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(ABSTRACT) 

 

 

 

Power device robustness refers to the device capability of withstanding abnormal 

events in power electronics applications, which is one of the key device capabilities that 

are desired in numerous applications. While the current robustness test methods and 

qualification standards are developed across the 70 years of Silicon (Si) device history, 

their applicability to the recent wide bandgap (WBG) power devices is questionable. While 

the market of WBG power devices has exceeded $1 billion and is fast growing, there are 

many knowledge gaps regarding their robustness, including the failure or degradation 

physics, testing methods, and lifetime extraction.  

This dissertation work studies the robustness of Gallium Nitride (GaN) power device. 

The structures of many GaN power devices are fundamentally different from Si or Silicon 

Carbide (SiC) power devices, leading to numerous open questions on GaN power device 

robustness. Based on the device structure, this dissertation is divided into two parts:  

The first half discusses the robustness of lateral GaN high electron mobility transistor 

(HEMT), which recently sees rapid adoption among wide range of applications such as the 

power adapter and chargers, data center, and photovoltaic panels. The absence of p-n 

junction between the source and drain of GaN HEMT results in the lack of avalanche 

mechanism. This raises a concern on the device capability of withstanding surge-energy or 

overvoltage stress, which hinders the penetration of GaN HEMTs in broader applications.  

To address this concern, the study begins with conducting the single-event unclamped 

inductive switching (UIS) test on two mainstream commercial p-gate GaN HEMTs with 

the Ohmic- and Schottky-type gate contacts, where the GaN HEMT is found to withstand 

surge energy through a resonant energy transfer between the device capacitance and the 



 

loop inductance. The failure mechanism is identified to be a pure electrical breakdown 

determined by device transient breakdown voltage (BV). The BV of GaN HEMT is further 

found to be ñdynamicò from the switching tests with various pulse widths and frequencies, 

which is further explained by the time-dependent buffer trapping. This dynamic BV 

(BVDYN) phenomenon indicates that the static or single-pulse test may not reveal the true 

BV of GaN HEMT in high frequency switching applications.  

To address this gap, a novel testbed based on a zero-voltage-switching converter with 

an active clamping circuit is developed to enable the stable switching with kilovolt 

overvoltage and megahertz frequency. The overvoltage failure boundaries and failure 

mechanisms of four commercial p-gate GaN HEMTs from multiple vendors are explored. 

In addition to the frequency-dependent BVDYN, two new failure mechanisms are observed 

in some devices, which are attributable to the serious carrier trapping in GaN HEMTs under 

the high-frequency overvoltage switching. At last, based on the findings in the high 

frequency overvoltage test (HFOT), a physics-based lifetime model for commercial GaN 

HEMTs utilizing the device on resistance (RON) shift is established and validated by 

experimental results. Overall, the switching-based test methodology and experimental 

results provide critical references for the overvoltage protection and qualification of GaN 

power HEMTs. 

The second half of the dissertation discusses the robustness of the vertical GaN fin-

channel junction field effect transistor (Fin-JFET), a promising pre-commercialized GaN 

power device with the p-n junction embedded between the gate and drain which enables 

the avalanche breakdown. The robustness study on GaN JFET follows similar test 

approaches as Si metal-oxide-semiconductor field-effect transistor (MOSFET) with two 

key interests: the avalanche and short circuit capabilities. The avalanche breakdown is first 

explored via the single-event and repetitive UIS tests and under various gate drivers, from 

which an interesting ñavalanche-through-fin-channelò mechanism is discovered. By 

leveraging this avalanche path, the electro-thermal stress migrates from the main blocking 

p-n junction to the n-GaN fin channel, resulting in a very favorable failure-to-open-circuit 

signature. The single-pulse critical avalanche energy density (EAVA ) of vertical GaN Fin-

JFET is measured to be as high as 10 J/cm2, which is much higher than the Si MOSFET 

and comparable to the SiC MOSFET.  



 

The short circuit capability is explored utilizing the hard-switching fault on the 650-V 

rated GaN Fin-JFET, with a gate driving circuit identical to the switching application to 

best mimic device operation in converters. The short circuit withstanding time is measured 

to be 30.5 µs at an input voltage of 400 V, 17.0 µs at 600 V, and 11.6 µs at 800 V, all 

among the longest reported for 600-700 V normally-off transistors. In addition, the failure-

to-open-circuit signature is also shown in the single-event and repetitive short circuit tests; 

all devices retain the avalanche breakdown after failure, which is highly desirable for 

system applications. These results suggest that, while GaN HEMT is already available in 

market, vertical GaN Fin-JFET shows superior avalanche and short-circuit robustness and 

thereby can unlock great potential of GaN devices for applications like automotive 

powertrains, motor drives, and grids.
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In recent years, many power electronics applications such as data centers and electric 

vehicles have witnessed a rapid increase in the adoption of wide bandgap (WBG) power 

devices. The Gallium Nitride (GaN) device is one of the most attractive candidates in WBG 

devices, owing to its good tradeoff between breakdown voltage and on resistance, as well 

as the small gate charge that enables high frequency switching. For power devices, their 

robustness against overvoltage and overcurrent stresses is as important as their 

performance under normal operations. However, the new material, new device structure, 

and new device physics in GaN power devices brought up many open knowledge gaps in 

their robustness study, particularly under the dynamic operation in switching circuits. 

This dissertation presents the work in exploring the robustness of GaN power devices. 

Based on the device structure, the discussion is divided in two parts: 

The first half of the dissertation focuses on the overvoltage robustness of the lateral 

GaN High Electron Mobility Transistor (HEMT), the commercially available device 

covering 30 to 900 V voltage classes. A key feature of this device is the lack of p-n junction 

between source and drain, leading to an absence of avalanche capability. The study is 

conducted on mainstream, commercial p-gate GaN HEMTs, with a combination of circuit 

testing, microscale failure analysis, and physics-based device simulation. The main 

contribution is on three aspects: identifying the single-event and high-frequency repetitive 

overvoltage boundaries of GaN HEMT, unveiling the failure and degradation mechanisms 

under transient overvoltage conditions, and providing guidelines to GaN HEMT device 

users with proper robustness test methodology for device qualification and screening.  



 

 

The second half of the dissertation focuses on the robustness of vertical GaN fin-

channel junction field effect transistor (Fin-JFET), a promising pre-commercial GaN 

power device with the p-n junction implemented between the source and drain. The 

robustness tests follow the classic approaches deployed for Silicon power devices, where 

both the avalanche and short circuit capabilities are investigated. From the single-event and 

repetitive test results, the GaN JFET shows excellent avalanche robustness with a desirable 

failure-to-open-circuit behavior, as well as a critical avalanche energy (EAVA ) of 10 J/cm2 

that is higher than the Silicon metal-oxide-semiconductor field-effect transistor (MOSFET) 

and comparable to the Silicon Carbide MOSFET. For a 650-V rated GaN Fin-JFET, a 

record high 30.5 ʈÓ short circuit time is demonstrated under the hard-switching fault 

condition at 400 V input voltage. Overall, the results show great potential of GaN power 

devices for the power electronics applications that involve more stressful operation 

conditions for devices. 
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Chapter 1: Introduction  

1.1 Introduction of Silicon and Wide Bandgap Power Devices 

Power device is the key component in almost any power electronics circuit. Power devices act 

as solid-state switches in circuit, and they are required to block high voltage in their off-state and 

offer small on resistance (RON) when being turned-on to conduct the current [1]. Along with the 

power device history, Silicon (Si) has maintained its dominance for more than seven decades. 

From the first successful demonstration of the bipolar junction transistor (BJT) in 1948 [2], the 

structure of Si-based power devices has been renovated to achieve a faster switching speed, lower 

conduction forward voltage (represented by the on resistance, RON, for unipolar devices) for a 

specific breakdown voltage (BV) : from the invention of metal-oxide-semiconductor field-effect 

transistor (MOSFET) in 1959 [3], to the Insulated Gate Bipolar Transistor (IGBT) that combines 

the advantages of both the bipolar current conduction of BJT and fast switching of MOSFET in 

1979 [4] and finally, the invention of superjunction MOSFET in 1980s [5] broke the limit of the 

1D trade-off with a drastically reduced RON, and Si CoolMOSTM hit the market with over 600 V 

voltage rating. Meanwhile, the potential of Si was almost fully exploited. 

However, the quest never ends on developing new generation of power devices, researchers 

have always been exploring alternative materials and novel device architectures to overcome the 

limitations of Si devices. When judging the potential of a material for 1D unipolar power devices, 

a figure of merit (FOM) proposed by Baliga is usually used, which is defined in formula (1) [6]: 

ὄὠ

Ὑ ȟ

‭‘Ὁ

τ
                                                             ρ 

where BV is the device breakdown voltage, Ron,sp is the specific on-resistance (the product of 

resistance and chip area), ‭ is material permittivity, ‘ is the carrier mobility, and EC is the critical 

electric field of the material. From (1), a slight increase in the EC would boost the FOM by a cubic 

power law. While a 2 (for indirect semiconductor material) or 2.5 (for direct semiconductor 

material) power factor relationship is unveiled between semiconductor material bandgap (Eg) and 

EC [7], i.e., Ὁ ᶿὉȢ, it can be clearly seen that thanks to the higher EC, wide bandgap (WBG) 

power semiconductor devices offer a much smaller Ron,sp at the same voltage rating compared to 
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Si devices, which enables much smaller device size, leading to lower device capacitance and 

enables faster switching speed. Hence, WBG devices are drawing more and more attention for 

next-generation power electronics applications targeting higher power density and efficiency. 

The two most popular candidates in the WBG material family are Gallium Nitride (GaN, direct 

bandgap material with a bandgap of ~ 3.4 eV) [8] [9] and Silicon Carbide (to be more specific, 

4H-SiC, indirect bandgap material with a bandgap of ~3.2 eV) [8]. Compared to Si, whose bandgap 

is ~ 1.1 eV, GaN and SiC are equipped with an around 10 times higher critical electric field (EC).  

