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Abstract

In this study, the experimental evaluation and migaé analysis of short-circuit

mechanisms of 1200 V SiC planar and trench MOSRE{di® conducted at various DC
bus voltages from 400 to 800 V. Investigation oé timpact of DC bus voltage on
short-circuit capability yielded results that asdremely useful for many existing power
electronics applications. Three failure mechanisvase identified in this study: thermal
runaway, MOS channel current following device toffy-and rupture of the gate oxide
layer (gate oxide layer damage). The SiC MOSFETsee&nced lattice temperatures
exceeding 1000 K during the short-circuit transieas Si insulated gate bipolar
transistors (IGBTs) are not typically subject toctsutemperatures, the MOSFETs
experienced distinct failure modes, and the mogerenced was significantly influenced
by the DC bus voltage. In conclusion, suggestiegsurding the SiC MOSFET design and

operation methods that would enhance device robsstare proposed.
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1. Introduction

Owing to their wide band gap and higher thermabédjty, 2 silicon carbide (SiC) power
metal oxide semiconductor field effect transistd O SFETSs), which typically have lower
on-resistances and switching losses for a giveokiolg voltage, are expected to replace
silicon (Si) - insulated gate bipolar transistdGETs) in many application areas, such as
electric vehicles (EVs), plug-in hybrid vehicles HBVs), and traction. As such
applications have strict requirements for systerswathbility, it is essential to explore
optimized structures and operations for SiC MOSHETscilitate the future development
of SIC MOSFETs with greatly enhanced robustness.

There is a particularly strict requirement for SMOSFETs to be capable of
withstanding the high-current flow that occurs dgra short-circuit state, such as a ground
fault or a load short circuit, while supporting higoltage being applied to the drain
electrode. This “withstand capability”, under sitameous application of high current and
high voltage during short-circuit states, is reddrto as the short-circuit safe operating area
(SCSOA). The SCSOAs of SIC MOSFETs have alreadyn begaluated, using
experimental and simulation methods, in many saidf and some explanations of the
internal physical mechanisms responsible for thecds’ short-circuit failures have been
proposed. Thermal runaway is a well-known shoxttgir failure mechanism of SiC
MOSFETs as well as Si IGBTs? It has been reported that, in addition to thermaaway,
there are other failure modes during the shortidirstate, such as increased gate leakage
current and gate oxide ruptut€. For example, SiC planar and trench MOSFETs wih th
gate oxide layers experience high electric fieRd8 MV/cm) and temperatures (> 1700 K),
leading to a breakdown of the gate oxide layeéf’ Unlike in Si IGBTs, lattice
temperatures in SiIC MOSFETs have been reportedxteed 1000 K during the
short-circuit transient without device failife.SiC MOSFETs can withstand such
temperatures because, under short-circuit condlitiba applied electric field and the
current density in their n-drift region can exc&@ MV/cm and 1000 A/ch respectively,
which are much higher than those of Si IGBTSs.

Therefore, excessive gate leakage current and deyee rupture, which have not been
reported as Si IGBT failure mechanisms, appeaetthb causes of short-circuit failure in
SiC MOSFETS'® Another SiC MOSFET failure mode that has been ntepois the
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melting of surface metallization during the shdreuit transient> *2 In addition, under
unclamped inductive switching (UIS) conditions, &€ SMOSFET was reported to be
destroyed by the MOS channel current, even afteicdeurn-off>¥

DC input voltage is frequently altered in orderctntrol the output AC voltage (and
thereby the motor speed) in many existing investeten?®, particularly in EV / PHEV
applications; thus, it is important to note that thvestigations in this study are extremely
relevant to existing SiC MOSFET applications. Aating to Ref. 26, SiC planar
MOSFETs have two failure mechanisms at different IRG voltages. In this study, we
conducted a precise experimental and numericalstigagion of SiC planar and trench
MOSFET failure mechanisms during the short-cirstatte by varying the DC bus voltage
and negative gate voltage, and examined whichr&ilnode occurred at each DC bus

voltage.

