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Abstract. The main drawback of any Design for Reliability methodology is lack of easy accessible reliability models, prepared individually
for each critical component. In this paper, a reliability model for SiC power MOSFET in SOT — 227B housing, subjected to power cycling, is
presented. Discussion covers preparation of accelerated lifetime test required to develop such reliability model, analysis of semiconductor deg-
radation progress, samples post-failure analysis and identification of reliability model parameters. Such model may be further used for failure
prognostics or useful lifetime estimation of high performance power supplies.
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1. Introduction

Power electronics has penetrated every branch of life in XXI
century — starting from power conversion for renewable energy
sources, through electric vehicles, up to a variety of industrial
applications. Thus, reliability aspects of modern power elec-
tronics are more and more often discussed by researchers and
engineers. These topics covers various applications of power
electronic converters — from plasma surface processing [1],
through renewable energy sources [2], up to electric aircraft
concept and automotive industry [3].

Among areas of research which focus on increasing reli-
ability of modern power converters, the Design for Reliability
(DfR) methodology [4, 5] was found especially interesting. This
concept is based on the idea that overall reliability of power con-
verter can be assessed for pre-defined set of stress levels, based
on known reliability models for either power converter func-
tional modules or its critical components. By analogy to critical
components of e.g., pump system [6], critical elements of mod-
ern power converter are power semiconductor devices, capac-
itors, mechanical connectors, integrated circuits, and others.
Typically, DfR procedure consists of the following steps:

2) mission profile and environmental parameters definition,

3) system-level mission profile evaluation,

4) circuit modelling,

5) stressors levels evaluation for critical components,

6) reliability evaluation for critical components,

7) system-level reliability assessment.

The significant drawback of this approach is that for each
critical component there are numerous different failure modes
and each of them is accelerated by various stressors. Therefore,
a reliability models should be prepared not only for each critical
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component separately, but for each failure mode, as a function
of stress level for better accuracy [7, 8]. Another problem is
that the reliability model parameters of each failure mode are
unique for each component as they depend on the structure
of the component (e.g., thickness and length of wire bonds in
the case of semiconductor devices) and manufacturing process
(e.g., cooling ramp) of the critical component itself.

In this paper, a reliability model of SiC power MOSFET in
SOT —227B housing is presented. Although reliability model-
ling of SiC devices was investigated by various researchers, the
previous papers was focused on multichip IGBT or MOSFET
modules [9, 10] and discrete devices in 70 — 220 or 7O — 247
housing [11, 12]. The industry-grade SOT — 227B housing, for
high power semiconductor devices, has not been investigated
yet. The developed reliability model was prepared based on an
Active Power Cycling (APC) test results, optimized to expose
fatigue-like failure modes of encapsulated discrete devices:
bond wire lift-off, solder joint fatigue, bond wire heel cracking,
solder delamination or brittle cracking. The test bench itself,
detailed description of test procedure and preliminary results
were already discussed in [13], thus here only a basic descrip-
tion of APC test is given. Instead, this paper covers failure
mechanism analysis, proposal of reliability model and reliabil-
ity model parameter identification process.

This paper is organized as follows: in Section 2 the APC
test concept is introduced. Discussion is followed in Section 3,
where test results are presented. Next, in Section 4 the mathe-
matical model used for the reliability assessment of encapsu-
lated SiC devices is discussed. The summary and conclusions
are given in Section 5.

8. Accelerated lifetime testing

The dominant failure modes for encapsulated SiC power
MOSFETs are either chip-related or package-related. The typ-
ical chip-related failure modes are:

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1) gate oxide degradation and time dependent dielectric break-
down (TDDB) [14,15],

2) brittle cracking, induced by heavy mechanical stress caused
by mismatch in thermal expansion coefficient (CTE) be-
tween SiC and other materials used in semiconductor man-
ufacturing [16],

3) single event effects (SEE) caused by high energy particles
(e.g., neutrons) [17].

