Microelectronics Reliability 165 (2025) 115589

Contents lists available at ScienceDirect

MICROELECTRONICS
RELIABILITY

Microelectronics Reliability

journal homepage: www.elsevier.com/locate/microrel

ELSEVIER

Assessing the reliability of SiC MOSFET through inverter-like accelerated
test vs. power cycling test

Mohammad A. Abbaszada ™', Nanditha Gajanur?, Sudip K. Mazumder "

2 Student Members, IEEE
® Fellow, IEEE, AAAS

ARTICLE INFO ABSTRACT

Keywords:

SiC MOSFET

Reliability assessment
Lifetime evaluation

Power cycling tests
Inverter-like accelerated test

Silicon carbide (SiC) MOSFETs are known for their superior performance compared to traditional silicon devices,
making them well-suited for a wide range of applications in power electronics. However, there is a lack of long-
term reliability studies for SiC MOSFETs under real-world operating conditions. This article introduces an
innovative inverter-like accelerated test (IAT) and compares it with the standard power cycling test (PCT) to
thoroughly assess the degradation mechanisms and reliability of SiC MOSFETs. The IAT is designed to replicate
the operational conditions of an inverter, providing a more realistic evaluation of the long-term performance of
the SiC MOSFET. There are some differences in the principles of these two accelerated tests (ATs). The paper
provides detailed insights into these differences and the methodologies used, including the test bench design and
junction temperature estimation, and presents the experimental results. The findings highlight significant dif-
ferences in the degradation behavior observed under IAT and PCT conditions and the lifetime evaluation,
underscoring the necessity for realistic testing protocols to ensure reliable lifetime predictions for SiC MOSFETSs

in practical applications.

1. Introduction

Silicon carbide (SiC) MOSFETs offer significant advantages over
traditional Si devices in power electronics systems, including higher
blocking voltage, faster switching speeds, greater power handling ca-
pacity, and improved thermal conductivity. These features make SiC
MOSFETs highly desirable for high-efficiency and high-power-density
power converters [1-5]. However, due to the relative novelty of this
technology, limited field data regarding the long-term reliability of SiC
MOSFETs is available. Additionally, a recent survey has indicated that
power semiconductor failures represent over half of all converter fail-
ures in the industry [6]. Therefore, it is crucial to conduct thorough
evaluations of the long-term reliability of the SiC MOSFET to facilitate
improvements and minimize destructive failures in these devices [1].
When assessing the reliability of SiC MOSFETs in the industry, ATs play
a crucial role. The results of these tests provide a basis for estimating the
lifetime of the product in the design phase. Standard ATs for devices
typically involve high-temperature gate bias testing for gate reliability,
high-temperature reverse bias, and high-voltage high-humidity high-
temperature reverse bias testing for chip edge termination blocking
capability, and Power Cycling Test (PCT) for packaging reliability [7,8].

* Corresponding author.

However, these standardized tests are mainly conducted under simpli-
fied and controlled conditions, which may not fully replicate the actual
operation profiles of the devices in power converters. For example, in
PCT, the impact of switching stress on power devices is often overlooked
as the applied drain voltage is much lower than in normal operating
conditions. Similarly, high voltage bias tests involve applying a constant
static electrical stress to gate oxide without any current flow through the
power devices during the aging process. In reality, devices are installed
in active power electronic converters, and their degradation mechanism
under practical operating conditions is highly complex [9]. Moreover,
the standard tests for the reliability of SiC MOSFETs typically focus on
specific degradation mechanisms. However, the conditions experienced
by SiC MOSFETs in real converters involve a combination of factors such
as high average junction temperature, high-frequency temperature
fluctuations, thermal cycling stress, and voltage bias stress during PWM
cycles. Additionally, the static bias test may lead to reliability evaluation
results that deviate from practical conditions. Therefore, the current
standard tests may not adequately assess the degradation phenomena
and mechanisms of power devices under actual operating conditions
[°1.

Numerous studies have been conducted on advanced accelerated
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tests, primarily focusing on full-bridge and half-bridge converters, yet
often neglect the presence of other components within the circuit
[9-16]. In [9], a PFC converter was developed to study gate oxide and
package degradation. However, the setup is simplified and only ac-
counts for forward conduction, missing the real application conditions
and the complexity of a converter. The study in [13] presents an AC
power aging test utilizing a three-phase converter-to-load topology,
along with an apparatus and methodology for advanced accelerated
power cycling of power modules under realistic conditions. However,
this approach relies heavily on calibration tools, such as infrared cam-
eras and control software, to measure junction temperature accurately,
which increases both complexity and cost. The research in [14] indicates
no significant difference in failure modes between DC and PWM PCTs.
Nevertheless, as highlighted in [15], while differences in degradation
between DC and AC PCTs have been observed, further investigation is
warranted since this comparative study remains relatively nascent.
Additionally, [16] implemented a rapid PCT on a power module, with
load and cooling durations of less than 1 s per cycle, which resulted in a
notable concentration of voids forming exclusively in the central region
of the solder layer. However, this study evaluates the power device in
isolation, neglecting the interactions with other circuit components.
Which limits its ability to replicate real-world conditions and thermal
behaviors in converter applications.