2. Experimental and simulated methods
SiC MOSFETSs of two commercially available desigmse with a planar structure and the
other a trench gate structure, were measured aalyzawd, with their schematic cross
sections shown in Fig. 1. The trench device is SIBOAL (rated 650 V / 70 A and the
planar one is C2M0160120D (rated 1200 V / 1F%AYhe trench MOSFET was designed
with deep p+ regions in order to reduce the eledikeid at the trench bottom when a high
drain-to-source voltage is appliéd.In the planar MOSFET, the thickness of the n-drift
layer was 10um, and the doping concentration was of 6.0 **> 10>, In the trench
MOSFET, the thickness of the n-drift layer wagr, and the doping concentration was
7.5 x 10° cm®. The gate oxide thickness was 50 nm in both dsvitke off- and on-state
characteristics of the devices are shown in FigAt2room temperature, the breakdown
voltage and specific on-resistand® + A) of the planar MOSFET were 1670 V [with a
drain current Ig) of 1 mA] and 4.4 M cnt [gate-to-source voltagevgs) of 20 V],
respectively. The corresponding values for thecneddOSFET were 1270 M{ of 1 mA)
and 3.3 M cn? (Vgs of 20 V), respectively. Although the rated voltagfethe SiC trench
MOSFET is 650 V, the breakdown voltage of the devgover 1200 V. Therefore, both
devices can be considered 1200 V SiC MOSFETSs. CTtieeaarea of the planar MOSFET
was 3.09 mr) and that of the trench MOSFET was 9.18%rihe gate threshold voltages
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were 2.5V for the planar MOSFET and 4.7 V for tlench MOSFET at room temperature.
The gate threshold voltage was defined as the\gdtage when the drain current was at
one-thousandth of the rated current at an appliach-do-source voltage of 10 V.

Figure 3 shows the experimental setup for the stiartiit test and a diagram of the
equivalent circuit. A DC power suppl¥d{g) with a maximum DC voltage of 800 V was
used. According to Ref. 10, a high drain surgeag®tin a MOSFET after device turn-off
can trigger an avalanche failure. Therefore, irs thiudy, a gate resistor providing a
relatively high gate resistand®;) of 47 Q was connected to the gate electrode when
measurements were taken. In this paper, SCSOA measunts were performed at room
temperature, while varying the voltage from 4008@0 V, in order to investigate the
failure mechanisms described above.

The calculated device structures of planar ancclrdlOSFETs were modeled to meet
the current-voltage characteristics @fVgs and k-Vgs curves of the measured devices
mentioned above. Figure 4 shows the comparisong-dyd and k-Vgs curves of the
simulated results, measured results, and publistgdts in a datashe#. Since there is
no equipment that can measure a static drain duofemore than 20 A in our laboratory,
the calculated device structures were also modeléake higher drain current region using
data published in the datasheet as shown in Hig). 4

3. Results and discussion

3.1 Short-circuit capability at high DC bus voltage (800 V)

A DC bus voltage of 800 V is very high, correspondio roughly 48 and 63% of the
breakdown voltages of the planar and trench MOSHRETIs study, respectively; thus,
extremely high drain currents were generated indénaces, resulting in a severe power
dissipation during the short-circuit state, conitaguuntil the short-circuit condition ended.
On the basis of the feedback to the MOSFET comirolit, many of the MOSFETs used
in existing power electronics applications will sassfully turn off, when experiencing
short-circuit conditions, before the device undegyaestructive failure. At a DC bus
voltage of 800 V, this shut down must occur withughly 10us, which is the standard
requirement for 1200 V Si IGBT devic&s.

Figure 5 shows the measured short-circuit curreuwl \ltage waveforms of the SiC
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planar and trench MOSFETSs. For these measurenibatgate voltages were set at +18 to
-5V for the planar MOSFET, and +15 to -4 V for thench MOSFET. The negative gate
biasesare set to the recommended values written in thiastlaets.Our dynamic
measurement hardware cannot measure currents eftimam 300 A. The drain current of
SiC trench MOSFETs exceeded 300 A with a positate dpias of 18 V. Owing to the need
to reduce the drain current, the positive gate was set to 15 V in the SiC trench
MOSFETSs. Both devices were configured to entera@tstircuit state in response to the

gate turn-on signal. Energy dissipation duringghert-circuit state is described by
t
Esc= [,* Vgslydt , (1)

where Esc is the short-circuit energy dissipated during ghert-circuit statetsc is the
short-circuit time Vgs is the drain-to-source voltage, akds the drain current. In devices
with the same rated current, the dies of SIC MOSF&E typically designed to be smaller
than those of Si IGBTSs, owing to the lower on-rigsises of SIC MOSFET# the present
study, immense short-circuit power dissipation o in the SiC MOSFETSs owing to the
simultaneous presence of high voltage and currensity; astsc increases, the inner
temperature of these devices increases rapidiytealty resulting in device failurén this
study, the critical period of time from the begimgiof short-circuit conditions until device
turn-off (due to the gate turning off) is definegithe short-circuit capabilitysc_cr