Figure 1-1 plots the limits of Si, SiC and GaN for unipolar power devices. From the FOM, it 

can be clearly seen that a 10 times higher EC gives a drastic decrease in Ron,sp for the same BV: by 

increasing the doping or carrier concentration and reducing the thickness or length of the drift 

layer. Therefore, WBG devices allow for smaller die size for a specific Ron or current rating, as 

well as smaller device capacitance, as compared to Si devices, further enabling fast switching 

operation up to megahertz, and reducing the size of the passive components. These allow for the 

system miniaturization in many applications such as datacenter and portable adapter [1] [10] [11] 

[12][13].  

 

Figure 1-1. Unipolar limits of Si, 4H-SiC and GaN power devices. 
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Another advantage of WBG device is the high temperature operation capability. Since 

semiconductor material bandgap usually shrinks with increasing temperature, leading to an 

increase in intrinsic carrier density and off-state leakage current [14]. Wider bandgap material has 

much lower intrinsic carrier density compared to Si, which reduces the leakage and allows the 

dopant to be effective at higher temperature, hence allowing for a higher temperature tolerance in 

operation. GaN high electron mobility transistor (HEMT) has been reported to safely operate at 

400 oC [15]  while similar result has also been reported on SiC-based power junction-gate field-

effect transistor (JFET) [16],  which is an unmatched capability by Si-based power devices, as the 

usual max temperature limit of Si devices is merely 125 oC [13].  

1.2 Knowledge Gaps in GaN Power Devices Robustness Study 

Compared to SiC, the advantages of GaN include a slighter wider bandgap hence a higher 

breakdown electric field (E-field), and a higher mobility in either bulk GaN or the two-

dimensional-electron-gas (2DEG) at the Aluminum Gallium Nitride (AlGaN) / GaN interface. The 

electron mobility is reported to be over 1800 cm2/Vs in the 2DEG [17], and over 1200 cm2/Vs in 

bulk GaN material [18], which is over twice or 1.5 times of the electron mobility in SiC [19]. 

Theoretically, GaN devices possess a better FOM over SiC devices that can enable a higher 

switching frequency, higher power density and efficiency in the power electronics systems. In 

academia, GaN devices have been demonstrated with a voltage class up to 10 kV and performance 

exceeding the SiC 1D limits [20]ï[23] 

In recent years, the industry has seen the prosperity of GaN power devices, which results from 

both the superior performance and processing maturity of GaN power devices, as well as the effort 

on solving the challenges on electromagnetic interference (EMI) [24]ï[26], magnetic design [27]ï

[30] and circuit control [31]ï[33] in high frequency operations. With the introduction of the first 

GaN-based cell phone charger into the market in 2018, GaN has been quickly adopted in various 

applications including but not limited to power adapter, motor drive, on board charger, power 

modules for datacenter, advanced CPU and GPU [34]ï[37]. The market size of GaN power devices 

is projected to exceed $1.26 billion by 2027 [38].  
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However, apart from the superior device performance, power device robustness is another key 

aspect to consider when deploying new generation devices into power systems [39]. Device 

robustness refers to the device capability of withstanding abnormal events near or out of its safe 

operation area (SOA).  As shown in Figure 1-2, a typical SOA is limited by current, voltage and 

power dissipation (thermal); the common abnormal events include the short-circuit and the 

overvoltage or avalanche. Short circuit events are the transients that power devices conduct current 

several times higher than the rated value, usually at a high blocking voltage from the power source. 

The overvoltage or avalanche events are usually induced by an inrush of inductive energy to the 

off-state devices, in such the transient device drain voltages are higher than their rated value.  In 

recent years, some major concerns about GaN device robustness have slowed down the penetration 

in specific applications [39]. These concerns are primarily raised from the differences in the device 

architecture and physics compared to Si and SiC devices. In the rest of this section, major 

knowledge gaps in both lateral and vertical GaN power devices robustness study will be discussed.  

 
Figure 1-2 Common stressors in power device robustness studies in comparison to the deviceôs SOA. 
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1.2.1 Lateral GaN High Electron Mobility Transistor (HEMT)  

The most representative lateral GaN device is the GaN high electron mobility transistor 

(HEMT), which has been commercialized from 15 V to 900 V by multiple vendors, covering 

various low voltage application profiles. The GaN HEMTs leverage the 2DEG to form the 

conduction channel, the enhancement mode (E-mode) operation is realized by placing a piece of 

p-GaN gate (p-gate) on top of the AlGaN barrier to lift  the conduction band and deplete the local 

2DEG underneath the p-gate region. In general, there are two types of E-mode p-gate GaN HEMT 

available in market, namely the hybrid-drain gate injection transistor (HD-GIT) and the Schottky 

p-gate HEMT (SP-HEMT). As shown in Figure 1-3(a), in the HD-GIT, gate metal forms an Ohmic 

contact to p-GaN and the AlGaN barrier is recessed, such to facilitate the hole injection into the 

 

Figure 1-3. Schematic structure of the (a) HD-GI and (b) SP-HEMT. 
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2DEG channel for conductivity modulation.  Another piece of p-GaN connects with the drain to 

suppress electron trapping under high drain bias, referring as the ñhybrid drainò structure [40]. 

While in SP-HEMTs, gate metal forms a Schottky contact to p-GaN that gives a higher gate 

overvoltage margin (Figure 1-3(b)), and there is no gate recess or hybrid drain design.  

In regards of device robustness, there are two key differences comparing GaN HEMT and 

power MOSFET. The first one is the lack of avalanche breakdown mechanism in GaN HEMT. 

Figure 1-4(a) illustrates the avalanche process in a power MOSFET. Avalanche breakdown is a 

carrier impact ionization (I. I.) and multiplication process: it is initiated in the semiconductor 

region with the peak electric field (E-field); the I. I. generated electron-hole pairs are accelerated 

by the local E-field and collide with lattice atoms to generate an increasing number of electron-

hole pairs [41]. To maintain a sustained avalanche, the carriers produced in the I. I. and 

multiplication must be effectively removed via the p-n junction structure connected to the device 

electrodes. During the avalanche process, fast generation and effective removal of I. I. carriers 

prevent further rise of the peak E-field and minimize the risk of device electrical breakdown. As 

shown in Figure 1-4(b), when avalanche breakdown occurs in power applications, device drain 

bias (VDS) will be clamped at its avalanche breakdown voltage (BVAVA ), and the inductive current 

(IL) goes down with the energy is dissipated within the device. This process protects the device 

from surge energy events. Therefore, avalanche breakdown is highly desirable for power devices. 

 

Figure 1-4. Illustration of the (a) avalanche process in a power MOSFET, (b) avalanche waveforms under surge 

energy stress. 

 

 

 
 

(a) (b)
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However, as shown in Figure 1-3, there is no p-n junction between the source and drain of a 

power GaN HEMT, hence a non-avalanche breakdown is expected when the device undergoes 

transient surge energy or voltage spike. This inherent difference leads to the following knowledge 

gaps on the GaN HEMT surge energy robustness: (a) How do GaN HEMTs withstand surge 

energy? What are the physical dynamics in the withstanding process? (b) What determines the 

failure of GaN HEMTs under surge energy? (c) Do different types of GaN HEMTs fail with the 

same mechanisms and behaviors? 

The second difference is the epitaxy layer growth: power MOSFETs are usually fabricated on 

homogeneous epitaxy layers, i.e., Si MOSFETs are fabricated on Si epitaxial layers grown on a Si 

substrate. The homogeneous epitaxy avoids the lattice mismatch thus minimizes the defect density 

in the epitaxy layer. However, for commercial GaN HEMTs, the GaN epitaxial layers are usually 

grown on Si or sapphire substrate. The lattice mismatch leads to considerable number of defects. 

Meanwhile, to prevent vertical leakage, dopants such as Carbon (C) and Iron (Fe) are added into 

the GaN epitaxy. All these defects and external dopants form the traps in the GaN layer, covering 

a wide activation energy from 0.089 to 3.22 eV [42], almost a full expand of GaN bandgap. From 

the literature, the dynamic response of trapping and de-trapping changes the charge distribution 

profile in GaN HEMT, which leads to various issues including the dynamic RON and threshold 

voltage (VTH) instability. Considering the overvoltage robustness, device BV is highly dependent 

on the charge distribution, therefore, the non-switching static tests may not give accurate BV 

measurement; a switching circuit-based testbed is required. Following the aforementioned 

knowledge gaps, two more open questions emerge: (d) How to design proper test setup that can 

best correlate the experimental results to their operation in high frequency switching converters? 

(e) How to project the GaN HEMT lifetime in applications, when overvoltage transient occurs due 

to parasitic or leakage inductance? In this dissertation work, comprehensive studies are conducted 

to address the knowledge gaps above, the key findings are presented in the following sections. 

1.2.2 Vertical GaN Fin-Channel Junction Field Effect Transistor (Fin-JFET) 

Compared to lateral GaN HEMTs, vertical GaN FETs are more attractive for applications over 

600-V class. In vertical devices, for a higher device BV, the drift region thickness of vertical 

devices increases without expanding device area. But in lateral GaN HEMTs, in order to increase 

device breakdown voltage, drain to gate distance needs to be expanded, which increases die size 
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that leads to a higher cost. The vertical structure can also allow for a superior thermal management 

due to more spreading current and electric field distributions [43]. Due to the reasons above, 

building up vertical GaN FET for high voltage, high power density applications has been a hot 

topic in power devices society over a decade [44]ï[46]. 

Vertical GaN Fin-JFET is a pre-commercial WBG power device with voltage rating up to 1.2 

kV [47], [48]. The cross-section structure of the GaN Fin-JFET is shown in Figure 1-5. In the Fin-

JFET, an array of sub-micrometer wide n-GaN pillars forms the vertical channel, and they are 

surrounded by the heavily doped p-GaN, forming a gate-all-around structure. The E-mode or 

normally off operation is realized by the depletion at the gate p-n junction: at zero gate bias (VGS), 

the p-GaN gate depletes the entire n-GaN channel laterally and pinches off the current conduction.  

