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Robustness of Gallium Nitride Power Devices

Ruizhe Zhang

(ABSTRACT)

Power device robustness refers to the device capability of withstanding abnormal
events in poweelectronicsapplications, which is one of the key deviapabilitiesthat
are desired innumerousapplications. Whilethe current robustness test methods and
qualification standards are developaciossthe 70 years of Silicon (Si) device history,
their applicability to the recent wide bandgap (WBG) power devices is questiovible
the market of WBG power devices has exceeded $1 billion and is fast grohergare
many knowledge gaps regarding their robustness, including the failure or degradation
physics, testing methods, and lifetime extraction.

This dissertation worktudiesthe robustness of Gallium Nitride (GaN) power device
The structures of many GaN power devicesfameamentdy different fromSi or Silicon
Carbide (SiC) power devicelgading tonumerous open questions on GaN power device
robustness. Based on the device structure, this dissertation is divided into two parts:

The first half discusses the robustnestateral GaN high electron mobility transistor
(HEMT), which recently sees rapid adoption among wide range of applications such as the
power adapteand chargersdata centerand photovoltaicpanels.The absence of-p
junction between the source and drain @ N HEMT results in the lack of avalanche
mechanismThis raises a concern on thievice capability of withstanding surgeergy or

overvoltagestress which hinderghe penetration of GaN HEMTSs in broader applications.

To address this concern, the study begins with conducting the-swveh unclamped
inductive switching (UIS}eston two mainstream commercialgate GaN HEMTs with
the Ohmic and Schottkytype 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 volt&)é.(TheBV of GaN HEMT is further
found t o Hrem thedwitohangiests witharious pulse widthand frequencies,
which is further explained by the tinteependentuffer trapping. This dynami8V
(BVbyn) phenomenorindicatesthatthe static orsinglepulsetest may notevealthe true

BV of GaN HEMTin high frequency switching applicatian

To address thigap a novel testbed based on a zeottageswitching converter with
an active clamping circuit is developed to enable the stable switching with kilovolt
overvoltage and megahertz frequency. The overvoltage failure boundaridailanel
mechanisms of four commercialgate GaN HEMTs from multiple vendors are explored
In addition tothe frequencydependenBVbyn, two new failure mechanisn@eobserved
in some devicesvhich are attributable the serious carrier trapping in GaN HEMTs and
the highfrequency overvoltage switching. At last, based on the findings in the high
frequency overvoltage test (HFOT), a phydiesed lifetime model for commercial GaN
HEMTSs utilizing the device on resistanceR¢n) shift is established and validated by
experimental results. Overall, tlsvitchingbasedtest methodology and experimental
results provide critical references for thwervoltageprotection and qualification of GaN
power HEMTSs.

The second half of the dissertation discusses the robustness of the vertical -GaN fin
channel junction field effect transistor (RIFET), a promising preommercialized GaN
power device withthe p-n junctionembedded between tigateand drainwhich enables
the avalanche breakdown. The robustness study on GaN JFET folowkar test
approacksas Si metabxide-semiconductor fielgffect transistor (MOSFET) with two
key interests: the avalanche and short circuit capiakilithe avalanche breakdown issti
explored via the singlevent and repetitive UIS tasindunder various gate driversom
which an interestingfi a v a | -taraugHfirechanneb me ¢ h a wiscevared Bys
leveraging thisavalanche pathhe electrethermal stress migrates from the main blocking
p-n junction to the fGaN fin channel, resulting in a very favorable faitweopencircuit
signature. The singlpulse critical avalanche energy densExya) of vertical GaN Fin
JFET is measuretb beas high as 10 J/cinwhich ismuch higler than the Si MOSFET
andcomparable to the SIiC MOSFET.



The short circuit capability isxplored utilizing the hardwitching fault on the 65%
rated GaN FiRJFET, 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 us atminput voltage of 400 V, 17.0 pys at 600 V, and 11.6 us at 800 V, all
among the longest reported for 6000 V normallyoff transistors. In addition, the failure
to-opencircuit signature is also shown in the singheent and repetitive short circuit tests
all devices retain the avalanche breakdown after failure, which is highly desirable for
system applications. These resudtgygesthat while GaN HEMT is already available in
market, vertical GaN FKIFETshows superior avalanche and skortuit robustness and
thereby canunlock great potentiabf GaN devicesfor applications likeautomotive

powertrains, motor drives, and grids.



Robustness of Gallium Nitride Power Devices

Ruizhe Zhang

(GENERAL AUDIENCE ABSTRACT)

In recent yeargnanypower electronics applications such as d&tatersand electric
vehicles have witnessed rapid increase in the adoption of wide bandgap (WBG) power
devicesThe GalliumNitride (GaN) device is one of the most attractive candidates in WBG
devices, owing to its good tradeoff between breakdown voltage and on resiataned,
as thesmall gate charge that enables high frequency switckimgpower devices, their
robustness against overvoltage and overcurrent stresses is as im@srtaheir
performance under normal operations. Howeves,ritew material, newevicestructure
and newdevicephysics in GaN power devices broughtrapnyopen knowledge gaps in

their robustness studparticularly 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 commerlsiahvailable device
covering 30 to 900 Woltage classe#\ keyfeatureof this device is the lack ofp junction
between source and drain, leading to an absence of avaleagdbility The study is
conducted on mainstreagommercial pgate GaN HEMT, with a combination of circuit
testing, microscale failure analysiand physicsbased devicesimulation. Themain
contribution isonthree aspects: identifying the singdeent and higtirequency repetitive
overvoltage boundasof GaN HEMT ,unveilingthe failure and degradation mechanisms
under transient overvoltage conditions, and providjngkelinesto GaN HEMT device

users with proper robustness test methodofoggevice qualification and screening



The second halbf the dissertatiorfocuses on the robustness of vertical GaN fin
channel junction field effect transistor (RIFET), a promisingporecommercid GaN
power device withthe p-n junction implementedetween the source and draifihe
robustness testollow the classicapproachesleployed forSilicon power devices, where
both the avalanche and short circuit capaesiaire investigatedrrom the singlevent and
repetitive test results, the GaN JFET shewsellent avalanch®bustness with desirable
failure-to-opencircuit behavior, as well ag critical avalanche energidya) of 10 J/crd
that ishigher than th&iliconmetaloxide-semiconductor fieleeffect transistor (MOSFET)
and omparable to the Silico€arbideMOSFET. For a 6560V rated GaN FiRJFET, a
record high 30.5 Oshort circuit timeis demonstratedinder the hardswitching fault
condition at 400 V input voltage. Overall, the results show great potentzadfpower
devicesfor 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 componenalmost anypower electronics circuiPower devices act
assolid-stateswitches in circuitand theyare required to block high voltage in their-etateand
offer small on resistanc&¢n) when being turnedn to conduct the currefit]. 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) infZ]948e
structure ofSi-based power devicdms been renovatéd achieveafaster switching speethwer
conduction forward voltage (represented by the on resist&agefor unipolar devicesjor a
specificbreakdown voltageBV) : from the invention of metadxide-semiconductor fieleffect
transistor (MOSFET) in 1958], to the Insulated Gate Bipolar Transistor (IGBfiat 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 19@&]sbroke the limitof the
1D tradeoff with a drastically reduceBon, and Si CoolMO38 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 devicesWWhen judging the potential of a material dd unipolar power devices,

a figure of merit (FOM) proposed by Baliga is usually used, which is defined in formy&:(1)

whereBV is the device breakdown voltagsn,sp is the specific onesistancetfie product of
resistancend chip areg] is material permittivity; is the carrier mobility, anBc is the critical
electric field of the material. From (1)shghtincrease in th&c would boost the FOM by e@ubic
power lav. While a 2 (for indirect semiconductor material) or 2.5 (for direct semiconductor
material) power factor relationship is unveiled between semiconductor material baBg)gamd(
Ec[7],i.e.,0 ® 'O28 it can be clearly seahatthanks to the highdfc, wide bandgap (WBG)

power semiconductatevicesoffer a much smallelRon spat the sameoltage rating compared to

1



Si devices, whichkenabks much smaller device sizdeading tolower device capacitance and
enabledaster switching speed. Hence, WBG devices are drawing more and more attention for

nextgeneration power electronics applications targeting higher power density and efficiency.

