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Long-term reliability analysis of bipolar stress in SiC power MOSFETSs
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This paper examines the reliability of SIC DMOS power transistors in a DC-DC boost converter circuit. This reliability analysis focuses
on the impact of bias temperature instabilities (BTI) on the electrical performance of the transistor, taking into account the variation of
one of the most critical parameters of a SiC power MOSFET: the on-resist&jgk (The study presented in this work also provides an
insight into the importance of using an accurate physical reliability model to estimate the transistor’s real threshold voltage drift for a long
operating time. We demonstrate that SiC DMOS technology exhibits a higher threshold véftagend R.. stability when operated in

a bipolar mode. As a result, data derived from measure-stress-measure (MSM) sequences are used to calibrate the defect parameters o
two-state non-radiative multi-phonon model (NMP) that captures the charge trapping kinetics of oxide and interface defects in a reliability
simulation framework, Comphy. The analysis shows that an extrapolation of device deterioration at operating conditionssettings reduces bias
temperature instabilities (BTI), leading to a minimal on-state loss degradation.
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1. Introduction exhibits notable advantages in terms of electrical breakdown

field, thermal conductivity, and high electron mobility [7],
Power converter circuits are widely used in many applicawhich result in lower on-resistance?(,) values than con-
tions where their continuous operation is required. Howevelyentional silicon technology.

these converters are continuously under stressful conditions . ) .
like overvoltage, overcurrent, high temperature, and harsh HOWever, it is well known that the bias temperature in-
environments, which leads to an unavoidable degradation ofaPilities (BT) degradation phenomena for SIC MOSFETs
the components of the circuit, causing, in some cases, irrdl1aY lead to thermal stress of the device, a d(_ecrease in effi-
versible damagen real operating conditions, power devices C1€NcY: electrical stress at the gate area, an increase of the
are frequently subjected to coupled thermo-mechanical anHanmstor leakage current due to _breakdown, as well as an
electrical stresses, such as those induced by power Cycnn@crease of thei,,, and other undesirable effects [8-1Ble-
which can simultaneously affect both chip-level and package-em wo.rks have h!ghllghted that .extreme electric field stress
level reliability. These conditions have been shown to induc&@n activate additional degradation pathways, such as hole
progressive degradation in key parameters such as threshd[yection and trap generation in the gate o>_<!de, which signifi-
voltage, on-state resistance, and switching performance, ultFantly accelerate threshold voltage instability [14].
mately impacting device lifetime and system reliability [1]. One crucial aspect to be considered for the SiC power
Under high switching speeds and voltage slew rates, adMIOSFETSs, precisely, is the threshold voltage driftV(y,)
ditional dynamic stress mechanisms may arise, further chalinder long-term operation. The BTl impact caused by con-
lenging device reliability [2]. In addition to long-term aging tinuous bias at the gate has been well studied [15-426{v-
mechanisms, recent studies have shown that extreme operaiser, recent studies have shown that the degradation behav-
ing conditions such as short-circuit events and high electricalbr of SiC MOSFETSs strongly depends on the device struc-
stress can significantly accelerate degradation processes atutle, particularly in trench gate configurations, where electric
trigger failure mechanisms such as gate oxide breakdown arfikld crowding and oxide/interface quality can lead to signif-
thermal runaway, severely impacting device reliability [3]. icantly different reliability characteristics compared to pla-
In this sense, power semiconductor switches are welhar devices. In particular, distinct threshold voltage instabil-
known to be the most affected and, hence, the main causgy mechanisms, including electron and hole trapping, have
for the system failure [4,5]. Some reports and studies indibeen reported to vary with gate architecture, bias polarity,
cate that almost a third of the total failure is due to the ag-and temperature [21]At the physical level, this degrada-
ing phenomena of semiconductor switches, which are genetion is mainly attributed to charge trapping and detrapping
ally MOSFET transistors [6]. With the integration of wide- processes associated with defects at the SiC/SiO2 interface
bandgap materials, such as SiC, it has been possible to dand within the gate oxide, which govern the threshold volt-
sign more efficient power electronics systems. This materiahge shift under both DC and AC stress conditions [22].
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The different properties of the semiconductor-dielectricnificantV;,, shifts and oxide degradation [14}.is only pos-
interface and the nature of the wide-bandgap material silicosible to identify this other component in long-term switching
carbide (SiC) compared to its silicon counterpart cause somgests. Recent studies have shown that under dynamic gate
peculiar characteristics in tHg,, variation and BTI. On the stress conditions, this threshold voltage drift can be signifi-
other hand, while these SiC properties are suitable for circuitantly enhanced and is strongly dependent on operating con-
applications, the degradation of SiC MOSFETSs under severalitions such as temperature and gate bias, directly impact-
operating conditions, including switching frequency, needsng on-resistance and long-term device reliability [22]. The
to be fully understoodespecially under dynamic operating effect is related to gate-oxide trap dynamics [12, 26]. The
conditions where recent studies have reported complex inteincrease ofi;;, causes a slight rise iR,,,, which translates
actions between gate bias, temperature, and switching cyclésto increased on-state losses over time. For this reason, to
affecting threshold voltage stability [23} particular, recent account for a very accurate physical trapping model to pre-
studies have highlighted that conventional static stress testfict the V4, drift behavior over timeijt is essential to con-
are not sufficient to capture the complex degradation mechasider defect-dependent charge trapping mechanisms at the
nisms occurring under dynamic high dV/dt conditions, whereatomic scale, which directly influence the long-term insta-
electric field enhancement and gate oxide stress can signifiility of SIC MOSFETSs [22], as well as degradation under
cantly impact device reliability [2]t could be beneficial to cyclic electrothermal stress conditions, where the interaction
determine the useful lifetime of commercially introduced andbetween static and dynamic degradation mechanisms signif-
available devices [24]. icantly influences long-term device reliability and lifetime