The measuretkc_crvalues were 5.8 and 58 and the measuréfic values were 10.4
and 9.9 J/crhfor the SiC planar and trench MOSFETespectively. At device turn-off, the
device failures had not occurred; however, at 26 40us after device turn-off, for the
planar and trench MOSFETS, respectively, delayédrés were observedn addition, an
increased leakage current appeared as a tail ¢wafen device turn-off, despite the fact
that such a tail current should not be presennipalar devicesThe tail current occurred
primarily because the combination of high voltage increased hole current generated a
severe power dissipation in the devidespite the short-circuit conditions no longer bein
present. If the dissipated power exceeds the pbeieg transferred away from the device,
the hole current will further increase and tempees will increase, leading to a positive

feedback process known as thermal runatay.
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In order to better investigate the interior of tBe&C planar and trench MOSFETS, a
two-dimensional electrothermal mixed-mode devicenusation was conducted. The
simulated SiC planar and trench MOSFETs were dedigon the basis of the
current-voltage characteristics of the devices dath from Refs. 26 and 29, with
simulations performed under the same conditionstresse of the aforementioned
measurements of the actual devices. Figures 6 ambw the simulated drain current and
maximum temperature waveforms, hole densitiestamgerature distributions for the SiC
planar and trench MOSFETs during the short-cirti@nsient. It was revealed that the
highest-temperature region was initially and pmadly located in the n-drift layer,
spreading to the device surface over tids. shown in Fig. 7(d), the simulated lattice
temperature and hole density in the n-drift layecréased with the short-circuit time,
reaching roughly 1700 K and 4.5 x't@m?, respectively, immediately after the gate
voltage was turned offAs a result, the generated hole current passiraugfir the p-well
layer underneath the n+ source region increaseahliag the activation of the parasitic
npn bipolar junction transistor (as shown in Fiyj. @&d finally, the device failedzrom
these simulated results, the time delay between MEXTSurn-off and actual device failure
(shown in Fig. 6xorresponds to the time required for heat to geaenathe n-drift region
and diffuse to the p-well/n+ source junction in ffaasitic npn transistor, and finally, for
activating this transistorThis positive feedback loop is the SIiC MOSFET failu
mechanism known as thermal runaway, which occumsst identically in Si IGBTE? 3V

Figure 9 shows a top view of one of the SiC treMEDSFETS after a short-circuit test at
a DC bus voltage of 800 Vit is clear that the source electrode near the ingnaires
melted as a result of a sudden marked increaseaim d¢urrent immediately after the
aforementioned activation of the parasitic npn gistor. Table | shows the measured
resistances between three terminalg, (Rys, and Rg) of the failed SiC planar and trench
MOSFETSs after the short-circuit test. It is appartrat the extremely low resistances
between the electrodes resulted in all of them im&eg completely shorted.

In Fig. 7(d), it can be seen that the simulateticettemperature in the MOS channel
region became extremely high (roughly 1500 K); assault, the SiC MOSFET could not
turn off completely, even after gate turn-off owitggthe reduction in the gate threshold
voltage. This is similar to the aforementioned seenreported by Fayyaet al., in which
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a SiC MOSFET was destroyed by the MOS channel oudering the UIS transieAf)
Figure 10 shows the measured short-circuit wavesooirthe SiC trench MOSFET when
the negative gate voltag® on) was set to higher than -10 V. It is clear tharénwas
minimal improvement intsc ck and the current and voltage waveforms were almost
identical to those shown in Fig. 5(b); thus, thecebn current flowing through the MOS
channel after device turn-off was not the primaguse of device failure under the
specified conditions.

As seen in the measured waveforms shown in Fithesgate voltages in both types of
MOSFET decreased gradually as the short-circuitstemt increased. This change in the
gate voltageAVys was caused by gate oxide degradation caused hycegase in gate
leakage current due to high gate electric field kttice temperaturelThis gate leakage
current, which is caused by Fowler-Nordheim turmeetand Poole-Frenkel emissiti®?
increased as a result of the higher temperatusaltieg in damage to the gate oxide layer.
Note that this damage to the gate oxide layer waesuwntered during the gate turn-on
(Vgs_on period. Figure 11 shows the measured short-tiraaiveforms of the trench
MOSFET at a reducedys on0f 12 V. It can be seen thatV,s becomes lower than 0.8 V,

indicating that the gate leakage current was ssbas reduced. However, the values of
Esc remain almost identical (9.9 J/€mt aVys_on0f 15 V, and 10.0 J/cfrat aVgys_onOf 12
V). These results indicate that neither increased tpakage current nor gate oxidmpture
was the principal cause of device failure undersimecified conditions.

Therefore, at the high DC bus voltage of 800 V, $¢ MOSFETSs failed owing to the
activation of their npn transistors induced by ertmally generated hole current in the n-
drift layer. Moreover, there was no significantfeiience in the failure modes of the planar
and trench MOSFETSs.