The two most popular candidates in the WBG material family are Gallium Nitride (akst,
bandgap materiakith a bandgap of ~ 3.4 e\{3] [9] and Silicon Carbide (to be more specific,
4H-SiC,indirect bandgap materialith a bandgap of ~3.2 eY8]. Compaed to Si, whose bandgap
is~ 1.1 eV, GaN and SiC are equipped with an ardiniimes higher critical electric fieldE€).

Figure1-1 plots the limits of Si, SiC and GaN for unipolar power devices. From the FOM, it
can be clearly seen that a 10 times hidhegives a drastic decreaseRgn spfor the sameéBV: by
increasing the doping or carrier concentration and reducing the thickness or length of the drift
layer. Therefore, WBG devicesdlow for smaller die sizdor a specificRon Or current ratingas
well as smallerdevice capacitanceas compared to Si devicdsther enabing fast switching
operation up to megahertz, and radgahe size of the passive componeiitiseseallow for the
system miniaturization in many applications such as datacent@oatadthle adapted] [10] [11]
[12][13].

peenar— e

104 0°

BV (V)

Figure1-1. Unipolar limits of Si, 4HSIC and GaN power devices.



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-state leakage currefit4]. Wider bandgapmaterialhas
much lower intrinsic carrier density compared to \@nich reduces the leakaged allows the
dopant to be effective at higher temperature, hatloaiing fora higher temperature tolerance in
operation. GaNigh electronmobility transistor (HEMT) has been reported to safely operate at
400°C [15] while similar result has also been reported on-I$aSed power junctiegate field
effect transistor (JFET)L6], which is an unmatched capability bylsised power devicgasthe

usual max temperature linof Si devicess merely 125C [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 (eld), and a higher mobility in either bulk GaN or thewo-
dimensionakelectrongas (2DEG) at the Aluminum Gallium Nitride (AlGaN) / GaN interface. The
electronmobility is reported to be over 1800 &is in the 2DEG[17], and over 1200 cAVs in
bulk GaN materia[18], which is over twiceor 1.5 timesof the electron mobility in Si¢19].
Theoretically, GaN devicepossessa better FOM over SiC devices thzdn enable digher
switching frequencyhigher power density and efficienay the power electronics systenis
academia, GaN devices have been demonstrated with a voltage class up to 10 kV and performance
exceeding the SiC 1D limif20]i [23]

In recent years, thadustryhas seen the prosperity of Gablwer deviceswhich results from
both the superior performanaad processing maturitf GaN power devices, as well as the effort
on solving the challenges on electromagnetic interference (RMi)[26], magnetic desigfR7]i
[30] and circuit contro[31]i [33] in high frequency operation®Vith the introduction of the first
GaN-based cell phone charger into the market in 2018, GaN has been quickly adopted in various
applicationsincluding butnot limited to power adapter, motor drive, on board charger, power
modules for datacenter, advanced CPU and (3R]J[37]. The market size of GaN power devices
is projected to exceed $1.26 billion by 2433].



However, apart from the superior devjgerformance, power device robustness is another key
aspect to consider whetteploying new generation devices into power systdi@]. Device
robustness refeito the device capability of withstanding abnormal events near or out of its safe
operation area (SOA)As shown inFigure1-2, a typical SOA is limited by current, voltage and
power dissipation(thermal) the common abnormal events include the shibcuit and the
overvoltage or avalanch8hort circuitevents are thednsients that power devicesnductcurrent
several times higher than the ratedue usuallyat a high blocking voltage from the power source.
The overvoltage or avalanche events are usually induced inyushof inductive energyo the
off-state devices, isuchthetransient device drain voltages are higher than their rated vidue.
recent yeas, some major concerns ab@#N device robustness have slowed down the penetration
in specific applicationf39]. These concerns are primarily raised from the differences in the device
architecture and physics compared to Si and SiC devices. Ineshef this section, major

knowledge gaps in both lateral and vertical GaN power devices robustness study will be discussed.
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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 voltageapplication profils. The GaN HEMTs leverage the 2DEG to form the
conduction channel, the enhancement modm@&e) operation is realized by placing a piece of
p-GaN gate (mate) on top of the AlGaN barrier lift the conduction bandnd depletehe local
2DEG underneath thegmte region. In general, there are two types-ofdeéle pgate GaN HEMT
available in marketnamely the hybridirain gate injection transistor (HGIT) and the Schottky
p-gate HEMT (SPHEMT). As shown irFigurel-3(a), in the HBGIT, gate metal forms an Ohmic

contact to pGaN and the AlGaN barrier is recessed, such to facilitate the hole injection into the
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Figure1-3. Schematic structure of the (a) HEl and (b) SFHEMT.



2DEG channel for conductivity modulation. Another piece-@gN connects with the drain to
suppress electron trapping under high[40dr ai n
While in SRHEMTS, gate metal forms a Schottky contact tGgN that gives a highegate
overvoltage margigFigurel1-3(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 MOSREdlanche breakdown is a
carrier impact ionization (I. 1.) and multiplication process: it is initiated in the semiconductor
regionwith the peak electric field @eld); the I. I. generated electrdrole pairs are accelerated
by thelocal Efield and collide with lattice atom® generate an increasing number of electron
hole pairs[41]. To maintain a sustained avalanche, the carriers produced in the I. I. and
multiplicationmustbe effectively removed via therpjunction structure connected to the device
electrodesDuring the avalanche process, fast generation and effective removal of I. I. carriers
prevent further rise of the peakfield and minimize the risk of device electrical breakdows
shown inFigure 1-4(b), when avalanche breakdown occurs in power applications, device drain
bias {/bs) will be clamped at its avalanche breakdown volt&)éya ), andthe inductive current
(IL) goes dowrwith theenergy is dissipated within the devidéis procesprotects the device

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

Source » Oxide Source

N--drift

N*-substrate

(b)

Figurel1-4. lllustration of the (a) avalanche process in a power MOSFEBv@danche waveforms under surg
energy stress.
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However, as shown iRigure1-3, there is no , junctionbetween the source and draineof
power GaN HEMT, hence a navalanche breakdown is expected when the device undergoes
transient surge energy or voltage spike. This inherent diffefeads tahe following knowledge
gaps onthe GaN HEMT surge energy robustne¢a) How do GaN HEMTs withstand surge
energy? What are the physical dynamics inwiitstandingprocess? (b) What determines the
failure of GaN HEMTs under surge energy? (c) Do different types of GaN HEMTSs fail with the

same mechanisms and behaviors?

The second difference is the epitaxy layer growth: power MOSFE Tissaedlyfabricated on
homogeneous epitaxgyers, i.e., Si MOSFETSs are fabricated on Si efatdayersgrownona Si
substrateThehomogeneous epitaxy avoids the lattice mismatchrfinsnizesthe defect density
in the epitaxy layer. Howeveigr commercial GaN HEMTS, théaN epitaial layersareusually
grown on Si or sapphire substraide 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 \2], almost a full expand of GaN bandgap. From
the literature the dynamic response of trapping anetrd@ping changes the charge distribution
profile in GaN HEMT, which leads to various issues including the dyn&mncandthreshold
voltage {/rH) instability. Considering the overvoltage robustness, de®i¢es highly dependent
on the charge distribution, therefore, the 1sontching static tests may not give accurBi
measurementa switching circuidbased testbed is required. Followitige aforementioned
knowledge gaps, two more open questiengerge (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 projectheGaN 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 felémiorg.
1.2.2 Vertical GaN Fin-Channel Junction Field Effect Transistor (FinrJFET)

Compared to lateral GaN HEMTS, vertical GaN FETs are more attractive for applications over
600V class. In vertical devices, for a higher devi®¥ 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



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 distributjdB8% 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 decgiddi [46].

Vertical GaN FIRJFET is a precommercial WBG power device witloltageratingup to 1.2
kV [47], [48]. The crosssection structure of the GaN FRIMrET is shown ifrigurel1-5. In theFin-
JFET, an array of sulmicrometer widen-GaN pillars forms thevertical channel,and they are
surrounded by théeavily dopedp-GaN, forminga gateall-around structure. The-Bode or
normally off operation is realized by the depletion at the gatgunction: at zero gate biagds),

the pGaN gate depletes tieatiren-GaN channélaterally andpinches off the current conduction.