The GaN Fin-JFET has achieved a smaller Ron,sp compared to state-of-art GaN HEMT at the 

voltage rating of 600 V [49], indicating the great potential of the device. However, the development 

of GaN Fin-JFET is still at a relatively early stage, and almost no robustness research has been 

conducted. With the p-n junction incorporated in the device, the avalanche breakdown and 

avalanche energy (EAVA ) are key interests for this device. Meanwhile, in MOSFET, the p-n 

junction is formed between drain and source, hence the avalanche current naturally flows through 

 

Figure 1-5. Device schematic of the vertical GaN Fin-JFET (not to scale). 
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the power loop in circuit. However, in GaN Fin-JFET, the p-n junction is between gate and drain, 

hence the avalanche current path in GaN Fin-JFET could be distinct from the MOSFET. Short 

circuit robustness is also a key interest when studying power device robustness, as an over 10 ʈÓ 

short circuit withstanding time (tSC) is usually required in applications such as EV powertrains and 

smart grids [50]. In the investigation of avalanche and short circuit robustness, it is essential to 

determine the critical EAVA  and tSC in single-event test. Additionally, exploring device degradation 

mechanisms in repetitive events is also preferred as it offers deeper understanding of device 

physics and provides key information for further improvement of device robustness.  

1.3 Robustness Testing Methods for GaN HEMTs 

Typical power device robustness testing methods and robustness standards were developed in 

the era of Si, with the interests focusing on the abnormal events such as avalanche and short circuit, 

as well as accelerated lifetime extraction. Those methods and standards have also been adopted in 

WBG devices and provide key understanding on device robustness. However, resulting from the 

new material and new device architecture in WBG power devices, the traditional robustness test 

methods cannot reflect some failure or degradation modes, for example, those induced by the 

carrier trapping in GaN HEMTs. 

 Overall, the robustness testing methods can be divided into two groups according to the device 

operation condition during the test, namely the static (non-switching) and switching test methods. 

This section briefly introduces the commonly used testing methods, discusses their outcomes and 

limitations, and provides insights on further optimization of robustness testing methodology for 

GaN power devices. A thorough discussion is presented in a recent review paper [39]. 

1.3.1 Static Test Methods 

In static reliability testing, the device under test (DUT) is usually kept in the off-state, and a 

consistent bias is applied on the DUT terminals. The two widely adopted test methodologies are 

the high temperature reverse bias (HTRB) test and high temperature gate bias (HTGB) test. 

In the HTRB test, a drain bias stress at over 80% of the DUT voltage rating is applied at drain 

terminal, along with a temperature of 150 oC. Up to date, multiple GaN HEMT vendors have 

published their HTRB test results with the focus on qualification failure mechanisms determination 
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and lifetime extraction. However, among the vast number of reports, only one vendor reported the 

HTRB test at a bias higher than the device voltage rating [51]. The complication in selecting proper 

voltage stress originates from the lack of avalanche breakdown in GaN HEMTs. For a bias over 

voltage rating, the rise in leakage current will enhance the carrier trapping, which leads to a faster 

failure of GaN HEMT and thereby a possibly underestimated lifetime projection. Meanwhile, the 

continuous high bias on drain in the HTRB test does not represent the transient overvoltage 

condition with a resonance nature in practical power systems. 

The testing methodology in HTGB test is similar to HTRB, with the bias applied on the gate 

terminal. Compared to Si or SiC MOSFETs, GaN HEMTs have much smaller gate overvoltage 

margin and the gate robustness is a particularly important topic as well. Up to date, a time 

dependent dielectric breakdown (TDDB) mechanism is widely accepted in the reports from both 

academia and industry [52], [53], but most of the tests are still DC bias based. 

1.3.2 Switching Test Methods 

In switching tests, DUT turn-on and turn-off transients are involved, either in a manner of 

single-event or continuous switching. Some switching tests are the legacy from the Si era, such as 

the unclamped inductive switching (UIS) test and the short circuit test. Recently, mission profile 

tests based on circuit application scenarios are drawing increased attention in GaN HEMTs 

robustness studies [54], [55]. Meanwhile, the switching-based tests are also emerging for the gate 

reliability and robustness studies for GaN HEMTs [53], [56].  

 
Figure 1-6. Circuit schematic of the UIS test. 
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The schematic of the UIS circuit is shown in Figure 1-6. The inductor stores the energy when 

the DUT is turned on, when the DUT is turned-off, the inductive energy surges into the off-state 

DUT. The UIS test is originally designed to characterize the avalanche energy for power 

MOSFETs. From 2016, researchers started to apply the UIS test on GaN HEMTs. However, 

controversial conclusions have been reported in [57]ï[61]. Saito et al. [57]ï[59] concluded that 

their p-gate GaN HEMTs retain some avalanche capability enabled by the hole removal through 

the p-GaN/AlGaN/GaN gate stack. In contrast, Kozárik et al. [60] and Martinez et al. [61] claimed 

that the UIS capabilities of p-gate GaN HEMTs are not due to avalanche but originates from 

capacitive charging. Further discussion on the UIS test is presented in Chapter 2 of the dissertation. 

Another key robustness requirement for power devices is the short circuit capability. A general 

requirement is the short circuit withstanding time (tSC) should be longer than 10 ʈÓ without failure 

for the protection circuit to intervene [50]. In this dissertation work, only the short circuit 

robustness of vertical GaN Fin-JFET is discussed because the GaN HEMT short circuit robustness 

has been studied extensively in the literature. GaN HEMTs are reported to be vulnerable under 

short circuit stress with a tSC under 1 ʈÓ at 400 V bus voltage for 650 V rated GaN HEMTs [62]. 

It should be noted that in some literatures, the tSC of GaN HEMTs is reported to be much longer, 

because the testing profiles adopt large RG or parasitic inductance. In order to capture the 

robustness data that provide closet reference for applications, switching robustness tests that best 

mimic the application scenario need to be adopted.  

Apart from the UIS and short circuit test, various mission profile tests have been conducted to 

study the GaN HEMT degradation and lifetime under switching stress. Examples of such switching 

stress setup include the hard-switch boost converter [63], soft-switch LLC converter [64], double 

pulse test setup [63]. Currently, there is no switching testing standard established for GaN HEMTs. 

This is partly because the GaN HEMTôs degradation mechanisms under switching stress are 

diverse and have not been fully understood.  

1.4 Motivation of the Research 

The objective of power device robustness study is usually concluded into three categories: 

identifying, understanding, and guiding. While in the study on the surge-energy and overvoltage 



12 

 

robustness of GaN HEMTs and the robustness study on vertical GaN Fin-JFET, the motivation 

and expected outcomes are summarized below: 

1. Identifying: identify device BV under various testing conditions that set the hard failure 

boundaries of GaN HEMTs. Identify the critical EAVA  and tsc of vertical GaN Fin-JFET. 

2. Understanding: due to the distinct structures of GaN HEMT and GaN Fin-JFET in 

comparison with power MOSFETs, understanding the device failure and degradation 

mechanisms under overvoltage, avalanche or short circuit conditions is of major interest in 

this dissertation work. The non-avalanche nature and the existence of high-density trap 

states in GaN HEMT, the formation of gate p-n junction in GaN Fin-JFET are found to 

impact device behaviors, failure and degradation modes under robustness test conditions.  

3. Guiding: based on the understanding gained from the robustness test, guidance is expected 

for GaN HEMT device users on how to properly qualify device robustness, protect devices 

in applications, as well as project device lifetime in operations. Provide feedback to GaN 

HEMT and GaN Fin-JFET device designers and manufacturers for further improving the 

critical device and material structures that determine the device reliability and robustness. 

1.5 Contribution of This Dissertation 

The work presented in this dissertation addresses several important knowledge gaps on the 

robustness and reliability of lateral GaN HEMTs and vertical GaN Fin-JFET. The key findings 

include: new overvoltage failure and degradation mechanisms, new testing methodology of device 

reliability and robustness under the high frequency overvoltage switching, and new avalanche 

breakdown mode. More specifically, this dissertation establishes the following: 

1.5.1 Surge-energy and Overvoltage Robustness of GaN HEMT 

1. Under the single-event UIS test, the p-gate GaN HEMT is found to withstand surge energy 

through a resonant energy transfer between device output capacitance (COSS) and the loop 

inductance, rather than a resistive energy dissipation as occurred in avalanche. The device 

failure occurs at the transient of peak resonant voltage and is limited by the device 

overvoltage capability, indicating the energy is no longer the most meaningful parameter 

that can directly represent the intrinsic robustness of GaN HEMTs. In a surge-energy event, 
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almost no energy is dissipated in the resonant withstand process and the device failure is 

dominated by electric field rather than thermal runaway. 

2. From the UIS tests with various pulse widths from 20 ns to 2 s, the BV of GaN HEMT is 

found to increase with the decreased pulse width, up to 500 V higher than the static BV 

measured on the curve tracer. This behavior is explained by the reduced buffer trapping 

and the resulting lower peak electric field in shorter pulses. This ñdynamic BVò (BVDYN) 

provides additional overvoltage and surge-energy margin for GaN HEMTs when being 

used in converters. 

3. The overvoltage robustness of GaN HEMTs is found to also depend on frequency. In the 

high frequency overvoltage test (HFOT), a novel converter-based testbed with the active 

clamping circuit (ACC) is designed and prototyped, allowing for >1 kV overvoltage at 

switching frequency (fsw) up to 1 MHz. The test results see the frequency dependent BV in 

some commercial p-gate GaN HEMT with two new degradation mechanism identified:  a 

drastic, nearly unrecoverable increase in RON due to severe electron trapping in the GaN 

HEMT, and a degradation of the OFF-state leakage current and BV due to the trapping in 

the GaN buffer. Finally, the repetitive UIS test is proposed as a fast and effective method 

for the GaN HEMTs screening for the high-fsw overvoltage ruggedness. These results reveal 

the necessity of running application-based robustness test beyond single-event or DC static 

tests for the qualification of GaN HEMTs. 