Next chip-related failure mode is stacking fault, caused by third

quadrant operation of SiC power MOSFET. This topic is still

under investigation by various researchers [14, 18]. Other dom-
inant failure modes are package related — e.g., solder delami-
nation, solder joint fatigue, bond wire lift-off, bond wire heel-

cracking or corrosion [19,20].

Other way to group main failure modes of SiC power devices
is usage of the Bathtub curve, depicted in Fig. 1. Typically, life-
time of every power electronic component can be divided into
three regions:

1) the “Infant Mortality” or “Intrinsic Failure” region, where
failures are mostly caused by internal defects or impurities,
and they are strictly related to quality of manufacturing pro-
cess,
the “Useful Lifetime” or “Random Failure” region, where
failure rate is relatively constant,

3) the “Fatigue Failure” or “Extrinsic Failure” region, where
probability of failure significantly increases due to pro-
gressing wear-out of the device.

Therefore, as either TDDB, brittle cracking or fatigue-like fail-

ure modes are a result of progressing degradation of SiC power

semiconductor device, these failure modes are typical for “Ex-
trinsic Failure” region. In contrast, the SEE failures are typi-
cally the dominant component of failure rate mix during the

“Useful Lifetime” region, and stacking faults shall be present
mostly in the “Infant Mortality” region, as they are directly re-
lated to quality of manufacturing process.
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Fig. 1. The “Bathtub Curve”, simplified graphical representation of
failure rate change over time

The goal of presented reliability model is to determine the
Useful Lifetime of SiC power MOSFET subjected to heavy
thermomechanical load — typical to power cycling operating
conditions. The alternate definition of the Useful Lifetime,
states that it is a time when the degradation mechanisms initi-
ates, e.g., single bond wire gets lifted off. Typically, End of Life
(EoL) criteria is denoted as the slight shift of the power semi-
conductor electrical parameters from its nominal value [21].

However, in the both cases the Accelerated Lifetime Testing
(ALT) procedure and reliability model identification procedure
is exactly the same. The only differences are the EOL criterias
used in ALT, and the input data used for reliability modeling. In
this paper, the reliability model was prepared based on actual
failures recorded during APC test, in contrast to the typically
utilized approach [22-24].

Typical test methods used by researchers to introduce heavy
thermomechanical load to power semiconductor structure, and
thus — to accelerate fatigue-like failure modes are Thermal Cy-
cling (TC), Power Cycling (PC) and Current Cycling (CC). In
TC, referred also as passive cycling, the amplitude and slope of
temperature swing are remained constant over the test progress.
However, this approach has a significant disadvantage — in real
life operating conditions, progressing degradation of semicon-
ductor device results in higher and higher junction temperature
per cycle, which causes a self-acceleration mechanism. More-
over, the junction temperature slope in TC is far less than in
case of PC or CC, as in these tests it is limited only by the ther-
mal capacitance of the heatsink. Thus, the mechanical stress in
semiconductor structure is significantly higher in either PC or
CC than in TC, which corresponds to significant difference in
test results [25, 26].

The alternate approach is the PC test, referred also as active
cycling, as power semiconductor structure is actively heated by
power losses. Although, recent study [27] does not distinguish
difference between PC and CC, in the first case power dissi-
pated in tested semiconductor device is constant during ALT,
while in the second case the current flowing through tested de-
vices is remained constant during ALT. Therefore, in CC test
a power dissipated across each tested device increases along
degradation of semiconductor device progresses. Simply, in-
creased channel on-state resistance (Rps,,) or collector-emitter
junction voltage drop (Vcg), results in higher power dissipa-
tion for the same current conducted through tested device. In
fact, this is next self-acceleration mechanism, which addition-
ally shorten power semiconductor useful lifetime. Thus, there
is a significant difference between PC and CC test results [24].