The GaN FinrJFEThas achieved smallerRon,spcompared to statef-art GaN HEMT at the
voltage rating of 600 Y49], indicatingthegreat potential of the devicoweverthe development
of GaN FIinJFET is stillat a relatively early stage, and almost no robustness research has been
conducted.With the p-n junction incorporated in the devicghe avalanchdreakdown and
avalanche energyEfva) are keyinteress for this device Meanwhile, in MOSFET, the-p

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

Source Source
, S 2 =

p+GaN

n-GaN

Drain

Figure1-5. Device schematic of the vertical GaN FIRET (not to scale).



the power loop in circuit. However, in GaN RIRET, the m junction is between gate and drain,
hence the avalanchairrent pathin GaN FiIRrJFET could be distinct from the MOSFET. Short
circuit robustness is also a key interest when studying power device robustness, as ap©ver 10
short circuit withstanding timedc) is usually required in applications such as EV powertrains and
smart gridg50]. In the investigation of avalanche and short circuit robustness, it is essential to
determine the criticdava andtscin singleevent 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 Methodfor GaN HEMTs

Typical power devicgobustness testing metrodnd robustness standavesredeveloped in
the era of Siwith the interests focusing on the abnormal events such as avalanche and short circuit,
as well as accelerated lifetime extractibhose methods and standahdse also been adopted in
WBG devicesand provide key understanding on device robustié®sever, resulting from the
new material and new device architecture in WBG power devices, the traditional robustness test
methods cannot reflect some faduor degradation modes, for exampgleseinduced bythe
carriertrapping in GaN HEMTs.

Overall, the robustness testing metheals bedivided into two groups according tive device
operation condition during the test, namely the static-gwaitching) and switching test methods.
This sectiorbriefly introduces the commonly used testing methddscusses their outcomes and
limitations and providesnsights on further optimization of robustness testing methodology for

GaN power device® thorough discussion jgresented in a recent review pafi9].
1.3.1 Static Test Methods

In staticreliability testing, the device under test (DUT)uisuallykeptin the off-state and a
consistent bias is applied on the DUT terminals. The two widely adopted test methodologies are

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

In theHTRB test a drain bias stress aver80% of the DUT voltage rating is applied at drain
terminal along with a temperature of 15C. Up to date, multiple GaN HEMT wedors have

published their HTRB test results with the focus on qualificdadare mechanisms determination



andlifetime extractionHowever, among the vast number of repamdy one vendor reported the
HTRB testat a bias higher than thlevicevoltagerating[51]. The complication in selecting proper
voltage stressriginatesfrom the lack ofavalanchésreakdown in GaN HEMTs. For a bias over
voltage rating, the rise ileakagecurrent willenhancehe carriertrapping which leads ta faster
failure of GaN HEMT andhereby a possiblynderestimated lifetime projectioMeanwhile, the
continuous high bias on drain in the HTRB tdees not represent theansientovervoltage

conditionwith a resonance natuie practicalpower systems

The testing methodology IHTGB testis similar to HTRB, with the bias applied on the gate
terminal. Compared to Si or SiC MOSFETSaN HEMTs have muckmaller gateovervoltage
margin and the gate robustnessagarticularly importanttopic as well. Up to date, a time
dependent dielectric breakdowRYDB) mechanisms widely accepted in the reports froboth
academia and industf$2], [53], but most of the tests are still DC bias based.

1.3.2 Switching Test Methods

In switching tests, DUT turon and turroff transients are involved, either in a manner of
singleevent or continuous switchin§ome switching tests are the legacy from the Siseich as
theunclamped inductive switching (UIS) temtdthe short circuit tesRecently,mission profile
testsbased on circuit application scenarios are drawnweasedattention in GaN HEMTs
robustness studigS4], [55]. Meanwhile, the switchindpased tests are also emerging for the gate
reliability and robustness studies for GaN HEM33], [56].

Figure1-6. Circuit schematic of the UIS test.
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The schematic of thEIS circuit is shown inFigure1-6. The inductor stores the enenghen

the DUT is turned onyhen the DUT is turnedff, the inductive energgurges into theff-state

DUT. The UIS test is originallydesignedto characterizehe avalanchesnergy for power
MOSFETs. From 2016, researchers started to apply the UIS test on GaN HEMTs. However,
controversial conclusions have been reporteb i [61]. Saitoet al [57]i [59] concluded that

their pgate GaN HEMTSs retain some avalanche capability enabled by the hole removal through
the pGaN/AlGaN/GaN gate stack. In contrast, Kozatlal [60] and Martinezt al [61] claimed

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

capacitive charging. Further discussion on the UIS test is prese@bdpter 2f the dissertation.

Another key robustness requirement for podericeds the short circuit capability. §eneral
requirements the short circuit withstanding tim&¢) should be longer than 1@without failure
for the protection circuit to interveng0]. In this dissertation work, only the short circuit
robustness of vertical GaN FIFET is discussed because the GHNMMT short circuit robustness
has been studieeixtensively in the literaturésaN HEMTSs are reported to be vulnerable under
short circuit stress with ®c under 1t Oat 400 V bus voltage for 650 V rated GaN HEM®&8].
It should be noted that in some literatures,taef GaN HEMTSs is reported to be much longer,
because theesting profilesadopt large Rs or parasitic inductancedn order to captureghe
robustness dathat provide closet reference for applicatioswitchingrobustnesseststhat best
mimic theapplication scenario need to be adopted.

Apart from the UIS and short circuit test, varionission profile test have been conducted to
study the GaN HEMT degradation and lifetime under switching stress. Examples of such switching
stresssetupincludethe hardswitch boost convertd63], softswitch LLC convertef64], double
pulse test setu®3]. Currently, there is no switchingsting standard established for GAEMTSs.

This is partly becausthe GaN HEMD slegradationmechanismaunder switching stresare

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, understandingand guiding. While in the study on the suegeergy and overvoltage
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robustness of GaN HEMTand the robustness study on vertical GaNJRET,the motivation

and expected outcomes are summarized below:

1. Identifying: identify deviceBV under various testing conditions that set the hard failure
boundaries of GaN HEMTSs. Identify the critid&va andtscof vertical GaN FiRIFET.

2. Understanding:due to the distinct structuresf GaN HEMT and GaN FHIFET in
comparison with power MOSFETsinderstanohg the device failure and degradation
mechanismsinder overvoltage, avalanche or short circuit conditions is of major interest in
this dissertation workThe noravalanche nature and the existencéigh-densitytrap
states in GaN HEMT, the formation of gaten punction in GaN FIirRJFET are found to

impactdevice behaviors, failure and degradation modes under robustness test conditions.

3. Guiding:based on the understanding gained from the robustnesguidsincds expected
for GaN HEMT device users on how to properly qualify device robustpesect devices
in applicationsas well agprojectdevice lifetimein operationsProvide feedback to GaN
HEMT and GaN FinRJFETdevice designers and manufacturensfurtherimproving 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 addressgsral important knowledge gaps the
robustness and reliability ¢dteral GaN HEMTs and vertical GaN RIFET. The key findings
include newovervoltageailure and degradation mechanisms, new testing methodolatpvizfe
reliability and robustness under thegh frequencyovervoltageswitching, 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 thesingleevent UIS test, the-gate GaN HEMT is found to withstand surge energy
through a resonant energy transfer between device output capaciasgea(id 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, indicatintpe energy is no longethe most meaningfyparameter

that can directly represent the intrinsic robustness of GaN HEM &ssurgesnergy 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 theUIS tests withvarious pulse widthifrom 20 ns to 2 sheBV of GaN HEMT is
found to increase with the decreased pulse width, up to 500 V higher than th&¥gtatic
measured on the curve tracer. This behavior is explained by the reduced buffer trapping
and the resulting | ower peak elBYxB\Wi)Cc fi el
provides additional overvoltagend surgesnergymargin for GaNHEMTs when being

used inconverters.

