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Abstract

With the rapid advancement of wide bandgap (WBG) semiconductor technology, 4H-SiC
devices have garnered significant attention in power electronics applications due to their high-
temperature, high-voltage, and high-power handling capabilities. Compared to traditional
silicon (Si) devices, SiC exhibits superior performance in specific applications, making it a
more competitive alternative. To further enhance the efficiency of SiC power devices,
integrating low-voltage gate driver circuits with high-voltage vertical double-implanted
MOSFETs (VDMOSFETs) on the same SiC wafer has emerged as a viable approach to reduce
parasitic effects, increase power module density, and improve overall system efficiency.
However, ensuring the reliability of both monolithic integrated SiC circuits and standalone SiC

power devices under electrostatic discharge (ESD) and surge stress remains a critical challenge.

This study analyzes the ESD robustness of SiC PMOSFETs and VDMOSFETs and the
surge robustness of SIC VDMOSFETs to develop effective ESD protection strategies for both
discrete VDMOSFETs and monolithic integrated VDMOSFET and gate driver circuit.
Transmission Line Pulse (TLP) and Human Body Model (HBM) testing were conducted to

assess ESD robustness. For PMOSFETs, the study focuses on the conduction characteristics of



parasitic diodes (GDPMOS) and gate oxide breakdown voltage, providing key design
constraints for SiC CMOS ESD protection, particularly in determining the breakdown voltage

of gate oxides under ESD conditions.

For VDMOSFETs, the results indicate that the GS mode (Gate-to-Source) exhibits the
lowest ESD robustness, with the primary failure mechanism being oxide breakdown caused by
ESD current charging, leading to increased gate oxide stress and eventual breakdown. The
failure analysis indicated that the GS mode ESD-induced failures were predominantly observed
at the edges of the active region, while the DG mode (Drain-to-Gate) ESD-induced failure
occurred within the active region. Due to the structural characteristics of VDMOSFETs,
positive DG (+DG) ESD pulses induce a depletion region, which prevents the direct application
of voltage to the gate oxide, resulting in higher ESD robustness for +DG mode compared to -
DG mode. Furthermore, increasing the active area of VDMOSFETSs effectively enhances ESD
robustness across all modes. For standalone VDMOSFETs, this study proposes an ESD
protection scheme utilizing an off-chip transient voltage suppression (TVS) diode, which

significantly improves ESD resilience without affecting normal device operation.

Regarding the surge robustness of VDMOSFETSs, the study confirms that gate oxide
breakdown is the primary failure mechanism, and that increasing the active area does not
enhance surge robustness. Experimental results indicate that repeated 50V surge pulses lead to
threshold voltage degradation, whereas 40V surge pulses do not cause noticeable deterioration.
Additionally, although ESD events reach peak voltage more rapidly than surge events during
the charging phase, actual discharge times were measured in the microsecond range, and in
larger devices, even longer durations were observed. To ensure long-term reliability, it is
recommended that transient voltages be limited to below 40V for both ESD and surge protection

mechanisms.



To improve the ESD robustness of SiC power devices, this study proposes a
comprehensive on-chip ESD protection strategy for both integrated circuits (gate driver +
VDMOSFET) and standalone VDMOSFET devices. For discrete VDMOSFETs, a Self-Biased
Dual-Directional Silicon-Controlled Rectifier (SBDDSCR) is introduced, providing effective
ESD protection without interfering with operational voltage range of -5V to +20V. Additionally,
this study provides a detailed analysis of various ESD protection devices for integrated SiC

circuits, covering their design considerations and applications.

The findings of this study contribute to the reliability assessment and optimization of ESD
and surge protection strategies for SiC power devices, providing crucial design parameters and
implementation strategies. These insights will aid in enhancing the reliability and long-term

stability of high-power SiC modules.

Keywords — electrostatic discharge (ESD), gate oxide breakdown, human-body-model
(HBM), low-voltage triggered SCR (LVTSCR), PMOS, reliability, silicon carbide (SiC),
silicon control rectifier (SCR), substrate triggered SCR (STSCR), surge, transmission line

pulse (TLP), vertical double-implanted MOSFET (VDMOSFET).



