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Part B: The Completion Report

5. Project Objectives
5.1 Objectives as per original application

1. Develop temperature- and time-dependent high-field characterization techniques
for studying bulk traps in III-nitride material systems

2. Develop temperature- and time-dependent characterization techniques for studying
interface traps in [II-nitride MIS-HEMT structures

3. Develop optimized structures and growth techniques of the buffer layer for
[II-nitride lateral power electronic devices
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4. Evaluate various dielectric materials in III-nitride MIS-HEMTSs and determine
optimized dielectric technology

5.2 Revised Objectives

Date of approval from the RGC:

Reasons for the change:
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6. Research Outcome
Major findings and research outcome
(maximum I page, please make reference to Part C where necessary)

With our effort in this project period, achievements have been made in characterizing
the interface/bulk traps, understanding the underlying physical mechanisms and
addressing the trap-related issues. Effective temperature- and time-dependent
characterization techniques have been developed for studying the bulk/interface traps in
[II-nitride material systems. With the developed characterization methods, the physical
mechanisms of trap-related issues have been investigated in-depth. These studies provide
substantial guidelines for the optimization of the III-nitride power electronic devices.

Through improvement of device structure and fabrication process, bulk/interface
traps-induced issues, including current collapse and V't instability, have been addressed
with approaches that can be practically implemented. Bulk-trap induced current collapse
has been effectively suppressed by seamlessly on-chip integration of the
Schottky-on-heterojunction light-emitting diode (SoH-LED) or photonic-ohmic drain
with the AlGaN/GaN HEMT. High-quality dielectric/IlI-nitride interface has been
obtained using nitridation treatment and interface protection techniques. With these
techniques, highly reliable LPCVD-SiNy has been successfully applied in the MIS-FETs
with fully-recessed gate structure to achieve high-performance E-mode device with long
TDDB-lifetime of gate dielectric and stable V'tu. The outcomes of this project provide
valuable information for developing desired GaN power devices with high performance,
high stability and high reliability that meet the application standards.

1. Enhanced dynamic performance of GaN lateral heterojunction power FET

GaN power transistor with effectively suppressed current collapse has been realized
by embedding a Schottky junction in the drain terminal of GaN HEMT device [13]. The
on-chip photon pumping of electrons trapped in the deep levels can be achieved by the
photons synchronously generated in the Schottky junction during hard-switch operation.
Consequently, without epitaxy regrowth or over-designed buffer structures, the device
dynamic performance can be significantly enhanced. The potentiality of on-chip hybrid
opto-HEMTs to minimize the influences of deep traps during dynamic operation of
AlGaN/GaN power HEMTs has been validated.

2. Interface treatment and interface protection for high quality interface with low D;;

Obtaining high-quality interface with low Dj is one of the most critical challenges in
MIS-gate. According to a first-principles calculation study, the GaN surface states
distribution can be modified by nitridation with the shallow trap (i.e. close to Ec) density
greatly reduced [2]. Interface protection is another technique to prevent the GaN surface
from degradation at high temperatures (~ 800 °C) [3] at which high-quality gate dielectric
is deposited. The high temperature is necessary to obtain a densified dielectric film with
reduced defect density.

3. High performance E-mode MIS-FET with high reliability and high stability

With the interface treatment and protection techniques, SiNx gate dielectric (with the
benefits of large conduction band offset of ~2.3 eV with GaN and relatively high
dielectric constant of 7) deposited at 780 °C by LPCVD (low pressure chemical vapor
deposition) is successfully integrated with recessed-gate structure to obtain E-mode
MIS-FET [11]. With the reliable LPCVD-SiNy gate dielectric and high quality interface,
the high-performance MIS-FET delivers enhanced Vrtu stability and gate dielectric
reliability.
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Potential for further development of the research and the proposed course of action
(maximum half a page)

Based on the understanding of the bulk and interface traps in GaN-based power electronic
devices, we have developed advanced device structures and process techniques to deliver the
high-performance GaN MIS-HEMT/FET in this project. Toward the goal of widespread
application of GaN power devices, the investigation of device reliability and stability will be
our next topic. Presently, GaN power devices have entered the commercialization stage and
have been used to demonstrate power conversion systems that have greater efficiency and
higher power density than can be achieved with conventional Si power devices. However, a
reliability qualification standards suitable for GaN-based devices, which recommend
evaluation procedures to guarantee the qualified devices for safe and reliable application, is
still not available. Because of the unique material and device physics of the GaN-based
materials and devices, the testing methods and the lifetime prediction models recommended
by the standards for Si CMOS are not sufficient for GaN power devices.

Therefore, a reliability evaluation and testing platform for commercial GaN power
devices is desirable and should be developed in the future projects. At the center of this
platform are novel power switching device characterization techniques, a fundamental
understanding of reliability issues, credible lifetime predication models and systematic
studies of challenging issues such as short-circuit capability and unclamped inductive
switching capability. The future research topics will focus on the fundamental understanding
of reliability issues and novel power device characterization methods. The reliability
investigation will be conducted under various operating conditions of a power switch, which
allows identification of the major reliability issues with different acceleration stress factors.
Testing platforms will be set up to meet the requirements and support various stress
conditions within a wide temperature range. These studies will provide the basic techniques
and guidelines for device reliability evaluation and facilitate the establishment of reliability
testing platform for GaN power devices.

7. The Layman’s Summary
(describe in layman’s language the nature, significance and value of the research project, in
no more than 200 words)

Power semiconductors are at the heart of power conversion systems for electric energy
processing. The continuous and recently accelerating electrification of modern society is
demanding power semiconductor devices to deliver higher efficiency and higher power
density. With superior material properties, wide-bandgap GaN power electronic devices
are one of the most promising candidates for next-generation power converters that could
significantly out-perform the Si-based devices. However, critical stability and reliability
issues, most of which are caused by the bulk and interface traps have been hindering the
commercialization of GaN power devices despite the strong interests from potential users.
In this project, we conducted systematic and comprehensive investigation on the origins
and underlying physical mechanisms of bulk and interface traps. Various techniques have
been developed to study the diverse and dynamic behavior of bulk/interface traps and
their effects on dynamic ON-state resistance and threshold voltage stability. Novel and
effective solutions to the reliability issues have been invented and successfully developed,
with results published and presented in prestigious journals and conferences.
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Part C: Research OQutput
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