3. The overvoltage robustness of GaN HEMTs is found to also depend on frequetingy.
high frequency overvoltage test (HFOT), a novel convdrésed testbed with the active
clamping circuit (ACC) is designed and prototyped, allowing for >1 kV overvoltage at
switching frequencyféy) up to 1 MHz. The tesesults see the frequency dependin
some commercial-gate GaN HEMT with two new degradation mechanism identified: a
drastic, nearly unrecoverable increasé&gn due to severe electron trappimmgthe GaN
HEMT, anda degradatiorof the OFFstate leakage current aBd due tothe trapping in
the GaN buffer. Finally, the repttie UIS test is proposed as a fasteffective method
fortheGaN HEMTsscreening for thhigh-fsw overvoltage ruggedness. These reseligal
the necessity of running applicatidased robustness test beyond shaylent or DC static
tests forthe qualification ofGaN HEMTS.

4. Based on the findings in the HFOT test, a lifetime mbdskd orthe shift of GaN HEM® s
dynamicRon is established. A high frequency UIS test setup with accuragéuiRon
monitoring is demonstrated. Good agreement between the measured data and the lifetime
model fits areachieved unddiifferent pealswitchingvoltages, which revealghe electron
trapping in the passivation layer interfat® be the main physical origin of device

degradation
1.5.2 Avalanche and Shortcircuit Robustness of Vertical GaN FiIRJFET

1. A uni que MAavalklcahmommes |toh rpcheghto nfeinla i s o-bserve
JFET. With the implementation of &Cinterface gate driving circuit, the chanmah be
turned onduring the avalanche, which migrates the avalanche current from the-gate p

junction tothe device firchannel. In comparison with the avalanche in thejpnction

13



(avalanche through gatethe avalanche through fiohannel offers higheEava, and
featuresa failureto-opencircuit signatureThis avalanche path also allows fbe spatial
separation of the high current stress and the pef&ld& resulting ina more robust

avalanche capability in power devices.

2. From the singleevent short circuit test, a record high of 30.5 ps at an input voltage of
400 V is measuredor a 650V rated FIRJFET. All devices show the failuro-open
signature where the device maintains the avalanche breakdown vd¥dge )( after
failure. Meanwhile, the vertical GaN FIFET is the first power device that demonstrates
robust short circuit capability near tB&ava with tscover 10 pusThe physics behinthese

resultsis well explained by the avalanctteroughfin 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
JFETSs.

1.6 Dissertation Outline

Chapter introduces the background of the study, the key differences betweeibd3al
power devices and Si or Sitased power devices, and the ogaowledge gaps in GaN power

device robustness study.

The key contemstofchapter 2 to chapter 5 can be summarized in the device SOA fitigued
1-2) which is shown irFigurel-7.

Chapter 2discusses the surge energy robustness based on theesiegteUIS test. This
chapter presents a combination of switching circuit testing, stogac failure analysis and
technology computer aided design (TCAD) simulation. This chapter focuses onB¥yviee the
hard failure boundaries of GaN HEMTs. The findings in this chapter also set the knowledge base
for Chapter 3

Chapter 3covers the HFOT on commercialgate GaN HEMTs. The dynamRV of GaN
HEMT presented in chapter 2 indicatbs singleevent test may noeveal thed e v i tueB¥ s
in high frequencyswitching applications. This chapter introdwscthe test circuit design, test

results, degradation analysasd thamplementation of high frequency screening test. Finally, the
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lifetime projection model based on the fings in the high frequency test is validated by
experimental results. The focuses in this chapter include d&cand the lifetime at lower

switching voltage.

Chapter 4and Chapter Sdiscussthe robustness of vertical GaN RIEFT. Chapter 4 covers
the avalanche robustness, including the avalattoloeighfin phenomena, the singkvent
avalanche energy, arle degradation mechanism in repetitive testing. Chapter 5 presents the
short circuit test results, including the measurements@ft various input voltage, and the
degradation mechanisms under repetitive short circuit tests.

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

research topics on the robustness of GaN poeeices
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Figurel-7. Summary of the main conteat different chapters withespect tahe 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 UlBigies.
2-lillustrates the UIS circuit schematilt consists ofthe device under test (DUT) and a loop
inductor (ioop) cOnnected in series. The UIS test procedure is described below: the EidT is
turned on with a positive gate bia4g) to charge the inductor. Once the inductor current reaches
the desired value, the DUT is turned off and the inductor energy is fortedwadhstood byhe
off-state DUT. Such a UIS test has been widely adopted to characterize the avalanche energy of
Si/SiIC MOSFETSs or Si IGBTE5]i [68], meanwhile, it is also suitable for exploring the surge
energy robustness of n@valanche devices thanks to #snple circuit topology and setup,
versality in tuningthe dv/dtand pulse width. In fact, after the publication of our work in early
2020[69], vastefforts have been put into the GaN HEMT overvoltage robustness[Sijd{60],

[70], andthe UIS test has become very popular for BMdyn characterization in various non
avalanche device technologies, e.g., various types of industrial GaN HEMTE 3] emerging
GaN diodes and HEMTE74], [75], [76] as well as for different applications, e.g., high and
cryogenic temperature te$?3], [77]and onwafer breakdown te$t6] [78]. In this chapter, based

Figure2-1. Circuit schematic of the UIS test.
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on theUIS test, the GaN HEMTs safe withstanding process, the failure boundarteailure

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 SIHEMTs from GaN Systemf80]. The features of
these two types of-pate GaN HEMTs have been discussed in Chapter 1.

Figure2-2 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

Isolated i
Voltage Supply fori
Gate Driver

(b)

Figure2-2. Photos of § the motherboard ant)a daughter boardf 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 thsogate

loop layout is critical for proper GaN device operation, thegtigar board includes an optimized
gate loop with small parasitic inductance for each packaging type. Sensing circuitry to measure
the gate biasMgs), drain biasY/bs), and drain currentds) is also implemented upon each daughter
board. Regarding the gadriving circuit, the topology and components parameters follow the
guidelines in the datasheet and application note of each [BUYTa commercial Si8271GE

gate driver is used for both HOIT and SPHEMT. During DUT switching, the ostateVesis 5

V for SRHEMT, and around 3.5 V for HIGIT asthe hole injection through thgatep-n junction
clamps thé&/cs. The offstateVesis kept at5 V for both DUTSs. The input voltag®f) of the UIS

test in this section is set as 30 V.

2.2.2 Surge Energy Withstanding Process

Figure2-3 show the typicallS waveforms in the safe withstand situation for4@DI's and
SRHEMTSs. 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 devicesFour distinct phases have been identified in the UIS safe withstanding

waveforms:

(a)Phase Jinductor charging: the DUT is turned on, inductor is chargedioyntil the current
reaches the desired values.

(b) Phase | turnoff transient: the DUT turns off, andbs exceeds/in. Due to the turroff

lossandgateloop parasitic)ps drops.

(c) Phase 1} overvoltage transient:laC-like resonance iproducedetween the load inductor
(L) and the device output capacitanCedy. The peak positivers at the start of resonance (e.g.,
~1.5 AinFigure2-3(a), ~2 A inFigure2-3(b)) is almost identical to the maximum negative current
after a half cycle of resonance (e-4.5 A inFigure2-3(a),-2 A in Figure2-3(b)). This suggests
the same amount of inductive energy and almost no energy dissipated within thal@gThat
a nonideal loss of the device due to the device dyn&xée may occur during this resonance
stage, which has been analyzed in detail infferent from the avalanche waveform in power
MOSFETSs as illustrated iRigure1-4(b), in the UIS waveform of GaN HEMTh;sis zero at the
peak Vps transient, and/ps 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 pgsitive

in avalanche waveformdps 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 o6withstanddé the surge energy but do not

is that, theCosscalculated fronthe measured resonance perio€l, ¢ A 00 , is very close to
the DUTOs eOaseimthgeydataste¢t.at e d

(d) Phase 1V reverse conduction: whevbs resonates to negative values and exceeds the
DUTO6s r e-orevoltage Vet therDUT conducts in the third quadrant{@uad), and the
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Figure2-3. UIS safe withstand waveforms of ttfe) GaN HD-GIT and (b) SFHEMT with a loop inductor
value of 3% (
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LC-resonance stop¥/ps is then clamped around it€@juad voltage drop. The clamped voltage
extracted from the UIS waveforms is abe8tV, which is consistent with thé%3juad voltage
drop atVes of -5 V from the DUT datasheet. Once the DUT turns on reversely, the poéiive

applies on inductor and the inductor is discharged by the power supply.
2.2.3 GaN HEMTSs Failure Boundaries in UIS Tests

The DUT failure in the UIS tests is then studied by gradually incredisenonductor current
(IL) at the end oPhase luntil the DUT fails inthe UIS testsAs shown inFigure2-4, the peak

transientVps in the UIS waveform, which is defined &, is found to be well fitted by the

resonance relatio®d ‘O 0j 6 for different load inductors. The slight discrepancy in the fitting
at higherOis due to the turoff loss inPhase || the core loss from the inductand the parasitic
impedance in the switching circuit. The DUT failures under different load inductances occurred at

an almost identica¥m boundary.