To accurately assess the reliability of SiC MOSFETs under real
application conditions, an accelerated test using a converter rather than
a simplified setup is required. The H-ANPC inverter was selected for its
ability to replicate complex, real-world operations, such as high-
frequency switching and varied conduction modes, making it ideal for
providing a realistic testing environment. Recognized as one of the
popular inverter topologies for high-efficiency applications, especially
in three-phase PV inverters and bi-directional systems like battery
storage, the H-ANPC offers superior efficiency, flexible modulation, and
the ability to handle high-voltage applications up to 1500 V [17].
Despite its popularity, comprehensive studies on the reliability of this
inverter topology remain limited, which further supports its selection for
this investigation.

In this article, an Inverter-like Accelerated Test (IAT) is proposed and
compared with the standard PCT to evaluate the degradation phenom-
ena, reliability, and lifetime of SiC MOSFETs. The PCT, a widely used
method, is essential for evaluating device lifetime and degradation
mechanisms, providing valuable guidance for lifetime estimation during
product design [18]. Significant differences between the PCT and IAT
are elaborated in this article to highlight the value of realistic testing
protocols.

The article is structured as follows: Section 2 covers the operating
principles of the PCT and IAT and test bench design, while Section 3
details the junction temperature estimation method utilized. Section 4
provides insight into the lifetime estimation of the SiC MOSFETs. In
conclusion, Section 5 will showcase the experimental hardware results
and provide an in-depth discussion. Following that, Section 6 will
include concluding remarks.

2. Accelerated Tests (ATs)

This article discusses two distinct ATs that are conducted to assess
the reliability and lifetime evaluation of the SiC MOSFET by subjecting it
to harsh thermo-mechanical stresses and accelerated testing conditions.
During the tests, each device under test (DUT), which are SiC MOSFETSs
in this case, experiences cyclic changes in its junction temperature (T;)
and internal temperature distribution due to self-heating from conduc-
tion and switching losses, as well as active cooling from a dedicated
cooling system. The mismatch in thermal expansion coefficients of the
various material layers within the package results in the development of
thermomechanical stresses, particularly in regions with steep tempera-
ture gradients [19].

According to failure criteria, an increase of 5 % in the conduction
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voltage (Vps_on) or an increase of 15 % in thermal resistance (Rps_on) is
used to detect failures in the conductive path, such as wire bond or the
chip solder layer, respectively. However, these parameters are partially
correlated; for example, a higher Rps_on leads to a higher junction
temperature, causing an increase in Vps_ oy, which in turn amplifies
losses and results in a more pronounced temperature rise [19].

The ATs are described as follows:

1. PCT: In this test, the device is subjected to accelerated thermal
cycling conditions. The device undergoes cyclic changes in the
junction temperature within the package due to its conduction loss
while an active cooling system is operating. The conduction time
(Ton) and cooling time (Tog) last in the range of a few seconds. Also,
the input voltage remains low, whereas the DC current (Is) ap-
proaches the peak range of the device due to the temperature in-
crease caused by conduction loss.

2. IAT: In this test, the device is operated within an inverter. The device
experiences temperature cycling due to conduction and switching
losses and an external cooling system. The input voltage reaches the
nominal value of the inverter operation, and the device current ap-
proaches the peak value of its own. The aim of this test is to ensure
that the device experiences accelerated operation conditions for the
inverter. Additionally, the PCT primarily functions at the component
level, whereas IAT monitors device degradation during the inverter
operation, taking into account the presence and influence of other
components and maintaining the same temperature profile as the
inverter. This approach allows for the detection of different rates of
failure compared to PCT, and it is also a more realistic AT condition.