4. Based on the findings in the HFOT test, a lifetime model based on the shift of GaN HEMTôs 

dynamic RON is established. A high frequency UIS test setup with accurate in-situ RON 

monitoring is demonstrated. Good agreement between the measured data and the lifetime 

model fits are achieved under different peak switching voltages, which reveals the electron 

trapping in the passivation layer interface to be the main physical origin of device 

degradation. 

1.5.2 Avalanche and Short-circuit Robustness of Vertical GaN Fin-JFET 

1. A unique ñavalanche through fin-channelò phenomena is observed in the vertical GaN Fin-

JFET. With the implementation of an RC interface gate driving circuit, the channel can be 

turned on during the avalanche, which migrates the avalanche current from the gate p-n 

junction to the device fin-channel. In comparison with the avalanche in the p-n junction 
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(avalanche through gate), the avalanche through fin-channel offers higher EAVA , and 

features a failure-to-open-circuit signature. This avalanche path also allows for the spatial 

separation of the high current stress and the peak E-field, resulting in a more robust 

avalanche capability in power devices.  

2. From the single-event short circuit test, a record high tSC of 30.5 µs at an input voltage of 

400 V is measured for a 650-V rated Fin-JFET. All devices show the failure-to-open 

signature where the device maintains the avalanche breakdown voltage (BVAVA ) after 

failure. Meanwhile, the vertical GaN Fin-JFET is the first power device that demonstrates 

robust short circuit capability near the BVAVA  with tSC over 10 µs. The physics behind these 

results is well explained by the avalanche-through-fin process. 

3. Repetitive avalanche and short circuit testing show similar degradation at the lateral gate-

to-source junction, providing guidance for further enhancing the robustness of GaN Fin-

JFETs. 

1.6 Dissertation Outline 

Chapter 1introduces the background of the study, the key differences between GaN-based 

power devices and Si or SiC-based power devices, and the open knowledge gaps in GaN power 

device robustness study. 

The key contents of chapter 2 to chapter 5 can be summarized in the device SOA figure (Figure 

1-2) which is shown in Figure 1-7. 

Chapter 2 discusses the surge energy robustness based on the single-event UIS test. This 

chapter presents a combination of switching circuit testing, microscopic failure analysis, and 

technology computer aided design (TCAD) simulation. This chapter focuses on device BV, i.e. the 

hard failure boundaries of GaN HEMTs. The findings in this chapter also set the knowledge base 

for Chapter 3. 

Chapter 3 covers the HFOT on commercial p-gate GaN HEMTs. The dynamic BV of GaN 

HEMT presented in chapter 2 indicates the single-event test may not reveal the deviceôs true BV 

in high frequency switching applications. This chapter introduces the test circuit design, test 

results, degradation analysis, and the implementation of high frequency screening test. Finally, the 



15 

 

lifetime projection model based on the findings in the high frequency test is validated by 

experimental results. The focuses in this chapter include device BV and the lifetime at lower 

switching voltage. 

Chapter 4 and Chapter 5 discuss the robustness of vertical GaN Fin-JEFT. Chapter 4 covers 

the avalanche robustness, including the avalanche-through-fin phenomena, the single-event 

avalanche energy, and the degradation mechanism in repetitive testing. Chapter 5 presents the 

short circuit test results, including the measurement of tSC at various input voltage, and the 

degradation mechanisms under repetitive short circuit tests. 

Chapter 6 provides a summary of this dissertation and establishes a foundation for future 

research topics on the robustness of GaN power devices. 

 

  

 
Figure 1-7. Summary of the main content of different chapters with respect to the device SOA. 
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Chapter 2: Surge energy and Overvoltage Robustness 

of GaN HEMT Under Single-event Transient 

2.1 Introduction of Unclamped Inductive Switching (UIS) Test 

Power device surge energy robustness is usually characterized by the UIS test. Figure 

2-1illustrates the UIS circuit schematic. It consists of the device under test (DUT) and a loop 

inductor (Lloop) connected in series. The UIS test procedure is described below: the DUT is first 

turned on with a positive gate bias (VGS) to charge the inductor. Once the inductor current reaches 

the desired value, the DUT is turned off and the inductor energy is forced to be withstood by the 

off-state DUT. Such a UIS test has been widely adopted to characterize the avalanche energy of 

Si/SiC MOSFETs or Si IGBTs [65]ï[68], meanwhile, it is also suitable for exploring the surge 

energy robustness of non-avalanche devices thanks to its simple circuit topology and setup, 

versality in tuning the dv/dt and pulse width. In fact,  after the publication of our work in early 

2020 [69], vast efforts have been put into the GaN HEMT overvoltage robustness study [57]ï[60], 

[70], and the UIS test has become very popular for the BVDYN characterization in various non-

avalanche device technologies, e.g., various types of industrial GaN HEMTs [71]ï[73] emerging 

GaN diodes and HEMTs [74], [75], [76] as well as for different applications, e.g., high and 

cryogenic temperature tests [73], [77] and on-wafer breakdown test [76] [78]. In this chapter, based 

 
Figure 2-1. Circuit schematic of the UIS test.  
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on the UIS test, the GaN HEMTs safe withstanding process, the failure boundaries, and failure 

mechanisms under the surge energy event are discussed.  

2.2 Single-event UIS Test Results 

2.2.1 Device Under Test and UIS Test setup 

The devices under test (DUT) in this section are the commercially available 600 V, 31 A HD-

GIT from Infineon [79] and 650 V, 30 A SP-HEMTs from GaN Systems [80]. The features of 

these two types of p-gate GaN HEMTs have been discussed in Chapter 1.  

Figure 2-2 shows the experimental UIS test hardware. The test setup comprises a motherboard 

with main power loops and two daughter boards each to accommodate the packaging and gate 

 
Figure 2-2.  Photos of (a) the motherboard and (b) a daughter board of the UIS test hardware. 
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driving circuit for each type of the DUT. The motherboard includes the primary power switching 

loop and isolated, auxiliary power supply for the gate driver circuitry. Because the gate-source 

loop layout is critical for proper GaN device operation, the daughter board includes an optimized 

gate loop with small parasitic inductance for each packaging type. Sensing circuitry to measure 

the gate bias (VGS), drain bias (VDS), and drain current (IDS) is also implemented upon each daughter 

board. Regarding the gate driving circuit, the topology and components parameters follow the 

guidelines in the datasheet and application note of each DUT [81], a commercial Si8271GB-IS 

gate driver is used for both HD-GIT and SP-HEMT. During DUT switching, the on-state VGS is 5 

V for SP-HEMT, and around 3.5 V for HD-GIT as the hole injection through the gate p-n junction 

clamps the VGS. The off-state VGS is kept at -5 V for both DUTs. The input voltage (VIN) of the UIS 

test in this section is set as 30 V.  

2.2.2 Surge Energy Withstanding Process  

Figure 2-3 show the typical UIS waveforms in the safe withstand situation for HD-GITs and 

SP-HEMTs. The two types of devices show very similar withstand waveforms. The peak transient 

overvoltage is higher than the DUT rated voltage, suggesting that a good overvoltage margin is 

built in both devices. Four distinct phases have been identified in the UIS safe withstanding 

waveforms: 

(a) Phase I, inductor charging: the DUT is turned on, inductor is charged by VIN until the current 

reaches the desired values. 

(b) Phase II, turn-off transient: the DUT turns off, and VDS exceeds VIN. Due to the turn-off 

loss and gate-loop parasitic, IDS drops. 

(c) Phase III, overvoltage transient: a LC-like resonance is produced between the load inductor 

(L) and the device output capacitance (COSS). The peak positive IDS at the start of resonance (e.g., 

~1.5 A in Figure 2-3(a), ~2 A in Figure 2-3(b)) is almost identical to the maximum negative current 

after a half cycle of resonance (e.g., -1.5 A in Figure 2-3(a), -2 A in Figure 2-3(b)). This suggests 

the same amount of inductive energy and almost no energy dissipated within the DUT. Note that 

a nonideal loss of the device due to the device dynamic COSS may occur during this resonance 

stage, which has been analyzed in detail in . Different from the avalanche waveform in power 

MOSFETs as illustrated in Figure 1-4(b), in the UIS waveform of GaN HEMTs, IDS is zero at the 

peak VDS transient, and VDS does not clamp at its peak value. This validates that there is no 
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avalanching occurred inside the DUT during the withstand process. In contrary to the positive IDS 

in avalanche waveforms, IDS show negative values in the waveforms of GaN HEMTs. These 

waveform features suggest a resonant transfer of energy between the device capacitance and the 

load inductor rather than a resistive energy dissipation as occurs in avalanche. In other words, GaN 

HEMTs ówithstandô the surge energy but do not ódissipateô it. A further evidence for the resonance 

is that, the COSS calculated from the measured resonance period, Ὕ ςʌὒὅ , is very close to 

the DUTôs energy related COSS in the datasheet.  

 (d) Phase IV, reverse conduction: when VDS resonates to negative values and exceeds the 

DUTôs reverse turn-on voltage (VF
3rd), the DUT conducts in the third quadrant (3rd-quad), and the 

 
Figure 2-3. UIS safe withstand waveforms of the (a) GaN HD-GIT and (b) SP-HEMT with a loop inductor 

value of 32 ʈ( 
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LC-resonance stops. VDS is then clamped around its 3rd-quad voltage drop. The clamped voltage 

extracted from the UIS waveforms is about -8 V, which is consistent with the 3rd-quad voltage 

drop at VGS of -5 V from the DUT datasheet. Once the DUT turns on reversely, the positive VIN 

applies on inductor and the inductor is discharged by the power supply.  