Figure2-5(a) and (b) show the typical failure waveform of the-BIDI and the SFHEMT,
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 tREISMT 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 DUTSs are slightly different. In the GIT, a

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

1200 4V, Failure
Boundary
. 800 Inductance
> —8—32pH |
S —=—12 uH
400 —#—2uH 7
—#—0.6 uH |
0 10 20

I (A)

Figure2-4. Dependence dfm on I, extracted from the UIS tests with various inductors.
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Figure2-5. Failure waveforms of the (a) GaN HBIT and (b) SFHEMT

However, the resonance continues andvifié'is also stable, indicating the gate control ower
retains. In the SIMEMT, 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 SPHEMT, which will be analyzed in detail in Secti@r.4

To further study if the DUT failure is dominated by the transient overvoltage, or also dependent
on the voltage ramp ratel\/d) and the total duration of overvoltagbe DUT failure under
different inductors is studied. From the resonance relations, a change in inductance results in
different resonance perioddy/dt and overvoltage durations. Here the overvoltage durafigh (
is defined to be the time whéafbs is higher than the rated voltage during ti@&resonance, as
illustrated inFigure2-6. The smallest inductor value (600 nH) is selected to allow &w/ét of
~120 V/ns, which is comparable to the highest switching speed of GaN transistors demonstrated
in the stateof-the-art converter§82]. The largest inductor value (32 uH) is selected to be over 50
fold higher than the smallest one, which produagdtof ~10 V/ns. For each inductor, the failure
of HD-GITs and SFHEMTSs is foundo consistently occur at the peak overvoltage transient. Three
DUTs are tested to failure for each inductor for validatidreDUT6 &/m values versus different
Tov areshown inFigure 2-6, whenToy increases from ~ 5 ns to 60 tise failure boundary o¥m
showslittle dependencen Tov for both HDGITs and SFHEMTSs. This suggests that the GaN
HEMT failure under surge energy is mainly limited by its overvoltage capability or the transient

breakdown voltageBV). However, a slightly decreasing trend can be fourtedldnre2-6, and this
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trend B more pronounced in the SFEMT. In section2.3, GaN HEMTsBV dependence ofoy

will be studied with a further expansionf, from nanosecond to second range.
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Figure2-6. The transient peak overvoltage that leads to device failure and the overvoltage duration as a
of inductor values, for the (c) GaN HBIT and (d) SFHEMT.

2.2.4 Failure Analysis and TCAD Simulations

Comprehensive failure analysis is performethtwroughly understand the failure mechanisms
of HD-GITs and SFHEMTSs in the UIS testdPackages of the failed devices areadgsulated.
Electric measurements of the -dapped device are first performed using a probe station.
Microscopicimaging 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, physidsased device simulation stacks are built and then cwdbwith a
UIS cirauit arrangement for mixethode simulation. This mixethode simulation enables to
validate our theoretical explanations of the UIS waveforms in Se2tih@ and to extract the

distribution of electric field (Hield) within the device structure at any switching transient.
A.HD-GITs

Figure2-7(a)illustrates thgpackage structure of the HBIT, 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) showsthe transfelps-Vas characteristics of a brantew and a failedHD-

GIT, illustratingthe gate retains the control over the 2DEG channel in the failed device in the UIS
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Figure2-7. (a) lllustration of the packaging structure of the-BII (b) Transfer characteristics of a failed HD

GIT and a new onec) Leakage current measured between the source, drain, and substrate of a f@éd H
after the decapsulation and the removal of the wire between source and substrate

test. With the gate floating, thedrgims our ce resi stance i s measured
the creation of leakage paths between drain and s@fteeremoving the wire bonds connecting

source and substrate in the originaladg@ped device, the leakage current paths between lateral
drain to source and vertical drain to substrate are sepafatpae 2-7(c) shows thel-V
characteristicbetween source, substrate, and drain. A large -toesnibstrate leakage current is
presented, the dratio-source and sourge-substrate leakage currents are minimal, suggesting

the damage possibly locates at the drain and penetrates to substrateertecal failure.

No burning or melting traces are obseratdhe optical microscopic scada the chip surface
after decapsulationEigure2-8(a)), confirming that thenajorfailure mechanisms not thermdy
related andfailure occurred ithesemiconductor rather thaime packagng. Emission microscopy
(EMMI) analysis is used to locate the failure spotsetinéssion (failure spot) isbserved at the
drain finger(Figure2-8(b)), followed bySEMinspection withFIB. Figure2-8(c) shows the cross

sectional SEM image of tlevice channel region at the failure spevealing that failure occurred
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in the drain region and the dratonnected ff5aN. The gate region maintains intact, which

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

Drain pad
Gate pad
i

Sourcepad '_J

Figure2-8. (a) Photo of the chip surface aftercipsulation under the optical microscope. (b) EMMI analys
results of the deapsulated failed device (Erosssectional SEM image of the device channel region at th
failure spot, showing damages in the drain region and the-doainected fg5aN.
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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-fgure2-7(b).

A physicsbased TCAD mixednode simulation in Silvaco Atlas is performed for the-HD
GIT. The physical models for device simulation are based on the ones descig#jcamd[84],
and the static simulation is calibrated with the device datasheet. Actikptoaps are added into
the GaN buffer layer in the simulation based on the experimental repd@aMan-Si devices
[85], [86], the implementation of the traps is critical for the convergence of the simulation. The
implementation of deviceircuit mixedmode TCAD simulatioms similar tosome previous work
[87], [88]. The complete TCAD codes for the GaN HEMT mixaedde UlSsimulationcan be
found inAppendix A: GaN HEMT UIS Mixednode TCAD Simulation Script for Silvaco

Figure2-9(a) shows the calibration of the mixetbde simulation. The simulated waveform

with an inductor of 12 pH and¥av of ~1 kV agrees well witlthe experimentatest waveforms.

. . . v 4
Simulation
__800f Vos lhs 12
b Experiment
>8 0
400 } :g
----- -2
Obodo, Nrooreormoom ’
1.8 1.9 2.0

E-field (MV(cm)
um um 3.5 [l AN o

Figure 2-9. Comparison between thémlated and experimental UIS waveform. (b) Simulated electric fi
distribution in the HBGIT unit-cell at the peak overvoltage (1150 V) transient and a Zaahthe drain region.
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This further validates theC-resonance an@“-quad conduction as explainéd Section2.2.1
Figure2-9(b) shows the simulated-field distribution in the HBGIT at a peak transient voltage

of 1150 V. The peakfteld in GaN is found to be located at the drain edge, with a valt8.4df
MV/cm, which is close to the critical-eld of GaN. The simulated peakfield in dielectrics

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

of SiNx or Si& (~10 MV/cm[89]), the commonlyused dielectric materials for passivation of GaN
devices. The agreement between the simulated péeldHocation and the failure location in the

DUT suggestshatthe DUT failure under surge energy is induced by the highell at the peak
overvoltage transient. This agrees well with the withstand process where almost no heat is

dissipated in device, as explained in Secfidh2
B. SPHEMTSs

Different from the failed HEGITs, the SFHEMTSs are found to fail shottetween source,
gate, and drain, as revealed from electrical measurements. The loss of gate control and a short
between source and drasplain the UIS failure waveforms shownhkigure2-5(b). No obvious
burning traces are observed on the chip suriader the optical microscope, suggesting the failure
is dominated by Hield rather than heat as well.