The CC test, described in e.g., AQG-324 guideline [28], is
well suitable for automotive, railway or grid applications, where
conduction losses dominate. However, because of their supe-
rior performance (e.g., low gate charge and parasitic capaci-
tance), SiC power MOSFETs are typically used in high fre-
quency switching application, like resonant- or soft-switching
converters, in which SiC devices are subjected to rather switch-
ing than conduction losses. Unfortunately, in certain applica-
tions it is rather difficult to estimate if SiC power MOSFET
switching losses will increase or remain fairly constant during
operation of power converter, as they are dependant on various
exterior conditions — e.g., degradation rate of driver circuit, am-
bient temperature, environmental conditions, load, etc. Thus, it
was decided to conduct a PC test with constant level of power
dissipated across tested samples, to increase applicability of the
test results.

The sampleset consisted of 52 SiC power MOSFETSs (ini-
tially 40 samples, 12 samples were added after ~ 65k power
cycles), which were subjected to operating conditions listed in
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Tables 1 and 2 respectively. Devices Under Test (DUTs) were
connected in series, and voltage drop across each sample (Vps)
was as controlled separately, with proper adjustment of gate-
source (Vgs) potential. The amplitude of initial junction tem-
perature swing — at the very beginning of the ALT — was deter-
mined based on baseplate temperature (7¢) measurement, dissi-
pated power (Pr) and known initial thermal impedance between
junction and case Zry, .. For purposes of health monitoring,
Rps,, and Vrwp were measured once per 2000-2500 cycles,
similarly to concept presented in [12]. As presented in [13],
such approach is sufficient to detect progressing degradation of
SiC power MOSFETs. The test itself was conducted up to fatal
failure, as obtaining the information for how long the heavily
degraded device is capable to operate was an additional goal of
research.

Table 1
Operating conditions of tested semiconductor devices: nominal values
Sample set Pr ATy 17, 0w -
no. (W] [°C] [°C] [°C]
A 150.5 90.5 30 120.5
B 175 105.3 50 155.3
C 126 76.5 50 126.5
D 126 76.5 30 106.5
J 175 105.3 30 135.3
Table 2

Operating conditions of tested semiconductor devices: dispersion

P ATy y -

(W] [°C] [°C]
Mid-range | +/— | Mid-range | +/— | Mid-range | +/—
150.66 0.43 90.40 0.26 120.40 0.26
174.95 1.34 104.97 0.80 154.97 0.80
126.91 0.39 76.14 0.24 126.14 0.24
127.64 0.36 76.58 0.22 106.58 0.22
175.16 2.04 105.09 1.22 135.09 1.22

—|g|a|w| >

3. Test results

Failures recorded during test are listed in Table 3. To verify if
failures were indeed caused by fatigue-like failure modes, 32
random selected samples were subjected to post-failure analy-
sis, which consisted of following steps:

1) electrical measurement,

2) X-Ray imaging,

3) Confocal Scanning Acoustic Microscopy (CSAM),

4) post-decapsulation visual inspection.

As presented in Table 4, most failures resulted in both Gate-
Source and Drain-Source shorted.