2.2.3 GaN HEMTs Failure Boundaries in UIS Tests  

The DUT failure in the UIS tests is then studied by gradually increasing the inductor current 

(IL) at the end of Phase I until the DUT fails in the UIS tests. As shown in Figure 2-4, the peak 

transient VDS in the UIS waveform, which is defined as VM, is found to be well fitted by the 

resonance relation ὠ Ὅ ὒὅϳ  for different load inductors. The slight discrepancy in the fitting 

at higher Ὅ is due to the turn-off loss in Phase II, the core loss from the inductor, and the parasitic 

impedance in the switching circuit. The DUT failures under different load inductances occurred at 

an almost identical VM boundary. 

Figure 2-5(a) and (b) show the typical failure waveform of the HD-GIT and the SP-HEMT, 

respectively. In both types of devices, the failure occurs near the transient of peak resonant voltage. 

The HD-GIT fails at a transient overvoltage of 1150~1200 V and the SP-HEMT fails at 1400~1450 

V, showing that these devices are built with considerable overvoltage capability compared to their 

rated voltages. The failure modes exhibited in these two DUTs are slightly different. In the GIT, a 

small collapse in VDS is shown after the device failure, indicating the creation of a leakage path. 

 
Figure 2-4. Dependence of Vm on IL extracted from the UIS tests with various inductors. 
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However, the resonance continues and the VF
3rd

 is also stable, indicating the gate control over IDS 

retains. In the SP-HEMT, the gate control is lost right after the device failure; the source and drain 

are short. The different waveforms after the DUT failure implies different failure locations in the 

HD-GIT and SP-HEMT, which will be analyzed in detail in Section 2.2.4.  

To further study if the DUT failure is dominated by the transient overvoltage, or also dependent 

on the voltage ramp rate (dv/dt) and the total duration of overvoltage, the DUT failure under 

different inductors is studied. From the resonance relations, a change in inductance results in 

different resonance periods, dv/dt, and overvoltage durations. Here the overvoltage duration (Tov) 

is defined to be the time when VDS is higher than the rated voltage during the LC-resonance, as 

illustrated in Figure 2-6. The smallest inductor value (600 nH) is selected to allow for a dv/dt of 

~120 V/ns, which is comparable to the highest switching speed of GaN transistors demonstrated 

in the state-of-the-art converters [82]. The largest inductor value (32 µH) is selected to be over 50-

fold higher than the smallest one, which produces a dv/dt of ~10 V/ns. For each inductor, the failure 

of HD-GITs and SP-HEMTs is found to consistently occur at the peak overvoltage transient. Three 

DUTs are tested to failure for each inductor for validation. The DUTôs  VM values versus different 

Tov are shown in Figure 2-6, when Tov increases from ~ 5 ns to 60 ns, the failure boundary of VM 

shows little dependence on Tov for both HD-GITs and SP-HEMTs. This suggests that the GaN 

HEMT failure under surge energy is mainly limited by its overvoltage capability or the transient 

breakdown voltage (BV). However, a slightly decreasing trend can be found in Figure 2-6, and this 

 
Figure 2-5. Failure waveforms of the (a) GaN HD-GIT and (b) SP-HEMT 
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trend is more pronounced in the SP-HEMT. In section 2.3, GaN HEMTs BV dependence on Tov 

will be studied with a further expansion of Tov from nanosecond to second range.  

2.2.4 Failure Analysis and TCAD Simulations 

Comprehensive failure analysis is performed to thoroughly understand the failure mechanisms 

of HD-GITs and SP-HEMTs in the UIS tests. Packages of the failed devices are de-capsulated. 

Electric measurements of the de-capped device are first performed using a probe station. 

Microscopic imaging tools such as scanning electron microscopy (SEM) and focused ion beam 

(FIB) are then used to image the failure spots. Based on the device geometry revealed in the 

microscopic imaging, physics-based device simulation stacks are built and then combined with a 

UIS circuit arrangement for mixed-mode simulation. This mixed-mode simulation enables to 

validate our theoretical explanations of the UIS waveforms in Section 2.2.2, and to extract the 

distribution of electric field (E-field) within the device structure at any switching transient.    

A. HD-GITs  

Figure 2-7(a) illustrates the package structure of the HD-GIT, the Si substrate of GaN HEMT 

is connected to the heat slug by solder and electrically connected with the source pad by a wire 

bond. Figure 2-7(b) shows the transfer IDS-VGS characteristics of a brand-new and a failed HD-

GIT, illustrating the gate retains the control over the 2DEG channel in the failed device in the UIS 

 
Figure 2-6. The transient peak overvoltage that leads to device failure and the overvoltage duration as a function 

of inductor values, for the (c) GaN HD-GIT and (d) SP-HEMT. 
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test. With the gate floating, the drain-to-source resistance is measured as below 1000 Ý, indicating 

the creation of leakage paths between drain and source. After removing the wire bonds connecting 

source and substrate in the original de-capped device, the leakage current paths between lateral 

drain to source and vertical drain to substrate are separated. Figure 2-7(c) shows the I-V 

characteristics between source, substrate, and drain. A large drain-to-substrate leakage current is 

presented, the drain-to-source and source-to-substrate leakage currents are minimal, suggesting 

the damage possibly locates at the drain and penetrates to substrate, i.e., a vertical failure. 

No burning or melting traces are observed at the optical microscopic scale on the chip surface 

after de-capsulation (Figure 2-8(a)), confirming that the major failure mechanism is not thermally 

related, and failure occurred in the semiconductor rather than the packaging. Emission microscopy 

(EMMI) analysis is used to locate the failure spots, the emission (failure spot) is observed at the 

drain finger (Figure 2-8(b)), followed by SEM inspection with FIB. Figure 2-8(c) shows the cross-

sectional SEM image of the device channel region at the failure spot, revealing that failure occurred 

 
Figure 2-7. (a) Illustration of the packaging structure of the HD-GIT (b) Transfer characteristics of a failed HD-

GIT and a new one. (c) Leakage current measured between the source, drain, and substrate of a failed HD-GIT 

after the de-capsulation and the removal of the wire between source and substrate. 

 

 

 

 

 

 

 
 

 

 



24 

 

in the drain region and the drain-connected p-GaN. The gate region maintains intact, which 

explains the functional gate control shown in Figure 2-7(a). A percolation leakage path through 

 
Figure 2-8. (a) Photo of the chip surface after de-capsulation under the optical microscope. (b) EMMI analysis 

results of the de-capsulated failed device (c) Cross-sectional SEM image of the device channel region at the 

failure spot, showing damages in the drain region and the drain-connected p-GaN. 
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defect states, which are difficult to observe under SEM, may form from the damaged drain region 

to the Si substrate, which accounts for the leakage path revealed from Figure 2-7(b). 

 A physics-based TCAD mixed-mode simulation in Silvaco Atlas is performed for the HD-

GIT. The physical models for device simulation are based on the ones described in [83] and [84], 

and the static simulation is calibrated with the device datasheet. Acceptor-like traps are added into 

the GaN buffer layer in the simulation based on the experimental reports on GaN-on-Si devices 

[85], [86], the implementation of the traps is critical for the convergence of the simulation. The 

implementation of device-circuit mixed-mode TCAD simulation is similar to some previous work 

[87], [88].  The complete TCAD codes for the GaN HEMT mixed-mode UIS simulation can be 

found in Appendix A: GaN HEMT UIS Mixed-mode TCAD Simulation Script for Silvaco. 

Figure 2-9(a) shows the calibration of the mixed-mode simulation. The simulated waveform 

with an inductor of 12 µH and a VM of ~1 kV agrees well with the experimental test waveforms. 

 
Figure 2-9. Comparison between the simulated and experimental UIS waveform. (b) Simulated electric field 

distribution in the HD-GIT unit-cell at the peak overvoltage (1150 V) transient and a zoom-in at the drain region. 
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This further validates the LC-resonance and 3rd-quad conduction as explained in Section 2.2.1. 

Figure 2-9(b) shows the simulated E-field distribution in the HD-GIT at a peak transient voltage 

of 1150 V. The peak E-field in GaN is found to be located at the drain edge, with a value of ~3.4 

MV/cm, which is close to the critical E-field of GaN. The simulated peak E-field in dielectrics 

close to the edge of the source field plate (FP) is ~4.5 MV/cm, which is below the critical E-field 

of SiNx or SiO2 (~10 MV/cm [89]), the commonly-used dielectric materials for passivation of GaN 

devices. The agreement between the simulated peak E-field location and the failure location in the 

DUT suggests that the DUT failure under surge energy is induced by the high E-field at the peak 

overvoltage transient. This agrees well with the withstand process where almost no heat is 

dissipated in device, as explained in Section 2.2.2.  

B. SP-HEMTs  

Different from the failed HD-GITs, the SP-HEMTs are found to fail short between source, 

gate, and drain, as revealed from electrical measurements. The loss of gate control and a short 

between source and drain explain the UIS failure waveforms shown in Figure 2-5(b). No obvious 

burning traces are observed on the chip surface under the optical microscope, suggesting the failure 

is dominated by E-field rather than heat as well.  

Figure 2-10(a) and (b) shows the cross-sectional SEM images of a unit-cell of the fresh SP-

HEMT and the failed SP-HEMT, respectively. The SP-HEMT unit-cell includes four main FPs: a 

large size source connected FP, a drain connected FP, and two source connected FPs that covers 

the gate region (referring to the gate FP). The failure spots are found to locate at both the gate FP 

region and the drain region, and the failure structures are more complicated than the ones in HD-

GITs. In the drain contact region, damage is observed in GaN and cracks are shown in the drain 

FP. In the gate floating FP region, cracks are shown around the two floating FPs. These damages 

and cracks can be attributed to local E-field crowding in GaN or FP dielectrics. The cracks may 

be generated due to the mechanical exfoliations after initial E-field failure in the FP dielectrics. In 

addition to cracks, the molten metal is observed at the interconnect on top of drain, producing a 

void in metal. This is attributed to the heat generated after the initial electrical failure at the 

overvoltage transient, as the SP-HEMT is failed short between source and drain at high voltage. 