Although it is possible to operate PCT and IAT in different ways,
there are challenges in running PCT similarly to IAT or vice versa. For
example, achieving a higher frequency of junction temperature fluctu-
ation in PCT requires a high-speed heating and cooling system, which is
extremely difficult to implement. Additionally, the temperature profile
of the device in the inverter significantly impacts its lifetime. To operate
PCT with the exact temperature profile of the inverter, a more complex
circuit than the inverter would be necessary. On the other hand, the RMS
current of the device in PCT is significantly lower than in IAT. The load
current must be reduced to achieve the same RMS current as the PCT in
IAT, which substantially lowers the junction temperature of the device.
As a result, the IAT takes much longer to show any degradation. By
comparing the degradation rates in PCT and IAT, this article provides
information that is crucial for more realistically predicting the lifetime
of the device and optimizing the design and operation of inverters. In
addition, several necessary steps need to be considered to develop a
device model, including circuit design, selection of operating conditions,
duration of tests, reliability assessment, and lifetime evaluation, which
will be discussed in the following sections.

2.1. PCT principles and test bench

According to the previous discussion, the first step is circuit design
and selecting the type of device. In this article, a discrete SiC MOSFET in
TO-247 packages is used. A circuit consisting of a DC power supply,
protections, and an RL load for various PCTs is then developed. The
circuit diagram, which is a full bridge topology, and the temperature
profile of the PCT are shown in Fig. 1 and Fig. 2, respectively. There are
several advantages to using a full bridge inverter over other circuits,
such as its simple design and the requirement for a minimum amount of
input energy [18]. Additionally, forced air cooling is provided
throughout the duration of the test. The primary purpose of the testing
circuit is to conduct current through the SiC MOSFETs, causing the
junction temperature to increase to its maximum level. Subsequently,
the power is turned off until the temperature is reduced to a minimum
value.
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Fig. 1. Circuit diagram of H-bridge configuration.
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Fig. 2. The junction temperature profile of the DUT under PCT.

2.2. IAT principles and test bench

In this article, the IAT setup is an H-ANPC inverter that employs the
same SiC MOSFET as the PCT. However, the circuit presents increased
complexity. As illustrated in Fig. 3, the H-ANPC inverter comprises a DC
power supply, DC link capacitors, four Si IGBTs, two SiC MOSFETs,
snubber capacitors and resistors, and an LC filter. While the SiC
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Fig. 3. The H-ANPC inverter schematic.
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MOSFETs, Ss and Sg, operate at high frequency, the Si IGBTs, S;-Sa,
function at line frequency. The modes and operation of the H-ANPC
inverter are elaborated in [20] as hybrid topology B. Due to the mod-
ulation of the H-ANPC inverter, the SiC MOSFETs and their anti-parallel
diodes are conducted in different modes, influencing the lifetime of the
SiC MOSFETs, as detailed in subsequent sections. In the IAT setup, the
cooling mechanism relies on the desired junction temperature. Forced
air cooling is implemented during experimentation; however, the
number and power of the fans are adjusted based on desired stress
conditions. It is noted here that each is equipped with a heatsink to
manage thermal connectivity and isolation over the heatsink effectively.
As depicted in Fig. 4, the temperature profile of the SiC MOSFET
tracks the load current within half a cycle. Additionally, temperature
elevation occurs during diode conduction while the SiC MOSFET is
turned off (Ty region in Fig. 4), further affecting the lifetime of the SiC
MOSFET. Another notable distinction between the PCT and IAT tem-
perature profiles is illustrated in Fig. 4, where the ripple in junction
temperature is evident. This ripple effect stems from the SiC MOSFET
switching action and influences the overall junction temperature dy-
namics. Along the current path, each SiC MOSFET in the IAT setup is
influenced by other components, such as snubber filters and Si IGBTSs.

3. Online junction temperature estimation

Estimating junction temperature is essential for managing the ther-
mal stress of the SiC MOSFETs under different IAT test conditions and
determining the necessary cooling actions to maintain these conditions.
Regular monitoring of the junction temperature during testing is critical
to identify the end point of the test, which occurs due to device degra-
dation. This process also enables online monitoring of degradation
throughout the test duration. Moreover, monitoring the junction tem-
perature helps in issuing alerts if the temperature increase in one device
could potentially affect other devices and components. For SiC MOS-
FETs, the Rps on, which serves as an indicator of failure and is influ-
enced by the junction temperature. Consequently, degradation-related
changes in Rps_on, are typically reflected by a substantial rise in junction
temperature, signaling device failure.