Another significant advantage of the commercially SiCprediction [1].
power transistors is the switching-speed performance (speed Finally, in this work, we highlight the importance of using
between on and off states), whereig, as low as possible a very accurate physical defect model to estimate the thresh-
is required [25]. HowevetR,,, is significantly influenced by old voltage drift (AV4;;,) over time. We also present the re-
the driving voltageij.e., the gate voltage. Therefore, to know markable difference when the transistors work under bipolar
how theR,,, behaves under the instabilities introduced by theV; operation and unipoldrg operation in terms oR,,, vari-
gate voltage stress, the reliability study of power MOSFETsation due to the impact of the BTI degradation mechanism,
based on SiC gains more critical importance. which is critical for the lifetime projection operation of the

The threshold voltage of SiC power MOSFETS, besideslevices.
the drift caused by static stress, may undergo an additional
shift triggered by switching events (turn-On and turn-Off of o )
the transistor). Under more extreme operating conditions, 2. Stress pattern definition and physical
such as high-amplitude gate voltage transients or electrostatic ~ charge trapping model calibration
discharge-like events, the degradation can be further acceler-
ated due to strong electric field effects in the gate oxide. ReSIC DMOSFETs commonly use a bipolar gate drive, where a
cent studies have shown that hole trapping and field-assistedightly negative voltage is applied during the off-state. This
charge injection dominate the threshold voltage instabilityjtechnique helps suppress long-term changes in bgtfand
under such ultra-high gate stress conditions, leading to sigEon, Which are typically affected by BTI.
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FIGURE 1. Configuration coordinate diagram illustrating the two-state non-radiative multi-phonon (NMP) model for oxide defects. The
potential energy surfacds; (q) andE(q) represent the defect in two different charge states as a function of the configuration coordinate q.
Transitions between states, governed by phonon-assisted capture and emissibp, dégend on the energy barriefs, and Ez:. The
diagram includes alignment of defect levels relative to the conduction bandreggealence band edgky, and trap leveFr. This model
is used within the Comphy simulation framework to evaluate the occupancy dynamics of defects over time, which directly influence the
effective threshold voltage shift\V;,) observed in BTI-stressed MOSFETS.
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FIGURE 4. Experimental threshold voltage drift values can be
reproduced accurately by using the Comphy reliability simulator
based on the Physical Charge Trapping Model (NMP) for a DC