3.2 Short-circuit capability at medium DC bus voltage (600 V)

In order to evaluate the effect of reducing thecemtration of thermally generated holes
produced by a high electric field in the n-driftyéa, Vyg was set to the lower DC bus
voltage of 600 V, corresponding to roughly 36 af@odof the breakdown voltages of the
planar and trench MOSFETSs, respectively. Figuresh@ws the measured short-circuit
current and voltage waveforms for the two typeMGISFET. For these measurements, the
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gate voltages were set from +18 to -5 V in the atadevices and from +15 to -4 V in the
trench devices. Thic crVvalues were 9.0 and 8% and theEsc values were 12.4 and
10.3 J/cr for the planar and trench MOSFETS, respectivefycAn be seen in Fig. 12, the
currents increased suddenly in the planar MOSFE€&mwtlevice failure occurred, and
these failures resemble the thermal runaway prodessribed in Sect. 3.1. However, the
sudden increase in drain current ended abruptiheéntrench MOSFETSs. Device failure
was characterized by a collapse in the gate voltayeform from -4 to -3.4 V in the
trench MOSFET. The obtained results differed betwtde planar and trench MOSFETs at
a DC bus voltage of 600 V. As with the results &G&bus voltage of 800 V, tHesc of the
planar MOSFET was greater than that of the tren@SHET. It is assumed that the higher
breakdown voltage of the planar MOSFET (roughly 31¢as due to a lower electric field
in the n-drift layer, which reduced power dissipatiin the n-drift layer during the
short-circuit transient, resulting in the grediegof the planar MOSFET.

From Fig. 12(a), the drain current kept flowingeaftlevice turn-off. It was suggested
that the planar MOSFET cannot be turned off conepletven after gate turn-off because of
the high temperature (as described in the prevsmation). The planar MOSFET has a
lower threshold voltage (2.5 V) than the trench NFBS (4.7 V). A device with a lower
threshold voltage is easy to operate during nog¥ail operation, but the trench MOSFET
is not easy to operate during normally-on operabti@ing to its higher threshold voltage.

Figure 13 shows the measured short-circuit cureamd voltage waveforms at an
increasedVys off Of -10 V in the planar MOSFET and at the decreaggdy of O V in the
trench devices. Unlike the results in Fig. 12,ahde clearly seen that the current and
voltage waveforms were markedly different wheréascrwas almost independent of
Vgs_oft AS Vgs_of Was set at an increased value of -10 V, the sueease in drain current
ended abruptly in the planar MOSFET. Device failwas characterized by a collapse in
the gate voltageraveform from -10 to -5 V in the planar MOSFET. (e other hand, in
the trench MOSFET, the drain current increased idiately after device turn-off.

Figure 14 shows the simulated short-circuit curreamd temperature waveforms at the
higher and loweNys o« values in the planar and trench devices, respgtihere is no
significant difference in the current and tempemtwaveforms until the device turn-off at
eachVys o After the device turn-off, the drain current kélptving at the loweNgs o in
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both devices. Therefore, it is found that the devifailed because of the thermal runaway
triggered by a normally-on mechanism at the lo¥gr .+ owing to the reduced threshold
voltage.

Tables Il and Il show the measured resistancewdsst three terminals of the failed
devices (RBs Rya, and Ry, with and without increased negative gate biasah be seen
from these results that the resistance betweeng#te and source electrodes became
extremely low, while the blocking characteristiastvieeen the drain and source terminals
were not altered with increasings o, indicating that device failure occurred in théega
oxide layer. Figure 15 shows a top view of the atefof a failed trench MOSFET shown
in Fig. 12(b), revealing that the metal layers te gate and source electrodes were
completely undamaged. It is believed that, at tveel negative gate voltage, even when
the device was turned off, the MOS channel curkemt flowing, and that this channel
current triggered device failure. Therefore, byraasing the negative gate voltage, the
MOS channel current was successfully stopped, teaat reduced considerably; thus the
drain current and gate voltage waveforms were cetalyl changed after device turn-off.

Note that the measured gate threshold voltageeopliinar MOSFET was 2.5 V, which
was 2.2 V lower than that of the trench MOSFET ;sthn the planar MOSFETS, device
failure due to the MOS channel current could beidaa with a higheNgs o setting. An
increasedVys_ o and/or a higher gate threshold voltage could leel tis effectively prevent
certain short-circuit failures by reducing the pablity of generating a MOS channel