Figure2-10(a) and (b) shows the cressctional SEM images of a wuill of the fresh SP
HEMT and the failed SIMEMT, respectively. The SAREMT unit-cell includes four main FPs: a
large size source connected FP, a drain connected FP, and two source connectdcbfsrsh
the gate region (referring 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 regiodamage i®bserved 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 locdfiétd crowding in GaN or FP dielectrics. The cracks may
be generatedueto the mechanical exfoliations after initialfield 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 thal ialectrical failure at the
overvoltage transient, as the-SIEMT is failed short between source and drain at high voltage.

Figure 2-10(c) shows the simulated-teld distributionin the SPHEMT at the transient of
peak overvoltage of 1450 Whe peak Hield 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 Hield 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 falufhe complex muHliayer FP structures in

the gate region of SHEMTs may exacerbate the device vulnerability to mechanical failure in the

gateFP region when compared to HBITs. The Efield induced dielectric fatigue or failure is

E-field (MV/cm) | MM el o
S I |||||ﬁ||||o peak Efield In GaN

(c)

Figure2-10. Crosssectional SEM image of a urgell of (a) the fresh SPHIEMT and (b) the failed SPIEMT,
showing damages in both theain region and the gate region of the failed device. (c) Simulafedde
distribution in the SFHHEMT 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 mixsdnulation presented in this section, it is clear that the
initial device failure at the transient peak overvoltage imiypanduced by Eield, and the failure
spots are consistent with the pealtidtd locations in the device. The failure behaviors of GaN
HEMTSs are fundamentally different from the failure of SiC/SiC MOSFETSs in avalanche, which is

usually induced by thermalinaway and burning traces are shown in the failed DUT in avalanche
[90].

2.2.5 Comparison with Avalanche Breakdown Devices

Figure2-11 illustrates the typical surgenergy withstanding waveforms of the GaN HEMT
and the Si/SiC MOSFET. The difference originates from the lack of avalanche capability in GaN
HEMTSs. 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 resuld] min

heat is generated in the withstand process, suggesting thermal runaway is not a major mechanism
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Figure2-11. Schematidllustration of the UIS waveforms for a power transistor with and without avalancl
capabilities as well as the resistive power dissipation in device during theeswegg 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)(
cO

w O uvjo 5 ¢ P

(211) suggests that the surge energy (or an equ
that can directly represent the intrinsic ruggedness of GaN HEMTs. \Bhijerepresents an

intrinsic and thermatelated device capability, the failure of GaN HEMTs uri@enot 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 HEMTSs can withstand) ) to theEava of Si/SiC MOSFETs. However, this comparison

is not physically meaningful, due to the entirely different withstand dynamics and failure
mechanism of GaN HEMTs. AD identical toEava does not necessarily imply the same device

ruggedness.

If assuming negligible loop inductance and parasitic capacitéhce, can be correlated to
the device parameters of GaN HEMTs based?eh){

Table2-1. Comparison between tlsairge energy withstanding processlifailure mechanisms opowerSi/SiC
MOSFETs and GaN HEMTSs.

Si/SiC MOSFET GaN HEMT
wihstand avalanching  L°C resonance and reverse
Energy pah  (SSislye SISSAIOn I wiftand; dispation everse
Limiting factor avalanche energy overvoltage capability
mggri:gaeism thermal ruraway E-field induced breakdown
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0 wis the device transient breakdown voltage. Tmplicationscan be deduced from (2): (a) for
the same device technology (e.g., the devices from the same manufacturer with thegsahee

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

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

typically expect a highe® . This is not only due to high@&V, but also a highes , asBV

is usually increased by scaling up the ditahgate distance, which leads to an increased.
This implies a fundamental traadf between the switching performance of GaN HEMTs and their
surgeenergy ruggedness. A higher voltage margin (and usually h@@ger may slow down the

device switching, at least for hard switching, but could enable a h@gher .

A final point worth mentioning is that for Si/SIC MOSFETS, the intrinSiga would
generate a failure boundary comprising the avalanche cutken) énd the total avalanche time
(tava) (lava andtava shown inFigure2-11). 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 HEMTUTand thel resananevdthstand éinfbeo u n d a
duration {r in Figure2-11), with the aim to correlate the failure to avalanche. However, in this
dissertation, it igpointedout that the plot betwedn andtr 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 capacitarame 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
gualifications and applications offaBode GaN HEMTsthe UIS setup presented in sectid@2
involvesalimited variation in the pulse width of the transient voltage overshoot: by only varying
the inductor valudrom 600 nH to 32 ( in the circuit, the overvoltage duratioiey 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 inductanf@l]i [93], to several milliseconds or even longer such as the
UIS between device and large motor ¢éb]. Therefore, a testbed with flexibility of changing

resonance pulseith a wide range is needed.

Figure2-12 shows the circuit schematic of the various pulse width UIS test. Compared to the
normal UIS test, an additional capaci@pbp is put in parallel with the DUTComparedo 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.

L
Y™ YN
VDDJ_C CADD RG
P — VGS
DUT

~

Figure2-12. Circuit schematic of the UIS test with various pulse widths.

2.3.2 Dynamic Breakdown Voltage and Physical Explanations

The same commerciatgate GaN HEMTs as the ones used in se@i@are tested in this
section, i.e. the 650 V, 30 A rated-SIEMT from GaN Systemf80] and the 600 V, 31 A rated
HD-GIT from Infineon[79]. The DUT statidBV is first obtained via the quastatic }V sweep on
a curve tracer, which reveals a 950 V destrudéiVen the SPHEMT (Figure2-14(a)). The HD
Gl Tés |l eakage current reaches t he VesofdQO@\Wt com
without the DUT catastrophic failur&igure2-14(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 Figure2-13). 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 powerrsdipply
calibrated by thermal imaging and thermocouple. A Si8271%Bate driver is used to provide

+5 V on/offVgs(again, the/ssis clamped around 3.5 V in HBIT). The modulation of the pulse
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Figure2-14. Quasistatic offstate +V curves of the (a) SPIEMT and (b) HDGIT

Figure2-13. Photo of the test setup

width is realized by using various inductors from 600 nH to 81 mH, as well as paralleling a

capacitor (0 to 10 OF) across the DUT&s dr ai
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To measure the transieBV, the inductor current is gradually increased in the UIS pulse to
produce a 10 V step increase in the p¥ak After each pulse, the DUT rests for 5 minutes to

allow sufficient detrapping. Six DUTs are tested to failure under each condition to validate the
statistical significance.

A. Dynamic BV of SPIEMTs

Figure2-15shows the safwvithstand waveform and the failure waveform of thetERMT at
600 nHL. The pulse width is 25 ns, producing an avekhgdtof 120 V/ns.lps drops from 24 A
to 12 A after DUT turroff mainly due to devicewitching loss, followed by BC-resonanceSnce
an air core inductor is usédthis measuremenminimal core loss is involvedlhe capacitivéps
at the start of resonance almost equals to the nedagife-12 A) after a half cycle of resonance,
suggesting minimal resistive energy dissipation (andresdting) within the DUT. The resonance
suspends after a halfdg, as the negatiwbsturns on the DUT reversely. The DUT failure occurs
at the transient of peakps. At a pulse width of 25 ns, while increasing the temperature from 25
°C to 125°C, the safewithstand UIS waveforms shows no change in sharife2-17(a)) while
the peakVps at the failure transients are found to be almost independent of tempeFagurre (
2-17(b)), confirming that the DUT breakdown isfield induced rather than thermal limited.

