failure mechanisms) under prospective in-
service and life test conditions. Temperature estimates for interconnects, such as bond wires, and
bonded interfaces, such as solder layers, were combined with mechanical stress models and physics-
of-failure-based life consumption models to provide predictions of remaining useful life and the
anticipated failure mode.
The models have been employed to study the effects of power cycling and thermal (passive) cycling
on bond wire lift off and the substrate-solder failure mechanism acrossa range of load currents (power
cycling), temperatures (passive cycling) and cycling frequencies. For power cycling, failure of the
bond-wire was identified as the dominant failure mechanism because it is subject to the greatest
temperature variation. Conversely, under passive or ambient thermal cycling the substrate-solder can
be expected to fail first since in this case both bond-wire and substrate-solder see similar temperature
variations. In both power and thermal cycling tests, the minimum elapsed time to failure was
determined to occur at a cycling frequency of 0.05 Hz, representing a trade-off between the achievable
temperature range and time taken to complete each cycle.
By applying the methods presented, an appropriate test method (power cycling vs. thermal cycling)
and cycling frequency can be selected to isolate particular failure mechanisms and yield test results

in the minimum elapsed time. In addition, these same methods can be used to predict the failure



mechanisms and lifetime under prospective in-service conditions and so make it possible to design
accelerated life tests that target the identified dominant failure mechanism.. Finally, the models can
be readily implemented in real-time and thus may be used to predict remaining useful life in service,
as part of a health management scheme. The main limitation of the method arises from uncertainty in

the physics-of-failure models used to determine the wear-out rates.
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