current induced by an increased lattice temperature

3.3 Short-circuit capability at low DC bus voltage (400 V)

Further investigation of the effect of DC bus vglaon short-circuit capability was
conducted by carrying out short-circuit tests &G bus voltage of 400 V, corresponding
to small percentages of the MOSFET breakdown vefagoughly 24 and 31% for the
planar and trench MOSFETSs, respectively. Figuresiéws the measured short-circuit
current and voltage waveforms of the SiC planartagiich MOSFETSs. The gate voltages
were set from +18 to -5 V in the planar devices faath +15 to -4 V in the trench devices.
Thetsc crvalues were 19.5 and 2Qué and theEsc values were 13.5 and 12.1 Jfamthe
planar and trench MOSFETS, respectiveDevice failure can be recognized by the
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collapse in the gate voltage waveform from -5 tel-¥ at 6.0us after device turn-off
(planar MOSFET) and from -4 to -2.8 V at 48 after device turn-off (trench MOSFET).
No significant differences between the failure natgbms of the respective devices could
be seenFurthermore, unlike the results at 800 V, the drirrent did not increase at all,
and a tail current could hardly be detectdd.no tail current was seen after the devices
were turned off, it is clear that there were fewrthally generated holes in either of the
SiC MOSFETs.Table IV shows the measured resistances betweea tarminals of the
failed SiC planar and trench MOSFETg{RR,4, and Rs). The resistance between the gate
and source electrodes became very low, wherealdlcking characteristics between the
drain and source terminals were not altered, irtisigathat device failure was due to
damage of the gate oxide layer, similarly to therds described in Sect. 3.2 (which
occurred under higher negative gate bias conditaingy of 600 V). As device failure
occurred in the gate oxide layer, the metal laggrshe gate and source electrodes were
completely undamaged, as shown in Fig. 17.

Figure 18 shows the simulated electric field anaperature distribution during the
short-circuit state, at ¥yq of 400V. During the short-circuit transient, a liniglectric field
of 2.5 MV/cm and a lattice temperature of 1550 Kweed in the gate oxide layer near the
n+ source and p well; as a result, the gate leakagent induced by Fowler-Nordheim
tunneling and Poole-Frenkemission began to increase owing to increasing eeatpre
(as discussed in Sect. 3.1), resulting in damagthe¢ogate oxide layer. Gate leakage
currents estimated usingVyJ/Rgy from Fig. 17 are 36 and 21 mA in the planar aeddh
MOSFETSs, respectively. As can be clearly seengn E9,tsc crandEsc degraded rapidly
with increasindVgs on

These results suggest that a moderately thick @atke layer is suitable for improving
short-circuit capability in the low DC voltage ramgven though SiC MOSFETSs typically
have lower surface channel mobility characteristies their Si counterparts. In addition,
as the gate oxide layer simultaneously experienhiggh electric field and lattice
temperature at the same time during the period \@t on some of the
electric-field-shielding structures of the SiC trten MOSFET were ineffective in

preventing failure owing to the rupture of the gaxele layer.

10
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4. Conclusions

The short-circuit failure mechanisms of 1200 V plaand trench SiC MOSFETs were
precisely investigated using experimental and niwgakmethods. Three SiC MOSFET
failure mechanisms were identified: thermal rungwd®S channel current, and damage
of the gate oxide layer. Furthermore, it was rex@dhat the DC bus voltage significantly
determined which failure mechanism occurred.

At the high DC bus voltage of 800 V, the MOSFETieth owing to thermal runaway
(i.e., a thermally generated hole current activdtedl parasitic npn transistor, ultimately
causing device failure). This failure mechanisnoatgcurs in Si IGBTs in an almost
identical manner.

Short-circuit failure mechanisms were also invedgd at the medium DC bus voltage of
600 V. On the basis of simulation results showinbigher lattice temperature near the
channel region, and the measured short-circuit feaves at an increaseUys o, it was
concluded that a MOS channel current caused theV®ISFETSs to fail after the gate was
turned off.

At the low DC bus voltage of 400 V, the SiC MOSFEAited owing to damage of the gate
oxide layer caused by damage to the layer resuftmg the simultaneous occurrence of
high electric field and high lattice temperatureing the period oVys on As N0 tail current
was seen after device turn-affwas clear that there were few thermally generataes in
the MOSFETS, suggesting that some of the eleatld-Ehielding structures in the SiC
trench MOSFETs were not effective in preventing fiailure mechanism.

Finally, note that there was no significant diffece in the failure mechanisms
experienced by the planar and trench MOSFETs umdgrivalent DC bus voltage
conditions.

It was further revealed that, unlike Si IGBTSCSMOSFETs could be destroyed by the
MOS channel current flow and damate gate oxide layer (as detailed in Sects. 3.2 and
3.3). This is primarily because the SiC materiatharacterized by a wide band gap; thus
thermal runaway does not occur easily, especiatigeu low- and medium-DC voltage
conditions. Therefore, the SiC MOSFET design andrajon methods incorporating an
optimal combination of a moderately thick gate exidyer increased gate threshold

voltage, and/or the use of a significant negatiate gvoltage would be effective in

11
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enhancing short-circuit capability in the low- anédium-DC voltage ranges.

12
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Figure Captions
Fig. 1. (Color online) Schematic cross section of the ataand trench MOSFETs
investigated in this study. In the trench MOSFE®&gem p+ regions are implemented to

reduce the electric field at the trench bottom.

Fig. 2. (Color online) Measured (a) output current-voltagaveforms and (b)
breakdown characteristics of the SiC planar antttrtédVlOSFETS.