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137386

Table 3
Failures recorded during APC test
group A | groupB | groupC | groupD | groupJ
#1 63394 33163 - 92328 28973
#2 79651 63189 96526 82532 21451
#3 82532 24643 - 92328 24874
#4 82532 63189 - 92328 19157
#5 92328 33359 75037 92328 24727
#6 63404 16283 - 92328 28973
#7 92328 33100 - 82512 25719
#8 67710 18975 - 92328 22882
#9 63394 16756 133117 76829 28973
#10 48793 63189 - 91794 28973
#11 N/A N/A N/A N/A 19686
#12 N/A N/A N/A N/A 19536
Table 4
Electrical test results of failed SiC power MOSFETSs
Sample G-S§ D—-S§ Sample G-S D—-S
1A Shorted | Shorted 1C - -
2A Short circuit to PE 2C Shorted 15k Q
3A Shorted | Shorted 3C - -
4A Shorted | Shorted 4C - -
5A Shorted | Shorted 5C Open Shorted
6A Shorted | Shorted 6C - -
7A Shorted | Shorted 7C - -
8A Shorted | Shorted 8C - -
9A Shorted | Shorted 9C Shorted | Shorted
10A 22Q Shorted 10C - -
1B Open Instable 1D Shorted | Shorted
2B Shorted | Shorted 2D Shorted | Shorted
3B Shorted | Shorted 3D Shorted | Shorted
4B Shorted | Shorted 4D Shorted | Shorted
5B Shorted | Shorted 5D Shorted | Shorted
6B Shorted | Shorted 6D Shorted | Shorted
7B 4Q 35Q 7D Shorted | Shorted
8B Instable | Instable 8D Shorted | Shorted
9B Shorted Open 9D Shorted | Shorted
10B Shorted | Shorted 10D Shorted | Shorted
1J Shorted | Shorted 7] Shorted | Shorted
2] Shorted | Shorted 8J Shorted Open
3] Shorted | Shorted 9] Shorted | Shorted
4] Shorted | Shorted 10J Shorted | Shorted
5] Shorted | Shorted 11 Shorted | Shorted
6] Shorted | Shorted 12 Shorted | Shorted
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Laboratory analysis has shown that among analyzed samples,
over 24 DUTs had few or all bond wires lifted-off. Moreover,
in single bond wire, the heel-crack was found (see Fig. 2). In
some devices, although most of bond wires were lifted-off, the
soldering beneath the chip remained intact (see Fig. 3). How-
ever, C-SAM imaging revealed severe solder delamination in

Fig. 2. Top view of DUT #6J after chemical decapsulation process.
Cracked bond wire is marked with white arrow

b o e b ——— — . vl

Fig. 3. Bottom-up CSAM imaging a), and post decapsulation photog-

raphy of DUT #5C. Minor voids and cavities, marked with blue arrow,

are not considered as rejectable according to the J-STD-020E standard,
while clearly some of bond wires are lifted off (see white arrows)

19 DUTs — in certain examples chip was completely detached
from the metal paddle. In some samples, X-Ray imaging and
visual inspection of decapsulated device revealed also a crack
across the SiC chip.

Images of semiconductor devices subjected to chemical de-
capsulation process were further analyzed in order to deter-
mine whether there is any correlation between initial position
of bond wires and probability of lifting them off. For this pur-
pose, each bond wire was labeled with number and total amount
of lifted bond wires was summed up. As presented in Fig. 4,
there is no distinct correlation between initial position of bond
wire and probability of their detachement. Next, post-failure
analysis confirmed that tested power MOSFETs failed due to
fatigue-like failure modes. Thus, it was possible to use this test
results to develop a reliability model, which could be used to es-
timate Useful Lifetime of SiC power MOSFET in SOT — 227b
housing.

25 T T T T T T T T T

—_ —_ n
o o o

Count of Failed Bond Wires [-]

o

position [-]

Fig. 4. The cumulative distribution of lifted bond wires vs their posi-
tion

4. Reliability model

One of the most recognized mathematical models used in relia-
bility engineering is a Weibull distribution [29], which has been
proven as suitable for various failure-modes of semiconductor
power devices — from fatigue of solder interconnection [30] to
time-dependent dielectric breakdown of gate-oxide layer [31].
Thus, it was expected that Weibull model will be also suit-
able for fatigue-like failure modes. To confirm this thesis, a
various mathematical models were fitted to failures with Max-
imum Likehood Estimation (MLE) algorithm. As depicted in
Fig. 5, neither of compared distributions (2- and 3- parameter
Lognormal, 1- and 2- parameter Exponential, Logistic, Normal)
allowed for significantly better fitting. Moreover, both visual in-
spection and analysis of Anderson-Darling test results suggests
that either 2- or 3- parameter Weibull model assures satisfac-
tory projection of recorded data. Thus, the Weibull model was
chosen for further investigation.

