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Abstract

Short-circuit failure mechanisms of 1.2 kV 4H-SiC
MOSFETs were demonstrated based on the power
dissipation. In order to investigate the short-circuit failure,
different drain voltages were applied under short-circuit
conditions. To fairly compare the short-circuit failure
mechanisms, identical 1.2 kV 4H-SiC MOSFETSs
fabricated on 6-inch wafer were utilized. At high power
dissipation, which results in high junction temperatures,
the short-circuit failure of the MOSFETSs was governed by
the high leakage current through the channel region. At
low power dissipation, the MOSFETs failed due to gate-
source failure as the MOSFETs were exposed to high
temperatures for a long time, resulting in damage to the
oxide. To further understand the short-circuit
characteristics of MOSFETs under different drain
voltages, non-isothermal simulations were conducted.

INTRODUCTION

Since power devices based on Si have reached their limit in
power loss reduction, wide bandgap semiconductor materials
such as 4H-SiC have gained traction to replace their Si
counterparts due to their superior material properties; high
critical electric field, high electron mobility, and high thermal
conductivity. Hence, 4H-SiC enables a much thinner and
higher doped drift layer, significantly reducing the drift
resistance of the power device. On top of that, the unipolar
structure, MOSFET, can be utilized, contributing to a
reduction in the switching loss [1].

4H-SiC power MOSFETs with superior static
characteristics have been developed. The reduction of Ronsp
was achieved by reducing the channel resistance [2][3] and
optimizing the device cell structure [4]. However, 4H-SiC
MOSFETs have a critical concern during SC conditions due
to the high current density and high electric field across the
drift region [5]. 1.2 kV 4H-SiC MOSFETs have extremely
high temperatures produced by self-heating, causing poor SC
characteristics. The high temperatures under SC conditions
can result in different failure mechanisms; parasitic NPN
transistor latch up [6], gate oxide degradation [7][8], cracks
in the ILD [9], and molten Al metallization [10].

In this paper, the short-circuit failure mechanisms of 1.2 kV
4H-SiC MOSFETs were studied by applying different drain
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Fig. 1. (a) Cross-sectional view of 1.2 kV 4H-SiC MOSFETs. (b)
Fabricated SiC MOSFETs on 6-inch SiC wafer. (c) Packaged SiC
MOSFETs.

voltages. Different SCWT and different SC failure
mechanisms were obtained depending on power dissipation.
To fairly compare the effect of power dissipation on 4H-SiC
MOSFETs under SC conditions, 1.2 kV accumulation mode
channel SiC MOSFETs were fabricated on the same, 6-inch
wafer. In order to understand the SC failure mechanisms, non-
isothermal device simulations were conducted as well.

FABRICATION

The devices were fabricated by Analog Devices, Inc.
(ADI) fabrication facility in Hillview, San Jose, CA, using the
same base process line [4]. A 10 pm thick drift layer with N-
type doping concentration of 8x10' cm™ on 6-inch, N+ 4H-
SiC substrate was used for the fabrication of proposed 1.2 kV
MOSFETSs. Aluminum and Nitrogen ion implants were used
to form P-well/P+ body/JTE, and JFET/N+ source,
respectively. After all implantation steps, a 1650 °C, 10-min
activation anneal with a carbon cap was conducted. A 50 nm
thick gate oxide was formed by ultrathin (2 nm) thermal oxide
and 48 nm of deposited oxide, followed by a POA in N,O
ambient. The N-type polysilicon was deposited and patterned
for the formation of the gate. BPSG was deposited as ILD,
then patterned and etched to make ohmic contact regions. Ni
was deposited on the frontside, followed by an RTA for the
silicidation process. Next, unsilicided Ni metals were
removed and annealed by RTA at 965 °C for 2 mins. Ni was
deposited on the backside and then followed by the same RTA
process. A 4 um thick Ti/TiN/Al stack was deposited for the
source and gate metal. Silicon nitride and polyimide were
used for the passivation. Finally, a solderable metal stack was
deposited on the backside.
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Fig. 2. Measured output characteristics of 1.2 kV 4H-SiC

MOSFETs.
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Fig. 3. Measured blocking characteristics of 1.2 kV 4H-SiC
MOSFETs.
RESULTS

Figure 1 (a) shows the cross-sectional view of the 1.2 kV
SiC MOSFETs which were fabricated on 6-inch SiC wafer as
shown in Fig. 1 (b) and packaged in TO-247 cases as shown
in Fig. 1 (c). The 4H-SiC epi-layer is designed to be 8x10'3
cm doped and 10 pum thick for the 1.2 kV MOSFETs. To
achieve high channel mobility, an accumulation mode
channel was used. A JFET implantation was also applied to
reduce the JFET resistance.

Figure 2 shows the typically measured output
characteristics of the fabricated 1.2 kV 4H-SiC MOSFETs.
Figure 3 shows the measured blocking characteristics of the
fabricated 1.2 kV 4H-SiC MOSFETs. Due to the well-
optimized cell structure and edge termination, high
breakdown voltages with low leakage current were achieved.