Figure 2-10(c) shows the simulated E-field distribution in the SP-HEMT at the transient of 

peak overvoltage of 1450 V. The peak E-field in GaN locates at the drain region and the peak E-
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field in dielectrics at the edge of floating FPs in the gate region, the source FP, and the drain FP. 

The peak E-field in GaN is believed to account for the failure in the drain region while the peak 

E-field in dielectrics could account for the gate failure. The complex multi-layer FP structures in 

the gate region of SP-HEMTs may exacerbate the device vulnerability to mechanical failure in the 

gate FP region when compared to HD-GITs. The E-field induced dielectric fatigue or failure is 

 
Figure 2-10. Cross-sectional SEM image of a unit-cell of (a) the fresh SP-HEMT and (b) the failed SP-HEMT, 

showing damages in both the drain region and the gate region of the failed device. (c) Simulated E-field 

distribution in the SP-HEMT at a transient overvoltage of 1450 V. 
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likely to further induce mechanical failures (e.g., cracks) in the complex FP structures consisting 

of multiple layers of thin dielectrics and metals with small patterns. 

From the failure analysis and mixed-simulation presented in this section, it is clear that the 

initial device failure at the transient peak overvoltage is mainly induced by E-field, and the failure 

spots are consistent with the peak E-field locations in the device. The failure behaviors of GaN 

HEMTs are fundamentally different from the failure of SiC/SiC MOSFETs in avalanche, which is 

usually induced by thermal runaway and burning traces are shown in the failed DUT in avalanche 

[90]. 

2.2.5 Comparison with Avalanche Breakdown Devices 

Figure 2-11 illustrates the typical surge-energy withstanding waveforms of the GaN HEMT 

and the Si/SiC MOSFET. The difference originates from the lack of avalanche capability in GaN 

HEMTs. Table 2-1 summarizes the key differences in withstand dynamics, failure mechanisms, 

and failure determining factors for GaN HEMTs compared to Si/SiC MOSFETs. The GaN HEMT 

withstands the surge energy without the avalanche capability to dissipate it; as a result, minimal 

heat is generated in the withstand process, suggesting thermal runaway is not a major mechanism 

 
Figure 2-11. Schematic illustration of the UIS waveforms for a power transistor with and without avalanche 

capabilities as well as the resistive power dissipation in device during the surge-energy withstand process. 
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for device failure. Instead, the device failure is limited by the peak overvoltage, which can be 

correlated with the surge energy in inductor (Ὁ) 

ὠ Ὅ ὒὅϳ
ςὉ

ὅ
                                               ς ρ 

                  

 (2-1) suggests that the surge energy (or an equivalent óavalancheô energy) is no longer a parameter 

that can directly represent the intrinsic ruggedness of GaN HEMTs. While EAVA  represents an 

intrinsic and thermal-related device capability, the failure of GaN HEMTs under Ὁ not only 

depends on device capacitance and overvoltage margin, but also depends on parasitic capacitances 

and inductances of the switching circuit. Some prior literatures compared the surge energy that 

GaN HEMTs can withstand (Ὁ ) to the EAVA  of Si/SiC MOSFETs. However, this comparison 

is not physically meaningful, due to the entirely different withstand dynamics and failure 

mechanism of GaN HEMTs. An Ὁ identical to EAVA  does not necessarily imply the same device 

ruggedness.  

If assuming negligible loop inductance and parasitic capacitance, Ὁ  can be correlated to 

the device parameters of GaN HEMTs based on (2-1): 

Ὁ
ρ

ς
ὅ ὄὠ                                                    ς ς 

 

Table 2-1. Comparison between the surge energy withstanding process and failure mechanisms of power Si/SiC 

MOSFETs and GaN HEMTs. 

 Si/SiC MOSFET GaN HEMT 

Withstand 
process avalanching 

L-C resonance and reverse    
conduction 

Energy path 
resistive dissipation in 

device through avalanche 

little/no dissipation in off-state 
withstand; dissipation in reverse 

conduction 

Limiting factor avalanche energy  overvoltage capability 

Failure 
mechanism thermal run-away E-field induced breakdown 
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ὄὠ is the device transient breakdown voltage. Two implications can be deduced from (2): (a) for 

the same device technology (e.g., the devices from the same manufacturer with the same ὄὠ), the 

devices with higher current rating expect a larger Ὁ , due to larger die size and therefore larger 

ὅ ; (b) for the devices from different manufactures, the devices with higher overvoltage margin 

typically expect a higher Ὁ . This is not only due to higher BV, but also a higher ὅ , as BV 

is usually increased by scaling up the drain-to-gate distance, which leads to an increased ὅ . 

This implies a fundamental trade-off between the switching performance of GaN HEMTs and their 

surge-energy ruggedness. A higher voltage margin (and usually higher COSS) may slow down the 

device switching, at least for hard switching, but could enable a higher Ὁ . 

    A final point worth mentioning is that for Si/SiC MOSFETs, the intrinsic EAVA  would 

generate a failure boundary comprising the avalanche current (IAVA ) and the total avalanche time 

(tAVA ) (IAVA and tAVA shown in Figure 2-11). This failure boundary is routinely measured in the 

industrial UIS test as it provides useful information for power electronics applications. Some of 

the UIS tests for GaN HEMTs plotted a óboundaryô between IL and the resonant withstand time 

duration (tR in Figure 2-11), with the aim to correlate the failure to avalanche. However, in this 

dissertation, it is pointed out that the plot between IL and tR does not reflect any intrinsic failure 

boundary for GaN HEMTs, as their failure is dominated only by the overvoltage. This plot would 

provide indirect and even misleading information to device users. The transient overvoltage 

margin and device capacitance are more relevant to the surge ruggedness of GaN HEMTs. 

2.3 Dynamic Breakdown Voltage of GaN HEMTs 

2.3.1 Introduction of UIS Test Setup with Tunable Pulse Width 

 While the content in the previous section has shown that the UIS test is a suitable tool to 

characterize GaN HEMT overvoltage robustness, and provide critical understandings for the 

qualifications and applications of E-mode GaN HEMTs, the UIS setup presented in section 2.2 

involves a limited variation in the pulse width of the transient voltage overshoot: by only varying 

the inductor value from 600 nH to 32 ʈ( in the circuit, the overvoltage duration, Tov is only 

changing in the range of tens or hundreds of nanoseconds. In application scenario, when UIS 

occurs, the pulse width could vary from nanosecond range such as the voltage overshoot triggered 
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by parasitic or leakage inductance [91]ï[93], to several milliseconds or even longer such as the 

UIS between device and large motor coil [65]. Therefore, a testbed with flexibility of changing 

resonance pulse with a wide range is needed.  

Figure 2-12 shows the circuit schematic of the various pulse width UIS test. Compared to the 

normal UIS test, an additional capacitor CADD is put in parallel with the DUT. Compared to using 

a large inductor, which occupies a large volume and takes long time to build, an additional 

capacitor is much smaller in size and allows a further increase of the pulse width as well.   

2.3.2 Dynamic Breakdown Voltage and Physical Explanations 

The same commercial p-gate GaN HEMTs as the ones used in section 2.2 are tested in this 

section, i.e. the 650 V, 30 A rated SP-HEMT from GaN Systems [80] and the 600 V, 31 A rated 

HD-GIT from Infineon [79]. The DUT static BV is first obtained via the quasi-static I-V sweep on 

a curve tracer, which reveals a 950 V destructive BV in the SP-HEMT (Figure 2-14(a)). The HD-

GITôs leakage current reaches the current compliance (8 mA) of the curve tracer at VDS of 1000 V 

without the DUT catastrophic failure (Figure 2-14(b)).  

Similar hardware configuration comprising a motherboard with the main power loops and two 

daughter boards to accommodate the package and gate driving circuitry for each type of the DUT 

is used (Figure 2-13). The voltage measurements are taken right at each terminal pad of the DUT 

for a better signal accuracy. A power resistor is mounted on the daughter board to enable high 

temperature measurements, while the temperature is raised by an external power supply and 

calibrated by thermal imaging and thermocouple. A Si8271GB-IS gate driver is used to provide 

±5 V on/off VGS (again, the VGS is clamped around 3.5 V in HD-GIT). The modulation of the pulse   

 
Figure 2-12. Circuit schematic of the UIS test with various pulse widths. 
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width is realized by using various inductors from 600 nH to 81 mH, as well as paralleling a 

capacitor (0 to 10 ÕF) across the DUTôs drain and source.    

 
Figure 2-14. Quasi-static off-state I-V curves of the (a) SP-HEMT and (b) HD-GIT 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 2-13. Photo of the test setup. 
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To measure the transient BV, the inductor current is gradually increased in the UIS pulse to 

produce a 10 V step increase in the peak VDS. After each pulse, the DUT rests for 5 minutes to 

allow sufficient de-trapping. Six DUTs are tested to failure under each condition to validate the 

statistical significance.  

A. Dynamic BV of SP-HEMTs  

Figure 2-15 shows the safe-withstand waveform and the failure waveform of the SP-HEMT at 

600 nH L. The pulse width is 25 ns, producing an average dv/dt of 120 V/ns. IDS drops from 24 A 

to 12 A after DUT turn-off mainly due to device switching loss, followed by a LC-resonance. Since 

an air core inductor is used in this measurement, minimal core loss is involved. The capacitive IDS 

at the start of resonance almost equals to the negative IDS (~ -12 A) after a half cycle of resonance, 

suggesting minimal resistive energy dissipation (and self-heating) within the DUT. The resonance 

suspends after a half cycle, as the negative VDS turns on the DUT reversely. The DUT failure occurs 

at the transient of peak VDS. At a pulse width of 25 ns, while increasing the temperature from 25 

oC to 125 oC, the safe-withstand UIS waveforms shows no change in shape (Figure 2-17(a)) while 

the peak VDS at the failure transients are found to be almost independent of temperature (Figure 

2-17(b)), confirming that the DUT breakdown is E-field induced rather than thermal limited.   