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137386
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Fig. 5. Cross-comparison of various mathematical distributions fitted
to the APC test results

Typically, Weibull distribution is described with equation (1),
where f(¢) is a Probability Density Function (PDF), B, 1 and y
are model parameters, called shape parameter, scale parameter
and location parameter respectively.

w- ()

Next, the 8, 1 and y parameters were identified for each dis-
tribution. Then, the probability plots were drawn accordingly,
as depicted in Fig. 6. As a shape parameter is related to failure
mode itself, and common failure mode was already confirmed
for all samples during post-failure analysis, the common shape
parameter was assumed for all models. Although models pre-
sented in Fig. 6 properly project reliability of SiC MOSFETs,
there are still far from any useful form. As an example, each
of these models is correct only for specific stress level — e.g.,
junction temperature swing or maximum junction temperature.
Thus, the universal model, which could be used in DfR proce-
dure was developed.

For this purpose, the scale parameter had to be modified to
form of multivariable function. Either LESIT [32], originally
developed for solder connections, or CIPS2008 model [33],
originally developed for Si IGBT modules, could be used. Orig-

ey
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Fig. 6. Probability plots prepared for each tested sample set of SiC
power MOSFETs, based on 3-parameter Weibull model asumming
separate a) and common b) shape parameter

inal forms of LESIT model and CIPS2008 model are presented
in (2) and (3), respectively.

E

Nf:A'(ATj)a'expWM’ )
B2

Ny =K-(ATy)Pr - expT 2 by fPeyPs .pbs. (3)

In these models, the Ny is mean useful lifetime expressed in
cycles, while parameters A, K, o, 1—f¢ are the material con-
stants, E4 is activation energy and kp is Boltzmann constant.
In both formulas, amplitude of temperature swing per cycle
(AT)), mean junction temperature (Ty;pan), and absolute max-
imum junction temperature (7y), are expressed in Celcius. In
addition, CIPS2008 model includes also impact of power on-
time (f,,), current per wire bond (/), chip blocking voltage (V)
and diameter of bonding wire (D) in useful lifetime calculation.

As it was stated in previous paragraph, either LESIT or
CIPS2008 models were originally developed for different appli-
cations. Thus, all constant parameters had to be identified based
on the APC test results. As all power cycles were performed
with the same on-time, and only one kind of SiC power MOS-
FET was subjected for Accelerated Lifetime Testing (ALT), the
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CIPS2008 model could be simplified into following form (4).

By
Ny =K-(AT))P1 - expTi75 . [P3, )

Therefore, to prepare a universal model, a Weibull model in
which the scale parameter is a function of stress levels, equa-
tions (2) and (4) were used.

Eq

n](ATJ’TJMAx) :A-(ATJ)a-expW, 5)

B
M(AT), Ty o Ips) = K - (AT))P1 - exp™uax ™ .15 (6)

The last remaining parameter in Weibull distribution formula
(1) is the location parameter. For discussed universal model, it
was assumed that failure may occur at any time, resulting in y =
0. This allowed to simplify 3-parameter Weibull distribution to
it’s 2-parameter equivalent (7). This form was used to prepare a
universal model, suitable for the purposes of a DfR procedure.

10 =E)pte

7
15 ) N

Thus, probability plots depicted in Fig. 6 were replaced with
2-parameter equivalents, as presented in Fig. 7.
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Fig. 7. Probability plots prepared for each tested sample set of SiC
power MOSFETs, based on 2-parameter Weibull model assuming sep-
arate a) and common b) shape parameter

To identify material parameters given in Egs. (5)-(6) a multi-
ple linear regression was performed. The residual plot depicted
in Fig. 8, indicated that:

e there was no correlation between residuals,
e usage of the LESIT model results in significantly higher es-
timation error than in the case of CIPS2008 model.