Previously, external circuitry was built to enable the measurement of
on-state voltages that are typically much smaller in magnitude than the
blocking voltage of the device [21-23]. However, this requires addi-
tional circuitry and has the potential to interrupt the normal working of
the device, and with increased device count, this leads to converter size
and cost burden. In contrast, this article introduces a real-time method
that directly measures the electrothermal data of the device, facilitating
rapid estimation of junction temperature. The fundamental equation
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Fig. 4. The junction temperature profile of the DUT under IAT.
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governing the junction temperature estimation is given by

T} = Zth(jfc) Pross +Tc (€8]

where, Zy,;_) is the thermal impedance from junction to case, Py, is the
device power loss, and T is the case temperature. Foster thermal models
are used to represent the thermal network. The dynamic thermal
impedance parameters for the device thermal model are derived from
the thermal impedance plot given in its datasheet. The case temperature
is measured by placing thermocouples at the case of the device where it
is in contact with the heatsink. The power loss calculation is achieved
based on the data from the oscilloscope. This section further discusses
the methodology used to estimate junction temperature in real-time and
detect device degradation.

3.1. Power loss calculation

In the IAT setup, it is essential to account for both conduction and
switching losses due to the high-frequency switching of the H-ANPC
inverter. This necessitates a comprehensive measurement setup capable
of capturing current and voltage data of the devices over one line cycle,
with sufficient bandwidth to accurately record device switching infor-
mation. For this purpose, differential voltage probes are used to measure
the low on-state voltage across the DUT, while a high-resolution oscil-
loscope captures this data. A voltage probe with a 600 V range, com-
bined with the 16-bit ADC of the oscilloscope, achieves a resolution of
9.1 mV, which is suitable for detecting on-state voltages between 0 and
10 V. Moreover, a Rogowski current probe is wrapped around the leg of
the device under test to measure the current through the device. How-
ever, since using multiple such probes for all the devices is both
expensive and uses up multiple channels on the oscilloscope, a single
high-bandwidth current probe is instead used to measure the current
through the output inductor. Given the knowledge of the switching
states, this inductor current measurement can determine the current for
any device in the H-ANPC inverter. The Rogowski coil is then utilized to
verify the accuracy of the device current derived from the inductor
current measurements and calibrate the readings used for junction
temperature estimation.

The voltage and current data communication is achieved using TCP/
IP protocol over a local area network, connecting the oscilloscope to a
remote PC programmed for regular trigger-based data transmission. This
instantaneous data is processed to assess the discrete averaged power
loss to estimate the dynamic thermal variation in SiC MOSFETSs. For this,
the data collected on the remote PC, along with the case temperature
data, is passed through a MATLAB function that generates the dynamic
plot for the junction temperature. The conduction loss of the device at
the nth data sample is given by

Pcund(n) = iL (n) ® Vps (Tl) ° ]-Vps"/,,h.m (2)

where, Lonsncry, indicates a function that equals 1 when vpgny,, and

0 otherwise. Here vy, is the maximum on-state voltage of the device at
the maximum current and temperature that the device can handle
(~10 V). In (2) ir(n), and vps(n) are the inductor current and voltage,
respectively, at the nth data sample. Additionally, periodically, zoomed-
in waveforms are used to capture the switching transients. Switching
loss is calculated by integrating the current and voltage for the switching
on and off time. This, along with conduction loss averaged over each
switching cycle is used to obtain the average device power loss during
each switching period, and is given by

-1

3

Lon—1

Pcond((k — 1)m+n+ 1 ) + o Aty ( Z iDs(Tl)

n=1

Ploss(k) =

I
=)

n:

Log—1
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n=1

Microelectronics Reliability 165 (2025) 115589

In (3), k is the number of switching cycles in the line cycle, and
ranges from 1 to |¥|. For the oscilloscope Sampling Rate (SR), line fre-

quency of the test as f; and switching frequency f,,, N = SR/f; is the
record length of the oscilloscope and m = SR/f;,,. The switching loss is
measured by zoomed-in waveform centered at the turn-on and turn-off
duration, and thus L,, and L.y are the oscilloscope length during the
tune-on and turn-off duration.

3.2. Device degradation detection

Considering the sinusoidal operation of the H-ANPC inverter, Rps_on
of the SiC MOSFETs exhibits a cyclic pattern corresponding to the
operating condition of the power cycle. Therefore, the oscilloscope
measurement for the device current and voltage during the pth oscillo-
scope reading is used to calculate Rps_on those accounts for varying
power conditions as follows:

1 vs(n) o 1y, ’
Rps_on(p) = T Z <% ° 11#0 > 4)

N

where, 15 indicates a function that equals 1 when I # 0 and
0 otherwise. Since Rps_on is indicative of device degradation, which
affects junction temperature, IAT tests are conducted with a sufficient
margin to accommodate increases in Rps oy without causing over-
heating and premature device failure. This is verified through offline
measurements with a Keithley device characterizer at both the begin-
ning and end of the test, confirming the increase in this degradation
parameter at room temperature.