Fig. 3. (Color online) (a) Short-circuit measurement haadevand (b) diagram of the

equivalent circuit, at drain voltages from 400 @98/. The gate resistance was set a@47

Fig. 4. (Color online) Typical measured and simulated I 4s waveforms of the SiC
planar MOSFET and (b)-M4s waveform of the trench ones. Simulated and puédsh

|-V s results in datashe®? are also shown in (c).

Fig. 5. (Color online) Measured short-circuit waveformstio¢ (a) planar and (b) trench
MOSFETs at a DC bus voltage of 800 V. Turn on- @md off-gate voltages were set from
(@) +18to -5V and (b) +15to -4 V.

Fig. 6. (Color online) Simulated drain current and maximtemperature in the SiC (a)
planar and (b) trench MOSFETs at a DC bus voltdd@0 V and gate voltages from +15
to -4 V.

Fig. 7. (Color online) Simulated results for (i) hole déysand (i) temperature distribution
in the SIC planar and trench MOSFETSs at a DC bitage of 800 V and/ys from +18 to
-5 V andVgs from +15 to -4 V, respectively, during the shartuit transient. Graphics (a) -

(d) correspond to the points shown in Fig. 5.

Fig. 8. (Color online) Simulated total current densitytdmition of the SiC planar and
trench MOSFETSs at point (e) in Fig. 5. The parasipn transistor was activated.
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Fig. 9. (Color online) A top view of one of the SiC trendhOSFETs following a
short-circuit failure. The DC bus voltage was 808ndVys values were from +15 to -4 V.

Fig. 10. (Color online) Measured short-circuit waveformsttod SiC trench MOSFET at a
DC bus voltage of 800 V and gate voltages from te18.0 V.

Fig. 11. (Color online) Measured short-circuit waveformstiod SiC trench MOSFET at a
DC bus voltage of 800 V and gate voltages from tel2 V.

Fig. 12. (Color online) Measured short-circuit waveforms tlee (a) planar and (b) trench
MOSFETs at a DC bus voltage of 600 V. The on- dfidate voltages were set at (a) +18
to-5Vand (b) +15to -4 V.

Fig. 13. (Color online) Measured short-circuit waveforms flee (a) planar and (b) trench
MOSFETs at a DC bus voltage of 600 V. The on- dfiigate voltages were set at (a) +18
to -10 V and (b) +15 to 0 V. The sudden increaséraan current ends abruptly in both the
planar and trench MOSFETS.

Fig. 14. (Color online) Simulated drain current and tempemwaveforms, with a DC bus
voltage of 600 and/ys off Set at -5, -10 and 0 V, -4 in the (a) SIC planad &) trench
MOSFETSs, respectively.

Fig. 15. Top view of one of the SiC trench MOSFETs follagia short-circuit failure.
The DC bus voltage was set at 600 V &ggwas +15 to -4 V.

Fig. 16. (Color online) Measured short-circuit waveforms floe (a) planar and (b) trench
MOSFETs at a DC bus voltage of 400 V. The on- difidjate voltages were set from (a)
+18to -5V and (b) +15to -4 V.

Fig. 17. Top view of one of the SiC trench MOSFETSs follagiia short-circuit failure.
The DC bus voltage was set at 400 V &ggdwas from +15 to -4 V.
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Fig. 18. (Color online) Simulated (a) electric field ang (attice temperature distribution
in SiC planar and trench MOSFETs immediately befdesice turn-off. The DC bus
voltage was at 400 V andys_o,was set at +18 and +15 V.

Fig. 19. (Color online) Measured results of the correladitetween/ys onand (a)tsc_cr
(b) Escin SiC planar and trench MOSFETSs at the DC butagel at 400 V.
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Resistances between gate and source (Fgs),

gate and drain (), and drain and source (Zas) of the
SiC planar and trench MOSFETs after a short-circuit
test at 800 V and Vis.on / Vigsott = +18 V/ -5V and +15

V/-4V.
Planar Trench
resistance®) | resistance()
Ry 0.5 12.5
Ryo 0.5 13.1
Ry 0.5 0.8
Table Il. Resistances between gate and source (Fes),

gate and drain (Fea), and drain and source (Zas) of the
SiC planar MOSFET after a short-circuit test at 600 V.

Resistance(®) | Resistance()
I/gsfon / I/gsfoff I/gsfon / I/gsfoff
=+18V/-5V|=+18V/-10V

Rge 4.1 44.3

Ryd 4.0 30M

Rys 0.2 o0

Tablelll.

Resistances between gate and source (Res),

gate and drain (Z,q), and drain and source (Zs) of the
SiC trench MOSFET after a short-circuit test at 600 V.

Resistance(®) | Resistance()
I/gs_on / I/gs_off = I/gs_on / I/gs_off
+15V/0V | =+15V/-4V
Ry 2.7 4.1k
Ryd 4.2 14 M
Rys 14 0

Table V. Resistances between gate and source
(Res), gate and drain (Zza), and drain and source (Fus)
of the SiC planar and trench MOSFET after a
short-circuit test at 400 V and Vgs_on / Vs ot = +18 V/ -5

Vand +15V /-4 V.