FIGURE 2. AC (top) and extended DC (bottom) MSM stress
schemes are used to extract threshold voltage sAift;{) over
time. The AC scheme applies pulsed gate stress with recovery,

while the DC scheme uses prolonged stress phases to capture lon ASM scheme.
term degradation behavior in SIiC MOSFETSs.
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reproduced accurately by using the Comphy reliability simulator T T
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MSM scheme. W
. . . FIGURE 5. Threshold voltage shiftAV;y) over time under AC and

BTI is mainly caused by charge trapping at Qefects neapc stress, extrapolated ur?to 10t)£/6ez;r}s) after calibrating the reliabil-
the interface between the channel and gate oxide. To angy simulation framework, highlighting stronger degradation from
lyze and predict this behavior, researchers use a non-radiati@nstant high-voltage DC stress compared to pulsed AC stress con-
multi-phonon (NMP), as depicted in Fig, which is based on  ditions.
detailed physical parameters of the materials and defects in-
volved. sequences, which provide insights into the underlying de-

To accurately model the charge trapping behavior offect dynamics. A comprehensive dataset collected from a
oxide and interface defects, we calibrate a two-state noneommercially available SIC DMOSFET, which includes both
radiative multi-phonon model within our simulation frame- long-term DC stress and short-term AC MSM (measure-
work, Comphy [26]. This calibration is based on experimen-stress-measure) sequences, as shown ir2-ig. utilized to
tal data derived from measure-stress-measure (MSM) extract the characteristics of the underlying defects.
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Vout 800V -
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FIGURE 6. Schematic of the boost converter circuit analyzed in

The results of both short-term AQ;, data for bipolar  this work.

gate drive and long-term D@;,, data for acceleratedy
atT = 300 K stress situations and standard operating cirtypical operating frequency for SiC devices is 100 kHz, a
cumstances are displayed in Fi@sand 4, respectively. As  duty cycle of 0.5, and/ign and Vi, of 15 V and—4 V,

can be seen, the physical charge trapping model (NMP) agespectively, for the PWM pulse applied to the gate of tran-
curately reproduces the observed behavioAdf, for both  sjstors.

stress conditions. This allows the calibration of our sim-  |n this study, we used a commercially available SiC

ulation framework to reproduce th&Vy, behavior for ex-  power MOSFET produced by Wolfspeed. To improve the ac-

tended operating times, for instance, up to 10 years. Simcuracy of our analysis, we utilized the manufacturer-provided

ulation results show that bipolar gate operation significantlyspICE model. For engineers developing silicon carbide (SiC)
improves reliability and reduces degradation, making it pospower systems, Wolfspeed’s SPICE models offer significant
sible to maintain stable performance with minimal eﬁiCiencyadvantages, particu|ar|y in achieving accurate simulations
loss even over extended lifetimes, such as 10 years, as ShO\ﬁﬁd optimizing overall System performance_ These mod-
in Fig./5. els account for critical parasitic components-such as capaci-
tances and inductances-that are vital for the behavior of high-
speed SiC devices. Including these effects in simulations
leads to results that more closely reflect real-world perfor-

mance. The results from the simulation analysis were ob-
Figurel6l shows the schematic representation of the DC-Ddained considering the circuit performance parameters shown
boost converter circuit analyzed in this work. The value of ain Tablel.