Fig. 5 presents a flowchart depicting the junction temperature esti-
mation process. Initially, inverter test parameters such as input voltage
(Vin), output current (iy,), and external cooling temperature (T,,,) are
adjusted to achieve the desired maximum junction temperature (Tj_s)
for the SiC MOSFETs under test. In this test, T, is the cooling provided
to achieve the desired case temperature through adjustments in fan
speed and power. Once the maximum junction temperature (Tj_max)
reaches the set value (Tj_m), adjustments to the input parameters are
halted, and continuous monitoring of Rps_oy is initiated. This real-time
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; 13

Vins louthcoo] 5 hoss *
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IPower loss calculationl E

Trigger data
acquisition
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Fig. 5. Flowchart for device temperature estimation and processing.
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Rps_on data, recorded at regular intervals, tracks the progression of
device degradation. The IAT test is concluded once the change in Rps_on
reaches its predefined threshold.

4. Experimental results

This section details the experimental setups and results for the PCT
and IAT. Measurements for each AT are captured using Tektronix
TBS2000B (for PCT) and MSO46 (for IAT) oscilloscopes. The power
supply and Digital Signal Processor (DSP) controller are KEPCO KLN
1500-30E and Texas Instruments TMS320F28379D, respectively. Device
case temperatures are recorded with Fluke 87-V multimeters. The ATs
were intermittently shut down, and the DUTs were extracted from the
converters. As illustrated in Fig. 6, in a separate set of experiments, the
variation in electrical parameters is measured offline using Keithley
instruments (models 8010, 2636B, 2651A, and 2657A). Subsequently,
the DUTs are assessed to examine the impact of degradation on their
electrical performance. The extracted electrical parameters in this
article are Rps_on, output characteristics, transfer characteristics, and
breakdown voltage. The comparative analysis of all samples revealed
consistent variations in the aging parameters. This article focuses on
showcasing a selection of representative experimental results.

4.1. PCT experimental setup and results

As mentioned, the PCT test bench is a full bridge topology that allows
four samples of each AT test condition to be run simultaneously. Fig. 7
illustrates the experimental PCT setup. As DUTs, at least a total of four
SiC MOSFETs are used for each PCT. In the PCT, the selected DUTs have
ratings of 1200 V/10 A. As a result, a summary of the operation and
testing parameters of the four PCTs is provided in Table 1. The experi-
mental waveform for one of the PCTs is depicted in Fig. 8 to illustrate the

Fig. 6. Keithley instruments to characterize DUTs.
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Stage
Boards

(b)

Fig. 7. (a) The PCT experimental hardware and (b) a zoomed-in view of
the enclosure.

Table 1
Summary of the PCT parameters for SiC MOSFET.
PCT # 1(A) ton/togs () AT; ('C) Tj—min('C) Nfpet
1 10 0.5/10 125 42 2850
2 9 1.75/10 76 48 7963
3 8 2.2/10 71 62 15,019
4 8 2.2/10 58 55 34,210

Time
[350 ms/div]

Load Current

Fig. 8. PCT experimental hardware waveforms of load current, drain-source,
and gate-source voltages.

operation of the converter. As indicated in Fig. 1, devices S; and S4 are
conducting in the same direction, whereas S, and S3 are operating in the
opposite direction. Additionally, there is a delay between each con-
duction to prevent any short-circuit occurrences.

In all experiments, after each test, the tested devices were charac-
terized to assess their performance accurately. Since almost similar re-
sults were observed from all samples, the data from all tests were
collected, plotted, and averaged to minimize variations and provide a
clearer representation of both the output and transfer characteristics.
According to the results from the Keithley instruments, the output
characteristics of the DUTSs for the pre-PCT and post-PCTs are depicted in
Fig. 9 (a) and (b). It is evident from Fig. 9 (b) that after PCT, the DUTs are
no longer influenced by a gate-source voltage higher than 8 V, as the
drain current saturates prematurely. Additionally, despite the increase
in Vpg beyond 4 V, the drain current Ips does not increase further after
PCT. However, in Fig. 9 (b), the post-PCT SiC MOSFET still exhibits a
slight increase in drain current of up to 4 % compared to the pre-test SiC
MOSFET. Moreover, the transfer characteristic of post-PCT SiC MOSFET
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Fig. 9. Output characteristics of the SiC MOSFET (a) pre-test (b) post-PCT with Fig. 12. PCT test results showing SiC MOSFET Rp;s o for test cases in Table 1.
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Fig. 10. The transfer characteristics of the pre-PCT and post-PCT SiC MOSFET.
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Fig. 14. The output characteristic of the SiC MOSFET during PCT.

is recorded. As shown in Fig. 10, the threshold voltage is shifted by 5.5
%. However, beyond a gate-source voltage of 7.5 V, the drain current of
the SiC MOSFET no longer increases, indicating that the device has
reached saturation. This behavior is consistent with the results in Fig. 9
(b), where the drain current saturates at approximately 0.6 A after PCT.