20

#* LESIT
4 | X _cIPs2008

20

relative error [%)]

50 L 1 L )
1 2 3 4 5

residual no. [-]

Fig. 8. Residual plot for Weibull distribution scale parameter estima-
tors, based on LESIT and CIPS2008 models

The second conclusion was additionally confirmed when Mean
Time To Failure (MTTF) of SiC power MOSFETsS subjected to
APC test was compared with developed models. As presented
in Fig. 9 the LESIT, as well as the CIPS2008 models, offer sat-
isfactory projection of laboratory test results. Thus, both mod-
els were found suitable for reliability modelling of SiC power
MOSFET in SOT — 227B housing. However, a simplified form

<& TestResults
O LESIT
X_CIPS

MTTF [cycles]

60 70 80 90 100 110 120 130
AT J K]

Fig. 9. Comparison of test results with MTTF for SiC power MOSFET
estimated based on Weibull-LEST model and Weibull-CIPS model
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of CIPS2008 equation was chosen for further evaluation of
the universal reliability model. This decision was caused by
fact that even simplified form of CIP2008 model cover higher
amount of stress factors. The identified values of material con-
stants and activation energy, corresponding to Egs. (5)—(6) are
listed in Table 5.

Table 5
Material constants identified for LESIT and CIPS2008 models
Parameter LESIT Parameter CIPS2008
A 1.65¢e15 K 3.37e13
o —5.96 Bi —3.88
kp 1.38¢ —23 B> 31.73
Ey4 3.1le—25 B3 —0.82

Lastly, the MTTF curves for different junction temperature
swing amplitudes and operating current values were identified.
Both Fig. 10 and closer analysis of §; and 33 parameters sug-
gests that amplitude of junction temperature swing has signif-
icantly higher impact on power MOSFET reliability than the
operating current. Furthermore, the PDF for SiC power MOS-
FETs subjected to various operating conditions were prepared
with presented universal model (see Fig. 11). Based on such
PDF:s it is possible to calculate how failure rate changes over
the time, or what is power MOSFET useful lifetime defined as
mean value (same as MTTF), or so-called BX life — the time at
which X% of MOSFETSs will fail. These data may be further
used in DfR procedure to estimate either railure rate or useful
lifetime of high performance power converter.

<& TestResults
— |DS =25A
— IDS =32A
| =40A
DS

G

— IDS =70A

o

MTTF [cycles]

o

3 1 L 1 1 L 1 |
60 70 80 90 100 110 120 130
A TJ K]

Fig. 10. MTTF estimation for SiC power MOSFETSs subjected to
power cycling at various operating conditions. The ambient temper-
ature assumed in analysis is 40°C
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Fig. 11. Probability density functions derived for SiC power MOSFETs
subjected to power cycling at various operating conditions

5. Conclusions

In this paper, a universal reliability model for SiC power MOS-
FET in SOT — 227B housing was presented. Beside univer-
sal model itself, a detailed description of procedure required
to develop such model was also discussed. Proposed model
offers great flexibility, as allows to determine the useful lifetime
denoted as, e.g..:

e time when pre-defined percentage of population will fail,

e time when PDF reaches pre-defined level,

e time when probability of failure reaches pre-defined level,

e and many others.

Thus, presented tool is found suitable for purposes of Design
for Reliability procedure.
Moreover, following conclusions are given:

1. The Active Power Cycling test is suitable for analysis of
fatigue-like failure modes.

2. The degradation caused by thermomechanical load, ends up
in a fatal short-circuit, which is a crucial information for any
designer of fault-tolerant power converter.

3. There was no correlation between position of bond wire,
and probability of lift-off.

4. Weibull distribution is suitable for reliability modelling of
fatigue-like failure modes.

5. Both CIPS2008 and LESIT models are suitable for mod-
elling of fatigue-like failures for SiC power MOSFETs in
SOT - 227B.
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