3. Analyzed circuit and reliability analysis
strategy through SPICE simulation
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FIGURE 7. SPICE simulation of MOSFET aging using a BTl-induced threshold voltage shift madél,(t)), integrated into the device
netlist. The figure illustrates transfer characteristics, on-resistatgg,(@nd power loss evolution asVsy, is updated over time.
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FIGURE 8. a) Drain-to-source voltagel’hs) and c) drain currentlrs) waveforms during switching events of boost converter circuit
performance, illustrating ON and OFF states. b) Zoomed-in view highlighting the increasg diie to the rise of th&ps minimum value
when it drops during the ON state affected by the threshold voltagesshift. d) AV;, has negligible impact ofps.

To represent the BTI impact on the transistor behavior, On the other hand, the oscillations observed in the switch-
an equivalent modification is done to the netlist of the traning waveforms are primarily caused by the interaction be-
sistor model. It was considered adding an independent coriween parasitic inductances in the circuit loop and the in-
stant voltage source connected in series to the internal gaténsic capacitances of the device, forming an underdamped
of the MOSFET to take into account the degradation of thd.C network. During fast switching transitions, this results
device due to the known aging mechanisms, which means tha ringing phenomena in both voltage and current wave-
drift of the threshold voltageXV;y,) [27,28], as shown inthe forms. The effect is further amplified by the high/d¢ and
diagram from FigiZ. di/dt characteristics of SIiC MOSFETSs, as well as the pres-

Figure8 shows the drain-to-source voltagepi) and  ence of packaging parasitics such as bond wire inductance.
drain-to-source currentlfs) during boost converter cir- Therefore, these oscillations are mainly attributed to circuit-
cuit performance. The extracted signals correspond to norlevel parasitic effects rather than intrinsic device degradation
degraded operation conditiori®., AV;, = 0, and consider mechanisms.
degradation due to BTI impact for two differettV;,;, val- Using the well-known Ohm'’s law, the valug,, can be
ues. As can be seen, BTl has a negligible impactfgn ~ extracted as follows:

During on-state operating timépg drops to a value close
to zero due to an increase in the on-resistance caused by the
threshold voltage driftAV;y,).

The increase if/pg during the on-state suggests a pro-3 1.
gressive rise inRk,,, which can be linked to degradation of
the channel region due to charge trapping at$h@/SiO» In Fig.19¢), the computed paramet®y,,, extrapolation is pre-
interface. This trapping modifies the inversion layer forma-sented for eack\V;;, value over 10 years of operating time
tion and reduces effective carrier mobility, thereby increasingvhen both bipolar gate-drive and unipolar gate-drive oper-
the conduction resistance. Furthermore, additional contribuations are considered. Eackl;;,, value contains singular
tions from contact resistance and package parasitics canndégradation information at a specific time value during cir-
be neglected under prolonged stress conditions. cuit performance.

Ron _ VDsfon . (1)
IDS—on

Impact of BTI on device and circuit parameters
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FIGURE 9. According to the extracted values &fR,,, a) for eachAV4;, from our calibrated framework, static on-state losses after 10 years
can be reduced around 30% when bipolar AC gate-drive operation is considered b).

It is noteworthy that, after a decade, the?,,, shows an 4. Conclusions
increase of around 30% in on-state loss for unipolar gate-
drive operation (long-term stress scheme) in comparison 41 conclusion, our calibrated simulations estimate a 30% re-
bipolar AC mode (short-term stress scheme) at a duty cycle dfuction in on-state loss at bipolar (AQ); operation over
d = 0.5, Figlon). The higher gate stress in unipolar drive ac- unipolar (DC)V gate-drive signals. According to these find-
celerates BTl degradation, leading to more pronounced shift§'9s, BTI-induced degradation has only a minor impact to
in device behavior. This degradation is particularly critical in POWer conversion efficiency under the suggested operating
high-frequency or high-load scenarios, where elevdtgg ~ Circumstances. However, special attention has to be paid dur-
has a larger impact on converter performance. These findind89 the design phase for gate-driving strategies to mitigate
highlight the importance of considering BTI effects during BT! impact, especially in long-lifetime applications like au-
the design phase and suggest that gate-drive strategies shot@énotive or industrial power converters.
be carefully chosen to balance performance and long-term

reliability.
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