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Abstract

This study conducts device-level ESD investigations on 650-V GaN metal-insulator—
semiconductor high-electron-mobility transistors (MIS-HEMTs) and 1700-V SiC vertical
double-diffused MOSFETs (VDMOSFETs) under various stress modes and polarities,
employing human body model (HBM), transmission line pulse (TLP), ESD gun, and surge

testing to analyze device behavior under actual discharge conditions.

For both depletion-mode (D-mode) and cascode enhancement-mode (E-mode) GaN MIS-
HEMTs, the results indicate that the devices are most vulnerable in the Gate-to-Source mode
(GS mode), whereas the Drain-to-Source mode (DS mode) is more robust. Failure analysis
shows that D-mode devices fail predominantly in the multi-finger Gate—Source (G-S)
insulation layer, while the cascode structure exhibits breakdown at the oxide corners of the low-
voltage n-MOSFET (LVNMOS) active region, both associated with local electric field
concentration. The test results under different conditions reveal that device robustness is
significantly influenced by stress polarity and mode. A unidirectional transient voltage
suppressor (TVS) protection circuit at the PCB level is proposed, which enhances the GS mode

ESD robustness of cascode GaN MIS-HEMTs to over 8 kV while preserving normal operation
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and leakage characteristics. Furthermore, a co-packaged bidirectional TVS design is proposed
to save PCB area and reduce parasitic effects; this co-packaged design is currently under
fabrication, with future testing planned to validate ESD robustness under high-frequency

switching conditions.

Previous studies have indicated that 1700-V SiC VDMOSFETs exhibit lower ESD
robustness in GS mode and Drain-to-Gate mode (DG mode), with the GS mode being most
critical. The gate oxide can withstand only approximately 62 V under TLP testing, necessitating
timely protection circuit triggering to prevent breakdown. To address this, a protection circuit
integrating a 20-V CMOS region within the discrete VDMOSFET is proposed, including a
silicon-controlled rectifier (SCR) with a high-concentration P-type doped region to lower the
trigger voltage and a dynamic body bias (DBB) circuit. Through cross-coupled NMOS devices,
the body potential is clamped to the system’s lowest potential at both operating voltages of
+20 V and -5V, ensuring thatall PN junctions remain non-conductive and preventing leakage.
The test structure incorporates various SCR configurations to optimize trigger voltage, holding
voltage, and ESD discharge capability, achieving >2 kV robustness, <62 V trigger voltage, and
>20 V holding voltage. This architecture improves ESD robustness in both GS and -DG modes
and is compatible with negative gate bias operation. The protection circuit is placed beneath the
VDMOSFET gate PAD to reduce layout area. As the test chips are still under fabrication, further
ESD and double-pulse test (DPT) will be conducted to validate device protection, integrated

device performance, and the effectiveness of circuit-under-PAD design.

This study systematically analyzes the ESD and surge robustness of GaN and SiC power
devices under various stress conditions and proposes corresponding device-level ESD
protection designs, providing a critical reference for future research on improving the ESD

robustness of power devices.
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