Planar Trench
resistance®) | resistance()
Ry 209 619
Ryq 3.2M 0.8 M
Rus o0 3.7 M

19



Figurel

N
o

10

Drain current [A]

Template for JJAP Regular Papers (Feb.

n- drift layer

Planar MOSFET

(Color Online

solid : trench
dotted : planar

-
(S,
T

Figure2

Ve =20V

02 04 06
Drain voltage [V]

(@)

(Color Online

20

Drain current [mA]

o
N

o
™

o
o

o
s

n- drift layer

D D

Trench MOSFET

—_

2017)

T T T T T T T T T T T T Ly
| solid : trench 1270V | 1670V !
| dashed : planar :

F V=0V

o

L 1 1 L 1 1 1 L a1 1 1 i} :
400 600 800 1000 1200 1400 1600
Drain voltage [V]

(b)

1800



Template for JJAP Regular Papers (Feb. 2017)

Iq
> A
[
Vad Rg —
—_ = Vs
—
Vgs
(a) (b)

Figure3  (Color Online

21



Template for JJAP Regular Papers (Feb. 2017)

ool : smutated 7 NV
L solid : simulated Y
< 15 ’7 1 < 15 s
= Vas =10V # = Vee= 15V &
0] g =
= 10t g4 . ) //
3 S S 10t A
= ° e
o 5 £ /
a o~ S 5t
; 3:””',\ O /@
Ob———ccse® _ Y
1 L L 1 1 1 1 1 1 1 L 2
0 2 4 6 8 10 12 o 02 o2 085 o8
Gate voltage : L : :
ge [V] Drain voltage [V]
(a)
70 -
solid: simulated /Al V=18V~
60 | dashed:datasheet?”) /2" # L
Z‘ I, ” ,//
I:SO ,’ Z
c v =20v 7 =
9 40 gs— , / Vgs—16V
= 7
35 /]
O30 /1’/
£ /8
© 20
(@]
10
0
0 1 2 3 4
Drain voltage [V]
(c)

Figure4

(Color Online

22




20 (eI T AV, =17V [
Z. 15 ‘ . ‘
% 10"< ---------- >
> 5/ 58ups \
g o |
g -SJ l\m
(]
510} ]
0_15, Vgs ]
_20 " L L " L 1
1200 Planar MOSFET Y 200
21000 z
s Vas | 1505
> 800k (:6__ 5
& F [ [
S 600t 1100 5
g [ /M\‘“‘v Id A 8
g0 [ T ’.,/'.\ B
] r w 190 5§
S 200t | - e S
% 2 4 & 8 10 12
Time [us]
(&)
Figure5 (Color Online
200 2500
% 150l 12000
5 {1500
= 100}
o
3 11000
a 50t
(a)_ 1500
-5 0 5 10 15 20
Time [ps]
(@)
Figure6  (Color Online

23

Maximum Temperature [K]

Template for JJAP Regular Papers (Feb. 2017)

=
P
>
(0]
(o))
S -
S
>
(0]
<-10}
0—15> Vgs,
_20 L L L L L L L L Il L
Trench MOSFET
1200 e 300
21000 E . Wi <
>’ 800} 14 ooz
[} c
e :
g 400] / W\M;mo-g
A 200} / =
- : ‘ (i
0O 2 4 6 8 10 19
Time [us]
(b)
500 ——— /2000
(e)
< 400t (b) ‘
E 300} o
5
2 00} {1000
g
a
100} Id | -
(d)
D n T ! { .
10 0 10 20 30 40 50 60 70
Time [ps]

(b)

Maximum Temperature [K]



Template for JJAP Regular Papers (Feb. 2017)

(i) Hole Density

P 1.0e+15
1.5e+14
2.2e+13
3.2e+12
4.6e+11
6.8e+10
1.0e+10 (cm3)

Source

Gate

n- drift layer

- 1750

n source 1304
p well . 972

. 725

n- drift layer 540

. 403
300 (K)
(@ (b) ©) (d)

(i) Hole Density

- 1.0e+15
1.5e+14
2.2e+13
3.2e+12
4.6e+11
6.8e+10
1.0e+10 (cm3)

(ii) Lattice Temperature

(b) (©

- 1750

1304

L

n- drift layer

Figure 7 (Color online

24



Template for JJAP Regular Papers (Feb. 2017)

Source §2.3e+4
Source Gate 1.4e+3
8.0e+1
4.7e+0
2.8e-1
_1.6e-2
9.6e-5 (A/cm?)