Figure 4 (a) shows measured short-circuit characteristics
of the MOSFETSs with different drain voltages: an identical
gate voltage of 20 V and gate resistor of 20 ohm were used.
The drain voltage (400 V, 600 V, or 800V) with gate voltage
of 0 V was applied, and then gate voltage of 20 V was applied
for the short-circuit conditions. Low drain voltages provide
long SCWT due to low power dissipation, resulting in a low
junction temperature from self-heating. Moreover, different
failure mechanisms were obtained under a drain voltage of
400 V: the MOSFETs failed due to the issue with the gate
under a drain voltage of 400 V. Unlike drain voltage of 400
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Fig. 4. Measured short-circuit characteristics of 1.2 kV 4H-SiC

MOSFETs with different drain voltages.
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Fig. 5. (a) Simulated drain current and maximum junction
temperatures of 1.2 kV 4H-SiC MOSFETs with different drain
voltages under short-circuit conditions. (b) Simulated electric field
and electrostatic potential (A-A’ shown in Fig. 1 (a))

V, MOSFETs failed during the measurement under 600 V and
800 V due to the high junction temperatures.

In order to examine the short-circuit failure mechanism of
the 1.2 kV 4H-SiC MOSFETs, non-isothermal Sentaurus 2D-
simulations were conducted. Figure 5 (a) shows simulated
drain current and maximum junction temperatures of 1.2 kV
4H-SiC MOSFETs with different drain voltages under SC
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Fig. 6. Simulated cross-sectional view of temperature distribution

of MOSFETs under drain voltage of (a) 800 V, (b) 600 V, and 400
V at time of 1ps.
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conditions. Due to well-optimized simulation models, a
similar trend to the experimental results is seen in the
simulation. Low drain voltages provide long SCWT due to the
low junction temperature. Heat generation is directly related
to current density and electric field distribution across the
MOSFETs [5]. With the increase of drain voltages, the
electric field in the JFET region increases as shown in Fig. 5
(b). This is due to the high potential as shown in Fig. 5 (b).

Figure 6 shows the simulated cross-sectional view of the
temperature distribution in the MOSFETs at a time of 1 ps.
Due to the high electric field, a drain voltage of 800 V shows
the highest temperature distribution. Moreover, the maximum
temperature in the MOSFETSs occurs in the middle of the
JFET region.

To examine the failure mechanisms, the simulated cross-
sectional view of the drain current and the temperature
distributions of the MOSFET when the device fails is shown
in Fig. 7. The MOSFETs failed due to the high leakage current
through the channel region under a drain voltage of 800 V.
Due to the relatively low potential barrier in the channel
region, the high leakage current flows through the channel
region at high temperatures. When the maximum junction
temperature of the MOSFET reaches a temperature of
approximately 1600 K, the MOSFET fails due to the high
leakage current through the channel region regardless of the
drain voltage.

Since it is difficult to reveal the SC failure mechanism,
except for the high leakage current through the channel in the
simulation, short-circuit failure mechanisms were examined
by comparing the experimental and simulated results. Under
drain voltages of 800 V and 600 V, the experimental and
simulated SCWT are well matched, which means that the
MOSFETs failed due to the high leakage current through the
channel region. However, the simulated SCWT, which is
governed by the high leakage current, is longer than the
measured SCWT under a drain voltage of 400 V. In
experimental results, under a drain voltage of 400 V, the
MOSFETs failed not due to the high leakage current, but due
to another failure mechanism. From the not fully applied gate
voltage in the experimental results, the failure is due to the
problem with the gate-source; gate oxide or ILD. In order to
obtain the exact SCWT of the MOSFETs, the gate pulse width
was increased by 0.5 ps until that single device failed as
shown in Fig. 8. As a result, the damage to the gate oxide and
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Fig. 7. (a) Simulated cross-sectional view of (a) drain current
density and (b) temperature distribution of MOSFETs under drain
voltage 800 V when the device is failure.
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Fig. 8. Measured drain current of fabricated MOSFETs with
different gate pulses under short-circuit conditions.

ILD was more accumulated in the MOSFETs having long
SCWT. Moreover, the long SC condition degrades the gate
oxide and ILD during the one measurement itself. When the
gate oxide is degraded by FN tunneling and PF emission
leakage currents during SC conditions, the applied gate
voltages decrease by the leakage currents [7],[8]. However,
there is no change in the gate voltage during the SC
measurement, which mean that gate oxide is not damaged by
FN tunneling and PF emission. Hence, the gate and source
issue would be from a physical crack in the ILD.

It is discovered that depending on the power dissipation,
different SC failure mechanisms occur. However, during SC
conditions with high drain voltages, the gate oxide and ILD
also degrade due to the high junction temperature even though
the device mainly fails due to the high leakage current through
the channel region. Hence, the quality of gate oxide and ILD
need to be improved to further improve SC characteristics.

CONCLUSIONS

1.2 kV SiC MOSFETs were fabricated and evaluated to
examine different short-circuit failure mechanisms. By
applying different drain voltages, different SCWT and failure
mechanisms were obtained. When high drain voltage is
applied, the junction temperature abruptly increases, resulting
in failure induced by the high leakage current through the
channel region. However, when the MOSFETs are exposed to



high temperature, for a long time, the SiO» becomes damaged,
causing gate-source issues.
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ACRONYMS

Si: Silicon

SiC: Silicon Carbide

MOSFET: Metal-Oxide—Semiconductor Field-Effect
Transistor

Ron,sp: Specific On-resistance

SC: Short-Circuit

SCWT: Short-Circuit Withstand Time
JTE: Junction Termination Extension
POA: Post Oxidation Anneal

BPSG: Borophosphosilicate glass
ILD: Interlayer Dielectric

RTA: Rapid Thermal Annealing
SEM: Scanning Electron Microscope
FN: Fowler—Nordheim

PF: Poole-Frenkel



