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Abstract

This dissertation investigates critical reliability and design challenges in wide-bandgap
semiconductor technologies, with a particular focus on GaN and SiC. These materials have
been increasingly applied in high-power systems due to their superior electrical properties. Due
to the stricter reliability requirements of high-power systems, the corresponding method to
enhance the robustness of wide-bandgap semiconductor integrated circuits is urgently needed.
Hence, this dissertation focuses on three critical issues: electrostatic discharge (ESD), latchup,
and the safe operating area (SOA). To address these challenges, a series of studies was
conducted across device-level analysis and circuit-level design to ensure the robustness of wide-

bandgap semiconductor devices and circuits.

For GaN-based devices, the ESD robustness was evaluated on a 1200-V MIS-HEMT. It
was observed that the device exhibited a low ESD level in the gate-to-source region even with
a large device size. Transmission line pulse (TLP) results did not correlate with human-body
model (HBM) ESD robustness, highlighting the importance of direct HBM testing. In addition,

several power-rail ESD clamp circuits were designed and verified in a 0.5-pm GaN-on-Si
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process. The design motivation and considerations for each circuit are discussed in detail in the
corresponding subsections. By comparing key performance metrics, the advantages and
limitations of each design can be clearly identified. Finally, based on the experimental results,
the proposed design with a dynamic timing-voltage detection function provided robust HBM

level, higher area efficiency, and lower power consumption.

In SiC-based technology, four typical ESD devices were characterized, including Gate-
grounded NMOS (GGNMOS), Gate-Vpp PMOS (GDPMOS), N+/PW diode, and P+/NW diode.
It was found that increasing the number of fingers in MOS-based devices or enlarging the
perimeter of the diodes enhanced ESD robustness only under forward-conduction conditions.
The diodes demonstrated a higher figure of merit than MOS-based devices, making them more
suitable for ESD protection in this process. Moreover, to realize the whole-chip ESD protection,

some designs of the power-rail ESD clamp circuit for the SiC process were also proposed.

Latchup characteristic in the SiC CMOS structure was also studied. Experimental results
confirmed the presence of latchup risk caused by the parasitic silicon-controlled rectifier (SCR)
path. It was shown that increasing the anode-to-cathode spacing raised the holding voltage and
improved latchup immunity. This study emphasized the need to define design rules of latchup

prevention for SiC-based integrated circuits.

Furthermore, the electrical SOA (eSOA) and unclamped inductive switching (UIS)
robustness of 4H-SiC VDMOSFETs were analyzed. The snapback phenomenon can be
observed from the TLP measured /-V curves, which indicate that the parasitic BJT was triggered.
Under the UIS test, the parasitic BJT was triggered due to high overshooting V'ps voltage, which
could cause device failure. To enhance switching reliability, an improved 1700-V device
structure with an extended P+ region was proposed. A longer P+ region will result in a lower
base resistance, which will restrain the parasitic BJT from triggering. This modification

significantly enhanced eSOA and UIS performance without compromising switching speed or
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switching loss. The improved method will not increase manufacturing costs or complexity.

In summary, this dissertation provides comprehensive strategies for improving the
reliability of GaN and SiC semiconductor devices and circuits, with a particular focus on ESD
protection, latchup prevention, and SOA enhancement. Through in-depth analysis and
implementation at the device and circuit levels, this research provides concrete design

references for improving the reliability of wide bandgap semiconductor technology.

Keywords — Wide-Bandgap Semiconductor, Integrated Circuit (IC), Gallium Nitride
(GaN), Silicon Carbide (SiC), Electrostatic Discharge (ESD), Latchup, Safe Operating Area

(SOA).
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