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In this study, the experimental evaluation and numerical analysis of the short-circuit
capability of the 1200 V SiC MOSFET with a thin gate oxide layer were carried out. Two
different failures, including the gate oxide breakdown and the thermal runaway of the device
caused by the high gate electric field and elevated lattice temperature, were initially
investigated and their critical temperature points for two failure modes were accurately
extrapolated by solving the thermal diffusion equation; the obtained results are in good
agreement with simulation results. It was confirmed that short-circuit robustness depends
not only on thermal properties of the material but also on dimensional parameters of the
device and that the heat is the dominant factor that causes device failure during short-circuit

transient.



1. Introduction

Owing to the wide band gap and large dielectric constant of silicon carbide material, the SiC
device exhibits electrical properties and reliability superior to those of the Si device, such as
the thin drift layer, the lower on-state resistance, the extremely high operation temperature,
and so on. Therefore, a low conduction loss, as well as a small lattice temperature fluctuation,
can be realized when the device is normally switched on. However, the device will be
irreversibly damaged after ten microseconds of the occurrence of short-circuit, caused by
the on-state of both devices in the upper and lower arms of application circuit. Moreover, the
short-circuit withstand time is crucial for the protection circuit; thus, the short-circuit
capability of the device must be carefully considered and evaluated.

Several papers about the short-circuit capability were reported and its destructive
mechanism was also elaborated for power devices."*? However, the short-circuit capability
has not been studied for the SiC device with a relatively thin gate oxide layer.**"*¥ In this
study, using the thermal diffusion equation, the short-circuit capability of the 1200 V SiC
MOSFET with a gate oxide of 40 nm thickness was characterized at room temperature.
Two different failures, including the gate oxide breakdown and thermal runaway of the
device caused by the high gate electric field and elevated lattice temperature, were initially
investigated. Moreover, the maximum surface temperatures of the SiC MOSFET in two

failure modes were extrapolated by simulation and mathematical methods.

2. Evaluation of short-circuit capability of tested SiC MOSFET

The short-circuit capability of a SIC MOSFET is evaluated using a test bench as shown in
Fig. 1. The used device under test (DUT) is one chip in the package of TO247 with a rated
current of 19 A. The energy of the test bench is supplied by a series of capacitors with
voltages ranging from 0 to 600 V. The device operation is controlled by a gate driver with
voltages of 18 and -5 V to turn-on and turn-off, respectively. Because the effect of gate
resistance on the short-circuit capability can be ignored, the gate resistance connected to
the gate driver is fixed at 47 Q.

Figures 2(a) and 2(b) exhibit the drain current and gate voltage waveforms of the 1200
V/19 A SiC MOSFET with a 400 V DC bus, respectively. It is obvious that the drain
current increases promptly and the device enters from the linear region to the active region
until achieving its saturation current at the initial pulse time. After that, the drain current
decreases from 117 to 51.6 A owing to the degradation of the carrier mobility constrained

by the elevated lattice temperature. The drain current will become horizontal when the



device tends to fail during short-circuit transient.?” Similarly to that of the Si IGBT, the tail
current of SIC MOSFET appears at the end of transient and remains for four microseconds
after turn-off. Moreover, the gate voltage gradually shows a recessive trend when the
short-circuit transient is increased.

Generally, the thickness of the gate oxidation layer in both Si and SiC power MOSFETs
ranges from 30 to 100 nm.?Y The most prominent oxide degradation mechanism in SiC is
the Fowler-Nordheim (FN) tunneling and Poole-Frenkel (PF) emission effect,?? leading to
a leakage current, especially at the high gate electric field and ambient temperature, which
can be assessed by time-dependent dielectric breakdown (TDDB) test.?® It has been also
demonstrated that a substantial increase of FN current occurs as the temperature rises up to
523 K, and that the effective barrier height between SiC and oxide decreases to 2.38 eV as
the temperature rises up to 573 K.2%?% Therefore, the high temperature will affect the
reliability of gate oxide prominently.