 
Figure 2-15. UIS (a) safe withstanding and (b) failure waveforms of the SP-HEMT with a 25 ns pulse width. 
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Figure 2-16 shows the spectrum of the last safe-withstand waveform (10 V below destruction) 

for four pulse widths from 25 ns to 5 ms. A clear BV dependence on pulse width is identified, 

revealing a BV decrease from 1480 V to 1270 V. Finally, Figure 2-18 shows the box plots of the 

BV vs. pulse width (from 25 ns to 2 s) at 25-125 oC. A total of 8 different pulse widths and 3 

different temperatures are implemented. At each condition, 6 DUTs are tested to failure to obtain 

the BV. The BVs for the pulse width below 20 ms are obtained in the UIS test and above 20 ms are 

tested in a commercial pulse I-V system (with a 2 ms shortest pulse). The BV measured in these 

two methods are validated to be consistent under the same conditions, which is confirmed in 2 ms 

 
Figure 2-17. UIS (a) safe withstanding and (b) failure waveforms of the SP-HEMT with a 25 ns pulse width at 

three different temperatures (25 oC, 75 oC, 125 oC) 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 2-16. The last safe-withstand waveforms of SP-HEMTs in the UIS tests with four different pulse widths. 

t is plotted in the log scale. 
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to 50 ms. From the box plot, three key findings are revealed: a) a consistent BV decrease from 

1480Ñ10 V to 950Ñ10 V across 8 orders of magnitude in the pulse width, showing a ñdynamic BV 

(BVDYN)ò phenomena. b) At the same pulse width, i.e., 20 ms, the transient BV decreases as 

temperature increases from 25 to 125 oC. c) When pulse width is longer than 200 ms, device BV 

converges to the static BV value: i.e., at 25 oC, the BV is measured to be 950 V at both 200 ms and 

2 s pulse widths.  

To explain the BVDYN in GaN HEMT, microscopic failure analysis is first conducted. After the 

de-capsulation of the failed DUTs, the failure spots are identified by EMMI, followed by the SEM 

inspection. Mixed-mode TCAD simulations are also performed, with the device model calibrated 

with the datasheet and the simulated UIS waveforms calibrated with experiment [69]. At different 

pulse widths of 25 ns and 5ms, the breakdown locations are found to be consistently at the drain 

side (Figure 2-19), which agrees with the simulated peak E-field location in GaN when the SP-

HEMT is at the peak VDS transient (Figure 2-10), confirming the same peak E-field induced device 

breakdown as illustrated in section 2.2. 

The BVDYN can be explained by the dynamic filling of buffer traps. At zero drain bias, the 

acceptor-like buffer traps are partially filled, leaving a number of available trap states in the buffer 

layer [94], [95]. At high VDS, electrons will be injected into the buffer from the source or from the 

 
Figure 2-18. Box plots of the transient BV of GaN SP-HEMTs at 8 pulse widths and 3 temperatures. 
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Si-substrate/transition-layer interface, inducing the filling of acceptor traps (or hole emission) [96]. 

Figure 2-20 shows the simulated E-field contours with different trap filling profile. It reveals a 

higher E-field at the drain side with more negative buffer charges (ionized traps) (Figure 2-20(b) 

and (c)). Corresponding the simulation results to the UIS test, at shorter pulses, less electrons are 

injected and trapped in the buffer, leading to a higher BV. If minimal buffer traps are filled, the 

peak E-field reaches the critical E-field of GaN (EC~3.4 MV/cm) at 1450 V VDS (Figure 2-20(a)), 

which agrees with the BV measured in 25 ns pulses. As the pulse width increases, more traps in 

the buffer are ionized and BV decreases. When the filled buffer trap density reaches its max limit 

(i.e., all available traps are filled), no further decrease of BV will be presented. In the TCAD 

simulation, a maximum ionized trap density of 3.2×1016 cm-3 is used, which is similar to the 

 
Figure 2-19. Cross-sectional SEM images of a SP-HEMT unit-cell in a (a) fresh device, (b) failed device in 25 

ns pulses, and (c) failed device in 5 ms pulses. The breakdown locations are both at the drain side 
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reported max ionized density of carbon-related traps [94], the peak E-field reaches EC at 950 V 

(Figure 2-20(c)), which agrees with the BV in 200 ms or longer pulses and the static sweep. At 

higher temperatures, the electron injection and trap filling are enhanced, inducing a higher ionized 

trap density hence the BV drops faster with the increased pulse width (Figure 2-18). This physical 

explanation on the BVDYN has recently been validated by experimental results of the electric field 

mapping from another group [97]. 

 

 

 
Figure 2-20. Simulated E-field in SP-HEMT at the transient peak VDS for (a) 1450 V VDS, no ionized buffer trap, 

(b) 950 V, no ionized buffer trap, and (c) 950 V, an ionized acceptor-like buffer trap density of 3.2×1016 cm-3.   
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B. Dynamic BV of HD-GITs  

The UIS waveforms of HD-GITs are found to be consistent with the ones of SP-HEMTs. Figure 

2-21 shows the last safe-withstand waveforms at various pulse widths from 25 ns to 5 ms, and 

Figure 2-22 shows the box plots of the BV vs. pulse-width at three different temperatures. The BV 

of the HD-GIT shows a much smaller variation compared to SP-HEMTs, dropping from 1180±5 

V to 1095±5 V for the pulse width of 25 ns to 5 ms, and remaining unchanged in longer pulses. 

The BV shows little temperature dependence. From the FIB microscopic inspection, the HD-GIT 

shows the same electric breakdown mechanism as the SP-HEMT: the breakdown location in HD-

GIT is also at the drain side (Figure 2-24), agreeing with the simulated peak E-field location.  

 
Figure 2-22. Box plots of the BV of GaN HD-GITs at 4 pulse widths and 3 temperatures. The BV reduces from 

~1180 V to ~1095 V when the pulse width increases from 2 ns to 5 ms. 

 
 

 
 

 

 
Figure 2-21. The last safe-withstand waveforms (10 V below the breakdown) of the HD-GITs with four 

different pulse widths. 
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The smaller BVDYN range in the HD-GIT suggests less buffer electron trapping, which is 

explained by the hole injection from the mixed drain (Figure 2-24): at high VDS, the p-GaN at the 

drain injects holes into the GaN buffer layer, which accelerates the de-trapping process. Comparing 

with SP-HEMT, the HD-GIT has a smaller trapped charge density in GaN buffer under the same 

testing conditions; hence a smaller variance in the BVDYN is exhibited. 

 
Figure 2-24. Illustration of the buffer de-trapping by hole injection in the HD-GIT. 

 

 
 

 
 

 

 
Figure 2-23. Cross-sectional SEM image of the HD-GIT failed in 25 ns pulses. The breakdown location is at the 

hybrid-drain. 
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2.3.3 Repetitive Overvoltage Test Results 

The higher BVDYN in shorter transients can provide GaN HEMTs additional safe margin in the 

power applications involving transient overvoltage, as the converter design usually relies on the 

device static BV. However, the buffer trapping may increase the risk of charge accumulation under 

repetitive overvoltage pulses, if the charges cannot be fully de-trapped within the switching period, 

which may gradually lower the BV at high frequency operations.  

 To understand this trade-off, SP-HEMTs and HD-GITs are tested under repetitive UIS pulses 

with two pulse widths (25 ns and 0.5 µs) and two switching period (50 µs and 1 ms; the inductive 

energy is clamped in both periods), for up to 10,000 pulses. From 2.3.2, it is known that the longer 

pulse width induces more buffer trapping. While a longer pulse period can provide longer de-

trapping time between pulses, the dynamics of trapping and de-trapping are studied by different 

composition of the pulse widths and pulse periods. The peak VDS is set to be 95% of the BVDYN 

corresponding to each pulse width, based on the value unveiled in section 2.3.2. 

 
Figure 2-25. Repetitive UIS waveforms of the SP-HEMT with a pulse width of (a) 0.5 µs (failure in a few 

pulses) and (b) 25 ns (no failure after 10,000 pulses). 
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As shown in Table 2-2 and Figure 2-25, under the 50 µs period (20 kHz), the SP-HEMT fails 

in only a few 0.5-µs-wide pulses but survive 10,000 25-ns-wide pulses without degradation; with 

the aid of hole injection, HD-GITs still fail in ~100 0.5-µs-wide pulses but survive 10,000 25-ns-

wide pulses. When the switching period increases to 1 ms (1 kHz), the SP-HEMTs and HD-GITs 

both survive 10,000 25-ns and 0.5-µs-wide pulses. These results imply that the overvoltage margin 

from the ñdynamic BVò is kept under two conditions: a) small parasitic/load inductance and b) not 

too high frequency to induce an accumulation of filled traps. It should be noted that the test results 

in Figure 2-25 only discusses the device survival, while the degradation of DUTs is not 

characterized. In [95], GaN HEMTs degradation and recovery under repetitive overvoltage 

conditions are studied by unitizing repetitive UIS test in kHz frequency range, and a recoverable 

negative threshold voltage shift is identified to be the major degradation due to the impact 

ionization induced hole trapping near the gate region.  

2.4 Conclusions 

 This chapter covers the surge energy and overvoltage robustness of GaN HEMTs under single-

event tests. Section 2.2 unveils the withstand process and failure mechanisms of commercial p-

gate GaN HEMTs under the transient surge energy and overvoltage implemented by a traditional 

UIS test. The surge-energy withstand process and failure mechanisms of GaN HEMTs are found 

 

Table 2-2. Summary of Conditions and Results of the Repetitive UIS Tests. 