12 1500} ' ' 12
< <
6 N 16 &
o 1000 2
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S >%oo} =
1-6 >g 1 -6>3
1-12 0 osr! \ -12
000 002 004 0.06 000 0.02 0.04 0.06
t(pns) t(pns)
(a) (b)

Figure2-15. UIS (a) safe withstanding and (b) failuneaveforns of the SPHEMT with a 25 ns pulse width
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Figure2-17. UIS (a) safe withstanding and (b) failuneveforns of the SPHEMT with a 25 ns pulse widtht
three different temperature®5°C, 75°C, 125°C)

Figure2-16 shows the spectrum of the last saféhstand waveform (10 V below destruction)
for four pulse widths from 25 ns to 5 m& clearBV dependence on pulse width is identified,
revealing aBV decrease from 1480 V to 1270 V. Finalyigure 2-18 shows the box plots of the
BV vs. pulse width (from 25 ns to 2 s) at-225°C. A total of 8 different pulse widths and 3
different temperatures are implemented. At each conddi@iJTs are tested to failure to obtain
theBV. TheBVsfor the pulse width below 20 ms are obtained in the UIS test and above 20 ms are
tested in a commercial pulse/Isystem (with a 2 ms shortest pulse). B¥¢measured in these

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

i 1. ;55 nsﬁ —‘0.15 ms
Pulse Width
1500+ uise ' —0.5[15—5'“5

1000 ¢

Vs (V

500+

0

107 10° 10° 10 10”
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Figure2-16. The last safavithstand waveforms of SHEMTSs in the UIS tests with four different pulse width:

tis plotted in the log scale.
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to 50 ms. From the box plot, three key findings r@eealed a) a consisterBV decrease from
1480N10 V to 950N10 V across 8 orders BV magni
(BVoyn) 06 phenomena. b) At t he same Bp decrsases asi dt h,
temperature increases from 25 to 225 c) When pulse width is longer than 200 ms, deBize

converges to the stat®V value: i.e., at 28C, theBVis measured to be 950 V at both 200 ms and
2 s pulse widths.
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— L 1125 °C |
; 1.4 ,
= o
o= ——
8 12 == ]
é =l
I_ 1-0' : - » ]
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Figure2-18. Box plots of the transieBV of GaN SPHEMTSs at 8 pulse widths and 3 temperatures.

To explain theBVpoyn in GaN HEMT, microscopic failure analysis is first conducted. After the
de-capsulatiorof the failed DUTS, the failure spots are identified by EMMI, followed by the SEM
inspection. Mixeemode TCAD simulations are also performed, with the device model calibrated
with the datasheet and the simulated UIS waveforms calibrated with expeit@jerit different
pulse widths of 25 ns and 5ms, threakdown locations are found to be consistently at the drain
side fFigure2-19), which agrees with the simulated peaitidtd location in GaN when the SP

HEMT is at the peak/pbstransient Figure2-10), confirming the same peakfteld induced device
breakdown as illustrated section2.2

The BVobyn can be explained by the dynamic filling of buffer traps. At zero drain bias, the
acceptoilike buffer traps are partially filled, leavirgnumber of available trap states in the buffer
layer[94], [95]. At high Vps, electrons will be injected into the buffer from the source or from the
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Figure2-19. Crosssectional SEM images of a SFEMT unit-cell in a (a) fresh device, (b) failed device in 2!
nspulses, and (c) failed device in 5 ms pulses. The breakdown locations are both at the drain side

Si-substrate/transitictayer interface, inducintipefilling of acceptor trap(or hole emissionP6].
Figure 2-20 shows the simulated-field contours with different trap filling profile. It reveals a
higher Efield at the drain side with more negative buffer charges (ionized triaigsiré 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 hig\rif minimal buffer traps are filled, the
peak Efield reaches the critical-Eeld of GaN Ec~3.4 MV/cm) at 1450 Wps (Figure2-20(a)),
which agrees with thBV measured in 25 ns pulses. As the pulse width increases, more traps in
the bufferare ionized an@V decreases. When the filled buffer trap density reaches its max limit
(i.e., all available traps are filledpo further decrease &V will be presentedin the TCAD
simulation, a maximum ionized trap density of 3.2%1¢@n? is used, which is similar to the
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reported max ionized density of carbalated trap$94], the peak Hield reache<c at 950 V

(Figure 2-20(c)), which agrees with thBV 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 tH&V drops faster with the increased pulse widkig(re2-18). This physical
explanation on th8Vpyn has recently been validated by experimental results of the electric field

mapping fromanothergroup[97].

v

E- F|eld (MV/cm)

3.5 |l ||| I 0

(c)
Figure2-20. Simulated Eield in SRHEMT at the transient peakos for (a) 1450 V \bs, no ionized buffer trap,
(b) 950 V, no ionized buffer trap, and (c) 950 V, an ionized accdigmbuffer trap density of 3.2x10cm?.
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B. Dynamic BV of HBGITs

The UIS waveforms of HEITs are found to be consistent with the ones eHEMTs. Figure
2-21 shows the last safeithstand waveforms at various pulse widths from 25 ns to 5 ms, and
Figure2-22 shows the box plots of tH&V vs.pulsewidth at three different temperatures. B¥
of the HD-GIT shows a much smaller variation compared teHERMTS, dropping from 118045
V to 1095%5 V for the pulse width of 25 ns to 5 ms, and remaining unchanged in longer pulses.
TheBV shows little temperature dependence. From therkilBoscopic inspectigrthe HDGIT
shows the same electric breakdown mechaaistine SPHEMT: the breakdown location in HD

GIT is also at the drain sid€igure2-24), agreeing with the simulated peaki&ld location.
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Figure2-21. The last safevithstand waveforms (10 V below the breakdown) of the GBlID's with four
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Figure2-22. Box plots of the BV of GaN HBGITs at 4 pulse widths and 3 temperatures. The BV reduces f
~1180 V to ~1095 V when the pulse width increases from 2 ns to 5 ms.
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The smallerBVpyn range in the HBGIT suggests less buffer electron trapping, which is
explained by the hole injection from the mixed drdtigQre2-24): at highVps, the pGaN at the
drain injecs holes into the GaN buffer layer, which acceleséte detrapping process. Comparing
with SRHEMT, the HDGIT has a smaller trapped charge density in GaN buffer under the same

testing conditionshence a smaller variance in tB¥pvn is exhibited.
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Figure2-23. Crosssectional SEM image of the HBIT failed in 25 ns pulses. The breakdown location is at
hybrid-drain.
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Figure2-24. lllustration of the bffer detrapping by holénjection in the HDGIT.
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2.3.3 Repetitive Overvoltage Test Results

The higheBVWoyn in shorter transients can provide GaN HEMTSs additional safe margin in the
power applications involving transient overvoltage, as the converter design usually relies on the
device stati®V. However, the buffer trapping may increase the risk of charge accumulation under
repetitive overvoltage pulses, if the charges cannot be fullsap@ed within the switching period,

which may gradually lower thBV at high frequency operations.

To understand this tragdf, SRPHEMTs and HDGITs are tested under repetitive UIS pulses
with two pulse widths (25 ns and 0.5 ps) and two switching period (50 ps and 1 ms; the inductive
energy is clamped in both periods), for up to 10,000 pulses. F&#) R.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 atipi@ng are studied by different
composition of the pulse widths apdlise periods. The peals is set to be 95% of thBVoyn
corresponding to each pulse width, based on the value unveiled in 8tln
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Figure2-25. Repetitive UIS waveforms of the SFEMT with a pulse width of (a) 0.5 ps (failure in a few
pulses) and (b) 25 ns (no failure after 10,000 pulses).
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Table2-2. Summary of Conditions and Results of the Repetitive UIS Tests.