On the basis of the same parameters with the tested SiC MOSFET, Figs. 3(a) and 3(b)
show the simulation results about the electric field in gate oxide and lattice temperature
profiles at the interface of SiC and oxide (y=0 pum) at four points of short-circuit transient
as shown in Fig. 2(a). When the gate voltage increases from 0 to 18 V, the electric field in
gate oxide gradually increases to the maximum point, as shown in point Ato C in Fig. 3(a).
It is evident that the maximum point of the electric field experiences a migration process
from the JFET region to the source region. However, there is still a monotonic difference in
electric field in the JFET region between points C and D even at the same gate voltage bias.
This is because with increasing short-circuit transient, the lattice temperature in the device
increases. Thus, more holes are produced and concentrate in the JFET region, which could
relieve the electric field in gate oxide at a high lattice temperature. At point D with a high
electric field of 4.3 MV/cm and a high lattice temperature of 844 K, as shown in Fig. 3(b),
the ruggedness between the gate and the source terminal cannot be ignored. This directly
explains the degradation of gate voltage from 18 to 16.3 V, as shown in Fig. 2(b).

The impedances of the three terminals of the failure device between the gate, drain and
source (Rgs, Rgd, and Rgs) are measured, to be 2.6, 8.6 M and « Q, respectively. The results
indicate that the gate-source terminal of the device is finally shorted and the irreversible
breakdown of gate oxide occurs.?>?® In addition, the breakdown voltage of the failure
device remains to be around 1218 V at a drain leakage current of 0.2 mA, as shown in Fig.
4. This breakdown voltage decreases slightly compared with that of the fresh device
because the generation of holes in the top JFET area at high temperatures causes the



electric field centralization at the p-well / n drift junction. Such results suggest that failure
does not exist in the drain-source terminal, but in the gate-source terminal.?” The
short-circuit energy during the period of 16 ps is determined to be 12.8 J/cm? from

equation
Ee = [ Vidt . (1)

To further investigate the device reliability during short-circuit transient, the test is
performed under harsher conditions. Figures 5(a) and 5(b) show other short-circuit current
and gate voltage waveforms at room temperature, with a 600 V DC bus. Different from the
former case, the drain current is no longer under gate driver control and eventually thermal
runaway occurs when the short-circuit withstand time is prolonged from 5 to 8 us. The
delay time can also be observed after the device switches off as shown in Fig. 5(a).
Moreover, the gate voltage gradually decreases from 18 to 15.9 V, which is higher than that
of the gate-source terminal breakdown mode. Likewise, the short-circuit energy is derived
to be 19.4 J/cm? by using Eq. (1).

In addition, Figs. 6(a) and 6(b) reveal the simulation results about the electric field in
gate oxide and lattice temperature profiles at the interface of SiC and oxide (y=0 um) with
a 600 V DC bus. Different from the previous case, the variation in electrical field between
points C and D is more obvious than that of the device with a 400 VV DC bus. This is
because the number of holes markedly increases in the top of JFET area as the lattice
temperature rises to around 1500 K, as shown in Fig. 6(b). The holes and electrons induced
by high temperature in the top JFET and source areas somewhat affect the electric field in
the oxide. Moreover, the ultra high lattice temperature not only affects the electric field in
the oxide but also increases the intrinsic carrier concentration. Once those two parameters
exceed the critical condition of the device, the device will fail, similar to the results in Fig.
5.

After failure, the impedances of the three terminals between the gate, drain and source
(Rgs, Rgd, and Rgs) are measured, to be 0.2, 0.6 and 0.6 Q, respectively. These results
indicate that the three terminals are completely damaged at high lattice temperatures owing
to the heat generated in the device.

As discussed above, the failure modes with different short-circuit energies can be
actually divided into two types. In a relatively low short-circuit energy situation, the
gate-source terminal is prone to be shorted owing to the gate oxidation layer degradation
caused by FN tunneling and PF emission leakage current effects, while all the three

terminals of the device are destroyed by large short-circuit energies.