In Fig. 11, the breakdown voltages of pre-PCT and post-PCT are
displayed. It is evident that the drain-source junction of the SiC MOSFET
has been compromised, causing the SiC MOSFET to be unable to with-
stand voltages exceeding 156.9 V, which is 9.4 % of the nominal value.

In accordance with Table 1, the change characteristic of Rps_on is
displayed in Fig. 12. As mentioned previously, the failure criterion is
defined as a 15 % increase in the value of Rps on.

On another note, the change in threshold voltage Vi, for all PCTs is
illustrated in Fig. 13, providing insight into the shifts in device behavior
during testing. Furthermore, and as an example, Fig. 14 illustrates the
output characteristic for PCT 4 at a gate-source voltage Vgs of 20V,
highlighting the degradation in device performance caused by extended
cycling.

4.2. IAT experimental setup and results

In contrast to PCT, the experimental setup for IAT is more intricate.
As mentioned before, the input filter for IAT consists of DC Link ca-
pacitors, while the output filter consists of an LC filter. The setup details
are outlined in Table 2. The topology employed is an H-ANPC inverter. It
is crucial to design the H-ANPC inverter for the IAT with adequate

Table 2
Summary of the IAT test parameter specifications.
Parameter Value
Bus Voltage 800 V
DC-Link Capacitor 1190 pF
Si IGBT
(IKWO03N120H) 1200 v/10 A
SiC MOSFET
(C2M0280120D) 1200 V710 A
Snubber Capacitor 560 pF
Subber Resistor 50 Q
Inductor Filer 1.76 mH
Capacitor Filter 7.8 pF
Fundamental Frequency 10 Hz
Switching Frequency 42 kHz
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Oscilloscope

DC Link
Capacitors

Fig. 15. IAT experimental hardware setup.

Table 3
Summary of the IAT parameters for SiC MOSFET.
IAT # Tj-min( C) AT; ('C) Inax(A) Ny x 10°
1 43.5 84.5 10 8.8409
2 47 82 9.6 20.6968
3 43 80 9.4 28.4991
4 43 77 9.4 34.9463
5 51 61 9.3 71.8389
6 78 46 8.3 189.866

Time :
[40 ms/div] Outpnt \ oltage
[100 V7/di

N\ 7\ N\

Output Current
[3 Azdiv

Fig. 16. IAT experimental hardware waveforms of output current and voltage,
gate-source voltage.
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Fig. 17. Output characteristics of the post-IAT SiC MOSFET with varying Vgs.
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protection to safeguard other components in the event of device failure.
Additionally, precise inverter design is essential to mitigate issues such
as EMI noise. In each IAT test condition, the two SiC MOSFETs are
monitored, and their data is recorded. Some test conditions are repeated
to gather multiple samples. The experimental setup for IAT is depicted in
Fig. 15, and detailed test conditions are provided in Table 3. Further-
more, the line frequency is set at 10 Hz to increase device stress. Fig. 16
demonstrates the output voltage and current of the H-ANPC inverter as
one of the IAT conditions. The output and transfer characteristics of
DUTs according to the IAT results are illustrated in Figs. 15 and 16. The
output characteristics in post-IAT become consistent across different
gate-source voltages higher than 10 V, as shown in Fig. 17. Regarding
the drain current, it increases more significantly than post-PCT, yet it
still falls short compared to the pre-test SiC MOSFET (up to 20 %), shown
in Fig. 9(a). Fig. 18 illustrates the variation in transfer characteristics
over stress time. Throughout the aging process, the threshold voltage of
post-IAT SiC MOSFET increases by 5.5 %.

The breakdown voltage of pre-IAT and post-IAT are shown in Fig. 19.
The drain-source junction of the SiC MOSFET remains functional and
can effectively block voltage similar to the pre-IAT SiC MOSFET. The
failure criterion is the same as PCT (a 15 % increase in the value of
Rps_on). Hence, Rps_on is plotted based on Table 3 and displayed in
Fig. 20 to determine the Ny and lifetime of the SiC MOSFET. To better
comprehend the device degradation, the changes in threshold voltage
Vi, observed during all IATs are shown in Fig. 21. In addition, Fig. 22
presents the output characteristic for IAT 6 at a Vs of 20V, providing a
representative example illustrating the behavior of the device following
test cycles.