Gate

Figure 8 (Color online

Source pad

Gate pad o

Figure9 (Color online

25



Template for JJAP Regular Papers (Feb. 2017)

os V]

Gate voltage V

1200—

300

N
o
o

Drain current |4 [A]

ey
o
o

Time [us]

Figure 10 (Color online

N
o

a
L

o V]

_ -—
>
<

%
1
o
]
<

o o O
o
[
T
n
P

Gate voltage V
&)

300

\Y%
5]
o
o

t g [A]

1200
600~

Figure 11

Drain voltage Vg

(Color online)

400

N
o
o

A W

1100-

rain curren

D

22

2 4 6
Time [us]

26

8 10 12 14

o



Template for JJAP Regular Papers (Feb. 2017)

20 : ‘ :
= = 15[ 1
s > 0/%E s |
g g5 ]
[

o O -5

Gate damage 1

-20 s ‘ - ‘ ‘
Planar MOSFET 10 Trench MOSFET
1200 . : 200 1200 : : . : 300
1000 I, = S 1000 =14 <
s V > {150 PR =
> 800 ds b > 800¢ 1200 =
o o 8 g
S 600 1100 £ & 600k T =
g 1 5] S A Aj 5]
 400f £ = 400f 1100 £
5 o & F | Vs 3
3 200} & 200f \M
L L 0 1
% 5 10 18 0 5 10 15 20 25
Time [us] Time [us]

(@) (b)

Figure 12  (Color online

= =

> >

S E

£-10 3
B, gel | o

Gate damage
-20 . -10
Planar MOSFET

1200 ‘ ‘ 1200 Trench MOSFET \ 300
= 10001 150 21000 > 1y / <
>’ 800 Vs z > 800} Vs 1200 =
5 °0f 5 5 :
8 600 1100 £ £ 600k 5
S r o S °
= 400 i’ £ 400f {100 §
g t 50 8 g £
S 200 I, S S 200l

% 5 10 18 % "5 10 15 20 25
Time [ps] Time [us]

(a) (b)

Figure 13  (Color online

27



Template for JJAP Regular Papers (Feb. 2017)

200 i ; ; ; . e
A, & 2000 z
— (0]
< 150} 5
= ©
E 1500 qg,
5 100 o
< 1000 ¢
S =]
a 5ok g
500 =
0 ' '
5 0 5 10 15 20 25 30
Time [us]
(a)
500 ——————— 2000
53
< 400F o
= 1500 =
‘qf, 300+ “é
8 oovgs_off=ov 11000 ﬁ
£ 200f S
g Vgsioff =-4V é
100+ | 3
500 &
0
10 0 10 20 30 40 50 60 70 80
Time [us]
(b)

Figure 14  (Color online

28



Template for JJAP Regular Papers (Feb. 2017)

Source pad

Gate pad

Figure 15 (Color online

)
=)
B

|

i

:

!

H

i

H

;
N
(=]

AV,=1.7V

8 10ige oo oo g 10
E) 5 Gate damage > 5
g o / g o

S 5 S -5
§ —1of § -10f Gate damage

=15+ Vgs 1 ~15}

~20 Planar MOSFET ~20 Trench MOSFET

1200 T T T T . T 200 1200 . T : 300
2 1000/ < Z1o00F I4 -
£ 150> 8¢ > <
o 800f = = 800 1200 =
g ol Vs E & gool V &
5 600r ‘ 1100 3 = 600 ds =
s . ) . 3

c (]

£ 400 el 8§ 400y | 4100 ¢
(&) d 1 o a | £

200 n_) 200 a

o .. o 0 ‘ : 0
0 5 10 15 20 25 30 35 40 4 0 10 20 30 40
Time [ps] Time [us]
(a) (b)

Figure 16 (Color online

29



Template for JJAP Regular Papers (Feb. 2017)

Source pad

Gate pad

Figure 17  (Color online

Source Gate Source Gate
n source T ]

p well

Source Source
n source 2.5e+6 1750
- M lere 1675
ate p well 1.7e+6 Gate 1600
1.3e+6 1525
9.0e+5 1450
5.0e+5 1375

1.0e+5(V/cm) 1300 (K)

(a) (b)

Figure 18 (Color online

30



Template for JJAP Regular Papers (Feb. 2017)

30 T T T T T T T T T 15 T T T T T T T
28: 2 O trench : A
i Aplanar | 141 - 1
26+ 1 oy A
7T | £
= 24¢ 1 8 13; B 1
o L o A 4 =2 o
J 22} & 1 2
R 8 w12r o 1
201 o A ﬁ
18i : 11+ O trench -
16_ 1 10 1 ! 1 1 1 L L Axplarwlar
10 11 12 13 14 15 16 17 18 19 20 10 11 12 13 14 15 16 17 18 19 20
Gate woltage Vo, [V] Gate voltage Vs o, [V]
(a) (b)

Figure 19 (Color online

31