3. Mathematical analysis of lattice temperature for two failure

modes during short-circuit transient

Owing to the absence of the loading component in the short-circuit mode, the drain current,
related to the temperature, is only confined by the saturation current. The short-circuit
energy, thus, can be expressed by

Poc = Jeat 'V - (2)

Moreover, the thermal diffusion equation, which indicates the dependence of short-circuit

withstand time on coordination and time, is a rigorous thermodynamic model that can be

used to obtain the rising temperature solution during short-circuit transient. In practice, the

direction of thermal diffusion is essentially from the surface of the die to the bottom of the

case owing to the presence of a heat sink. Thus, the vertical direction of the device is critical
to be considered. The temperature distribution can be simplified and solved as

oT,
p-C- (évttsc) =V2(K'T)+ I:)SCtSC , (3)

volume

where, ¢ and x are the heat capability, and thermal conductivity, respectively. Vvolume is the
thermal volume, which includes the parameters of the active area and n drift layer. The basic
SiC material parameters are listed in Table 1. The temperature distribution solution based on

Eq. (3) can be expressed as®®

T(z,te) = ATe “NPsee) 4T (4)
AT = _ B : (5)
AVvqumep C

where, Ta is the case temperature at the initial time of short-circuit transient, p is the
material density for SiC, and Z is the thickness of the device. The constant A is determined
to be the fitting parameter by taking thermal diffusion parameters into account, which are
10.8 and 7.71 for those two failure situations, respectively.3%:31)

Equations (4) and (5) show that the short-circuit capability of the SIC MOSFET depends
not only on thermal properties of the material but also on the dimensional parameters of the
device. Increasing the drift layer thickness and the active area can effectively improve the
short-circuit capability.

Subsequently, the temperature distribution profile with 300 um wafer thickness is shown
in Fig. 7. It can be seen that the maximum temperature is located at the upper surface with

an exponential decay profile. The maximum temperatures are 848 and 1463 K, for



short-circuit withstand times of 16 and 8 ps, with DC bus voltages of 400 and 600 V,
respectively. The theoretical analysis results are in good agreement with the simulation
results, as shown in Fig. 3(b) and Fig. 6(b), which can accurately extrapolate the critical
temperature for two failure modes including the gate oxide breakdown and thermal
runaway of the device with different short-circuit energies.

4. Conclusions

In this study, the maximum lattice temperatures for two failure modes based on the
short-circuit test for a 1200 V/19 A SiC MOSFET were investigated by experimental and
numerical methods. Analytical formulas revealed that short-circuit capability of the SiC
MOSFET depends not only on thermal properties of material but also on the dimensional
parameters of the device. Moreover, the maximum lattice temperature is the dominant factor
that causes device failure.

All the experimental, mathematical, and simulation results show that the SiC MOSFET
has a superior thermal reliability and a high quality of short-circuit capability, which make
it the best candidate for power application. Consequently, whole analysis models can be
used for a bench mark of ruggedness for the SiC MOSFET.
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Figure Captions
Fig. 1. (Color online) Schematic of short-circuit test for tested SiC MOSFET.

Fig. 2. (Color online) (a) Experimental results of the time dependence of drain current
waveforms with maximum short-circuit withstand time of 16 us and 400 V DC bus. (b)
Experimental results of degradation of gate voltage with maximum short-circuit withstand
time of 16 ps and 400 V DC bus.

Fig. 3. (Color online) (a) Simulation results of electric field profile in gate oxide during
four points of short-circuit transient for SIC MOSFET with gate oxide of 40 nm, maximum
short-circuit withstand time of 16 ps, and 400 V DC bus. (b) Simulation results of lattice
temperature profile during four points of short-circuit transient for SiC MOSFET at y=0

um.

Fig. 4. (Color online) Experimental results of breakdown voltage between gate oxide

failure device and fresh device.

Fig. 5. (Color online) (a) Experimental results of the time dependence of drain current
waveforms with maximum short-circuit withstand time of 8 us, and 600 V DC bus. (b)
Experimental results of degradation of gate voltage with maximum short-circuit withstand
time of 16 ps and 600 V DC bus.

Fig. 6. (Color online) (a) Simulation results of electric field profile in gate oxide during
four points of short-circuit transient for SIC MOSFET with gate oxide of 40 nm, maximum
short-circuit withstand time of 8 us and 600 VV DC bus. (b) Simulation results of lattice
temperature profile during four points of short-circuit transient for SiC MOSFET at y=0

um.

Fig. 7. (Color online) Calculation of the temperature distribution profile for different test

conditions.



Table I.

Thermal characteristics of SiC.39

Thermal capacity ¢
Thermal conductivity x
Density of SiC materiral p
Thermal diffusivity D

0.67 JgLK™
45 W-cmt-K1
3.21 g/cm?®
2.21 cm?/s
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