Pulse . Pulse BV Peak Voltage
Device

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

No failure or degradation after 10,000 cycles,

25ns 1470 1400 of the test waveform shown in Figr25(b)

Sk

HEMT Failure in less than 10 cycles, waveforms shc

50 ps (20 0.5pus 1340 1275 in Fig. 2-25(a), failure at the peak voltage

kHz) transient

25ns 1170 1110 No failure or degradation after 10,000 cycle:
O asus 13 a0 e e
Sh 25ns 1470 1400 No failure or degradation after 10,000 cycle
1ms HEMT 05ps 1340 1275 No failure or degradation after 10,000 cycle
(1 kHz) HD.GIT 25ns 1170 1110 No failure or degradation after 10,000 cycle
0.5us 1135 1080 No failure or degradation after 10,000 cycle

As shown inTable2-2 andFigure2-25, under the 50 ps period (20 kHz), the-BEMT fails
in only a few 0.5us-wide pulses but survive 10,000-85wide pulses without degradation; with
the aid of hole injection, HEBITs still fail in ~100 0.5us-wide pulses but survive 10,000-B5
wide pules. When the switching period increases to 1 ms (1 kHz), tH¢EBFTs and HDGITs
both survive 10,000 2B6s and 0.5us-wide pulses. These results imply that the overvoltage margin
f rom t heBViiskeptuadertvweo conditions: a) small parasitic/load inductance and b) not
too high frequency to induce an accumulation of filled trishould be noted that the test results
in Figure 2-25 only discusseghe device survival,while the degradatiorof DUTs is not
characterized. If95], GaN HEMTs degradation and recovery under repetitive overvoltage
conditions are studied hynitizing repetitive UIS test in kHz frequency rangada 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 testsSection2.2 unveils the withstand process and failure mechanisms of commercial p
gate GaN HEMTSs under the transient surge energy and overvoltage implemented by a traditional
UIS test. The surgenergy withstand process and failure mechanisms of GaN HEMTs are found
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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 ttheringhstand process. The device
failure under surgenergy 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 ruggednessf@aN HEMTSs. The failure mechanism is mosthji€ld limited and

the breakdown locations in device are consistent with the péiakdHocations.

Section2.3 presents a neWlS testwith tunablepulse width to measure the transi8Mof a
nonravalanche power device, from which the transigviiof GaN power HEMTs under a pulse
width from 25 ns to 2 s is characterized. B¥in shorter pulses is found to be higher than the
staticBvVby wup to 500 V, due to reduced buffer tra
overvoltage margin for the GaN power converters involving voltage overshoot and surge energy,

under certain restrictions in the load/parasitic inductance and switecbioqgehcy.

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 Table2-2 indicates a frequency depend8vbvyn, 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 off @z [98], some even in the range of
MHz [99], [100]. A 20 kHz repetitive UIS performed gection2.3.3cannot 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 meted inChapter 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 datethemajority of the GaN HEMT overvoltage tests are performed with the sawget
UIS test. Denote thBVpbyn measured in such a test as the shaylentBVoyn (BVoyn-siv). The
BVbyn-sin has been found to be different from the stBmeasured on a curve tracer and depend
on the pulse width (andv/df) and temperature due to the thadependent trap filling in the GaN
HEMT structurg73], [97], [101], [102] which has been explained in detail in secBdh3

Beyond the singlevent test, the repetitive UIS results in secBdh3and some recent works
show that th&Voyn in continuous switchingBVoyn-sw) can be different from thBVoyn-sin [73],
[103], [104] For example, th8Vbyn-sw of 650 V cascode GaN HEMTSs in 100 kHz continuous
switching (1.251.3 kV) is found to be lower thaBMpyn-sin (1.4-1.7 kV) [73]. However, it is hard
to further push up the switching frequenty)(in the repetitive UISFigure3-1 recaps the typical
testing waveforms of the UIS test with four main phases mai®@d:.op charging by power
supply with the device DUT turneoh; (2) overvoltage resonance between deWegsand loop
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Figure3-1. lllustration of different phases incmplete UIS process.
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indctor (Lioop); (3) Lioop discharging via the DUT reverse conductiand (4)residual resonance
due to the difference betwedgusa n d t h &/ DIdrdersto run a repetitive UIS test with
stableVy among switching cycles, the switching period should at least cover the time ofl phase
to phasdll to fully damp the surge energylin.p[102], hence thésw canbelimited in the UIS or

the clamped inductive switching (CIS) téste to a similareasor|69], [95], [102]

On the other hand, staté-the-art GaN converters are operating at hundreds of kilohertz or
even megahert®2], [98], [99] Theovervoltage robustness aB¥pyn 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)

Figure3-2 shows the circuit schematic of the buck converter based HFOT. This testbed features
DUT zerovoltage turron realized by tuning the duty cycle and the value of the filter inductor
(Lm) for a negative inductor current when the DUT is switebedAn additional akicore inductor
(Lar) 1 s placed next to the drain side o®OFFt he to
transient, the energy storedigr goes through the OF$tate DUT angroduces th&ps overshoot
in the DUT. The peakps in the overshoot can be controlled by Wess, value ofLar and the
current flowing through it at the DUT tw@FF (o). An active clamping circuit (ACC) is
connected in parallel with tHesr, which consists of a power resist®:] and two backo-back
connected power MOSFETS fordimectional voltage blocking.

Re __
Hi,! Active
L. :]:Clamping
™} Circuit
T put
i /Y YN\
Veu| ca] 4 L .
I:I Cout Load

Figure3-2. Test circuit schematic of the HFOT
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The functions of this ACC are regulating waveforms and stabilizing the\peakKo illustrates
the working principles of the ACC, SPICE simulations are first performed at 400 V bus voltage
(VBus), 1 MHzfswand 0.5 duty cyclérigure3-3(a) shows the simulated top swit¢hs waveforms
without the ACC. As higNps overshoot is triggered, the energy ki couldnot be fully dissipated
in the natural resonance by the end of the-Gtéke period. As a result, in the next switching cycle,
Lair is charged up from a nexero current value, resulting in differdpior and unstable peakos
from cycle to cycle. Besides, multiple hiybs pulses are produced in each switching cycle, all of
which could potentially stress the DUT. This complex stress makes it difficult to accurately
correl ate t he Datidninduced bythd overveltage stress.e g r a d
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Figure3-3. SimulatedDUT Vps 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
MOSFETSs in the ACC switch at the safggeas the main converter. In each switching cycle, the
ACC turns ON right after the first pulse of thies overshoot, which transfers the surge energy to
the ACC loop; the ACC turns OFF before tbp switch turns ON, which regulates the overvoltage
ringing waveform to contain only one hi§fas overshoot pulse. In addition, the energy stored in
Lair is fully dissipated in the Oitate power MOSFETs arikt in each cycle, allowing for the
realization of a stable pealos. It is worth mentioning that passietamping circuits (e.g., aRC
snubber) across their are not preferred in the HFOT as they drastically decreasivitieof the
hard turroff transient and prevent the HFOT from mimicking the high frequency operations in
practical power converters. In conclusion, the HFOT proposed in this dissertation best resemble
the GaN HEMTSs operation in converters excémt a higherand tunable/ps overshoot in each

switching cycle.
3.1.3 Device Under Test and Their Singleevent 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 commergatepenhancement mode
GaN HEMTs from multiple vendors, covering both d@nd 600V rating and different gate
stack designs. DUT #1 is the HBIT with Ohmic gate contact and an additiong&aN connected
to the drain. DUT #:2 are the SFHEMT with a Schottky contact formed orGaN. DUT #1 and

Table3-1. Summary of key parameter of DUTs

DUT Voltage Rating (V Manufacturer Part Number Structure StaticBV (V) BVoyn-sin (V)

#1 600 Infineon  IGOT60R070D. HD-GIT >1000 1160
#2 100 EPC EPC2045 SRHEMT 180 280
#3 650 GaN Systems  GS66508T SRHEMT 950 1365
#4 100 GaN Systems  GS61008T SRHEMT 180 390

#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 thB\étatic
through the quasstatic FV sweep[105]. Figure3-4 shows the offstate V characteristics of the
DUTs. DUT #1 shows no failure when the drain leakage currestréaches the8-mA
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measurement current compliance. Other DUTSs fail catastrophically with the drain to source short

upon failure.

Figure3-4. Off-state +V characteristics of the four DUTs measured on the curve tracer with theB3fatic
marked.

TheBVWbyn-sin is extracted from UIS test withlay,op of 300 nH (implemented by a commercial
air core conductor, 2222S8PD1), aVsus of 30 V (for DUT #1 and #3) or 20 V (for DUT #2 and
#4).Figure3-5 shows the failur&/ps waveforms in the UIS tests. Upon failure, a sudden drop in
Vps is observed, and the pe¥®ks (Vv) in the waveform is recorded as B®pvyn-sin. For each
DUT, three devices are tested to failure, and tBAbyn-sin Show good consistency. As
summarized iMable3-1, it is clear that th8Vbyn-siv Of all four DUTSs are higher than their static
BV. This is due to the enhanced buffer trapping in gsdic FV sweep on the curve tracer, which

has been well explained in sectids3.

a7

























































































































































































































