4.3. Junction temperature of DUTs verification

The lifetime estimation model for SiC MOSFETs subjected to the PCT
and IAT depends critically on the accurate estimation of the junction
temperature. To validate the precision of this estimation, a detailed
electrothermal model of the test circuit is simulated on SaberRD. The
device junction temperature from the simulation is compared with the
real-time estimation technique obtained following the procedure in
Section 3. Fig. 23 shows the time domain comparison of the estimated
and simulated junction temperature of the SiC MOSFET for a maximum
current of 10 A in the more complicated IAT setup. Additionally, the
parametric plot in Fig. 24 compares the estimated and simulated swings
in the junction temperature of the SiC MOSFET operating across various
device currents and a fixed case temperature. A maximum mismatch of
1.5 % validates the accuracy of the real-time junction temperature
estimation technique. This confirms the accuracy of the junction tem-
perature estimate used in the lifetime model.

5. Lifetime of SiC MOSFET and discussion
5.1. Lifetime assessment

The PCT results obtained from Table 1 (detailed in [24]) and IAT
captured in Table 3 are used to build an empirical lifetime model, spe-
cifically Bayerer’s model [25,26]. This lifetime model captures the
cycle-to-failure of semiconductor devices as a function of their electro-
thermal stress. The lifetime model describes the relationship between
the number of thermal cycles and device failure of the SiC MOSFETSs
under varying thermal and electrical stresses observed during the PCT
and IAT and is given by:

) )
j—min+273
Nf—KoATflne<Tj ) et o (5)

where Ny is the number of cycles to failure, t,, is the duration of the
device on time during each cycle, AT; is the junction temperatures
swing, Tj_mi, is the minimum temperature of the devices and I is the
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Fig. 24. Simulation and estimation of AT; of SiC MOSFET across the operating
current of the SiC MOSFET within the H-ANPC inverter.

Table 4
Lifetime model parameters for SiC MOSFET Tested.
K (x10) h fa (x 10%) Ps 2
PCT 3.5365 — 3.7534 6.0619 — 0.7506 —0.1970
IAT 40.0101 — 3.6654 5.2356 — 0.4282 —0.0115

current per bond wire. The model parameters K and f; — f, are deter-
mined by least squares curve fitting of the test data. These parameters
are presented in Table 4 and compared to those from previous PCTs
conducted on the same part number of SiC MOSFETs.

Following the determination of model parameters, a mission profile-
based device lifetime prediction is conducted. This involves simulating
the annual operational profile of the inverter and evaluating the tem-
perature stress of the SiC MOSFETs and damage accumulation using the
newly calibrated model. Mission profiles representing the typical
inverter operating power for PV inverters in Arizona (260 sunny, 100
cloudy days) and Seattle (130 sunny, 230 cloudy days) are used in this
paper. The operation of the H-ANPC inverter following the mission
profiles is translated into the junction temperature and current stress of
the SiC MOSFETs using a precise electrothermal model for the H-ANPC
inverter simulated on SaberRD. This simulation identifies periods of
cyclic thermal stress throughout the year, which are used to calculate
the cumulative damage for the SiC MOSFETs. Additionally, a Monte
Carlo analysis is applied to estimate the failure probability distribution
of the SiC MOSFETs. This statistical method accounts for variations in
model parameters and operational conditions, providing a probabilistic
view of device reliability. The authors describe the details of the lifetime
assessment process in [24]. Fig. 25 (a) and (b) present a comparison of
the unreliability functions of the SiC MOSFET in the H-ANPC inverter
based on lifetime models derived from IAT data and PCT data for Seattle-
like and Arizona-like mission profiles, respectively. The plots indicate
the By lifetime of the SiC MOSFETs, showing the probability of failure
for 10 % of the SiC MOSFETs in the H-ANPC inverter. The results indi-
cate that the SiC MOSFET lifetime estimation from the IAT-derived
model projects a 32 % lower lifetime compared to the PCT-based
model. This discrepancy suggests that the IAT-based model, which
more realistically replicates actual inverter operations, indicates a
higher failure probability for the SiC MOSFET in the H-ANPC inverter
than the PCT model. Consequently, the traditional PCT model may
overestimate the reliability of the SiC MOSFET, highlighting the
importance of using realistic testing methods like the IAT for more
realistic lifetime predictions.
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Fig. 25. The unreliability function for SiC MOSFET in the H-ANPC inverter is
based on the PCT and IAT lifetime model, operating in (a) Seattle and
(b) Arizona.