Pulse 

Period 
Device 

Pulse 

Width  

BV 

(V) 

Peak Voltage 

(95% BV) (V) 
Test Results (Device failure or degradation) 

50 µs (20 

kHz) 

SP-

HEMT 

25 ns 1470 1400 
No failure or degradation after 10,000 cycles, part 

of the test waveform shown in Fig. 2-25(b) 

0.5 µs 1340 1275 

Failure in less than 10 cycles, waveforms shown 

in Fig. 2-25(a), failure at the peak voltage 

transient 

HD-GIT 

25 ns 1170 1110 No failure or degradation after 10,000 cycles 

0.5 µs 1135 1080 
Failure in about 100 cycles, waveforms similar to 

Fig. 2-25(a), failure at the peak voltage transient 

1 ms 

(1 kHz) 

SP-

HEMT 

25 ns 1470 1400 No failure or degradation after 10,000 cycles 

0.5 µs 1340 1275 No failure or degradation after 10,000 cycles 

HD-GIT 
25 ns 1170 1110 No failure or degradation after 10,000 cycles 

0.5 µs 1135 1080 No failure or degradation after 10,000 cycles 
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to be fundamentally different from the Si and SiC MOSFETs with avalanche capability. The GaN 

HEMT is capable of withstanding surge energy through its intrinsic overvoltage capability, via a 

resonance nature, but it cannot dissipate the surge energy during the withstand process. The device 

failure under surge-energy is mostly related to the peak overvoltage, which is defined as device 

BV. The magnitude of surge energy is no longer a parameter that can directly reflect the device 

intrinsic surge ruggedness for GaN HEMTs. The failure mechanism is mostly E-field limited and 

the breakdown locations in device are consistent with the peak E-field locations.  

Section 2.3 presents a new UIS test with tunable pulse width to measure the transient BV of a 

non-avalanche power device, from which the transient BV of GaN power HEMTs under a pulse 

width from 25 ns to 2 s is characterized. The BV in shorter pulses is found to be higher than the 

static BV by up to 500 V, due to reduced buffer trapping. This ñdynamic BVò provides additional 

overvoltage margin for the GaN power converters involving voltage overshoot and surge energy, 

under certain restrictions in the load/parasitic inductance and switching frequency. 

While these findings in this chapter provide important new insights on GaN HEMT surge 

energy robustness and breakdown voltage physics, it should be mentioned that the results shown 

in Table 2-2 indicates a frequency dependent BVDYN, but the detailed discussion is not covered by 

the content in this chapter due to the limitation of the UIS setup. The switching frequency of GaN 

HEMT-based converters is usually at least hundreds of kHz [92], [98], some even in the range of 

MHz [99], [100]. A 20 kHz repetitive UIS performed in section 2.3.3 cannot resemble the high 

frequency application scenario and further improvement on the test setup can be made. The design 

of the high frequency overvoltage test system for GaN HEMT and the testing results with 

degradation and failure analysis will be presented in Chapter 3.  
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Chapter 3: GaN HEMTs Overvoltage Robustness 

Under High Frequency Switching  

3.1 Introduction of the High Frequency Overvoltage Test (HFOT) 

3.1.1 Limitation of Current Overvoltage Test Methods 

To date, the majority of the GaN HEMT overvoltage tests are performed with the single-event 

UIS test. Denote the BVDYN measured in such a test as the single-event BVDYN (BVDYN-SIN). The 

BVDYN-SIN has been found to be different from the static BV measured on a curve tracer and depend 

on the pulse width (and dv/dt) and temperature due to the time-dependent trap filling in the GaN 

HEMT structure [73], [97], [101], [102], which has been explained in detail in section 2.3.3. 

Beyond the single-event test, the repetitive UIS results in section 2.3.3 and some recent works 

show that the BVDYN in continuous switching (BVDYN-SW) can be different from the BVDYN-SIN [73], 

[103], [104]. For example, the BVDYN-SW of 650 V cascode GaN HEMTs in 100 kHz continuous 

switching (1.25-1.3 kV) is found to be lower than BVDYN-SIN (1.4-1.7 kV) [73]. However, it is hard 

to further push up the switching frequency (fsw) in the repetitive UIS. Figure 3-1 recaps the typical 

testing waveforms of the UIS test with four main phases marked: (1) Lloop charging by power 

supply with the device DUT turned-on; (2) overvoltage resonance between device COSS and loop 

 
Figure 3-1. Illustration of different phases in a complete UIS process. 
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indctor (Lloop); (3) Lloop discharging via the DUT reverse conduction; and (4) residual resonance 

due to the difference between VBUS and the DUTôs VF
3rd. In order to run a repetitive UIS test with 

stable VM among switching cycles, the switching period should at least cover the time of phase I 

to phase III  to fully damp the surge energy in Lloop [102], hence the fsw can be limited in the UIS or 

the clamped inductive switching (CIS) test due to a similar reason [69], [95], [102]. 

  On the other hand, state-of-the-art GaN converters are operating at hundreds of kilohertz or 

even megahertz [92], [98], [99]. The overvoltage robustness and BVDYN of GaN HEMTs in such 

high-frequency switching remains a knowledge gap. To address this gap, new test setups for the 

high frequency overvoltage test (HFOT) are required. 

3.1.2 Design of the HFOT with Active Clamping Circuit (ACC) 

Figure 3-2 shows the circuit schematic of the buck converter based HFOT. This testbed features 

DUT zero-voltage turn-on realized by tuning the duty cycle and the value of the filter inductor 

(LM) for a negative inductor current when the DUT is switched-on. An additional air-core inductor 

(Lair) is placed next to the drain side of the top switch (i.e., the DUT). In the DUTôs hard turn-OFF 

transient, the energy stored in Lair goes through the OFF-state DUT and produces the VDS overshoot 

in the DUT. The peak VDS in the overshoot can be controlled by the VBUS, value of Lair and the 

current flowing through it at the DUT turn-OFF (IL-off). An active clamping circuit (ACC) is 

connected in parallel with the Lair, which consists of a power resistor (RC) and two back-to-back 

connected power MOSFETs for bidirectional voltage blocking.  

 
Figure 3-2. Test circuit schematic of the HFOT 
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The functions of this ACC are regulating waveforms and stabilizing the peak VDS. To illustrates 

the working principles of the ACC, SPICE simulations are first performed at 400 V bus voltage 

(VBUS), 1 MHz fsw and 0.5 duty cycle. Figure 3-3(a) shows the simulated top switch VDS waveforms 

without the ACC. As high VDS overshoot is triggered, the energy in Lair could not be fully dissipated 

in the natural resonance by the end of the OFF-state period. As a result, in the next switching cycle, 

Lair is charged up from a non-zero current value, resulting in different IL-off and unstable peak VDS 

from cycle to cycle. Besides, multiple high VDS pulses are produced in each switching cycle, all of 

which could potentially stress the DUT. This complex stress makes it difficult to accurately 

correlate the DUTôs failure or degradation induced by the overvoltage stress.  

 
Figure 3-3. Simulated DUT VDS waveforms (b) without and (c) with the ACC.  
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Figure 3-3(b) shows the simulated waveforms with the ACC intervention. The power 

MOSFETs in the ACC switch at the same fsw as the main converter. In each switching cycle, the 

ACC turns ON right after the first pulse of the VDS overshoot, which transfers the surge energy to 

the ACC loop; the ACC turns OFF before the top switch turns ON, which regulates the overvoltage 

ringing waveform to contain only one high VDS overshoot pulse. In addition, the energy stored in 

Lair is fully dissipated in the ON-state power MOSFETs and RC in each cycle, allowing for the 

realization of a stable peak VDS. It is worth mentioning that passive clamping circuits (e.g., an RC 

snubber) across the Lair are not preferred in the HFOT as they drastically decrease the dv/dt of the 

hard turn-off transient and prevent the HFOT from mimicking the high frequency operations in 

practical power converters. In conclusion, the HFOT proposed in this dissertation best resembles 

the GaN HEMTs operation in converters except for a higher and tunable VDS overshoot in each 

switching cycle. 

3.1.3 Device Under Test and Their Single-event UIS Breakdown Voltage 

Table 3-1 summarize the specifications of the four DUTs tested in this work, with the 

manufacturers listed as well. The DUTs are mainstream commercial p-gate enhancement mode 

GaN HEMTs from multiple vendors, covering both 100-V and 600-V rating and different gate 

stack designs. DUT #1 is the HD-GIT with Ohmic gate contact and an additional p-GaN connected 

to the drain. DUT #2-4 are the SP-HEMT with a Schottky contact formed on p-GaN. DUT #1 and 

#3 are 600/650 V rated, while DUT #2 and #4 are 100 V rated. 

The DUTs are first characterized on the Keysight B1505A curve tracer to acquire the static BV 

through the quasi-static I-V sweep [105]. Figure 3-4 shows the off-state I-V characteristics of the 

DUTs. DUT #1 shows no failure when the drain leakage current (ID) reaches the 8-mA 

 

Table 3-1. Summary of key parameter of DUTs 

DUT Voltage Rating (V) Manufacturer  Part Number Structure Static BV (V) BVDYN-SIN (V) 

#1 600 Infineon IGOT60R070D1 HD-GIT >1000 1160 

#2 100 EPC EPC2045 SP-HEMT 180 280 

#3 650 GaN Systems GS66508T SP-HEMT 950 1365 

#4 100 GaN Systems GS61008T SP-HEMT 180 390 
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measurement current compliance. Other DUTs fail catastrophically with the drain to source short 

upon failure.  

The BVDYN-SIN is extracted from UIS test with a Lloop of 300 nH (implemented by a commercial 

air core conductor, 2222SQ-301), a VBUS of 30 V (for DUT #1 and #3) or 20 V (for DUT #2 and 

#4). Figure 3-5 shows the failure VDS waveforms in the UIS tests. Upon failure, a sudden drop in 

VDS is observed, and the peak VDS (VM) in the waveform is recorded as the BVDYN-SIN. For each 

DUT, three devices are tested to failure, and their BVDYN-SIN show good consistency. As 

summarized in Table 3-1, it is clear that the BVDYN-SIN of all four DUTs are higher than their static 

BV. This is due to the enhanced buffer trapping in quasi-static I-V sweep on the curve tracer, which 

has been well explained in section 2.3. 

  

 

Figure 3-4. Off-state I-V characteristics of the four DUTs measured on the curve tracer with the static BV 

marked. 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 






































































































































