5.2. Comparison discussion

The PCT setup, characterized by a full-bridge topology and simul-
taneous testing of multiple samples, shows less complexity compared to
the more intricate IAT setup with an H-ANPC inverter. Both tests adhere
to a failure criterion defined by a 15 % increase in Rps_on. Based on these
results, it is evident that the SiC MOSFETs subjected to PCT experience
more significant degradation compared to those subjected to IAT. The
PCT results reveal that the Ipg saturates prematurely, limiting the post-
PCT output characteristics to only a modest 4 % increase in drain cur-
rent compared to pre-test conditions. This saturation is also reflected in
the transfer characteristics, which show a 5.5 % shift in threshold
voltage, with no further increase in current beyond a Vgg of 7.5 V,
indicating the device has reached the Ipg saturation. In contrast, the IAT
results demonstrate consistency in output characteristics across Vgs
higher than 10 V, with a more significant Ipg, although still up to 20 %
compared to pre-test conditions. Similarly, for the transfer characteris-
tics, the PCT results show a complete termination of response at 7.5 V
and a 5.5 % shift in threshold voltage, signaling the Ipg saturation con-
dition. The IAT, however, demonstrates a continuous response to gate-
source voltage and a similar shift in threshold voltage up to 7.5 V
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compared to PCT. In the same way, the breakdown voltage of the SiC
MOSFETs was measured after both post-PCT and post-IAT. The results
indicate that the post-PCT SiC MOSFET exhibits significant damage to its
drain-source junction, withstanding only 9.4 % of the pre-PCT SiC
MOSFET breakdown voltage value. In contrast, the drain-source junc-
tion of the post-IAT SiC MOSFET remains largely intact and performs
similarly to the pre-test MOSFET. It is important to mention here that the
results highlight distinct degradation behavior due to the different
testing conditions.

Additionally, the Rpg oy is increased by 15 % for both PCT and IAT
experiments. To address the root cause of the increase in Rps.on, it is
important to understand the components of Rps.on, which are as follows

Rps_on = Ren + Ryrer + Repi (6)
while Rcy is channel resistance, Ry is Junction Field Effect Transistor
(JFET) resistance, Rgp; is epitaxial layer resistance of the drift region. As
indicated in [27], the Rpg.on of a SiC MOSFET is particularly sensitive to
changes in the threshold voltage (Vy,), which primarily correlates with
Rcp. The channel resistance is given by the following equation,

L L

Ren = ~
o W/'tnqninv W,uncox(VG,use - Vth)

)

where W is channel width, L is Channel length, p, is free electron
mobility, g is elementary charge, n;,, is inversion charge density at the
interface, Vg ys is Gate drive voltage, Vi, is the threshold voltage of the
device, C,y is gate oxide capacitance. Based on (6), (7), Fig. 13, and
Fig. 21, the change in R¢y is approximately 3.45 %. As mentioned, the
Rps.on is increased by 15 % after PCT and IAT tests. Therefore, the
primary contributor to the degradation of Rpg.oy is package degradation
rather than changes in R¢y.

The other important difference between PCT and IAT is the lifetime
prediction based on the PCT and IAT model derived in Section 5. The
results show that the IAT-based model, which closely replicates actual
H-ANPC inverter operations, predicts a 32 % shorter lifetime for the SiC
MOSFETs compared to the PCT-based model. This suggests that the PCT
method tends to overestimate the lifetime, highlighting a potential
overestimation of reliability when using traditional PCT methods.
Therefore, according to the differences between PCT and IAT, the article
underscores the importance of using realistic testing methods like IAT
for more accurate lifetime predictions of SiC MOSFETs in inverters.

6. Conclusion

The importance of realistic testing protocols for assessing the long-
term reliability of SiC MOSFETs in power electronics applications
under real-world operating conditions is emphasized in this article. As
discussed in Section 5, a detailed comparison between the IAT and the
standard PCT revealed significant differences in degradation behavior
and lifetime predictions. The IAT, which replicates the operational
conditions of the H-ANPC inverter closely, projected a 32 % shorter
lifetime for SiC MOSFETs compared to the PCT. This suggests that the
PCT method tends to overestimate reliability, potentially leading to
unrealistic expectations of device performance over time. Conversely,
the PCT was found to cause significantly more degradation to the SiC
MOSFETs than the IAT. Additionally, the observed increase in Rps.op is
primarily linked to package degradation rather than a shift in the
threshold voltage. Future studies will aim to investigate further and
pinpoint the exact mechanisms underlying this package-related degra-
dation. These findings underscore the importance of evaluating devices
within their specific operational conditions and temperature profiles,
particularly in converter-specific accelerated testing scenarios, as
demonstrated with the H-ANPC inverter in this article.
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